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Outline	  

•  Goal:	  Reduce	  uncertainty	  in	  PV	  investments	  
•  OpOons	  for	  quanOfying	  irradiance	  data	  

o  For	  predic*ng	  output	  of	  a	  future	  PV	  plant	  
o  For	  verifying	  output	  of	  an	  installed	  PV	  plant	  
o  Key	  ques*on	  is	  horizontal	  vs	  plane-‐of-‐array	  irradiance	  

•  Can	  we	  avoid	  taking	  risk	  twice	  for	  the	  uncertainty	  of	  
the	  transposiOon?	  

•  Can	  we	  change	  the	  way	  we	  communicate	  historical	  
data	  to	  enable	  more	  precise	  validaOon	  of	  PV	  plant	  
performance?	  

•  Solar	  resource	  vs	  PV	  resource	  –	  what	  would	  it	  take	  to	  
change	  the	  paradigm?	  
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Investors	  want	  to	  know	  the	  ROI	  

•  If	  you	  buy	  a	  CerOficate	  of	  Deposit,	  would	  you	  
buy	  the	  one	  for	  
o  2%/year	  return	  or	  
o  2.5%/year	  return?	  

•  When	  invesOng	  in	  PV,	  each	  reducOon	  in	  
uncertainty	  (risk)	  is	  valuable	  to	  the	  investor	  

•  Risk	  is	  included	  in	  contract	  for	  
o  The	  available	  sunshine	  
o  The	  plant	  performance	  
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For	  a	  new	  project,	  what	  are	  opOons?	  

•  QuanOfy	  solar	  resource:	  
o  Deploy	  sensors	  in	  the	  proposed	  loca*on	  and	  
configura*on	  and	  wait	  30	  years	  
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For	  a	  new	  project,	  what	  are	  opOons?	  

•  QuanOfy	  solar	  resource:	  
o  Deploy	  sensors	  in	  the	  proposed	  loca*on	  and	  
configura*on	  and	  wait	  30	  years	  a	  year	  	  	  
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For	  a	  new	  project,	  what	  are	  opOons?	  

•  QuanOfy	  solar	  resource:	  
o  Deploy	  sensors	  in	  the	  proposed	  loca*on	  and	  
configura*on	  and	  wait	  30	  years	  a	  year	  

o  Use	  historical	  data	  sets	  derived	  from	  >	  30	  years	  of	  
data	  (e.g.	  TMY	  =	  Typical	  Meteorological	  Year*)	  to	  
provide	  horizontal	  (GHI,	  direct,	  diffuse)	  irradiance,	  
transpose	  that	  to	  plane-‐of-‐array	  (POA)	  irradiance	  

*www.nrel.gov/rredc/	  
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Why	  GHI	  rather	  than	  POA	  Irradiance?	  
•  Why	  not	  include	  POA	  irradiance	  in	  weather	  
files?	  

•  PracOcal	  quesOons	  for	  POA	  irradiance	  in	  
weather	  data	  files:	  	  
o  How	  many	  *lts	  and	  azimuths	  might	  we	  want	  data	  for?	  
o  When	  crea*ng	  a	  POA	  irradiance	  data	  set,	  	  

– What	  albedo	  would	  one	  assume?	  	  
– What	  transposi*on	  model?	  	  
–  Isotropic	  or	  anisotropic	  diffuse	  radia*on?	  

•  Conclusion:	  	  Horizontal	  data	  are	  easier	  to	  
document	  (though	  less	  useful	  than	  POA	  data).	  
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For	  monitoring	  plant	  operaOon,	  what	  opOons?	  

•  QuanOfy	  solar	  resource	  using:	  
o  Thermopile	  in	  horizontal	  plane	  

– This	  is	  consistent	  with	  the	  data	  used	  for	  the	  original	  
predic*on	  

o  Reference	  cell	  or	  module	  in	  POA	  
– This	  is	  known	  to	  more	  closely	  correlate	  with	  system	  
performance	  
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For	  monitoring	  plant	  operaOon,	  what	  opOons?	  

•  QuanOfy	  solar	  resource	  using:	  
o  Thermopile	  in	  horizontal	  plane	  

– This	  is	  consistent	  with	  the	  data	  used	  for	  the	  original	  
predic*on	  

o  Reference	  cell	  or	  module	  in	  POA	  
– This	  is	  known	  to	  more	  closely	  correlate	  with	  system	  
performance	  

•  Which	  is	  preferred?	  
o  Some	  say	  that	  the	  only	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
“correct”	  way	  is	  the	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
thermopile	  
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Double	  counOng	  risk	  

•  Investor	  wants	  to	  know	  kWh	  at	  the	  end	  of	  the	  
year.	  	  Risk	  includes:	  	  
o  Accuracy	  of	  historical	  data	  
o  Sunny	  or	  cloudy	  weather	  rela*ve	  to	  historical	  average	  
o  Accuracy	  of	  transposi*on	  to	  POA	  
o  Risk	  of	  plant	  performance	  rela*ve	  to	  predicted	  for	  
measured	  weather	  is	  transferred	  to	  installer	  

•  Installer’s	  risk	  includes:	  
o  Accuracy	  of	  measurement	  of	  GHI	  
o  Accuracy	  of	  transposi*on	  to	  POA	  
o  Plant	  performance	  rela*ve	  to	  predicted	  for	  measured	  
weather	  
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Double	  counOng	  risk	  
•  Investor	  wants	  to	  know	  kWh	  at	  the	  end	  of	  the	  
year.	  	  Risk	  includes:	  	  
o  Accuracy	  of	  historical	  data	  
o  Sunny	  or	  cloudy	  weather	  rela*ve	  to	  historical	  average	  
o  Accuracy	  of	  transposi*on	  to	  POA	  
o  Risk	  of	  plant	  performance	  rela*ve	  to	  predicted	  for	  
measured	  weather	  is	  transferred	  to	  installer	  

•  Installer’s	  risk	  includes:	  
o  Accuracy	  of	  measurement	  of	  horizontal	  irradiance	  
o  Accuracy	  of	  transposi*on	  to	  POA	  
o  Plant	  performance	  rela*ve	  to	  predicted	  for	  measured	  
weather	  

Both	  the	  investor	  and	  the	  installer	  o:en	  take	  risk	  for	  
inaccurate	  transposi.on!	  	  
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Can	  we	  use	  POA	  data	  to	  verify	  plant	  performance?	  

•  Reasons	  for	  using	  horizontal	  data	  
o  Historical	  POA	  data	  is	  not	  available	  in	  many	  cases	  
o  POA	  may	  not	  be	  well	  defined	  
o  Performance	  model	  may	  use	  horizontal	  rather	  
than	  POA	  irradiance	  

•  Reasons	  for	  using	  POA	  data	  
o  Avoids	  double	  coun*ng	  the	   	   	   	  

	  risk	  for	  transposi*on	  
o  Allows	  a	  *ghter	  contract	   	   	   	  

	  between	  the	  investor	  and	   	   	   	  
	  the	  installer	  

Module 
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What	  if?	  

•  What	  if	  the	  satellite	  data	  could	  
be	  used	  to	  create	  TMY	  files	  for	  
any	  POA?	  
o Would	  need	  to	  be	  validated	  against	  
ground	  data	  at	  a	  range	  of	  POAs.	  

o May	  use	  satellite	  images	  to	  improve	  
understanding	  of	  anisotropy	  of	  
diffuse	  light	  

o What	  if?????	  

Module 
Temperature

Plane of Array 
Irradiance

MEASURED VARIABLES

TEST BOUNDARY

“PV	  resource”	  (POA)	  

Tighter	  
Model	  

PV	  output	  
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What	  sensor	  for	  POA?	  Thermopile	  vs	  Reference	  cell	  vs	  ?	  

Many	  op*ons	  for	  irradiance	  sensors.	  
	  
Which	  is	  the	  best	  for	  which	  purpose?	  
	  
Do	  they	  differ	  enough	  for	  us	  to	  care?	  
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CalibraOon	  of	  Thermopiles	  –	  angular	  effects	  
Calibration Results

Page 2 of 3BORCAL 1996-02 / Certificate

AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 8.3163 3.79 101.82 8.5284 3.68 258.14

2 N/A N/A N/A N/A N/A N/A 48 8.3052 3.97 99.98 8.5284 3.83 260.03

4 N/A N/A N/A N/A N/A N/A 50 8.2661 4.13 98.21 8.5048 4.04 261.84

6 N/A N/A N/A N/A N/A N/A 52 8.2487 4.34 96.47 8.4860 4.30 263.54

8 N/A N/A N/A N/A N/A N/A 54 8.2112 4.57 94.83 8.4734 4.54 265.18

10 N/A N/A N/A N/A N/A N/A 56 8.2177 4.85 93.24 8.4677 4.82 266.77

12 N/A N/A N/A N/A N/A N/A 58 8.1963 5.16 91.73 8.4223 5.14 268.32

14 N/A N/A N/A N/A N/A N/A 60 8.1851 5.55 90.22 8.4294 5.55 269.83

16 N/A N/A N/A N/A N/A N/A 62 8.1615 5.94 88.74 8.4196 5.97 271.31

18 N/A N/A N/A N/A N/A N/A 64 8.1575 N/A 87.47 8.4073 6.47 272.76

20 8.5597 2.69 165.34 8.5942 2.68 194.81 66 N/A N/A N/A 8.4100 7.04 274.05

22 8.5417 2.77 148.68 8.6335 2.76 211.42 68 8.0761 N/A 84.22 8.3610 7.88 275.58

24 N/A N/A N/A 8.6209 2.77 220.30 70 8.0034 8.69 82.99 8.2842 8.94 276.99

26 8.4983 2.86 133.10 8.6008 2.79 226.98 72 7.9367 9.95 81.56 8.2598 10.24 278.42

28 8.4914 2.92 127.73 8.5865 2.96 231.76 74 7.9098 11.49 80.17 8.2281 12.03 279.82

30 8.4603 2.97 123.33 8.6135 2.89 236.64 76 N/A N/A N/A 8.1714 14.36 281.25

32 8.4418 3.03 119.61 8.5961 2.95 240.36 78 N/A N/A N/A 8.1008 17.32 282.67

34 8.4252 3.12 116.23 8.5909 3.01 243.75 80 7.8357 21.13 75.97 N/A N/A N/A

36 8.3956 3.22 113.28 8.5859 3.07 246.71 82 N/A N/A N/A N/A N/A N/A

38 8.3900 3.30 110.66 8.5793 3.16 249.38 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 8.5675 3.25 251.81 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 8.3364 3.65 103.86 8.5413 3.51 256.21 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains 14862F3 Eppley PSP
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

8.4330 +5.80 / -6.73 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-3

Calibration Results

Page 2 of 3BORCAL 1996-02 / Certificate

AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 8.1896 3.79 101.82 8.1144 3.68 258.14

2 N/A N/A N/A N/A N/A N/A 48 8.1884 3.96 99.98 8.0979 3.84 260.03

4 N/A N/A N/A N/A N/A N/A 50 8.1869 4.13 98.21 8.0776 4.04 261.84

6 N/A N/A N/A N/A N/A N/A 52 8.1825 4.34 96.47 8.0786 4.30 263.54

8 N/A N/A N/A N/A N/A N/A 54 8.1616 4.57 94.83 8.0647 4.54 265.18

10 N/A N/A N/A N/A N/A N/A 56 8.1629 4.85 93.24 8.0586 4.82 266.77

12 N/A N/A N/A N/A N/A N/A 58 8.1719 5.16 91.73 8.0653 5.13 268.32

14 N/A N/A N/A N/A N/A N/A 60 8.1820 5.54 90.22 8.0691 5.55 269.83

16 N/A N/A N/A N/A N/A N/A 62 8.2101 5.95 88.74 8.0743 5.97 271.31

18 N/A N/A N/A N/A N/A N/A 64 8.2558 N/A 87.47 8.1091 6.48 272.76

20 8.2188 2.69 165.34 8.2183 2.68 194.81 66 N/A N/A N/A 8.1272 7.05 274.05

22 8.2285 2.76 148.68 8.2582 2.76 211.42 68 8.2729 N/A 84.22 8.0786 7.88 275.58

24 N/A N/A N/A 8.2136 2.76 220.30 70 8.2321 8.68 82.99 8.0363 8.94 276.99

26 8.2191 2.86 133.10 8.2061 2.78 226.98 72 8.2461 9.95 81.56 8.0221 10.24 278.42

28 8.2154 2.91 127.73 8.2183 2.97 231.76 74 8.2912 11.49 80.17 8.0304 12.04 279.82

30 8.2271 2.96 123.42 8.1957 2.89 236.64 76 N/A N/A N/A 8.0618 14.36 281.25

32 8.2208 3.03 119.61 8.1839 2.95 240.36 78 N/A N/A N/A 8.1164 17.32 282.67

34 8.2213 3.11 116.23 8.1767 3.01 243.75 80 8.5545 21.13 75.97 N/A N/A N/A

36 8.2111 3.21 113.28 8.1612 3.07 246.71 82 N/A N/A N/A N/A N/A N/A

38 8.2120 3.30 110.66 8.1531 3.16 249.38 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 8.1509 3.25 251.81 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 8.2043 3.65 103.86 8.1185 3.51 256.21 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains 29278F3 Eppley PSP
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

8.1547 +4.67 / -5.01 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-14

Calibration Results

Page 2 of 3BORCAL 1996-02 / Certificate

AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 9.4142 3.79 101.82 9.4721 3.67 258.14

2 N/A N/A N/A N/A N/A N/A 48 9.4209 3.96 99.98 9.4731 3.83 260.03

4 N/A N/A N/A N/A N/A N/A 50 9.4023 4.13 98.21 9.4612 4.04 261.84

6 N/A N/A N/A N/A N/A N/A 52 9.4087 4.34 96.47 9.4610 4.30 263.54

8 N/A N/A N/A N/A N/A N/A 54 9.4023 4.57 94.83 9.4590 4.53 265.18

10 N/A N/A N/A N/A N/A N/A 56 9.4167 4.85 93.24 9.4585 4.82 266.77

12 N/A N/A N/A N/A N/A N/A 58 9.4195 5.16 91.73 9.4492 5.13 268.32

14 N/A N/A N/A N/A N/A N/A 60 9.4308 5.54 90.22 9.4742 5.55 269.83

16 N/A N/A N/A N/A N/A N/A 62 9.4554 5.94 88.74 9.5122 5.97 271.31

18 N/A N/A N/A N/A N/A N/A 64 9.4891 N/A 87.47 9.5387 6.48 272.76

20 9.4631 2.69 165.34 9.4761 2.68 194.81 66 N/A N/A N/A 9.5877 7.04 274.05

22 9.4680 2.76 148.68 9.5229 2.76 211.42 68 9.5691 N/A 84.22 9.5782 7.88 275.58

24 N/A N/A N/A 9.4892 2.76 220.30 70 9.5023 8.68 82.99 9.5049 8.93 276.99

26 9.4492 2.86 133.10 9.4827 2.78 226.98 72 9.4701 9.94 81.56 9.5317 10.23 278.42

28 9.4468 2.91 127.73 9.4996 2.97 231.76 74 9.4889 11.49 80.17 9.5447 12.03 279.82

30 9.4393 2.96 123.33 9.4897 2.88 236.64 76 N/A N/A N/A 9.5473 14.36 281.25

32 9.4348 3.03 119.61 9.4809 2.95 240.36 78 N/A N/A N/A 9.5333 17.31 282.67

34 9.4344 3.11 116.23 9.4848 3.01 243.75 80 9.6011 21.12 75.97 N/A N/A N/A

36 9.4100 3.22 113.28 9.4802 3.07 246.71 82 N/A N/A N/A N/A N/A N/A

38 9.4295 3.30 110.66 9.4829 3.16 249.38 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 9.4759 3.25 251.81 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 9.4079 3.65 103.86 9.4748 3.51 256.21 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains 30802F3 Eppley PSP
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

9.4438 +4.22 / -4.29 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-64

Calibration Results
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AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 9.1693 3.78 101.86 9.1335 3.68 258.18

2 N/A N/A N/A N/A N/A N/A 48 9.1776 3.96 99.97 9.1318 3.83 260.02

4 N/A N/A N/A N/A N/A N/A 50 9.1609 4.14 98.16 9.1041 4.03 261.79

6 N/A N/A N/A N/A N/A N/A 52 9.1637 4.34 96.47 9.0919 4.29 263.49

8 N/A N/A N/A N/A N/A N/A 54 9.1572 4.57 94.82 9.0922 4.53 265.13

10 N/A N/A N/A N/A N/A N/A 56 9.1801 4.86 93.23 9.0901 4.81 266.72

12 N/A N/A N/A N/A N/A N/A 58 9.1815 5.17 91.69 9.0526 5.13 268.27

14 N/A N/A N/A N/A N/A N/A 60 9.1930 5.55 90.18 9.0534 5.53 269.78

16 N/A N/A N/A N/A N/A N/A 62 9.1926 5.95 88.70 9.0486 5.96 271.26

18 N/A N/A N/A N/A N/A N/A 64 N/A N/A N/A 9.0463 6.46 272.72

20 9.2037 2.69 165.14 9.2090 2.68 194.95 66 N/A N/A N/A 9.0604 7.04 274.05

22 9.2091 2.76 148.86 9.2405 N/A 211.39 68 9.3001 7.92 84.43 9.0754 7.89 275.61

24 N/A N/A N/A 9.2206 2.76 220.28 70 9.3258 8.63 83.04 9.0371 8.96 277.02

26 9.2000 2.86 133.07 9.1951 2.78 226.96 72 9.2674 9.91 81.59 8.9882 10.23 278.42

28 9.2090 2.91 127.81 9.1930 2.95 231.84 74 9.2600 11.55 80.14 8.9776 12.03 279.81

30 9.1912 2.96 123.40 9.1992 2.88 236.63 76 N/A N/A N/A 8.9410 14.41 281.28

32 9.1926 3.03 119.52 9.1792 2.95 240.43 78 N/A N/A N/A 8.8877 17.28 282.67

34 9.1891 3.12 116.29 9.1760 3.02 243.73 80 9.3112 21.15 75.97 N/A N/A N/A

36 9.1756 3.21 113.32 9.1666 3.07 246.70 82 N/A N/A N/A N/A N/A N/A

38 9.1837 3.30 110.65 9.1672 3.16 249.37 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 9.1583 3.25 251.80 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 9.1732 3.66 103.80 9.1463 3.50 256.15 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains 30888F3 Eppley PSP
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

9.1572 +4.20 / -4.93 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-80

Calibration Results
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AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 8.9252 3.78 101.86 8.6359 3.68 258.18

2 N/A N/A N/A N/A N/A N/A 48 8.9469 3.96 99.97 8.6242 3.83 260.02

4 N/A N/A N/A N/A N/A N/A 50 8.9441 4.14 98.16 8.5935 4.04 261.79

6 N/A N/A N/A N/A N/A N/A 52 8.9643 4.34 96.47 8.5794 4.29 263.49

8 N/A N/A N/A N/A N/A N/A 54 8.9785 4.57 94.82 8.5754 4.53 265.13

10 N/A N/A N/A N/A N/A N/A 56 9.0135 4.86 93.23 8.5649 4.81 266.72

12 N/A N/A N/A N/A N/A N/A 58 9.0343 5.17 91.69 8.5282 5.13 268.27

14 N/A N/A N/A N/A N/A N/A 60 9.0636 5.55 90.18 8.5332 5.53 269.78

16 N/A N/A N/A N/A N/A N/A 62 9.1015 5.97 88.70 8.5480 5.96 271.26

18 N/A N/A N/A N/A N/A N/A 64 N/A N/A N/A 8.5590 6.46 272.72

20 8.8040 2.69 165.14 8.7828 2.68 194.95 66 N/A N/A N/A 8.5896 7.05 274.05

22 8.8272 2.76 148.86 8.7998 N/A 211.39 68 9.2558 7.92 84.43 8.5418 7.91 275.61

24 N/A N/A N/A 8.7751 2.76 220.28 70 9.2594 8.63 83.04 8.4531 8.96 277.02

26 8.8427 2.86 133.07 8.7494 2.78 226.96 72 9.3142 9.91 81.59 8.4485 10.23 278.42

28 8.8590 2.91 127.81 8.7464 2.95 231.84 74 9.3747 11.55 80.14 8.4221 12.03 279.81

30 8.8524 2.96 123.40 8.7435 2.88 236.63 76 N/A N/A N/A 8.3728 14.42 281.28

32 8.8634 3.03 119.52 8.7224 2.95 240.43 78 N/A N/A N/A 8.3146 17.28 282.67

34 8.8721 3.11 116.29 8.7156 3.02 243.73 80 9.6600 21.15 75.97 N/A N/A N/A

36 8.8665 3.21 113.32 8.7010 3.07 246.70 82 N/A N/A N/A N/A N/A N/A

38 8.8897 3.30 110.65 8.6961 3.16 249.37 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 8.6791 3.25 251.80 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 8.9097 3.65 103.80 8.6566 3.51 256.15 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains 30895F3 Eppley PSP
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

8.7845 +6.83 / -6.67 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-96
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Thermopile	  calibra*ons	  
can	  depend	  on	  angle	  of	  
incidence	  by	  several	  per	  
cent	  
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AM PM AM PM

Inc. RS U95 Azm. RS U95 Azm. Inc. RS U95 Azm. RS U95 Azm.

Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡ Angle† (µV/W/m²) ± (%) Angle‡ (µV/W/m²) ± (%) Angle‡

0 N/A N/A N/A N/A N/A N/A 46 9.1140 3.79 101.84 9.0163 3.68 258.15

2 N/A N/A N/A N/A N/A N/A 48 9.1331 3.96 99.99 9.0174 3.82 259.99

4 N/A N/A N/A N/A N/A N/A 50 9.1582 4.14 98.18 9.0337 4.03 261.81

6 N/A N/A N/A N/A N/A N/A 52 9.1811 4.34 96.44 9.0504 4.30 263.55

8 N/A N/A N/A N/A N/A N/A 54 9.1989 4.58 94.80 9.0578 4.54 265.19

10 N/A N/A N/A N/A N/A N/A 56 9.2288 4.86 93.21 9.0830 4.82 266.78

12 N/A N/A N/A N/A N/A N/A 58 9.2552 5.18 91.67 9.1005 5.14 268.33

14 N/A N/A N/A N/A N/A N/A 60 9.2813 5.55 90.19 9.1201 5.55 269.83

16 N/A N/A N/A N/A N/A N/A 62 9.3165 5.96 88.71 9.1250 5.97 271.31

18 N/A N/A N/A N/A N/A N/A 64 N/A N/A N/A 9.1554 6.48 272.77

20 8.9048 2.69 165.39 8.9043 2.68 194.86 66 N/A N/A N/A 9.1796 7.05 274.07

22 8.9278 2.75 148.55 8.9579 N/A 211.59 68 9.4681 7.92 84.40 9.2043 7.88 275.58

24 N/A N/A N/A 8.9395 2.76 220.20 70 9.5258 8.67 83.00 9.2466 8.94 277.00

26 8.9566 2.87 133.01 8.9408 2.78 226.90 72 9.5925 9.94 81.56 9.2962 10.20 278.40

28 8.9655 2.91 127.75 8.9734 2.98 231.78 74 9.6978 11.48 80.18 9.3910 12.01 279.79

30 8.9812 2.97 123.35 8.9617 2.89 236.66 76 N/A N/A N/A 9.5304 14.40 281.25

32 9.0079 3.03 119.63 8.9679 2.95 240.38 78 N/A N/A N/A 9.7182 17.38 282.68

34 9.0178 3.12 116.25 8.9732 3.02 243.76 80 10.342 21.07 75.99 N/A N/A N/A

36 9.0188 3.22 113.29 8.9714 3.07 246.72 82 N/A N/A N/A N/A N/A N/A

38 9.0459 3.30 110.62 8.9853 3.16 249.33 84 N/A N/A N/A N/A N/A N/A

40 N/A N/A N/A 9.0050 3.26 251.82 86 N/A N/A N/A N/A N/A N/A

42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 9.0959 3.65 103.82 9.0061 3.51 256.17 90 N/A N/A N/A N/A N/A N/A

Table 3.  Instrument Responsivity (RS) and Calibration Uncertainty (U95)

Southern Great Plains PY22693 Licor LI200
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Figure 1.  Responsivity vs Incident Angle
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Figure 2.  Responsivity vs Local Standard Time
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† Angle of incidence (degrees)

‡ Average azimuth angle for ±0.3° of incidence angle

RS @ 45° (µV/W/m²) U95 (%) † Tilt / Azm

9.0550 +6.33 / -4.76 0.0° / 0.0°

Table 2.  Calibration Label Values

† Valid incident angle range: 30.0° to 60.0°

N/A - Not Available

A1-248

Calibration Results
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Zenith AM PM Zenith AM PM

Angle R u(B) Azimuth R u(B) Azimuth Angle R u(B) Azimuth R u(B) Azimuth

(deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle (deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle

0 N/A N/A N/A N/A N/A N/A 46 8.7575 0.39 91.98 8.6861 0.40 268.09

2 N/A N/A N/A N/A N/A N/A 48 8.7674 0.39 90.41 8.6956 0.40 269.58

4 N/A N/A N/A N/A N/A N/A 50 8.7802 0.41 88.94 8.7096 0.42 271.04

6 N/A N/A N/A N/A N/A N/A 52 8.7984 0.41 87.51 8.7240 0.42 272.48

8 N/A N/A N/A N/A N/A N/A 54 8.8157 0.43 86.12 8.7321 0.43 273.88

10 N/A N/A N/A N/A N/A N/A 56 8.8238 0.44 84.73 8.7463 0.44 275.29

12 N/A N/A N/A N/A N/A N/A 58 8.8458 0.46 83.39 8.7479 0.46 276.65

14 8.5215 0.34 162.52 8.5150 0.34 197.86 60 8.8621 0.48 82.01 8.7662 0.48 278.02

16 8.5469 0.36 144.09 8.5182 0.35 215.76 62 8.8777 0.50 80.69 8.7773 0.50 279.34

18 8.5588 0.34 134.24 8.5466 0.35 225.83 64 8.8921 0.53 79.34 8.7895 0.53 280.65

20 8.5829 0.34 127.15 8.5564 0.34 232.88 66 8.9160 0.56 78.05 8.8018 0.56 281.97

22 8.6009 0.36 121.84 8.5777 0.36 238.03 68 8.9349 0.59 76.69 8.8134 N/A 283.34

24 8.6175 0.36 117.27 8.5849 0.35 242.62 70 8.9601 N/A 75.36 8.8308 N/A 284.65

26 8.6368 0.34 113.70 8.5980 0.34 246.35 72 8.9898 N/A 74.02 8.8490 N/A 286.00

28 8.6476 0.36 110.41 8.6084 0.35 249.52 74 9.0406 N/A 72.65 8.8885 N/A 287.42

30 8.6648 0.35 107.59 8.6095 0.37 252.34 76 9.1160 N/A 71.23 8.9494 N/A 288.82

32 8.6673 0.36 105.17 8.6271 0.36 254.85 78 9.2214 N/A 69.81 9.0478 N/A 290.20

34 8.6849 0.37 102.82 8.6303 0.37 257.25 80 9.4148 N/A 68.35 9.2054 N/A 291.67

36 8.7018 0.36 100.73 8.6344 0.37 259.25 82 9.4567 N/A 66.88 9.3758 N/A 293.17

38 8.7040 0.36 98.75 8.6585 0.38 261.24 84 8.9006 N/A 65.42 8.9583 N/A 294.59

40 8.7196 0.37 96.95 8.6669 0.38 263.08 86 N/A N/A N/A N/A N/A N/A

42 8.7280 0.38 95.23 8.6667 0.38 264.79 88 N/A N/A N/A N/A N/A N/A

44 8.7337 0.39 93.54 8.6746 0.39 266.48 90 N/A N/A N/A N/A N/A N/A

Table 2.  Instrument Responsivity (R) and Calibration Type-B Standard Uncertainty, u(B)

Southern Great Plains PY22692 Licor LI200
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Figure 1.  Responsivity vs Zenith Angle
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Figure 2.  Responsivity vs Local Standard Time
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N/A - Not Available

A1-318

The responsivity of the test instrument during calibration is calculated using this Measurement Equation:

where,
I

V
R =  reference irradiance (W/m²), beam (B) or global (G)

=  radiometer output voltage (microvolts),
=  radiometer responsivity (µV/W/m²),

[1]

Wnet
Rnet

=  effective net infrared measured by pyrgeometer (W/m²),
=  radiometer net infrared responsivity (µV/W/m²), see Table 3,

R =  (V - Rnet * Wnet) / I

G
Z = zenith angle (degrees),
D = reference diffuse irradiance (W/m²).

where, = B * COS(Z) + D,

12%	  15%	  

Calibration Results
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Zenith AM PM Zenith AM PM

Angle R u(B) Azimuth R u(B) Azimuth Angle R u(B) Azimuth R u(B) Azimuth

(deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle (deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle

0 N/A N/A N/A N/A N/A N/A 46 13.511 0.40 100.85 13.579 0.45 259.25

2 N/A N/A N/A N/A N/A N/A 48 13.465 0.40 98.81 N/A N/A N/A

4 N/A N/A N/A N/A N/A N/A 50 13.414 0.41 96.99 13.575 0.51 263.09

6 N/A N/A N/A N/A N/A N/A 52 13.375 0.42 95.14 N/A N/A N/A

8 N/A N/A N/A N/A N/A N/A 54 13.356 0.43 93.33 13.562 0.53 267.01

10 N/A N/A N/A N/A N/A N/A 56 13.311 0.44 91.62 13.432 0.53 268.49

12 N/A N/A N/A N/A N/A N/A 58 13.290 0.46 89.97 13.415 0.52 270.15

14 N/A N/A N/A N/A N/A N/A 60 13.250 0.48 88.28 13.307 0.54 271.84

16 N/A N/A N/A N/A N/A N/A 62 13.226 0.50 86.69 13.262 0.54 273.43

18 N/A N/A N/A N/A N/A N/A 64 13.205 0.52 85.12 13.281 0.59 275.06

20 13.729 0.35 174.14 13.732 0.35 186.55 66 13.167 0.56 83.46 13.222 0.62 276.61

22 13.740 0.35 151.44 13.728 0.36 208.65 68 13.059 0.60 81.96 13.163 N/A 278.21

24 13.746 0.36 141.28 13.723 0.36 218.76 70 13.013 0.64 80.36 N/A N/A N/A

26 13.717 0.36 133.94 13.716 0.36 225.92 72 N/A N/A N/A N/A N/A N/A

28 13.666 0.36 128.61 13.715 0.37 231.63 74 N/A N/A N/A N/A N/A N/A

30 13.676 0.36 123.81 13.711 0.37 236.32 76 N/A N/A N/A N/A N/A N/A

32 13.642 0.36 119.90 13.699 0.39 240.48 78 N/A N/A N/A N/A N/A N/A

34 13.655 0.37 116.33 13.675 0.39 243.87 80 N/A N/A N/A N/A N/A N/A

36 13.638 0.37 113.18 13.654 0.39 246.96 82 N/A N/A N/A N/A N/A N/A

38 13.612 0.38 110.33 13.657 0.41 249.83 84 N/A N/A N/A N/A N/A N/A

40 13.581 0.38 107.65 13.609 0.43 252.49 86 N/A N/A N/A N/A N/A N/A

42 13.567 0.39 105.26 N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 13.543 0.39 103.01 13.608 0.45 257.16 90 N/A N/A N/A N/A N/A N/A

Table 2.  Instrument Responsivity (R) and Calibration Type-B Standard Uncertainty, u(B)

Solar Radiation Research Laboratory PY28257 Licor LI200
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Figure 1.  Responsivity vs Zenith Angle
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A1-42

The responsivity of the test instrument during calibration is calculated using this Measurement Equation:

where,
I

V
R =  reference irradiance (W/m²), beam (B) or global (G)

=  radiometer output voltage (microvolts),
=  radiometer responsivity (µV/W/m²),

[1]

Wnet
Rnet

=  effective net infrared measured by pyrgeometer (W/m²),
=  radiometer net infrared responsivity (µV/W/m²), see Table 4,

R =  (V - Rnet * Wnet) / I

G
Z = zenith angle (degrees),
D = reference diffuse irradiance (W/m²).

where, = B * COS(Z) + D,

Calibration Results

Page 2 of 4BORCAL 2014-01 / Certificate

Zenith AM PM Zenith AM PM

Angle R u(B) Azimuth R u(B) Azimuth Angle R u(B) Azimuth R u(B) Azimuth

(deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle (deg.) (µV/W/m²) ± (%) Angle (µV/W/m²) ± (%) Angle

0 N/A N/A N/A N/A N/A N/A 46 1.9198 0.30 100.91 1.9315 0.31 259.22

2 N/A N/A N/A N/A N/A N/A 48 1.9205 0.30 98.85 N/A N/A N/A

4 N/A N/A N/A N/A N/A N/A 50 1.9228 0.30 96.98 1.9428 0.31 263.10

6 N/A N/A N/A N/A N/A N/A 52 1.9262 0.31 95.12 N/A N/A N/A

8 N/A N/A N/A N/A N/A N/A 54 1.9314 0.31 93.30 1.9643 0.31 266.75

10 N/A N/A N/A N/A N/A N/A 56 1.9374 0.31 91.60 1.9581 0.31 268.62

12 N/A N/A N/A N/A N/A N/A 58 1.9450 0.31 89.97 1.9613 0.31 270.14

14 N/A N/A N/A N/A N/A N/A 60 1.9528 0.31 88.28 1.9656 0.32 271.84

16 N/A N/A N/A N/A N/A N/A 62 1.9570 0.31 86.71 1.9719 0.32 273.43

18 N/A N/A N/A N/A N/A N/A 64 1.9669 0.32 85.11 1.9775 0.32 275.06

20 1.9005 0.30 174.36 1.9007 0.30 186.82 66 1.9709 0.32 83.50 1.9915 0.32 276.57

22 1.8993 0.30 152.72 1.9074 0.30 208.60 68 1.9774 0.32 81.97 1.9976 N/A 278.17

24 1.8982 0.30 141.14 1.9023 0.30 218.77 70 1.9886 0.33 80.37 N/A N/A N/A

26 1.8955 0.30 134.06 1.9024 0.30 225.96 72 N/A N/A N/A N/A N/A N/A

28 1.8987 0.30 128.46 1.9099 0.30 231.51 74 N/A N/A N/A N/A N/A N/A

30 1.9006 0.30 124.17 1.9124 0.30 236.33 76 N/A N/A N/A N/A N/A N/A

32 1.8980 0.30 119.79 1.9100 0.30 240.33 78 N/A N/A N/A N/A N/A N/A

34 1.9055 0.30 116.27 1.9107 0.30 243.88 80 N/A N/A N/A N/A N/A N/A

36 1.9072 0.30 113.15 1.9140 0.30 247.02 82 N/A N/A N/A N/A N/A N/A

38 1.9091 0.30 110.29 1.9197 0.30 249.74 84 N/A N/A N/A N/A N/A N/A

40 1.9127 0.30 107.43 1.9210 0.30 252.52 86 N/A N/A N/A N/A N/A N/A

42 1.9131 0.30 105.30 N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A

44 1.9167 0.30 103.01 1.9286 0.31 257.11 90 N/A N/A N/A N/A N/A N/A

Table 2.  Instrument Responsivity (R) and Calibration Type-B Standard Uncertainty, u(B)

Solar Radiation Research Laboratory PYHR100 Licor LI201SB
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Figure 1.  Responsivity vs Zenith Angle
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Figure 2.  Responsivity vs Local Standard Time

Local Standard Time

R
es

po
ns

iv
ity

 (
µV

/W
/m

²)

PYHR100 Licor LI201SB

N/A - Not Available

A1-45

The responsivity of the test instrument during calibration is calculated using this Measurement Equation:

where,
I

V
R =  reference irradiance (W/m²), beam (B) or global (G)

=  radiometer output voltage (microvolts),
=  radiometer responsivity (µV/W/m²),

[1]

Wnet
Rnet

=  effective net infrared measured by pyrgeometer (W/m²),
=  radiometer net infrared responsivity (µV/W/m²), see Table 4,

R =  (V - Rnet * Wnet) / I

G
Z = zenith angle (degrees),
D = reference diffuse irradiance (W/m²).

where, = B * COS(Z) + D,

	  7%	   14%	  

Almost	  ALL	  irradiance	  
sensor	  calibra*ons	  
depend	  on	  the	  angle	  of	  
incidence	  by	  several	  per	  
cent	  
	  
How	  do	  we	  account	  for	  
this	  during	  normal	  use?	  
	  
Is	  this	  dependence	  from	  
angle	  of	  incidence	  or	  
spectral	  effects?	  	  

BORCAL	  data	  from	  hlp://www.nrel.gov/aim/Calibra*ons/BORCAL/	  	  
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Angular	  response	  –	  depends	  on	  interface	  
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How	  should	  we	  calibrate	  irradiance	  sensors?	  

•  Normal	  incidence	  (collimated)	  light	  
•  Diffuse	  light	  
•  Mixture	  of	  diffuse	  and	  normal	  light?	  

Reference	  cell	  
calibra*on:	  normal	  

incidence	  

Thermopile	  calibra*on:	  
BORCAL	  uses	  variable	  angle;	  
others	  use	  normal	  incidence	  

Winter,	  et	  al	  (25	  EUPVSEC,	  pp.	  4304-‐4306,	  2010)	  
reported	  0.5%-‐1.2%	  error	  
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Irradiance	  sensors	  may	  respond	  similarly	  

Collec*on	  of	  irradiance	  sensors	  give	  results,	  typically	  within	  ~5%	  
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Irradiance	  sensors	  someOmes	  don’t	  agree	  

Ra*o	  of	  thermopile	  to	  reference	  cell	  may	  vary	  by	  more	  than	  10%!	  
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Difference	  may	  be	  both	  angle	  and	  spectrum	  

Ra*o	  of	  thermopile	  to	  Li200	  may	  vary	  by	  more	  than	  10%;	  Difference	  
correlates	  with	  angle	  of	  incidence,	  but	  also	  depends	  on	  spectrum!	  
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Solar	  Resource	  vs	  PV	  Resource	  

•  Thermopiles	  measure	  W/m2	  –	  traceable	  to	  
world	  reference	  standards	  

•  What	  do	  reference	  cells	  measure?	  
•  PV	  module	  power	  output	  measurements	  are	  
adjusted	  to	  Standard	  Test	  CondiOons	  –	  the	  
actual	  W/m2	  during	  the	  measurement	  may	  
differ	  from	  the	  thermal	  1000	  W/m2	  because	  
of	  the	  spectral	  correcOon	  
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Should	  we	  define	  a	  new	  unit?	  

•  Irradiance	  as	  “total	  energy”	  =	  W/m2	  	  
•  Irradiance	  as	  “the	  eye	  sees”	  =	  Lumens	  
•  Irradiance	  as	  “a	  PV	  cell	  sees”	  =	  “Solmens?”	  
IEC	  calls	  this	  “effecOve”	  irradiance	  

•  Can	  we	  differen.ate	  “Solar	  Resource”	  from	  
“PV	  Resource”	  so	  that	  we	  are	  measuring	  the	  
quan.ty	  most	  relevant	  to	  PV?	  
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TransposiOon	  to	  thermopile	  or	  reference	  cell?	  

Would	  we	  prefer	  to	  develop	  
transposi2on	  algorithms	  to	  match	  
thermopile	  or	  reference	  cell	  data?	  
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Do	  we	  calibrate	  PV	  modules	  and	  irradiance	  sensors	  similarly?	  

•  Angle	  
o  Normal	  incidence	  (in	  collima*ng	  tube	  or	  using	  a	  solar	  
simulator	  with	  a	  long	  path)	  

o  Typical	  global	  (clear-‐sky	  day	  with	  sun	  overhead)	  
o  Diffuse	  (cloudy	  day	  or	  some	  simulators)	  
o  If	  calibrated	  in	  one	  condi*on	  is	  adjustment	  made	  for	  
different	  angles	  of	  incidence?	  

•  Spectrum	  
o  Modules	  and	  reference	  cell	  measurements	  are	  
adjusted	  for	  spectrum	  

o  Thermopile	  calibra*ons	  are	  independent	  of	  spectrum	  
o  When	  used	  outdoors,	  do	  we	  want	  to	  adjust	  for	  
spectrum?	  
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How	  do	  we	  measure	  irradiance?	  Depends!	  

•  Module	  manufacturer:	  irradiance	  reaching	  
cells	  (uncleaned	  reference	  cell)	  

•  Investor	  expecOng	  MWh	  consistent	  with	  
original	  predicOon:	  (thermopile	  for	  GHI)	  

•  O&M	  provider:	  compare	  cleaned	  and	  
uncleaned	  reference	  modules	  to	  determine	  
need	  for	  cleaning	  

•  DegradaOon	  rates:	  uncleaned	  reference	  cell?	  
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Sensors	  for	  measuring	  degradaOon	  

When	  measuring	  degrada*on,	  an	  uncleaned	  reference	  cell	  correlates	  most	  closely	  
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Conclusions	  

•  What	  if?	  
o  Satellite	  data	  could	  quan*fy	  irradiance	  on	  any	  POA	  with	  
accuracy	  as	  good	  or	  beler	  than	  what	  we	  can	  do	  now?	  
Could	  we	  use	  this	  data	  as	  the	  basis	  for	  our	  predic*ons?	  

o  Spectra	  could	  be	  derived	  from	  satellite	  data	  to	  adjust	  for	  
any	  reference	  cell?	  

•  Would	  it	  make	  sense	  to:	  
o  Verify	  plant	  performance	  using	  POA	  data?	  
o  Model	  plant	  performance	  from	  POA	  rather	  than	  horizontal	  
data?	  

o  Use	  matched	  or	  semi-‐matched	  reference	  cell	  data?	  
•  What	  would	  it	  take?	  



Sarah.Kurtz@nrel.gov	  

	  

Thank	  you.	  	  QuesOons?	  
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