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Australian
vaiondl — Solar module degradation

© Degradation of short-circuit current (/)

© E.g. caused by delamination, discoloration, cracked cells,
glass soiling

© Degradation of open-circuit voltage (Vo)

© E.g.throughincreaseinrecombination (surface/ bulk)

© Degradation of fill-factor (FF)

© Increase in series resistance caused for instance by
corrosion, solder bond weakening, or cracked cells.
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o N Solar module degradation

© Decades of measurement data for
long-term degradation of single-
junction solar modules available
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Source: D. C.Jordan and S. R. Kurtz, “Photovoltaic Degradation Rates-an
Analytical Review,” Prog. Photovolt: Res. Appl 21 (1), 12-29 (2013).
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o N Solar module degradation

© Decades of measurement data for
long-term degradation of single-
junction solar modules available

© Long-term perovskite solar module
degradation rates not yet known
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© Decades of measurement data for
long-term degradation of single-
junction solar modules available

==
. <>
iy
 w—
g

Pre ]VPQM. Pre VPole Pre | ?o:l Pre | P?i‘,‘. Pre i Post
a-Si CdTe | CIGS mono-Si multi-Si

Date of Instaiaton winiy Motuie Type

e Long_term perOVSklte SOIar mOdIIIe Source: D. C.Jordan and S. R. Kurtz,
degradation rates not yet known “"Photovoltaic Degradation Rates-an

Analytical Review,” Prog. Photovolt:
Res. Appl 21 (1), 12-29 (2013).

©® What are the requirements on perovskite cell
degradation to enable long-term performance and

economic viability of silicon-based tandem
modules?
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© Degradation components considered separately

© Module encapsulation (constant): Reduction of encapsulation transmittance of EVA and glass
impacting cell current of top and bottom cell

© Silicon cell degradation: Reduction of fill-factor and voltage (constant)

© PSKdegradationscenariosand rate varied to analyse impact on tandem performance

/glass © 0.26% Module degradation affecting top
and bottom cell /¢

___—PSKcell } © PSK cell degradation (varied)
 ___Sicell +  © 0.09% FF + 0.03% V. degradation
¥ ——EVA
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Si module degradation parameters from:
D. C.Jordan and S. R. Kurtz, |IEEE J. Photovoltaics 4 (1), 317-323 (2014).

3C0.8.2 - 35th EU PVSEC 2019 6



Australian
vaiondl PSS cell degradation

© Experimental degradation scenario

© Accelerated degradation experimentusing an in-house solution-processed PSK cell.

© Degradation performed at 65°C in ambient atmosphere with 35% humidity.
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Cell details: Quadruple cation Rb-FA0.75MA0.15Cs0.1PbI2Br with a cell structure of FTO / compact TiO2
/ mesoporous TiO2 / passivation layer (PCBM + PMMA) / perovskite / spiro-OMeTAD / Au

J. Qian et al., Sustainable Energy Fuels 3, 1439-1447 (2019).
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© Experimental degradation scenario
© Accelerated degradation experimentusing an in-house solution-processed PSK cell.
© Degradation performed at 65°C in ambient atmosphere with 35% humidity.

© Experimental degradation scenario based on measured degradation response
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J. Qian et al., Sustainable Energy Fuels 3, 1439-1447 (2019).
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wrd’  PSK current degradation

23 University

© Correlation between current degradation and optical transmittance

© With degrading cell current, the PSK may become transparent or opaque

© . is the fraction of currentloss in the PSK cell that is transmitted to the silicon bottom cell

Before After

degradation degradation Incident

irradiation

Perovskite cell

Transmitted
irradiation

Silicon cell

Jse(si) =7se(siy " (1=t Tenc) + f *Jge(psk) * £ * Te(PSK)

J. Qian et al., Sustainable Energy Fuels 3, 1439-1447 (2019).
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wrd’  PSK current degradation

23 University

© Correlation between current degradation and optical transmittance

© With degrading cell current, the PSK may become transparent or opaque

© Experiment: f, = 0.89 (nearly all light from current reduction in PSK cell is transmitted to
bottom cell)
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J. Qian et al., Sustainable Energy Fuels 3, 1439-1447 (2019).
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© Assuming a conventional 72-cell c-Si PV module layout

© Case I: Perovskite/silicon two-terminal tandem module
© Based on 25.2% two-terminal tandem cell (F. Sahli et al, Nat Mater 17 (9), 820-826 (2018).)
© Initial nominal module power rating of 442 W
© Case lI: Perovskite/silicon four-terminal tandem module
© Based on 26.7% four-terminal tandem cell (C. O. R. Quiroz et al., J. Mater. Chem. A 6 (8), 3583—

3592 (2018).).
© Initial nominal module power rating of 467 W
Two-terminal tandem module Four-terminal tandem module
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© Normalized tandem module power over 25 year lifetime
© Experimental degradationscenarioin 2T configuration
© Assuming f; = 0.89 from experiment

© Limiting PSK degradation determined for maintaining 80% power after 25 years
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© Normalized tandem module power over 25 year lifetime
© Experimental degradationscenarioin 4T configuration
© Assuming f; = 0.89 from experiment

© Limiting PSK degradation determined for maintaining 80% power after 25 years
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© Normalized module yield over 25 year lifetime
© Comparingannual energyyieldfor 2T and 4T setup
© Tandem module yield exceeds that of single-junction in early years

© Depending on PSK degradation rate, silicon module yield may exceed tandem module yield
in later years
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© Normalized module yield over 25 year lifetime

© Energy yield integrated over 25 years for varying PSK degradation rates show for ~1.5%
annual PSK cell degradation rate the same total energy yield for a 2T module compared to a
single-junctionsilicon module can be achieved.

© In 4T configuration, lifetime energy yield exceeds that of bare silicon module at the same
degradation rates
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© Energy yield for projected PSK / Si PERC tandem in 2025
© Projected 72-cell PERC module assumed with 405 W in 2025
© 2T: A 1% gain in tandem efficiency can offset 0.5% increase in annual PSK degradation rate

© 4T: A 1% gainin tandem efficiency can offset 1% increase in annual PSK degradation rate
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Is C,
© LCOE scenarios for PSK / Si PERC tandem in 2025 Zf—om

LCOE =

lifetime
tandem

© LCOE considering capital and O&M cost and additional cost for PSK
cell Cps¢ in tandem module

© With 50% additional cost for PSK cell, a 28.7% efficient 2T or 27.6%
efficient 4T tandem module can be economically competitive if PSK C capital cost 1 =0
degradation is below 2% "1 O&M cost >0

1-6 ! Y Y a - B B I 1-6 - -
a B Fpgy = 1%, Cpge = 0% : 4l : —H— pgk = 1%, Cper = 0%
A Ipge = 1%, Cpgy = 50% i | g = 1%, Cpge = 50%

014r —@— rogic = 2%, Cpgy = 50%| 4 91.4F @ ipgi = 2%, Cpgi = 50%

i 0 ol i Fosc = 3%, Cpay = 50%

o gk = 3%, Cpgk = 50% o psK = 970, Lpgg = OV70|
w L
8 8
2 1.2¢ I 1.2F
- : —~

£ £

Q [0]

el el

c c

s s |
L 1.0 L 1.0
O O
(& @]
- -

0.8 0.8r
24 26 28 30 32
tandem efficiency (%) tandem efficiency (%)

J. Qian et al., Sustainable Energy Fuels 3, 1439-1447 (2019).
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©® What are the requirements on perovskite cell

degradation to enable long-term performance and
economic viability of silicon-based tandem
modules”?

O

Based on module power after 25 years, PSK degradation must stay below
0.9% and 1.3% for 2T and 4T PSK/Si tandem modules, respectively.

A 2T PSK/Si tandem module with 1.5% annual degradation rate could
produce the same total energy overa 25 year lifetime.

A 1% increase in annual degradation rate offsets the energy yield gains
from 2% increase in tandem module efficiency for a 2T tandem module.

Break-even of LCOE could be achieved for a 28.7% efficient 2T or 27.6%
efficient 4T tandem module can be economically competitive if PSK
degradation is below 2% and adding maximum 50% additional cost to
PERC module production.

O © O
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© Considering three scenarios
© Scenario S1: Realistic degradation case based on measured degradation response
© Scenario S2: Extreme case dominated by current degradation

© Scenario S3: Extreme case dominated by voltage degradation
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© Normalized tandem module power over 25 year lifetime
© Comparing “realistic” degradation scenario S1in 2T and 4T configuration
© S2 current-degradation and S3 voltage-degradation scenarios
© Assuming f; = 0.89 from experiment
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