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Foreword  

The text of document 82/533/CDV,  future edition  1  of IEC 60904-4,  prepared by IEC TC 82,  Solar 
photovoltaic energy systems,  was submitted  to the IEC-CENELEC paral lel  vote and  was approved by 
CENELEC as EN  60904-4 on  2009-09-01 .  

The fol lowing dates were fixed:  

– latest date by which the EN  has to be implemented  
 at national  level  by publ ication  of an  identical  
 national  standard  or by endorsement 

 
 
(dop) 

 
 
201 0-06-01  

– latest date by which the national  standards confl icting  
 with  the EN  have to be withdrawn  

 
(dow) 

 
201 2-09-01  

Annex ZA has been added by CENELEC.  

__________ 

Endorsement notice 

The text of the International  Standard  IEC 60904-4:2009 was approved by CENELEC as a European 
Standard  without any modification.  

In  the official  version,  for Bibl iography,  the fol lowing  notes have to be added for the standards indicated:  

IEC 60891  NOTE   Harmonized  as EN  60891 :1 994 (not modified).  

IEC 60904-1  NOTE   Harmonized as EN  60904-1 :2006 (not modified).  

IEC 60904-3 NOTE   Harmonized as EN  60904-3:2008 (not modified).  

IEC 60904-7 NOTE   Harmonized as EN  60904-7:2009 (not modified).  

IEC 60904-8 NOTE   Harmonized as EN  60904-8:1 998 (not modified).  

IEC 60904-9 NOTE   Harmonized as EN  60904-9:2007 (not modified).  

IEC 61 836 NOTE   Harmonized as CLC/TS 61 836:2009 (not modified).  

__________ 
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Annex ZA  
(normative) 

  
Normative references to international  publications 
with their corresponding European publications  

  
The fol lowing  referenced documents are indispensable for the application  of this document.  For dated  
references,  only the edition  cited  applies.  For undated  references,  the latest edition  of the referenced  
document (including any amendments) applies.   
  
NOTE   When an  international  publ ication  has been modified  by common modifications,  indicated  by (mod),  the relevant EN/HD 
applies.   

  
Publ ication Year Title EN/HD Year
  

IEC 60904-2 -1 ) Photovoltaic devices -  
Part 2:  Requirements for reference solar 
devices 

EN  60904-2 20072)

 

  

ISO/IEC 1 7025 -1 ) General  requirements for the competence of 
testing  and  cal ibration  laboratories 

EN  ISO/IEC 1 7025 20052)

 

  

ISO/IEC Guide 98-3 2008 Uncertainty of measurement -  
Part 3:  Guide to the expression  of uncertainty 
in  measurement (GUM:1 995) 

- -  

 

  

ISO 9059 -1 ) Solar energy - Cal ibration  of field  
pyrheliometers by comparison to a reference 
pyrheliometer  

-  -  

 

  

ISO 9846 -1 ) Solar energy - Calibration  of a pyranometer 
using  a pyrheliometer  

-  -  

 

 

 

                                                      
1 )  Undated  reference.  
2)  Valid  edition  at date of issue.  
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PHOTOVOLTAIC  DEVICES –  
 

Part 4:  Reference solar devices  –  
Procedures  for establ ishing  cal ibration  traceabi l i ty 

 
 
 

1  Scope and  object 

This  part of I EC  60904  sets  the  requ i rements  for ca l ibration  procedures  in tended  to  establ ish  
the  traceabi l i ty of photovol ta ic reference  solar devices  to  SI  un i ts  as  requ ired  by I EC 60904-2.  

Th is  standard  appl ies  to  photovol ta ic (PV)  reference solar devices  that are  used  to  measure  
the  i rrad iance  of natural  or s imu lated  sun l i ght for the  purpose  of quan ti fying  the  performance  
of PV devices.  The  use  of a  PV reference solar device  i s  requ i red  in  the  appl ication  of 
I EC 60904-1  and  I EC 60904-3.   

Th is  s tandard  has  been  wri tten  wi th  s ing le  j unction  PV reference solar devices  i n  m ind ,  i n  
particu lar crystal l i ne  S i l icon .  However,  the  main  part  of the  standard  i s  su fficien tl y general  to  
i ncl ude  other technolog ies.  The  methods  described  in  Annex A,  however,  are  l im i ted  to  s ing le  
j unction  technolog ies.  

2  Normative references  

The fol l owing  referenced  documents  are  i nd ispensable  for the  appl ication  of th is  document.  
For dated  references,  on ly the  ed i tion  ci ted  appl i es.  For undated  references,  the  l atest ed i tion  
of the  referenced  document ( i nclud ing  any amendments)  appl i es.  

I EC 60904-2,  Photovoltaic devices – Part 2: Requirements for reference solar devices 

I SO/IEC 1 7025,  General requirements for the competence of testing and calibration  
laboratories  

I SO  9059,  Solar energy – Calibration  of field pyrheliometers by comparison  to a  reference 
pyrheliometer 

I SO  9846,  Solar energy – Calibration of a  pyranometer using a  pyrheliometer 

I SO/IEC Gu ide  98-3:  2008,  Uncertainty of measurement – Part 3: Guide to the expression of 
uncertainty in  measurement (GUM: 1995)  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l l owing  terms  and  defin i tions  apply.  

NOTE  The  d i fferent  reference  i nstruments  for the  traceabi l i ty chai n  of solar i rrad i ance  are  defi ned  i n  th i s  Clause.  
Table  1  l i s ts  and  compares  them  wi th  those  i n  use  for time.  F i gure  1  shows  schematical l y the  most  common  
traceabi l i ty chai ns,  based  on  the  methods  described  i n  Annex A.  

3. 1   
primary standard  
a device,  wh ich  implements  phys ical l y one  of the  S I  un i ts  or d i rectl y re lated  quan ti ti es.  They 
are  usual l y main ta ined  by national  metrology i nsti tu tes  (NMIs)  or s im i lar organ isations  
en trusted  wi th  main tenance of standards  for phys ica l  quanti ti es .  Often  referred  to  a lso  j ust as  
the  «primary» ,  the  phys ical  implementation  i s  selected  such  that l ong-term  stabi l i ty,  precision  
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and  repeatabi l i ty of measurement of the  quan ti ty i t  represen ts  are  guaran teed  to  the  maximum  
extent  poss ib le  by curren t technology.   

NOTE  The  World  Rad iometri c  Reference  (WRR)  as  real i zed  by the  World  S tandard  Group  (WSG)  of cavi ty  
rad iometers  i s  the  accepted  primary s tandard  for the  measurement  of solar i rrad iance.  

3.2   
secondary standard  
a device,  wh ich  by period ica l  comparison  wi th  a  primary standard ,  serves  to  main ta in  
conform i ty to  S I  un i ts  at other p laces  than  that of the  primary standard .  I t  does  not necessari l y 
use  the  same techn ical  pri ncip les  as  the  primary standard ,  bu t s trives  to  ach ieve  s im i lar l ong-
term  stabi l i ty,  precis ion  and  repeatabi l i ty.   

NOTE  Typical  secondary standards  for sol ar i rrad iance  are  cavi ty rad i ometers  wh ich  parti ci pate  period ical l y  
(normal l y every 5  years)  i n  the  I n ternational  Pyrhel i ometer Compari son  ( I PC)  wi th  the  WSG.   

3.3   
primary reference  
the  reference  i nstrument wh ich  a  l aboratory uses  to  cal i brate  secondary references.  I t  i s  
compared  at period ic i n tervals  to  a  secondary standard .  Often  primary references  can  be  
rea l ised  at  much  l ower costs  than  secondary standards.  

NOTE  Typical l y a  solar cel l  i s  used  as  a  reference  sol ar d evice  for the  measurement  of natura l  or s imu lated  sol ar 
i rrad i ance.   

3.4   
secondary reference  
the  measurement device  i n  use  for da i l y rou ti ne  measurements  or to  cal ibrate  working  
references,  ca l i brated  at  period ic i n tervals  to  a  primary reference.  

NOTE  The  most common  secondary references  for the  measurement of natu ral  or s imu lated  solar i rrad i ance  are  
solar cel l s  and  sol ar modu l es.  

3.5   
traceabi l i ty 
the  requ i rement for any PV reference solar device,  to  t i e  i ts  ca l i bration  va lue  to  S I  un i ts  i n  an  
unbroken  and  documented  chain  of ca l ibration  transfers  i nclud ing  stated  uncertain ties .  

NOTE  The  WRR has  been  compared  twice  to  the  S I  rad iometri c  scale  and  shown  to  be  wi th i n  thei r mu tual  
uncertain ty l evel s .  Therefore  traceabi l i ty to  WRR au tomatical l y provi des  traceabi l i ty to  S I  un i ts .  However,  the  
uncertain ty of the  rati o  WRR/SI  un i ts  needs  to  be  taken  i n to  account.  The  World  Rad iati on  Center (WRC)  
recommends  a  rectangu lar uncertain ty d i stri bu ti on  wi th  0 , 3  %  hal f-wi d th .  A th i rd  compari son  i s  curren tl y underway 
and  shou l d  be  publ i shed  i n  the  fu tu re.  

J .  Romero,  N . P.  Fox,  C.  F röh l i ch  metrologia  28  ( 1 991 )  1 25-8  

J .  Romero,  N . P.  Fox,  C.  Fröh l i ch  metrologia  32  ( 1 995/1 996)  523-4  
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Table  1  – Examples  of reference instruments,  used  in  a  traceabi l i ty chain   
of time and  solar i rradiance 

Reference i nstrument Time Solar i rradiance 

Primary s tandard  Cesium  atom ic  cl ock at  
National  Metrol ogy I nsti tu te  
(NMI )  

Group  of cavi ty rad iometers  consti tu ti ng  the  World  Standard  
Group  (WSG)  of the  World  Rad iometri c  Reference  (WRR)  

Cryogen ic  trap  detector 

S tandard  l amp 

Secondary standard  Cesium  atom ic cl ock on  GPS  
(G lobal  Posi ti on i ng  System)  
satel l i tes  

Commercia l l y avai l abl e  cavi ty rad iometers  compared  every 5  
years  at  the  I n ternati onal  Pyrhel i ometer Compari son  ( I PC)  

S tandard  detector cal i brated  against  a  trap  detector 

Spectrorad iometer cal i brated  against  a  s tandard  l amp  

Primary reference  GPS  receiver,  set  to  show 
time  

Normal  i ncidence  pyrhel i ometer (N IP)  ( I SO  9059)  

Reference  solar device  ( I EC 60904-2  and  I EC 60904-4)  

Secondary reference  Quartz watch  Pyranometer ( I SO  9846)  

Reference  solar device  ( I EC 60904-2)  

 

 

  
 
 

NOTE  Di rect traceabi l i ty of absolu te  rad iometers  to  S I  rad iometri c  scale  may a l so  be  avai l able.  

Figure  1  – Schematic  of most common  reference instruments  and  transfer methods  
used  in  the  traceabi l i ty chains  for solar i rrad iance detectors   

4 Requirements  for traceable  cal ibration  procedures  of PV reference solar 
devices  

A traceable  ca l i bration  procedure  i s  necessary to  transfer cal i bration  from  a  standard  or 
reference measuring  solar i rrad iance  (such  as  cavi ty rad iometer,  pyrhel i ometer and  
pyranometer)  to  a  PV reference solar device.  The  requ irements  for such  procedures  are  as  
fol l ows:  

Pyranometer

Absolu te  rad iometer

Primary 
standard  

WSG

NIP Reference solar device  

Secondary 
standard  

Primary 
reference 

Secondary 
reference 

ISO  9059

ISO 9846 IEC 60904-2   

 Standard  detector

 Trap  detector

Spectrorad iometer

 S tandard  lamp

IPC

IEC 60904-4  

Reference solar device  

IEC   858/09 
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a)  Any measurement i nstrument requ i red  and  used  i n  the  transfer procedure  shal l  be  an  
i nstrument wi th  an  unbroken  traceabi l i ty chain .  

b)  A documented  uncerta in ty anal ys is .  

c)  Documented  repeatabi l i ty,  such  as  measurement resu l ts  of l aboratory i n tercomparison ,  or 
documents  of l aboratory qual i ty con trol .  

d )  I nherent  absolu te  precision ,  g i ven  by a  l im i ted  number of i n termed iate  transfers.  

NOTE  1  Normal l y the  transfer wou ld  be  from  a  secondary s tandard  to  a  PV reference  solar cel l  consti tu ti ng  a  
primary reference.   

NOTE  2  The  transfer from  one  reference  solar d evice  to  another i s  covered  by I EC 60904-2 .  

5 Uncertainty analysis  

An  uncerta in ty estimate  accord ing  to  M ISC UNCERT – ED.  1 . 0  (1 995-01 )  shal l  be  provided  for 
each  traceable  cal i bration  procedure.  Th is  estimate  shal l  provide  in formation  on  the  
uncertain ty of the  cal i bration  procedure  and  quan ti tati ve  data  on  the  fol l owing  uncertain ty 
factors  for each  i nstrument used  i n  perform ing  the  cal i bration  procedure.  I n  particu lar:  

a)  Component of uncerta in ty aris i ng  from  random  effects  (Type  A).  

b)  Component of uncertain ty aris i ng  from  systematic  effects  (Type  B).  

Nevertheless  a  fu l l  uncertain ty anal ys is  has  to  be  performed  for the  implementation  of the  
ca l i bration  method  by a  particu lar l aboratory.   

6 Cal ibration  report 

The cal ibration  report shal l  conform  to  the  requ irements  of I SO/IEC 1 7025  and  shal l  normal l y 
i ncl ude  at  l east  the  fo l l owing  in formation :  

a)  ti t le  (e. g .  ”Cal ibration  Certi ficate”);  

b)  name and  address  of l aboratory,  and  location  where  the  tests  and/or ca l ibrations  were  
carried  ou t,  i f d i fferent from  the  address  of the  laboratory;  

c)  un ique  i den ti fication  of the  report  (such  as  seria l  number)  and  of each  page,  the  tota l  
number of pages  and  the  date  of i ssue;  

d )  name and  address  of the  cl i ent p l acing  the  order;  

e)  description  and  unambiguous  i den ti fication  of the  i tem(s)  tested  or cal ibrated ;  

f)  date  of receipt of ca l i bration  i tem(s)  and  date(s)  of performance of test or cal i bration ,  as  
appropriate;  

g )  ca l ibration  resu l ts  i ncl ud ing  the  temperature  of the  device  at wh ich  the  cal ibration  was  
performed ;  

h )  reference to  sampl i ng  procedures  used  by the  laboratory where  these  are  relevant to  the  
val i d i ty or appl ication  of the  resu l ts ;  

i )  the  name(s),  ti t le(s)  and  s ignature(s)  or equ iva lent i denti fication  of person(s)  au thoris ing  
the  report;  

j )  where  re levant,  a  s tatement to  the  effect that the  resu l ts  re late  on l y to  the  i tems  tested  or 
ca l ibrated .  

7 Marking  

The  ca l i brated  reference solar device  shal l  be  marked  wi th  a  seria l  number or reference 
number and  the  fo l lowing  i n formation  attached  or provided  on  an  accompanying  certi ficate:  

a)  date  of (actual  or present)  ca l i bration ;  

BS EN  60904-4:2009

http://dx.doi.org/10.3403/01546963U
http://dx.doi.org/10.3403/02033502U


60904-4  ©  I EC:2009  – 9  – 

b)  ca l ibration  va lue  and  i ts  temperature  coefficien t ( i f appl icable) .  
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Annex A  
(informative)  

 
Examples  of val idated  cal ibration  procedures   

 

A.1  General  

This  annex describes  examples  of ca l i bration  procedures  for PV reference  solar cel ls  as  
primary reference  devices,  together wi th  thei r stated  uncertain ties .  These  procedures  serve  to  
establ ish  the  traceabi l i ty of reference  solar devices  to  S I  un i ts  as  requ i red  by I EC  60904-2 .  
Primary reference devices  cal ibrated  in  accordance wi th  these  procedures  serve  to  establ ish  
the  traceabi l i ty of fu rther PV reference  solar devices.   

As  a l ready mentioned  i n  Clause  1 ,  the  methods  in  th is  annex are  l im i ted  to  PV s i ng le  j unction  
technology.  Moreover,  they have  curren tl y on l y been  va l i dated  for crystal l ine  S i l icon  
technology,  a l though  they shou l d  be  appl icable  to  other technolog ies.   

The  methods  have  been  implemented  i n  various  l aboratories  around  the  world  and  va l idated  
i n  i n ternational  i n tercomparisons,  most notably the  World  Photovol ta ic Scale  (WPVS).  
However,  the  description  i n  th is  standard  i s  more  general ised .  For detai ls  of the  various  
implementations,  the  references  i n  peer-reviewed  publ ications  are  g iven  at the  end  of each  
procedure.  

The  uncertain ty estimates  are  based  on  U95  (coverage factor k =  2)  for a l l  s i ng le  components.  

The  combined  expanded  uncerta in ty i s  ca lcu lated  as  the  square  root of the  sum  of squares  of 
a l l  components.  The  uncertain ties  provided  are  s impl i fi ed  vers ions  (restricted  to  the  main  
components)  as  provided  by the  l aboratories  having  implemented  the  procedure.  These  
uncertain ty calcu lations  serve  as  gu idel ines  and  wi l l  have  to  be  adapted  to  the  particu lar 
implementation  of each  procedure  i n  a  g i ven  l aboratory.  The  uncerta in ties  ach ieved  by any 
implementation  of these  methods  m igh t be  considerabl y d i fferent.  Uncertain ties  quoted  have  
to  be  based  on  an  expl ici t  anal ys is  and  cannot be  taken  by reference  to  the  uncerta in ty 
estimates  i n  th is  standard .  

A.1 . 1  Examples  of val idated  methods  

 
 A. 2  G lobal  sun l i ght  method  
 A.3  Di fferen tia l  spectral  responsivi ty cal i bration  
 A. 4  Solar s imu lator method  
 A.5  D irect sun l i gh t method  
 

A.1 .2  List  of common  symbols  

ISC  short ci rcu i t  curren t of reference cel l  
Tj  temperature  of reference  ce l l  
MG  i rrad iance  correction  factor (see  below)  
MT  temperature  correction  factor (see  be low)  

Tcoef  temperature  coefficien t α  of the  short-ci rcu i t  current  ( I EC 60891 )  normal i zed  to  
the  short-ci rcu i t  cu rren t at 25  °C  and  expressed  i n  1 /  °C  

MMF  m ismatch  factor (see  below)  

λ  wavelength  

S(λ)  spectral  response  of reference  cel l  

s(λ)  d i fferentia l  spectral  responsivi ty of reference  ce l l  

Em (λ)  spectral  i rrad iance  d istribution  of natura l  or s imu lated  sun l i ght 

Es(λ)  standard  or reference spectral  i rrad iance  d istribu tion  accord ing  to  I EC  60904-3  
Gd i r  d i rect i rrad iance  
Gd i f  d i ffuse  i n -p lane  i rrad iance  
GT  tota l  i n -plane  i rrad iance  
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ESTC  i rrad iance  at STC  (=  1  000  Wm–2)  
CV cal i bration  value,  i . e.  ISC  at  STC 
AM  a i r mass  

STC standard  test cond i ti ons  (1  000  W/m 2 ,  25  °C  and  Es(λ))  
P  l ocal  a i r pressure  
P0  1 01  300  Pa  

θ   so lar e l evation  ang le  

A.1 .3  Common  equations  

The methods  described  i n  C lauses  A. 2,  A. 4  and  A. 5  have  some common  calcu lations,  wh ich  
are  detai led  i n  th is  subclause.  Deta i l s  of the  various  implementations  are  then  described  i n  
each  subclause.   

The  ISC  i s  normal l y not measured  at exactl y 1  000  Wm–2 ,  bu t at an  i rrad iance  l evel  close  to  i t.  
Under the  assumption  that the  ISC  of the  reference  cel l  varies  l i nearl y wi th  i rrad iance,  the  

fol l owing  correction  i s  made:  

 
T

2

SCGSC
2

SC
m

W
1 000

) Wm000 (1
G

IMII ==−  (A. 1 )  

STC mandate  a  device  temperature  of 25  °C,  bu t measurements  wi l l  not  a lways  be  taken  at  
th is  temperature.  The deviations  i n  temperature  shou ld  be  accounted  for in  the  uncertain ty 
budget.  I t  i s  a lso  possible  to  correct  ISC  from  the  measurement temperature  Tj  to  25  °C  by 
mu l tip l ying  wi th  the  temperature  correction  factor MT  d efi ned  by  
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The  correction  for the  d i fference i n  spectral  sensi ti vi ty of the  reference cel l  to  be  ca l i brated  
and  the  device  used  to  measure  the  i rrad iance  can  be  described  as  a  MMF  
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NOTE  The  i n tegration  range  i s  taken  based  on  the  defi n i ti on  of E
s
(λ) .  I f the  measurement range,  i n  parti cu lar that  

of E
m
(λ) ,  d oes  not  cover th i s  en ti re  range,  su i table  approximation ,  extrapol ation  or model l i ng  can  be  used ,  bu t  

needs  to  be  accounted  for i n  the  uncertai n ty calcu l ation .   

The cal ibration  value  CV of the  reference  cel l  i s  then  calcu lated  as  

 MMFMMICV TGSC=  (A. 4)  

A.1 .4  References  documents  

– C.  R.  Osterwald  et a l .  “The  resu l ts  of the  PEP’93  in tercomparison  of reference cel l  
ca l ibrations  and  newer technology performance measurements:  F inal  Report” ,  NREL/TP-
520-23477  (1 998)  209  pages.   

– C.  R.  Osterwald  et a l .  “The  world  photovol ta ic scale :  an  i n ternational  reference cel l  
ca l ibration  program”,  Progress in  Photovoltaics  7  ( 1 999)  287-297.   

– K.  Emery “The  resu l ts  of the  F i rst  World  Photovol ta ic Scale  Recal ibration” ,  NREL/TP-520-
27942  (2000)  1 4  pages.  
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– Winter e l  a l . :  “The  resu l ts  of the  Second  World  Photovol ta ic Scale  Recal ibration ” ,  Proc.  of 
the  31

s t
 I EEE  PVSC 3-7  January 2005,  Orlando,  F lorida,  USA,  pp.  1 01 1 -1 01 4.  

A.2  Global  sunl ight method  

The establ ishment of traceabi l i ty i s  based  on  the  cal ibration  us ing  the  Continuous  Sun-and-
Shade Method  as  described  in  I SO 9846.  The  reference solar cel l  to  be  cal ibrated  is  
compared  under natural  sun l igh t wi th  two reference rad iometers,  namely a  pyrhel iometer 
measuring  d i rect solar i rrad iance  and  a  pyranometer measuring  d i ffuse  solar i rrad iance  by 
appl ication  of a  con tinuous  shade  device  under normal  incidence cond i ti ons.  The  tota l  solar 
i rrad iance  i s  determ ined  by the  sum  of d i rect i rrad iance and  d i ffuse  i n -plane  i rrad iance.  As  a  
pyrhel iometer,  a  secondary standard  is  used  in  the  form  of an  absolu te  cavi ty rad iometer 
compared  at 5-year i n tervals  wi th  the  World  Standard  Group (WSG)  establ ish ing  the  World  
Rad iometric Reference (WRR).  The  cal ibration  factor for the  photovol taic reference cel l  i s  
determ ined  from  the  measured  short ci rcu i t curren t,  scaled  to  1  000  W/m2  and  corrected  for 
spectral  m ismatch  ( I EC 60904-7)  based  on  the  measured  spectral  i rrad iance  of the  g lobal  
sun l igh t and  the  re lative  spectral  response  of the  reference  solar cel l  to  be  cal i brated .   

Under certain  cond i ti ons  the  s impl i fi ed  g lobal  sun l i ght method  is  appl icable.  The short-ci rcu i t  
curren t of the  reference  cel l  i s  scaled  to  1  000  W/m

2
 and  then  p lotted  versus  pressure  

corrected  geometric a i r mass.  The  cal ibration  value  i s  determ ined  from  a  l inear l east square  
fi t  at  a i r mass  1 , 5.  A spectral  m ismatch  correction  i s  not requ i red  and  hence  the  
measurements  of the  spectral  i rrad iance  of the  sun l igh t and  the  spectral  response are  not 
necessary.  I n  the  s impl i fied  version  of the  g lobal  sun l ight  method  no  expl ici t  spectral  
m ismatch  correction  i s  performed  and  i t  i s  replaced  by cond i tions  wh ich  shou ld  ensure  that  
the  spectral  i rrad iance  of the  natural  sun l i ght i s  sufficientl y cl ose  to  the  defined  s tandard  
spectral  i rrad iance  ( I EC 60904-3)  that the  uncertain ty component i s  smal l er than  quoted  in  
Table  A. 1 .  Al though  th is  shou ld  be  ensured  by the  cond i ti ons  l i sted  i n  the  description  of the  
method  below,  i t  shou ld  be  expl ici tl y veri fi ed  (preferentia l l y by us ing  the  g lobal  sun l i gh t 
method).  After th is  val idation  the  s impl i fi ed  vers ion  can  be  appl ied  as  l ong  as  the  boundary 
cond i ti ons  are  the  same as  during  the  val i dation .  

NOTE  1  The  veri fi cation  and  val i dati on  wi l l  produce  numerical  val ues  for both  methods.  I f the  ag reement  between  
these  numerical  va l ues  i s  wi th i n  the  uncertain ty budget  of the  methods,  the  s impl i fi ed  method  shal l  be  deemed  
val i dated .  

NOTE  2  The  s impl i fi ed  procedure  g i ves  accurate  resu l ts  for devices  wi th  a  spectral  response  over a  broad  range  
of the  solar spectrum  e. g .  crystal l i ne  s i l i con  devices.  S i gn i fi can t errors  may be  i n troduced  for narrow spectra l  
response  devices.  

A.2. 1  Equ ipment 

a)  A mounting  p latform ,  wh ich  can  be  orien ted  normal  to  the  sun  wi th in  an  accuracy of ±0, 5°  
throughou t the  cal ibration  run .  

b)  A cavi ty rad iometer,  traceable  to  WRR.  

c)  A pyranometer,  traceable  to  WRR.  

d )  A shad ing  device  to  provide  shade  to  i tem  c).  The  fiel d  ang le,  viewing  ang le  and  aperture  
ang le  provided  by the  shade  shal l  compensate  the  respective  descripti ve  ang les  of the  
cavi ty rad iometer of i tem  b).  

e)  A temperature  control l ed  mounting  b lock for the  reference device  under test  capable  of 

main tain ing  the  cel l  temperature  at  (25  ±  2)°C throughou t a l l  ca l ibration  runs.  

f)  Traceable  means  to  measure  the  short ci rcu i t  curren t of the  solar cel l  to  an  accuracy of 

±0, 1  %  or better.  

g )  Traceable  means  to  measure  the  s i gnal  of the  pyranometer to  an  accuracy of ±0,5  %  or 
better.  

h )  A spectrorad iometer capable  of measuring  the  spectral  i rrad iance  of the  total  i n -plane  
natural  sun l igh t i n  the  wavelength  range  of 350  – 2  500  nm  (or l arger) .   

NOTE  1  Not requ i red  i n  s impl i fi ed  vers i on .   
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i )  Apparatus  to  determ ine  the  rel ati ve  spectral  response  of the  reference solar cel l .  

NOTE  2  Not requ i red  i n  s impl i fi ed  vers i on .  

j )  Means  to  measure  the  sun ’s  elevation  to  a  precis ion  of ±2° .  Al ternativel y,  the  e levation  of 
the  sun  during  the  data  sampl ing  can  be  taken  from  almanacs  or computed ,  as  l ong  as  the  
precis ion  requ irement i s  met for the  i nstant of data  sampl i ng .  The l atter normal l y requ i res  
traceable  means  to  measure  time for the  computation  of a i r mass.  

NOTE  3  On l y requ i red  i n  s impl i fi ed  vers ion .   

k)  A manometer to  measure  the  local  a i r pressure  P  to  an  accuracy of ±250  Pa  or better.  

NOTE  4  On l y requ i red  i n  s impl i fi ed  vers ion .   

A.2.2  Measurements  

A cal ibration  accord ing  to  th is  standard  shal l  be  performed  on l y on  clear,  sunny days  wi th  no  
vis ible  cloud  cover wi th in  30  degrees  of the  sun .   

a)  Determ ine  the  re lative  spectral  response of the  reference cel l  to  be  cal i brated .  

NOTE  1  Not requ i red  i n  s impl i fi ed  vers i on .   

b)  Select the  s i te  and/or the  season  of the  year to  ensure  that the  sun ’s  e levation  reaches  an  
ang le  du ring  the  course  of the  day wh ich  corresponds  to  AM  1 , 5  (41 , 8  degrees  at  P0) .  

c)  Mount the  cavi ty rad iometer on  the  sun-poin ti ng  device  ( i tem  A.2 . 1 . a).  Avai l able  
rad iometers  have  their own  e lectron ic un i t wh ich  shal l  be  connected  to  the  i nstrument 
fol l owing  the  manufacturer’s  recommendations.  Al low sufficient time to  stabi l ise  the  
e lectron ic un i t.  

d )  Mount the  reference solar cel l  to  be  cal ibrated  coplanar on  the  mounting  p latform ,  

attach ing  i t  to  the  mounting  block and  main tain  the  cel l  temperature  at (25  ±  2 )  °C.  

e)  Mount the  pyranometer i n tended  to  measure  d i ffuse  solar i rrad iance  coplanar on  the  
mounting  platform .  Ensure  that wi th in  the  fie ld  of view of the  pyranometer no reflecti ve  
surfaces  may in fluence the  measurement resu l t.  Mount the  shad ing  device  and  ensure  
that  the  sensi ti ve  area  of the  pyranometer i s  poin ted  to  the  cen tre  of the  shade.  

f)  Mount the  spectrorad iometer coplanar on  the  mounting  platform .   

NOTE  2  Not requ i red  i n  s impl i fi ed  vers i on .   

g)  Take  s imu l taneous  read ings  accord ing  to  the  fol lowing  s teps:  

1 )  Ensure  the  a l ignment of a l l  i nstruments  wi th  respect to  the  sun  and  the  proper 
a l i gnment of the  shad ing  device.  

2)  Ensure  that the  temperature  of the  reference solar cel l  i s  wi th in  the  l im i ts  g iven  in  d ) .  

3)  Record  Gd i r,  the  d i rect normal  i rrad iance  as  ind icated  by the  cavi ty rad iometer.  

4)  Record  Gd i f,  the  d i ffuse  i n-p lane  i rrad iance  as  i nd icated  by the  pyranometer 

5)  Record  ISC ,  the  short ci rcu i t  current  of the  reference solar cel l  to  be  cal ibrated  

6)  Record  E(λ) ,  the  spectral  i rrad iance  of the  g lobal  natural  sun l igh t.  

NOTE  3  Not requ i red  i n  s impl i fi ed  vers i on .   

7)  Measure  θ ,  the  solar e levation  ang le,  or a l ternativel y,  record  the  hour,  m inute  and  
second  of the  data  sampl i ng  and  calcu late  the  sun ’s  e levation .  

NOTE  4  On l y requ i red  i n  s impl i fi ed  vers ion .   

8)  Record  P,  the  l ocal  a i r pressure.  

NOTE  5  On l y requ i red  i n  s impl i fi ed  vers ion .   

9)  Repeat Steps  1  to  6  several  times.  

NOTE  6  Not requ i red  i n  s impl i fi ed  vers i on .   
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1 0)  Repeat steps  1  to  5 ,  7  and  8  at l east every 5  m in  for several  hours  before  and  after 
solar noon ,  spann ing  the  range  of a i r mass  from  below AM  1 , 5  to  above AM  3, 0  i n  both  
time periods.  

NOTE  7  On l y requ i red  i n  s impl i fi ed  vers ion .   

h)  Repeat the  whole  measurement procedure  on  at l east two  other days.  

A.2.3  Data  analysis  

For a l l  data  poin ts  taken,  apply i n  sequence the  fol lowing  steps:  

a)  Rej ect data  points  where  Gd i r,  Gd i f  or Isc  deviate  by more  than  ±3  %  when  compared  to  the  
previous  data  poin t.  

b)  Calcu late  the  total  i rrad iance  GT  =  Gd i r  +  Gd i f.  

c)  Scale  the  measured  short ci rcu i t current Isc  of the  reference solar ce l l  to  be  cal ibrated  to  
1 000  W/m2  accord ing  to  Equation  A. 1 .  

d )  Correct for temperature  accord ing  to  Equation  A. 2 .  

NOTE  1  Th i s  i s  normal l y not  requ i red  as  the  temperatu re  i s  main tained  as  described  i n  A. 2 . 2 . d )  and  the  a l l owed  
temperatu re  deviation  i s  accounted  for i n  the  uncertai n ty budget.  

e)  Correct for spectral  m ismatch  accord ing  to  Equation  A.3,  where  Em (λ)  i s  the  measured  
spectral  i rrad iance  of the  g lobal  natural  sun l i gh t.  

f)  Calcu late  the  cal ibration  value  accord ing  to  Equation  A. 4.  

g )  Average a l l  ca l ibration  values  for one  day to  obtain  CV1 .  

h )  Repeat steps  a)  to  g )  for the  other days  of measurement runs  to  obtain  CV2 ,  CV3 ,  . .  CVn  
accord ing l y.  

i )  Determ ine  the  ari thmetic  average  of al l  n  CVi  va lues  anal ysed  accord ing  to  the  above 
steps  wh ich  yie l ds  the  final  ca l ibration  value  for the  reference  device:  

 CV =  (CV1  +  CV2  +  . . .  +  CVn)  /  n .  (A. 5)  

j )  I n  the  s impl i fi ed  vers ion  the  steps  e)  to  g )  are  replaced  as  fol lows:  

1 )  Reject data  poin ts  for wh ich  the  ratio  Gd i f/GT  i s  e i ther smal ler than  0 , 1  or l arger than  
0, 3.  Also  reject data  poin ts  where  GT  i s  ou ts ide  the  range  800  – 1  200  W/m2 .  

NOTE  2  Th i s  to  ensure  that  data  used  for the  anal ys i s  are  taken  du ri ng  atmospheric  cond i ti ons  cl ose  to  the  
standard  reference  spectrum .   

2)  Using  the  sun ’s  e levation  ang le  and  the  atmospheric pressure,  ca lcu late  the  ai r mass  
(AM)  at the  moment of measurement accord ing  to:  

 AM  =  P  /  (P0  ×  s in (θ))  (A. 6)  

3)  Reject  a l l  data  samples  where  AM  is  l arger than  3.  

4)  P lot the  value  of Isc  obta ined  after step  d )  versus  the  a i r mass  value  AM i  of each  
correspond ing  measurement sample.  

5)  By us ing  a  l inear l east-square  techn ique,  ca lcu late  the  s lope  (m)  and  offset (b)  of the  
best fi t  s traight l ine  of the  data  set.  I n  order to  balance the  fi t,  a l l  short ci rcu i t curren t  
read ings  shou ld  be  averaged  for AM  b ins  of 0 , 01  before  perform ing  the  fi t.  Both  
morn ing  and  afternoon  have  to  con tribu te  at  l east 33  %  of the  tota l  number of 
measurement samples  used  for the  Least-Squares  fi t.  

NOTE  3  For a  good  straight  l i ne  fi t,  1 0  data  poi n ts  shal l  be  cons idered  as  m in imum.  The  smal l er the  u ncertain ty of 
the  procedure,  the  more  data  poin ts  i n  the  l east-squares  fi t  are  cl ose  to  AM  1 , 5.   

NOTE  4  I t  i s  perm iss ible  to  u se  on l y d ata  from  hal f a  day.  However,  i n  the  fi nal  average,  at  l east  d ata  from  three  
d i fferen t d ays  wi th  at  l east  two  morn ings  and  two  afternoons  have  to  be  i ncl uded .   

6)  Calcu late  the  cal ibration  value  of the  reference  device  by the  formu la:  

 CV1  =  m  ×  AM  +  b      wi th  AM  =  1 , 5  (A. 7)  
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7)  Perform  steps  h)  and  i ) .  

A.2.4  Uncertainty estimates  

I n  Table  A. 1 ,  typical  va lues  of the  uncertain ty components  for the  g lobal  sun l i gh t method  ( left  
column)  and  i ts  s impl i fied  vers ion  (righ t column)  are  l i s ted ,  resu l ting  i n  combined  expanded  
uncertainties  U95  (wi th  coverage factor k =  2)  of 0 , 8  %  and  1 , 1  %  respectivel y.  

Table  A. 1  – Typical  uncertainty components  (k  = 2)  of g lobal  sun l ight  method  

Uncertainty i n  measurement of short ci rcu i t  cu rren t 0 , 1  %  

Uncertainty due  to  unstable  cel l  temperature  (±  2  K)  0 , 1  %  

Uncertain ty of d i rect  i rrad iance  0 , 4  %  

Uncertain ty of d i ffuse  i rrad iance  1 , 6  %  

Uncertainty of total  i rrad iance  (80  %  d i rect and  20  %  d i ffuse)  0 ,6  %  

Uncertainties  due  to  spectral  m ismatch  correction  ( IEC  60904-7)  or spectral  
i rrad iance  deviations  between  test condi tions  and  the  reference  spectral  
i rradiance  of AM  1 ,5  ( IEC  60904-3)  

 

0 , 3  %  

 

0 , 4  %  

Variations  of data  on  d i fferen t days  0 ,3  %  0, 8  %  

Combined  expanded  uncertai nty 0 ,8  %  1 , 1  %  
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A.3  Di fferential  spectral  responsivi ty cal ibration  (DSR cal ibration)  

Traceabi l i ty i s  based  on  a  cal ibration  of spectral  responsivi ty based  on  standard  detectors  
d i rectl y traceable  to  S I  un i ts .  The  cal i bration  value  i s  computed  from  the  measured  absolu te  
spectral  responsivi ty of the  reference cel l  and  the  reference  solar spectral  i rrad iance  
d istribu tion .  The spectral  responsivi ty cal i bration  is  transferred  from  the  standard  detector 
i rrad iance level  to  the  solar i rrad iance l evel  over many orders  of magn i tude  wi th  no  
restrictions  to  the  solar cel l  concern ing  l i neari ty or spectral  match .  

A.3. 1  Equ ipment 

The fol lowing  apparatus  i s  requ i red  (see Figures  A. 1  and  A.2)  

a)  a  monochromator producing  chopped  spectral  i rrad iance  of at l east 1  mWm–2  nm–1  wi th in  
the  wavelength  range  covering  the  spectra l  responsivi ty of the  reference solar cel l  to  be  
cal i brated ,  wi th  a  traceable  wavelength  setti ng ;  

b)  l amp(s)  wi th  l ens  or m irror entrance  optics  (recommended  are  quartz-halogen  l amp to  
cover wavelengths  above  400  nm ;  and  Xenon-arc l amps  for wavelengths  below 400  nm);  

c)  a  b ias  l i ght  source,  meeting  i n  spectral  i rrad iance,  un i form i ty and  temporal  stabi l i ty the  
requ i rements  of Class  CBA as  defined  in  I EC 60904-9;  

d )  a  chopped  monochromatic beam,  traceable  i n  i ts  wavelength  cal i bration ,  for the  absolu te  
cal ibration  at one  or more  d iscrete  wavelengths.  The  non-un i form i ty shal l  be  smal ler than  

±  3  %  wi th in  the  acti ve  area  of the  device  to  be  cal ibrated ;  

e)  a  mon i tor photod iode  l arge  enough  to  mon i tor the  rad iation  power of the  monochromatic  
beam  of a)  and  d );  

f)  standard  rad iation  detector(s)  wi th  temperature  con trol  d i rectl y traceable  to  SI  un i ts.  
These  detectors  shal l  be  of photod iodes  wi th  the  best avai l able  l i neari ty,  un i form i ty and  
stabi l i ty;  

g )  ad j ustable  aperture  ( imaged  onto  the  reference cel l ) ;  

h )  means  for main tain ing  the  temperature  of the  reference  cel l  at (25  ±  2 ) °C;  

i )  means  for measuring  the  AC short-ci rcu i t currents  of the  reference cel l ,  the  standard  
detector(s)  and  the  mon i toring  detector,  e. g .  wi th  a  l ock-in  ampl i fi er.  The  variation  of the  
ampl i fication  factor of such  ampl i fiers  shal l  be  l ess  than  0 , 1  %  over the  s i gnal  ranges  
used .  Preferabl y the  same ampl i fier i s  used  for the  reference cel l  and  the  standard  
detector;  

j )  means  for measuring  the  DC component of the  reference cel l  Ib  as  defi ned  i n  s tep  A. 3. 2. f.  

A.3.2  Test procedure 

a)  Set and  main tain  the  temperature  of the  reference  cel l  to  (25  ±  2 )  °C.  

b)  Ad just the  aperture  un ti l  i ts  image coincides  wi th  the  acti ve  area  of the  reference cel l  

wi th in  ±  1  mm .  

c)  Mount the  standard  detector in  a  posi tion  close to  the  focus  of the  monochromatic beam  
col l ecti ng  the  whole  rad iation  power.  

d )  Cal ibrate  the  monochromatic i rrad iance source  of A.3. 1 . a.  (wi thout b ias  rad iation)  wi th  
respect to  i ts  re lative  spectral  i rrad iance.  

e)  Use  i ts  chopped  monochromatic  beam  to  determ ine the  ratio  of the  AC short-ci rcu i t  

curren ts  of the  mon i tor photod iode  (ΔImon. cal )  and  standard  detector (ΔIst)  measured  
s imu l taneously at wavelength  i n tervals  of not more  than  1 0  nm  over the  whole  responsivi ty 
range.  

f)  Set the  wh i te  b ias  i rrad iance  Eb  to  the  desi red  operational  l evel  (between  1 0  Wm–2  and  
1  1 00  Wm–2)  and  measure  the  correspond ing  DC short ci rcu i t  curren t Ib  =  Isc(Eb).  

g )  Measure  the  re lati ve  spectral  responsivi ty of the  reference  ce l l  by us ing  the  chopped  
monochromatic rad iation  of i rrad iance  source A. 3. 1 . a)  and  determ in ing  the  ratio  of the  

short-ci rcu i t curren ts  of reference cel l  (ΔIref)  and  mon i tor photod iode  (ΔImon)  and  calcu late  
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the  re lati ve  d i fferen tial  spectral  responsivi ty s(λ,Ib)rel  of the  reference cel l  under bias  
i rrad iance  Eb :  

 ( ) )(st
st

cal mon,

mon

ref
relb λλ S

I

I

I

I
Is ⋅

Δ

Δ
⋅

Δ

Δ
=,  (A. 8)  

where  Sst(λ)  =  spectral  responsivi ty of the  standard  detector at wavelength  λ.  

h )  Repeat steps  f)  and  g)  at 5  or more  d i fferen t b ias  levels  covering  at l east the  range  
between  1 0  Wm–2  and  1  1 00  Wm–2 ,  thus  i nclud ing  a  l i neari ty test  of re lati ve  spectral  
responsivi ty.  

i )  With  the  b ias  i rrad iance  set as  i n  s tep  f)  to  a  l ow level  near to  or at the  m in imum  as  
speci fied  i n  step  h ) ,  measure  the  absolu te  d i fferentia l  spectra l  responsivi ty of the  
reference  cel l  at the  3  wavelengths  of the  narrowband  fi l ter set  and  the  DC short ci rcu i t  
curren t I0  =  Isc(E0) .  Th is  i s  done  by us ing  the  chopped  and  fi l tered  monochromatic  

rad iation  as  described  i n  i tem  A.3. 1 . d ).   

j )  The  absolu te  d i fferen tia l  spectral  responsivi ty s(λ i , Io)  wi th  i  =  1 ,  2 ,  3  i s  determ ined  by the  
ratio  of short-ci rcu i t curren t to  i rrad iance  (as  measured  by the  standard  detector i n  the  
working  p lane)  wi th  each  fi l ter i n  turn .  

A.3.3  Data  analysis  

a)  Calcu late  the  ratio  kI (λ i )  =  (re lati ve  spectral  responsivi ty as  determ ined  i n  
A. 3 .2 . g )/(absolu te  spectra l  responsivi ty as  determ ined  i n  A. 3. 2. i . )  for each  of the  three  

wavelengths  λ1 ,  λ2 ,  λ3  u nder the  Eo  i rrad iation .  

b)  Compute  the  absolu te  d i fferen tial  spectral  responsivi ties  by scal ing  the  re lative  
responsivi ty wi th  the  mean  value  of the  ki  d eterm ined  in  step  a):  

 s(λ,  Ib)  =  s(λ,  Ib) rel  *  (k1  +  k2  + k3) /3  (A. 9)  

c)  Compute  the  d i fferen tia l  responsivi ty sAM1 . 5(Ib)  u nder i rrad iation  wi th  Es(λ)  for at l east 5  
d i fferent  l evels  of bias  l i ght  determ ined  by Ib :  

 
STC

sb

bAM1 .5

)()(
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E

dEIs

Is
∫ ⋅⋅

=
λλλ ,

 (A. 1 0)  

wi th  

 2
sSTC   Wm000 1)( −== ∫ λλ dEE  (A. 1 1 )  

and  

 I I Eb sc b= ( )  (A. 1 2)  

d)  The  reference solar cel l  can  be  considered  to  be  l i near,  i f the  variation  of sAM1 , 5(Ib)  over 

≥  5  success ive  sets  of measurements  at  d i fferen t b ias  l i ght  l evels  i s  l ess  than  ±  0 , 5  %.  I n  
th is  case,  take  the  mean  of sAM1 , 5(Ib)  as  the  defin i ti ve  responsivi ty under STC and  
calcu late  CV:  

 STCAM1 .5EsCV =  (A. 1 3)  

e)  I f the  reference cel l  i s  non l inear,  i t  shal l  not serve  as  transfer standard  for the  scope of 
th is  standard .  

A.3.4  Uncertainty estimate  

I n  Table  A.2 ,  typical  va lues  of the  uncertainty components  resu l ti ng  i n  a  combined  expanded  

uncertain ty of U95  <  1  %  (wi th  coverage factor k =  2)  are  summarised .   
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NOTE  The  dom inan t component i n  the  u ncerta in ty i s  that  from  the  standard  detector.  The  uncertai n ty quoted  i s  
not  easi l y ach i eved  and  m ight  on l y be  avai l able  at  some national  metrology i nsti tu tes  (NMI s) .   

Table  A.2  – Typical  uncertainty components  (k = 2)   
of a  d i fferential  spectral  responsivi ty cal ibration  

Uncertain ty of the  standard  detector(s )  <  0 , 5  %  

Uncertain ty due  to  non l i near or narrow-band  cel l s  <  0 , 1  %  

Uncertain ty d ue  to  unstabl e  cel l  temperatu re  (±  2  K)  <  0 , 2  %  

Transfer u ncerta in ti es  d ue  to  

Relati ve  spectra l  responsi vi ty 

Absolu te  spectral  responsivi ty at  d i screte  wavel ength(s)  

Spectral  m ismatch  between  bias  rad iati on  and  reference  solar spectrum ;  
non -un i form i ty of b i as  rad iati on ;  non-un i form i ty of monochromatic  rad i ation ;  m ismatch  
of cel l  area  and  i rrad i ated  area  ( image  of the  d iaphragm);  spectral  bandwid th  

(≤  20  nm)  of the  monochromati c  rad iati on ;  non l i neari ty of the  ampl i fi ers  

 

Not  appl i cable  

<  0 , 1  %  

<  0 , 2  %  

Combined  expanded  uncertai nty <  1  %  
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Key 

Mon:  monochromator,  Ch :  chopper,  L:  l i gh t  source  wi th  en trance  opti cs,  S :  shu tter,  BS :  beam  spl i tter,  MD:  mon i tor 
photod iode,  BL:  (array of)  b i as  l amp(s),  Sol :  solar cel l  and  s tandard  detector respecti vel y,  CVC:  cu rren t-vol tage  
converter,  L IA:  l ock-i n  ampl i fi er 

Figure A. 1  – Block d iagram  of d i fferential  spectral  responsivi ty cal ibration  
superimposing  chopped  monochromatic  rad iation  DE(l)  and  DC  bias  radiation  Eb   
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Figure  A.2  – Optical  arrangement  of d i fferential  spectral  responsivi ty cal ibration  

A.3.5  References  documents  

– J .  Metzdorf “Cal ibration  of solar cel ls .  1 :  The  d i fferential  spectral  responsivi ty method” ,  
Appl.  Optics  26  (9)  ( 1 987)  1 701 -1 708.  

– J .  Metzdorf,  S .  Winter,  T.  Wi ttchen  “Rad iometry i n  photovol ta ics :  ca l ibration  of reference  
solar cel l s  and  evaluation  of reference  values”  metrologia  37  (2000)  573-578.   

– S.  Winter,  T.  Wi ttchen ,  J .  Metzdorf “Primary Reference Cel l  Cal ibration  at the  PTB  Based  
on  an  Improved  DSR Faci l i ty”  i n  “Proc.  1 6th  European  Photovol ta ic Solar Energy Conf. ” ,  
ed .  by H .  Scherr,  B .  Mc/Vel is ,  E .  Palz,  H .  A.  Ossenbrink,  E .  Dun lop,  P.  Helm  (Glasgow 
2000)  J ames  & J ames  (Science Publ . ,  London),  I SBN  1  90291 6  1 9  0 .  

A.4  Solar simulator method  

Traceabi l i ty i s  based  on  the  absolu te  spectral  i rrad iance  of s imu lated  sun l i gh t and  relati ve  
spectral  responsivi ty of the  reference  solar cel l  to  be  cal i brated .  The  absolu te  spectral  
i rrad iance  shal l  be  measured  by a  spectrorad iometer cal i brated  by standard  l amps  d i rectl y 
traceable  to  SI  un i ts,  and  the  spectral  responsivi ty shal l  be  cal ibrated  by standard  detectors  
d i rectl y traceable  to  S I  un i ts .  When  traceabi l i ty via  WRR is  requ i red ,  the  absolu te  i rrad iance of 
the  solar s imu lator shal l  be  measured  by using  a  cavi ty rad iometer traceable  to  WRR.  The  
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cal ibration  value  i s  computed  from  the  measured  spectral  responsivi ty of the  reference  cel l ,  
the  spectral  i rrad iance  d istribu tion  of the  solar s imu lator and  the  reference solar spectral  
i rrad iance  d istribution  ( I EC 60904-3) .  

A.4. 1  Equ ipment 

The fol lowing  apparatus  i s  requ i red  (see Figure  A. 3).  

a)  A solar s imu lator of class  AAA as  defined  i n  I EC 60904-9.  

b)  A spectrorad iometer as  described  i n  CIE  53-1 982.  

c)  Means  for measuring  spectral  responsivi ty of the  reference cel l  as  defined  i n  I EC  60904-8.  

d )  A standard  lamp wh ich  has  been  d i rectl y cal ibrated  by the  primary s tandard  l amps,  wh ich  
shal l  be  mutual l y recogn ized  and  authorized  by CCPR/CIE.  

e)  A cavi ty rad iometer traceable  to  WRR whose view ang le  i s  wider than  the  spread ing  ang le  
of the  solar s imu lator l i gh t (optional ) .  

f)  Means  for measuring  the  short ci rcu i t current of the  reference cel l  wh ich  shal l  comply wi th  
the  general  measurement requ irements  of I EC  60904-1 .  

g )  Means  for maintain ing  the  temperature  of the  reference  cel l  at  (25  ±  2 )°C.  

A.4.2  Cal ibration  procedure 

a)  The  re lative  spectral  response of the  reference cel l  shal l  be  measured  wi th  wh i te  b ias  l igh t 

of 1  000  Wm–2  a t  (25  ±  2 )°C  in  accordance wi th  I EC 60904-8.   

b)  The  i rrad iance  of the  solar s imu lator in  the  test p l ane shal l  be  set to  approximatel y 
1  000  Wm–2 ,  us ing  a  thermal  photo  detector such  as  thermopi l e.   

c)  The  absolu te  spectral  i rrad iance  d istribu tion  i n  the  test p l ane  shal l  be  measured  by the  
cal ibrated  spectrorad iometer as  described  i n  CIE  63-1 984.  

NOTE  For the  ca lcu lati on  as  described  i n  A. 4. 3  a)  the  wavel ength  range  has  to  span  at  l east  the  same  i n terval  as  

S(λ) .  When  the  cavi ty i s  used  as  i n  A. 4. 3.  b) ,  the  wavelength  range  of the  spectra l  i rrad i ance  measurement  must 
be  su ffi cien tl y l arge  to  reach  the  desi red  uncertain ty.   

d)  The  reference cel l  shal l  be  l ocated  i n  the  test plane  of the  s imu lator.  The  cel l  temperature  

shal l  be  maintained  at  (25  ±  2 )°C.  The  short-ci rcu i t  current of the  cel l  i s  to  be  measured  
more  than  1 0  times  and  the  mean  value  is  to  be  calcu lated .  

A.4.3  Data  analysis  

a)  The  cal ibration  value  (CV)  i s  to  be  computed  as  fol l ows.  

 
λλλ

λλλ

dSE

dSE

ICV

∫
∫

=
)()(

)()(

m

s

SC  (A. 1 4)  

where:  

Em(λ)  i s  the  absolu te  spectral  i rrad iance  d istribu tion  of the  solar s imu lator.  

b)  When  d i rect traceabi l i ty to  WRR is  requ ired ,  the  absolute  i rrad iance of the  solar s imu lator 
shal l  be  measured  by us ing  a  cavi ty rad iometer traceable  to  WRR,  as  described  i n  
A. 4 . 1 . e).  The  cal ibration  value  (CV)  is  computed  accord ing  to  Equation  A. 4  where  GT  i s  
the  tota l  i rrad iance of the  solar s imu lator measured  by a  cavi ty rad iometer traceable  to  
WRR.  

c)  Repeating  the  steps  i n  A. 4 .2 .  and  A. 4. 3.  twice,  the  mean  CV is  to  be  calcu lated  as  the  
final  ca l i bration  value.  

A.4.4  Uncertainty estimate  

I n  the  fol lowing  Tables  A.3  and  A. 4  typical  va lues  of the  uncertain ty components  resu l ti ng  i n  
combined  expanded  uncertain ty of U95  of 2  %  and  0 , 6  %  (wi th  coverage  factor k =  2)  are  

summarized .  
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Table  A.3  – Example  of uncertainty components  (k  =  2)   
of a  solar s imu lator method  cal ibration  

Uncertain ty of the  standard  l amp:  <  2  %   

Uncertain ty due  to  spectrorad i ometer:  <  0 , 2  %  

Uncertain ty due  to  u nstabl e  cel l  temperatu re:  <  0 , 2  %  

Transfer u ncerta in ti es  due  to  spectral  respons i vi ty,  spectral  m ismatch  between  sol ar s imu lator and  
reference  solar spectrum :  

<  0 , 2  %  

Uncertain ty d ue  to  temporal  and  spatial  non -un i form i ty of solar s imu lator and  d i fferent  s i ze  and  
time  constant  of spectrorad i ometer and  cel l :  

<  0 , 2  %  

Combined  expanded  uncertai nty 2  %   

 

Table  A.4  – Typical  uncertainty components  (k  =  2)  of a  solar simu lator method  
cal ibration  when  WRR traceable  cavi ty radiometer is  used  

Uncertain ty of WRR vs  S I  un i ts  <  0 , 4  %  

Uncertain ty of i rrad iance  measurement <  0 , 2  %  

Uncertain ty due  to  u nstabl e  cel l  temperatu re:  <  0 , 2  %  

Uncertain ti es  due  to  spectra l  i rrad iance  deviati ons  between  test  cond i ti ons  and  the  reference  
spectral  i rrad i ance  of AM  1 , 5  ( I EC 60904-3)  or spectral  m ismatch  correction  ( I EC 60904-7)  

<  0 , 3  %  

Uncertain ty d ue  to  temporal  and  spatial  non -un i form i ty of solar s imu lator and  d i fferent  s i ze  and  
time  constan t of spectrorad i ometer,  cel l  and  cavi ty rad iometer:  

<  0 , 2  %  

Combined  expanded  uncertai nty 0 , 6  %  
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Figure A.3  – Schematic  apparatus  of the  solar s imu lator method  

A.4.5  References  documents  

– R.  Sh imokawa,  F.  Nagamine,  Y.  M i yake,  K.  Fu j isawa,  Y.  Hamakawa “Japanese i ndoor 
cal i bration  method  for the  reference  solar cel l  and  comparison  wi th  ou tdoor cal i bration”  
Japanese J.  Appl.  Phys.  26(1 )  (1 987)  86-91 .   

– R.  Sh imokawa,  H .  I keda,  Y.  M i yake,  S.  I gari  "Development of wide  fie l d -of-view cavi ty 
rad iometer for solar s imu lator use  and  in tercomparison  between  i rrad iance  measurements  
based  on  the  world  rad iometer reference  and  electrotechn ical  l aboratory scales"  Japanese 
J.  Appl.  Phys.  41  (2002)  5088-5093.   
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– H .  Mü l lejans,  W.  Zaaiman ,  F.  Merl i ,  E .  D .  Dun lop,  H .  A.  Ossenbrink “Comparison  of 
traceable  cal i bration  methods  for primary photovol ta ic reference cel l s”  Progress in  
Photovoltaics  1 3  (2005)  661 -671 .  

– CIE  53-1 982  “Methods  of Characterizing  the  Performance of rad iometers  and  
Photometers” ,  I SBN  92  9034  053  3.   

– CIE  63-1 984  “The Spectrorad iometric Measurement of L igh t Sources” .  

A.5  Direct sunl ight method  

The reference  solar cel l  to  be  cal ibrated  i s  compared  under d i rect beam  natural  sun l igh t wi th  
a  reference rad iometer.  The establ ishment of traceabi l i ty i s  based  on  the  cal ibration  us ing  a  
pyrhel iometer measuring  d i rect  solar i rrad iance  and  traceable  to  the  WRR.  The short ci rcu i t  
curren t of the  solar cel l  i s  measured ,  scaled  to  1  000  W/m2  and  corrected  for temperature  and  
spectral  m ismatch  between  the  d i rect beam  natural  sun l ight spectrum  as  measured  by a  
spectorad iometer and  the  defined  standard  spectrum  ( IEC 60904-3).  The  re lati ve  spectral  
response of the  solar cel l  has  a lso  to  be  determ ined .   

A.5. 1  Equ ipment 

a)  A mounting  p latform ,  wh ich  can  be  orien ted  normal  to  the  sun  wi th in  an  accuracy of ±0, 5°  
throughou t the  cal ibration  run .  

b)  A cavi ty rad iometer,  traceable  to  WRR.  

c)  A col l imator tube  for the  solar cel l  having  the  same viewing  ang le  as  the  cavi ty 
rad iometer.   

d )  A temperature  control l ed  mounting  b lock for the  reference  cel l  to  be  cal ibrated  capable  of 

maintain ing  the  j unction  temperature  at (25  ±  2)  °C  throughou t a l l  ca l ibration  runs.  Means  
to  measure  the  temperature  of the  reference solar cel l  to  be  cal ibrated .   

e)  Traceable  means  to  measure  the  short ci rcu i t curren t of the  solar cel l  to  an  accuracy of 

±0, 1  %  or better.  

f)  A spectrorad iometer for measuring  the  d i rect  normal  solar spectral  i rrad iance  wi th  the  
same viewing  ang le  as  the  cavi ty rad iometer.   

g )  An  apparatus  to  measure  the  relative  spectral  response  of the  solar cel l .   

A.5.2  Measurements  

a)  Mount the  reference cel l  to  be  cal ibrated  wi th  the  col l imator,  the  cavi ty rad iometer,  and  
the  spectrorad iometer coplanar on  the  tracking  p latform .  

b)  Measure  the  relati ve  spectral  i rrad iance  of the  sun ,  Em (λ) ,  us ing  the  spectrorad iometer.  

During  the  spectral  i rrad iance  measurement,  perform  the  fol lowing  s teps  s imu l taneousl y:  

1 )  Measure  the  cavi ty rad iometer ou tput,  Gd i r,  and  veri fy that the  tota l  i rrad iance  i s  
between  750  Wm–2  and  1  1 00  Wm–2 .  

2)  Measure  the  short-ci rcu i t  current ISC  of the  reference  solar cel l  to  be  cal ibrated .  

3)  Measure  the  reference  cel l  temperature,  Tj .  

4)  Repeat these  steps  at l east four times.  These repeti ti ons  shal l  be  d istributed  i n  time  
during  the  spectral  i rrad iance  measurement.  

c)  Perform  a  m in imum  of fi ve  repl ications  of step b)  on  at  l east three  separate  days.  

A.5.3  Data  analysis  

a)  Perform  the  correction  of Equation  A. 1 ,  where  GT  i s  the  read ing  of the  cavi ty rad iometer 
representing  the  d i rect i rrad iance  Gd i r.  

b)  Average  the  cal ibration  values  from  a)  for each  measurement of spectral  i rrad iance.   

c)  Extend  the  measured  spectral  i rrad iance  to  the  range  300-4  000  nm  accord ing  to  
reference  documents  to  encompass  the  l im i ts  of the  standard  spectrum  ( I EC 60904-3).  
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d )  Correct each  resu l t of step  b)  for temperature  using  Equation  A. 2  and  then  for spectral  

effects  accord ing  to  Equation  A.3  where  Em(λ)  i s  the  d i rect beam  solar spectral  i rrad iance,  
g i ving  the  CV accord ing  to  Equation  A. 4.  

e)  Average the  cal ibration  values  for each  day and  calcu late  the  ari thmetic average CV us ing  
Equation  A.5.   

f)  Reject any poin ts  that meet the  fol lowing  cri teria  

1 )  CVi  more  than  1 , 5  %  from  the  CV; 

2)  ISC  range  is  greater than  1 , 5  %;  

3)  CVi  (Tj )  standard  deviation  i s  >  1  %.  

g )  Veri fy that at l east 3  days  data  wi th  a  m in imum  of 5  sets  per day of val i d  data  exist.  I f not 
take  add i tional  measurements  un ti l  th is  cri terion  i s  met.  

A.5.4  Uncertainty estimate  

I n  Table  A. 5,  typical  values  of the  uncertainty components  for the  d i rect sun l i gh t method  are  
l i sted ,  resu l ti ng  i n  combined  expanded  uncertain ty U95  (wi th  coverage  factor k =  2)  of 0 , 9  % .  

Table  A.5  – Typical  uncertainty components  (k  = 2)  of a  d i rect sun l ight  method  

Uncertain ty of WRR vs  S I  un i ts  0 , 4  %  

Measured  d i rect  i rrad iance  0 , 2  %  

Spectral  m ismatch  correction  0 , 8  %  

Uncertain ty d ue  to  cel l  temperature  correction  0 , 2  %  

Combined  expanded  uncertai nty 0 ,9  %  
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– K.A.  Emery,  C.R.  Osterwald ,  L . L.  Kazmerski ,  R.E.  Hart “Cal ibration  of primary terrestria l  
reference  cel ls  when  compared  wi th  primary AM0 reference  cel ls"  Proc.  8th  European  
PVSEC,  F lorence,  I ta l y,  May 9-1 2  1 988  p.  64-68.  

– C.  Osterwald ,  K.  Emery "Spectrorad iometric Sun  Photometry"  Journal of Atmospheric and 
Oceanic Technology,  1 7  (200)  1 1 71 -1 1 88.  
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