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Motivation

Daylight PL image of a 

utility-scale solar farm

• PV modules degrade in the field – degradation 

rates sometimes / often exceed warranty 

specifications

• Luminescence imaging is a highly sensitive 

technique that can detect and quantify voltage 

degradation

• This is particularly important now that higher 

performance TopCon modules become 

mainstream:

    The higher you climb the harder you fall!

• Module degradation is difficult to quantify in the 

field using conventional methods, including 

thermal imaging

• PL imaging can be performed from aerial drones 

in full daylight → DPL imaging
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Experimental

• Utility scale solar farm, bifacial glass-

glass half cell PERC modules

• Daylight PL using optical string 

switching with ground-based image 

capture

• Solar farm had recently experienced a 

severe hailstorm

Original

Replacement

10 -300 -10 -20 mV

DPL image of a PV string with 

“Original” and “Replacement” 

modules.

DPL “voltage difference image” 

with a “new” module surrounded 

by two “old” modules.

Kunz, O., et. al. “Daylight Photoluminescence Imaging via Optical String Switching”. Solar RRL, 10.1002/solr.202400385, (2024).

Voltage loss per 

cell: 25 mV

∆𝑉 = 𝑉𝑇 ∗ 𝑙𝑛
𝐼𝑃𝐿,1
𝐼𝑃𝐿,2
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Statistical analysis

• Quantitative information about 

about voltage degradation!

• Voltage loss from degradation:

~ 20-25 mV per cell (~ 3% relative)

Can “implied voltage” 

data from PL be trusted?

• Evaluated 177 module pairs with 

neighbouring “Original” and 

“Replacement” modules
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• Utility-scale solar farm, half cell 

PERC modules

• Drone-based DPL using inverter 

switching and image capture

• Solar farm contains modules with a 

“binary distribution” of PL intensities
Aerial DPL image of a PV array, 

> 1,000 modules in one PL image

Drone based DPL – inverter switching

J.W. Weber et. al. “Daylight photoluminescence imaging of photovoltaic systems using inverter-based switching”, Prog. Photovolt. 32, 643–651, (2024)

Different Inverter
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Aerial DPL image via inverter switching
Close up DPL images 

via optical string modulation.

Drone-based DPL – inverter switching

J.W. Weber et. al. “Daylight photoluminescence imaging of photovoltaic systems using inverter-based switching”, Prog. Photovolt. 32, 643–651, (2024)
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Comparing DPL with lab-based measurements.

Quantitative voltage analysis

Two modules were removed from the PV 

array, for lab testing at UNSW:

• DPL image                     : Vcell = 19.3mV

➢ DPL intensities accurately predict 

voltage variations

• Light IV measurements      : Vcell = 19.9mV
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Comparing DPL with lab-based measurements.

Quantitative voltage analysis

Two modules were removed from the PV 

array, for lab testing at UNSW:

• DPL image                     : Vcell = 19.3mV

➢ DPL images can be used to select modules for lab-based LIV measurements.

• Light IV measurements      : Vcell = 19.9mV

Power loss from LIV measurement: 

P = 6.3%



February 2024 - Before swapping
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Quantitative voltage analysis



February 2024 - After swapping








Quantitative voltage analysis

February 2024 - After swapping





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
 

O&M Spare module #3* 
has degraded

September 2024
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Quantitative voltage analysis

Original module

(after ~2.5 years in the field)

Replacement module

(Installed in February 2024)

O&M Spare

  

V < 1mV

  
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Quantitative voltage analysis

Replacement module

(Installed in February 2024)

  

V < 1mV



September 2024

V < 1mV

#2*: No voltage degradation 

after 7 month in the field
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Quantitative voltage analysis

Two types of modules!

V < 1mV

Significant voltage degradation 

V = 8.6 mV

No voltage degradation VS

Replacement modules after 7 months of field exposure



Quantitative voltage analysis

• Comparing dozens of module pairs in 

DPL images taken in February 2024 vs 

September 2024

• In 7 months the voltage difference between 

the two module types increased:

• Degrading modules have on average

lost a further 1.7mV

relative to non-degrading modules

• Equivalent to 2.9 mV (0.42%) p.a.

Voltage degradation matches upper 

limit of warranty specifications!

13



Two different module types on the same farm?

14

… with vastly different degradation behaviour?

Really?

If this happens on the one-and-only-farm that we had a closer look…



mV

Comparison to EL imaging

→ Almost perfect qualitative and quantitative match between 

field DPL and Lab EL measurement. 
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Summary

• Daylight PL imaging is a highly sensitive 

inspection technique

• DPL images allow large-scale voltage difference- 

and voltage degradation analysis down to the 

mV level

• Voltage differences from DPL agree well with lab-

based EL and terminal characteristics measurements

• DPL images contain crucial information about many 

other device and system faults

16

• DPL analysis is insensitive to temperature 

variations *

* I. Zafirovska et al., Low temperature sensitivity of implied voltages from luminescence measured on crystalline silicon solar cells, 

Sol.Energy Mat.Sol.Cells 199, 50-58 (2019). 
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Thank You !



Summary

• Daylight PL imaging is a highly sensitive 

inspection technique

• DPL images allow large scale voltage difference- 

and voltage degradation analysis down to the 

mV level

• Voltage differences from DPL agree well with lab-

based EL and terminal characteristics measurements

• DPL images contain crucial information about many 

other device and system faults

19

• Insensitive to temperature variations *

oliver.kunz@unsw.edu.au

Q & A
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