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Unique Insights

Impactful Content

Technology Application Program Manager

Mission

Research Focus AreasValue of Collaboration

• Performance Loss Rate Analysis
• Sub-hourly Clipping Losses
• Bifacial Module Field Characterization

Solar Generation Research

• > 80 Years Combined Solar Industry Experience
• > 60 Large-scale PV plants Performance Database (SUPER)
• PV Technology Testing Capability in Field and Laboratory

Why EPRI Solar Generation Research?

• Solar Power Fact Book (3002026675)
• Plant Monitoring & Diagnostics (3002020233, 3002013617)
• PV Plant Design Specification (3002017648)

Robert Flottemesch
(845)-430-6478

rflottemesch@epri.com

www.epri.co/solar

Reduce levelized cost of electricity while increasing reliability, dispatchability, grid service, and 
sustainability of large-scale solar PV plants

Plant Design & 
Development

Performance & 
Reliability

Operations & 
Maintenance

Leading Solar Research Together With:

Internal: EPRI’s Grid Ops & Planning, 
Environment, Climate, Materials & 
Repair, Asset Management, Storage, 
IT, Legal, and Cyber Security.
External: Solar Owners and EPRI 
Members, National Labs, Universities, 
Standard Orgs, and Governments.

https://www.epri.com/research/programs/113056/events/A9E39663-F657-4BE3-B848-7F1BF7C52708
https://www.epri.com/research/products/000000003002014718
https://www.epri.com/research/products/000000003002021424
https://www.epri.com/research/programs/113056/results/3002026675
https://www.epri.com/research/products/000000003002024791
https://www.epri.com/research/products/000000003002020681
https://www.epri.com/research/products/000000003002017648
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Motivation

• ~10 years between the discovery of LETID and codification of a formal test for it:
• Early reports (~2015) of LETID showed >10% power loss! [1]
• Today’s products likely have little LETID susceptibility

• Engineering and testing; B → Ga p-type wafers; n-type wafers
• Future products can be tested according to IEC TS 63342 (modules) and or IEC TS 63202-4 (cells)

• This 10-year period also coincides with transition of industry from primarily BSF to primarily Cz-Si PERC cells.

• During this time, many GW of LETID-sensitive modules (both BSF and PERC) may have been deployed.
• BSF cells can be LETID-sensitive too! [2]

• It’s reasonably likely that LETID is an ongoing cause of underperformance in currently-deployed systems

 Can we develop a kinetic model of LETID to understand how LETID-sensitive systems will behave for the rest 
of their lives?

[1] D. Chen et al., Prog. Photovoltaics Res. Appl., 2021, doi: 10.1002/pip.3362.
[2] M. Deceglie et al., IEEE J. Photovoltaics, 2020, doi: 10.1109/JPHOTOV.2020.2989168.
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Outline

 Open-source LETID modeling tool is part of the 
PVDegradationTools library

 Quick review of LETID kinetics
– How does lifetime loss manifest as performance loss?

 Comparing modeled LETID to outdoor LETID datasets

 LETID energy yield loss
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Stressors – NSRDB Material Libraries Degradation models

𝑘𝑘𝑖𝑖𝑖𝑖 =  𝑣𝑣𝑖𝑖𝑖𝑖 � exp
𝑬𝑬𝒂𝒂,𝒊𝒊𝒊𝒊

𝑘𝑘𝑘𝑘
DataHub

Geospatial Analysis

PV Degradation Tools – The PV focused, open-source, 
integration pipeline for PV degradation analysis!

&gaps

powered by

…and example Jupyter 
notebooks in the 
tutorials folder!

https://github.com/NREL/PVDegradationTools
Check out the GitHub repository! Project Highlights

• Open-source library of functions for specific degradation mechanisms
• JSON databases of PV-related degradation parameters
• User-friendly web notebooks for single locations
• Geospatial analysis via high-performance parallel computing (NREL 

Kestrel HPC) and in            (under development)

https://github.com/NREL/PVDegradationTools/tree/main/pvdeg_tutorials
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LETID kinetics
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∝  𝑵𝑵𝑩𝑩

𝑑𝑑𝑵𝑵𝑨𝑨
𝑑𝑑𝑑𝑑

=  𝑘𝑘𝐴𝐴𝐴𝐴 � 𝑵𝑵𝑨𝑨 + 𝑘𝑘𝐵𝐵𝐵𝐵 � 𝑵𝑵𝑩𝑩

𝑑𝑑𝑵𝑵𝑩𝑩
𝑑𝑑𝑑𝑑

=  𝑘𝑘𝐴𝐴𝐴𝐴 � 𝑵𝑵𝑨𝑨 + 𝑘𝑘𝐶𝐶𝐶𝐶 � 𝑵𝑵𝑪𝑪  − (𝑘𝑘𝐵𝐵𝐵𝐵 + 𝑘𝑘𝐵𝐵𝐵𝐵) � 𝑵𝑵𝑩𝑩

𝑑𝑑𝑵𝑵𝑪𝑪
𝑑𝑑𝑑𝑑 =  𝑘𝑘𝐵𝐵𝐵𝐵 � 𝑵𝑵𝑩𝑩 + 𝑘𝑘𝐶𝐶𝐶𝐶 � 𝑵𝑵𝑪𝑪

𝑘𝑘𝑖𝑖𝑖𝑖 =  𝑣𝑣𝑖𝑖𝑖𝑖 � exp
𝑬𝑬𝒂𝒂,𝒊𝒊𝒊𝒊

𝑘𝑘𝑘𝑘

𝑣𝑣𝑖𝑖𝑖𝑖 =  𝒗𝒗𝒗𝒊𝒊𝒊𝒊 � Δ𝑛𝑛𝒙𝒙𝒊𝒊𝒊𝒊

Performance loss is a function of 
the number of defects in state B

Defect state 
transitions depend 
on simultaneous, 

competing reaction 
rates

Reaction rates (𝑘𝑘𝑖𝑖𝑖𝑖) have Arrhenius behavior, 
with modification for injection (Δ𝑛𝑛𝑥𝑥𝑖𝑖𝑖𝑖)

Kinetic parameters compiled from literature:
𝑬𝑬𝒂𝒂,𝒊𝒊𝒊𝒊  | 𝒗𝒗𝒗𝒊𝒊𝒊𝒊  | 𝒙𝒙𝒊𝒊𝒊𝒊

I. Repins et al., MRS Bulletin, 2022, doi: 10.1557/s43577-022-00438-8
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Lifetime loss results in power loss
Carrier lifetime is proportional to the # of 
defects in state B: 𝑵𝑵𝑩𝑩

𝜏𝜏 𝑡𝑡 ∝ ⁄1 𝑵𝑵𝑩𝑩 (𝑡𝑡)

Minority carrier lifetime loss results in:
 Voltage loss:

𝜏𝜏 ∝ 1
𝐽𝐽0

  𝑉𝑉 = 𝑘𝑘𝑘𝑘
𝑞𝑞

 ln 𝐽𝐽
𝐽𝐽0

 Fill factor (FF) loss:

𝐹𝐹𝐹𝐹 =
𝑣𝑣𝑜𝑜𝑜𝑜 − ln 𝑣𝑣𝑜𝑜𝑜𝑜 + 0.72

𝑣𝑣𝑜𝑜𝑜𝑜 + 1

 Current loss
𝜏𝜏 ∝ 𝐶𝐶𝐶𝐶 𝑧𝑧  𝐽𝐽𝑆𝑆𝑆𝑆 = 𝑞𝑞 ∫0

𝑊𝑊𝐶𝐶𝐶𝐶 𝑧𝑧 𝐺𝐺 𝑧𝑧 𝑑𝑑𝑑𝑑

Current loss model:

Power loss components:

A. McPherson et al., MRS Adv., 2022, doi: 10.1557/s43580-022-00222-5.\
I. Repins et al., MRS Bulletin, 2022, doi: 10.1557/s43577-022-00438-8
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Modeling PERC-like vs. BSF-like devices
 Reasonable assumptions about device 

parameters suggest Δn will be ~4x higher 
in PERC devices, both before and after 
LETID related lifetime loss

 Therefore, each transition 𝑖𝑖 → 𝑗𝑗 will 
proceed faster by a factor of 𝟒𝟒𝒙𝒙𝒊𝒊𝒊𝒊  in PERC 
devices

 In this simple implementation, devices 
are characterized by lifetime (𝜏𝜏0 and 
𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑) and rear surface recombination 
(𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟).
– 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 selected to result in ~2.5% PMP loss

PERC-like module

𝜏𝜏0 (μs) 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 (μs) 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (cm/s)

371 120 90 (effective)

Device parameters:

BSF-like module

𝜏𝜏0 (μs) 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 (μs) 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (cm/s)

200 49 500
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F. Kersten et al., Energy Procedia, 2017, doi: 10.1016/j.egypro.2017.09.260
M. Köentopp, Photovoltaic Reliability Workshop, 2021
K. Nakayashiki et al., IEEE J. Photovoltaics, 2016, doi: 10.1109/JPHOTOV.2016.2556981
I. Repins et al., MRS Bulletin, 2022, doi: 10.1557/s43577-022-00438-8

Model compares reasonably well with lab-generated data on known 
LETID-sensitive modules:

• Qcells: Germany and Cyprus, PERC modules at MPP
• SERIS: Singapore, PERC and BSF modules at open-circuit
• NREL/Sandia/FSEC: different USA climates, PERC modules at MPP

Validation on known LETID-sensitive outdoor datasets
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Modeled LETID energy yield loss in different climates

 TMY weather data via NSRDB PSM3 API → Meteosat (EU)
 POA irradiance, cell temperature, DC operating point via 
 System assumptions:

– Fixed latitude tilt
– SAPM temperature model for open rack glass-polymer module

Takeaways:
 PERC modules fully regenerate in ~20 years
 BSF modules never regenerate completely
 Energy yield loss is ~2x greater in BSF modules
 Seasonal Temporary Recovery of ~1% PMP possible in cooler climates

Temperate climate Cfb Hot semi-arid climate BSh
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Geospatial modeling shows differences in LETID across device 
types and climates

One year of LETID power loss, PERC vs. BSF
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Conclusions
 LETID is a uniquely intricate degradation mechanism:

– Degradation, seasonal temporary recovery, and permanent 
regeneration

 LETID degradation is particularly site-specific, system-
specific, and device-specific

 Modeling is necessary to understand energy yield loss 
over system life

 Open-source LETID modeling tool available with PVDeg

https://github.com/NREL/PVDegradationTools
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Thank you!

jkaras@epri.com

www.epri.co/solar

https://github.com/NREL/PVDegradationTools

NREL/PR-5K00-89630
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© 2024 Electric Power Research Institute, Inc. All rights reserved.16

Backup slides
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Modeling details

I. Repins et al., MRS Bulletin, 2022, doi: 10.1557/s43577-022-00438-8
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Modeling details

I. Repins et al., MRS Bulletin, 2022, doi: 10.1557/s43577-022-00438-8

“The values are taken directly from the literature for the A→B 
[29] the B→C [35] and B→A [49] transitions. Activation energies 
and attempt frequencies for the A→B and B→C transitions are 
taken from within the ranges bounded by the literature. Values 
were chosen such that a wide set of published data, gathered 
via experiments at modest temperature and irradiance, show 
reasonable agreement with the model.”

[29] D. Bredemeier, D.Walter, and J. Schmidt, “Light-induced lifetime degradation in high-performance multicrystalline silicon: Detailed kinetics of the defect activation,” Sol. Energy 
Mater. Sol. Cells, vol. 173, pp. 2–5, 2017.
[35] Guro Marie Wyller , Marie Syre Wiig , Ida Due-Sørensen , Rune Søndenå, “The Influence of Minority Carrier Density on Degradation and Regeneration Kinetics in Multicrystalline 
Silicon Wafers,” IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 4, JULY 2021.
[49] Wolfram Kwapil , Jonas Schön , TimNiewelt , and Martin C. Schubert, “Temporary Recovery of the Defect Responsible for Light- and Elevated Temperature-Induced Degradation: 
Insights Into the Physical Mechanisms Behind LETID,” IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 10, NO. 6, NOVEMBER 2020
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Power loss components are different in BSF vs PERC 
devices
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Climate differences
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Geospatial modeling shows differences in LETID across 
climates
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Different temperature models
SAPM “open-rack glass-polymer”

Ground-mount
PVSyst “insulated”

Roof-mount?

median Tcell = 27.3°C
mean Tcell = 28.8°C

median Tcell = 33.8°C
mean Tcell = 38.9°C



© 2024 Electric Power Research Institute, Inc. All rights reserved.23

Different temperature models
SAPM “open-rack glass-polymer”

Ground-mount
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Roof-mount?
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LETID in the field
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