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Overview: 2011-12 Worldwide Inter-Comparison

Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 
Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/

Why Compare calibra0on labs? 

CalibraXon • laboratories provide traceable module calibraXons that are used to determine Pmax
Pmax• under standard test condiXons (STC) is the price-se\ng quanXty for PV modules
Lower uncertainXes and consistency of measurements reduces financial uncertainty = reduced cost•
Thus, good worldwide comparability of measurements is required in a global PV market.•
Intercomparisons• help to establish best pracXces, contribuXng to beber agreement, and to standards

Par0cipa0ng Calibra0on labs
Fraunhofer InsXtute for Solar Energy Systems ISE
European Commission–Joint Research Centre, European Solar Test InstallaXon (ESTI)
NaXonal Renewable Energy Laboratory (NREL)
NaXonal InsXtute of Advanced Industrial Science and Technology (AIST)
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Overview: 2011-12 Worldwide Inter-Comparison

Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 
Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/

Modules tested for inter-comparison

Traceability chains for each lab
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2011-2012 Inter-comparison: Measurement Methods

Measurement methods applied at each lab

Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 
Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/
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2011-2012 Inter-comparison: Rela5ve Uncertain5es

Rela%ve uncertain%es for each lab and each measurand

k=2 (~95% coverage factor)

Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 
Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/
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2011-2012 Inter-comparison; results for c-Si modules

Error bars crossing the x-axis
within half their length indicate good 
agreement of the respec>ve result with the 
weighted mean. 

Error bars not crossing the x-axis
indicate measurements with non-sa>sfying 
agreement.

Expressed in terms of devia>on 
from weighted average,
scaled by uncertainty

Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 
Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/
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2011-2012 Inter-comparison; results for thin film modules

Expressed in terms of devia<on 
from weighted average,
scaled by uncertainty

Error bars crossing the x-axis
within half their length indicate good 
agreement of the respec<ve result with the 
weighted mean. 

Error bars not crossing the x-axis
indicate measurements with non-sa<sfying 
agreement.Progress in photovoltaic module calibra5on: results of a worldwide intercomparison between four reference laboratories, D Dirnberger, U Kräling, H Müllejans, E 

Salis, K Emery, Y Hishikawa and K Kiefer. , Meas. Sci. Technol. 25 (2014) 105005 (17pp), DOI 1Q: 10.1088/0957-0233/25/10/105005/
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Conclusions of 2011-2012 inter-comparison:

• The overall evalua+on, based on accepted sta+s+cal methods, revealed that 98% of all 
z scores were smaller than 2

The fact that 98% instead of the expected 95% of all scores are smaller than 2 indicates •
that the laboratories tend to slightly overes+mate measurement uncertainty. 

Based on these results, it is expected that the uncertainty calcula+ons can be revised and •
lead to slightly smaller uncertainty values for future measurements.
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2011• -2012 world wide inter-comparison
Advances in NREL measurement methods•
2016• -2017 world wide inter-comparison

Outline
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Improvements in NREL module measurement procedures

Spire 5600 flash simulator•
Outdoor test bed using natural sunlight•
Spectrolab• X200 large area conAnuous simulator

Measurements are performed on 3 Different Module Test Beds

NREL module test lab

Test bed strengths and weaknesses

Self-Reference Procedure to Reduce Uncertainty in Module CalibraAon, D.H. Levi, C.R. Osterwald, S. Rummel, L. ORoson, A. Anderberg, Proceedings 44th

IEEE PVSC, Washington, DC, 2017.
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Uncertainty factors for X200 large area con3nuous simulator
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Spa$al non• -uniformity of this simulator for modules > 0.9 m2 in area is � 3.0%, (dominates uncertainty 
in both Isc and Pmax)  
Temperature uncertainty of • � 2.0C dominates Voc uncertainty
Efficiency and fill factor are derived parameters with uncertain$es dominated by • Isc, Voc, and Pmax.

Self-Reference Procedure to Reduce Uncertainty in Module Calibra$on, D.H. Levi, C.R. Osterwald, S. Rummel, L. OSoson, A. Anderberg, Proceedings 44th

IEEE PVSC, Washington, DC, 2017.
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Module Self-Reference (MSR) Procedure 

Spire flash simulator

Thermal equilibrium T = 25oC

Minimal heaAng during flash

Voc (25oC)

outdoor test bed

Non-uniformity ~ 0.2%

Measurement at 25oC

Isc

Large area conAnuous simulator

Use module Isc to set simulator intensity, 

eliminates effects of non-uniformity and 

spectral correcAon

Strategic Combina/on of Module Test Beds

Step 1: The first step is measurement of VOC vs. irradiance in thermal equilibrium within±0.2°C of 25°C 

using the flash simulator.  Because voltage is very sensiAve to temperature this provides a very sensiAve 

measure of juncAon temperature for subsequent measurements.  

Step 2: The module is cooled to ~ 15°C, then mounted on the outdoor test bed.  VOC is monitored unAl the 

module is at ~ 24.5°C and the I-V curve is measured.  This provides a measure of ISC with very low 

uncertainty due to the high uniformity of sunlight.

Step 3: The module is then mounted in the conAnuous simulator and the value of ISC from the outdoor test 

bed is used to set the simulator intensity. This eliminates errors due to spaAal non-uniformity and spectral 

mismatch.  The module is again cooled, allowed to heat to ~ 24.5°C  and the final I-V curve is measured.

Self-Reference Procedure to Reduce Uncertainty in Module CalibraAon, D.H. Levi, C.R. Osterwald, S. Rummel, L. O]oson, A. Anderberg, Proceedings 44th

IEEE PVSC, Washington, DC, 2017.
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Uncertainty in Voc and Isc from flash simulator and outdoor test bed
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simulator
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Self-Reference Procedure to Reduce Uncertainty in Module Calibra9on, D.H. Levi, C.R. Osterwald, S. Rummel, L. OJoson, A. Anderberg, Proceedings 44th

IEEE PVSC, Washington, DC, 2017.
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Uncertainty in PMAX from con2nuous simulator
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2015-2017 Inter-comparison

Par$cipa$ng Calibra$on labs
Fraunhofer Ins8tute for Solar Energy Systems ISE
European Commission–Joint Research Centre, European Solar Test Installa8on (ESTI)
Na8onal Renewable Energy Laboratory
Na8onal Ins8tute of Advanced Industrial Science and Technology (AIST)

Seven photovoltaic modules of different technologies were measured
Modules were standard modules purchased on open market

2 standard crystalline silicon•
2 high• -efficiency crystalline silicon
2 cadmium telluride•
CIGS•

Improvements in world-wide intercomparison of PV module calibra8on, E. Salis, D. Pavanello, M. Field, U. Kräling, F. Neuberger, K. Kiefer, C. Osterwald, S. Rummel, 
D. Levi, Y. Hishikawa, K. Yamagoe, H. Ohshima, M. Yoshita, H. Müllejans, Solar Energy 155 (2017) 1451–1461, h_p://dx.doi.org/10.1016/j.solener.2017.07.081
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2015-2017 Inter-comparison

Rela%ve uncertain%es for each lab and each measurand

k=2 (~95% coverage factor)

Improvements in world-wide intercomparison of PV module calibra8on, E. Salis, D. Pavanello, M. Field, U. Kräling, F. Neuberger, K. Kiefer, C. Osterwald, S. Rummel, 
D. Levi, Y. Hishikawa, K. Yamagoe, H. Ohshima, M. Yoshita, H. Müllejans, Solar Energy 155 (2017) 1451–1461, h\p://dx.doi.org/10.1016/j.solener.2017.07.081
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2015-2017 Inter-comparison; results for c-Si modules

Improvements in world-wide intercomparison of PV module calibra8on, E. Salis, D. Pavanello, M. Field, U. Kräling, F. Neuberger, K. Kiefer, C. Osterwald, S. Rummel, 
D. Levi, Y. Hishikawa, K. Yamagoe, H. Ohshima, M. Yoshita, H. Müllejans, Solar Energy 155 (2017) 1451–1461, hYp://dx.doi.org/10.1016/j.solener.2017.07.081
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2015-2017 Inter-comparison; results for CIGS modules

Improvements in world-wide intercomparison of PV module calibra8on, E. Salis, D. Pavanello, M. Field, U. Kräling, F. Neuberger, K. Kiefer, C. Osterwald, S. Rummel, 
D. Levi, Y. Hishikawa, K. Yamagoe, H. Ohshima, M. Yoshita, H. Müllejans, Solar Energy 155 (2017) 1451–1461, hZp://dx.doi.org/10.1016/j.solener.2017.07.081
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2015-2017 Inter-comparison; results for CdTe module

Improvements in world-wide intercomparison of PV module calibra8on, E. Salis, D. Pavanello, M. Field, U. Kräling, F. Neuberger, K. Kiefer, C. Osterwald, S. Rummel, 
D. Levi, Y. Hishikawa, K. Yamagoe, H. Ohshima, M. Yoshita, H. Müllejans, Solar Energy 155 (2017) 1451–1461, hZp://dx.doi.org/10.1016/j.solener.2017.07.081
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