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How to we
calculate PV

electricity

generation?
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Cash Flow [Euros]

-20,000,000 € |

-40,000,000 € |

—1046, -0.25%

—1095, -0.5%

The impact of poor
choices in yield
assessments

Can we guantify
quality?

What are we
going to discuss
today?

The economic
impact of failures
in the field

Can PV deliver for
its lifetime?

-60,000,000 € |
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Are there any best
practice?




> Entering the TW era (and the 1000 TWh....)

Towards the first TW PV worldwide cumulative
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Ensure reliable generation of PV electricity!
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> Cost of PV electricity generation

What is the
dominant
factor in the Should we

cost of a PV focus on
system? COSts or
efficiency?

s PV
How do | electricity
calculate it?? competitive?
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> Cost of PV electricity generation

CAPEX + Y™, [OPEX(t)/(1 + WACCy,n )]
t_1|Utilisationy - (1 — Degradation)t/ (1 + WACCgeq )]

LCOE =

t = time (in years)

n = lifetime of the system (in years)

CAPEX = total investment expenditure of the system, made at t=0 (in €/kW,)
OPEX(t) = operation and maintenance expenditure in year t (in €/I<\/\/p)
WACC,,,, = nominal weighted average cost of capital (per annum)

WACC,,, = real weighted average cost of capital (per annum)

Utilisation, = initial annual utilisation in year O without degradation (in kWh/kW )
Degradation = annual degredation of the nominal power of the system (per
annum)

What are the

ingredients?

WACCpey = (1 + WACC,,) / (1 + Inflation) - 1

Real —

Source: PV ETIP PV costs in Europe 2014-2030 eurac
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> Cost of PV electricity generation

WACC o
Example:
- cost of debt 2%

- cost of equity 12%,

- Debt to equity ratio 70:30

= weighted average cost of debt and cost of equity

- WACC would ba .

WACC rates depend on the country, market segment, investor type
and risk appetite/aversion, among other things.

eurac
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> Cost of PV electricity generation: now-2050
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FIGURE 9 Photovoltaics (PV) levelised cost of electricity (LCOE) in six European locations for the years 2019 to 2050; in 2019 euros

of electricity, Eero Vartiainen, Gaétan Masson, Christian Breyer, David Moser, Eduardo Roman Medina, PIP 2019

Impact of weighted average cost of capital, capital expenditure, and other parameters on future utility-scale PV levelised cost -
&hoto\/oltaic
https://doi.org/10.1002/pip.3189 A NGTATION PLATEGE


https://topsy.one/hashtag.php?q=ETIPPV

> The Quest for Quality

s quality
important?

Is LCOE

“killing” some
stakeholders?
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< Quantifying quality

Yield Malaga/Helsinki
Nominal WACC 4/10%
Inflation 4/0%

Volume growth fast/slow
CAPEX -/+20%

OPEX -/+50%

Lifetime +/-10a

OPEX LR 15/5%

BoS LR 10/5%

Module LR 40/20%
Degradation 0/1% p.a.
Eff. increase 0.5/0.3% p.a.
Inverter LR 25/15%
DC/AC ratio 1.4/1.2

Which main
SEIIISIEINI
derived from

Which
parameters
are related to

modelling? reliability?

-40% -30% -20% -10% 0% 10% 20% 30% 40%

. LCOE sensitivity
hotoVoItoic

EUROPEAN TECHNOLOGY
& INNOVATION PLATFORM


https://topsy.one/hashtag.php?q=ETIPPV

< Quantifying quality: derisking

LCOE 20 years Euros/kWh
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T Are we
| wasting our
time here?
0.015
i o037
Capex 1000 Opex 20 Opex 40 WACC 4% WACC 8% Degradation 1% Degradation 2%

Euros/kK\Wp Euros/kK\Wp/y Euros/kKWp/y



< Quantifying quality

FII0R 1190
0.080 - +108.11%

0.075 - eurac
research
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0.070 1
0.065
0.060 -
0.055 -
0.050 -
0.045 -
0.040 -
0.035 +

0.020 -
0.025 -
0.020 -+
0.015 -
0.010 -
0.005 -

0.000 -
30y, PR 0.85, 20y 20y, deg 0.8% 20y, deg 20y, OPEX 30 20y, deg 20y, PRO.75,0PEX 20y, PR 0.75,

deg 0.25%, OPEX 0.8%, PR 0.75 Euros/kWp/y 0.8%, OPEX 30 30 Euros/kWp/fy  deg 0.8%, OPEX
10 Eura/kWp/y Euros/kWp/y 30 Euros/kWp/y

Reliability related parameters



> Risk ownership
Dealing with quality
is complex
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< Stakeholders’ needs

eurac
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short defect warranty periods, minimum of additional guarantees and warranties, high sale price with
low OPEX (short time horizon)

manage all the conflicting requirements for a long period of time. The best condition for O&M

operators is in fact in the presence of long defect warranty period and low sale price to allow for higher
OPEX.

limit their liability to failures PV plants, which meet technical market standards and are maintained on a
regular basis

long defect warranty periods, performance guarantees, reasonable low CAPEX and OPEX, high long-
term plant performance and lifetime (ideally above the initial prediction).

projects with a 10-15 year financing period and PV plant performance which can also be slightly below
prediction.




> Bankability in PV projects

Stakeholders
bankability

assessment

Check list/

due diligence

Project
life cycle

Contracting
parties

Component
suppliers

Insurance

Investor Bank
,lnvestibility* ,Bankability*“

,Insurability*

N\ :
Development Design > Installations

EPC/
installer

Building/
site owner

Project
developer

Mounting
system

£

Operations

Balance of
system

Regulatory Body
,Efficiency of
infrastructure*

Economical

Decommis-
sioning

Decommis-
Slelallgle]

Monitoring

SOLAR

.
BANKABILITY

www.solarbankability.org

Great definition!!

And in practice?



> Technical risks framework and economic
impact of failures in design and operation

Can | Can | track
quantify failure in

Can |
quantify the
design
flaws?

eurac
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> Data availability

Large datasets are available:
Procurement / lesting
Monitoring

Field inspection

Ticketing O&M

Insurance claims

Third party inspections

The risks stay with the
owner/operator of the
v system. Risks can be vastly
Reduce  reduced
| | L, and transferred

Prevent

Transfer

Identified
risks

risks

%)
N
)

—
o
=
=

Identified

HOWEVER

|dentified
risks

o
= &
+~ 0
5T
e}

These datasets are rarely:

- Organised

- Interoperable and digitalised

- Rely on interlinked digital platforms

risks (gaps) |
Bankability must be data-driven

D. Moser et al, Identification of technical risks in the photovoltaic value chain and quantification of the economic impact, Progress in Photovoltaics, 7, 2017

Residual risks




> Risk matrix: taxonomy
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Product . Transportation o
H Plannlng | installation O&M Decomm|SS|On|ng
Modules | £ \
* Insulation test * Soiling * Module mishandling * Hotspot » Undefined product

* Incorrect cell
soldering

» Undersized bypass
diode

» Junction box
adhesion

* Delamination at the
edges

» Arcing spots on the
module

* Visually detectable
hot spots

* Incorrect power rating
(flash test issue)

» Uncertified
components or
production line

» Shadow diagram

* Modules mismatch

* Modules not certified

* Flash report not
available or incorrect

» Special climatic
conditions not
considered (salt
corrosion, ammonia,
)

* Incorrect assumptions
of module
degradation, light
induced degradation
unclear

* Module quality unclear
(lamination, soldering)

» Simulation parameters
(low irradiance,
temperature....)
unclear, missing PAN
files

(glass breakage)

* Module mishandling
(cell breakage)

* Module mishandling
(defective backsheet)

* Incorrect connection
of modules

* Bad wiring without
fasteners

* Delamination

* Glass breakage

* Soiling

» Shading

* Snail tracks

* Cell cracks

* PID

* Failure bypass diode
and junction box

 Corrosion in the
junction box

* Theft of modules

* Module degradation

» Slow reaction time for
warranty claims, vague
or inappropriate
definition of procedure
for warranty claims

» Spare modules no
longer available, costly
string reconfiguration

recycling procedure

The importance of using common dictionaries

>
SOLAR

www.solarbankability.org



< Quantification of technical risks

Planning

» Risks to which we can assign a Cost Priority Number CPN (e.g. module
‘ and inverter failure) given in Euros/kWp/year
- Impact on cash flow

i
N
o

Development of Risk scenarios
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. =~ Uncertainties in Vield Typical uncertainties in YA
¢G“ _ | Assessments and PV yp
a UEINIIL | o

Uncertainties in Yield

gemet Nttps://iea-pvps.org/key- B
tOpiCS/U ncertainties- annual values

o R Z Fraunhofer uncer- value ?ai"s" PR
yield-assessments/ ainty
Yo kwWh/m2 Y Ya
global irradiation on horizontal plane 5.0 1454
ncertainty ange shading
Solar resource Climate variability +4% - 7% horizon shading 05 1681 57 1000
Irradiation quantification +2% - +5% row shading 2.0 1664 1.0 99.0
Convers|on to POA iz% - is% object shading 3.0 1664 0.0 99.0
. ili 2.0 1655 -05 985
PV modeling Temperature model 1°C-2°C wofind
| +19% - +3% deviations from STC .
PV array mOde —+/07 2970 reflection fosses 0.5 1621 -2.1 96.4 — BeSt pra Ct'Ce
PV inverter model +0.2% - £0.5% % kwhkwp % %
Other Soiling +5% - +6% spectral losses 05 1605 -1.0 955
Mi smatc h irradiation-dependent losses 0.6 1586 -1.2 943
. temperature-dependent losses 1.0 1500 -5.4 892
Degradation
8 . mismatch losses 0.5 1488 -0.8 88.5
Cablmg DC cable losses 05 1474 -0.9 877
Availability... inverter losses 1.5 1414 -4.1 84.1
inverter power limitation 0.5 1414 0.0 84.1
Overall uncertainty on estimated yield +5% - £10% additional consumption 0.0 1414 00 84.1
AC cable losses low voltage 05 1406 -0.6 836
total 7.3 14086 B3.6

Typical uncertainty values (irradiance, temperature, soiling, shading, etc): ®£5-10% [1]

eurac

researc h [1] D. Moser et al., “Technical Risks in PV Projects.” Solar Bankability Deliverable www.solarbankability.com



= Yield and Exceedance Probability 9

Energy Yield
1300
. . - Utilisation rate @P90 positively affected

1200 —4—cnergy yield | 5% uncertainty b ; . .
— —=—energy yield | 10% uncertainty Yy reduction in uncertainty
é‘ PSO - P50 values will highly depend on the
- E . . .
= 1100 choice of the insolation database
i 1000 - P9O ‘ - Wrong assumptions can lead to
< under/overestimation of yield by >20%
> 900 | - Are YA reliable?
2
g 800 - . . .
o Link with business models and LCOE

200 - o o calculation

5 10 15 20 25 30 35 40 45 50 55 60 65 770 75 80 85 90 95

exceedance probability[%]

Typical uncertainty values on YA (irradiance, temperature, soiling, shading, etc): £5-10%

N. Reich, J. Zenke, B. Muller, K. Kiefer, and B. Farnung, "On-site performance verification to reduce yield prediction uncertainties,” in Photovoltaic Specialist Conference (PVSC), 2015 IEEE 42nd, 2015, pp. 1-6.

M. Richter, T. Schmidt, J. Kalisch, A. Woyte, K. de Brabandere, and Lorenz, E, “Uncertainties in PV Modelling and Monitoring,” 37st European Photovoltaic Solar Energy Conference and Exhibition, pp. 1683—
1691, Nov. 2015.

D. Moser et al, “Technical Risks in PV Projects.” Solar Bankability Deliverable www.solarbankability.com

D Moser, M Del Buono, U Jahn, M Herz, M Richter, K De Brabandere, Identification of technical risks in the photovoltaic value chain and quantification of the economic impact, Progress in Photovoltaics:
Research and Applications 25 (7), 592-604, 2017

eurac
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Planning

Energy vield (kWh/kWp)

2000

1900
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1700
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1500

1400

1300
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1000
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> 20

worst case scenario

high end scenario

- low end scenario

25 30 35 40 45 50 55 60 65 /70 /5 80 85 90 95 100
Exceedance Probability (%)

21



Planning

1800 _
low end scenario
g216{)0
O bJ eCt|VeS % —4— worst case scenario
. . . 1400 -
- More precise estimation of 3
uncertainty in yield estimation 2 1200 \
- Reduction of uncertainty 3 1000
800

0 5 10 15 20 25 30 35 40 45 50 55 60 65 7‘0 75 80 £5 90 95100
Excegdance probability [%)]

Ref. case (sum of

squares) 8.7% 1445 1283 89%
Low end scenario 4.6% 1445 / 1365 / 94%
High end scenario 9.3% Q1445 Q 1273 88%
Worst case scenario 16.6% 1445 / 1138 / 79%
Worst case scenario

(different mean value) 16.6% @ @ 2%

eurac 22% difference in terms of yield used in the business model

research



<  Site selection

Location: Bolzano, Italy
Data available since August 2010
Technology: polycrystalline-Si

eurac
research




< Site selection

Parameter

Location

Irradiance and transposition
Temperature

Technology and mismatch

Inverter

Shading

Soiling

Wind speed

Long term insolation effects
Degradation

Snow loss / snow fall
Availability

Uncertainties

eurac
research

|
eurac -
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Location: Bolzano, Italy

Gi Latitude/L itude, tilt | d azimuth . .

e ARG TEER, T AT and ae Data available since August 2010
Technology: 4.2 kWp mc-Si
PV module technology given (module datasheet). Mismatch and Shadmg dlagram prowded

power tolerance, each YA applied their own consideration Data used also for bench marking activity O]C PLR
Given (datasheet)

Each independent YA used their favourite database

Each independent YA used their favourite database

Bolzano: Given shading diagram

Each independent YA applied their own considerations

Each independent YA used their favourite database

Each independent YA used their own considerations

Each independent YA applied their own considerations

Each independent YA applied their own considerations

Each independent YA applied their own considerations

Please provide uncertainties for each parameter (when {
possible) and for the yield (mandatory). Y:




<  Site selection

e ot

¥

Location: Alice Springs, Australia
Data available since 2009
Technology: 3 crystalline technologies

NORTHERN

| \ E
| TERGERERY | ;
4 : © QUEENSLAND

Australia

WESTERN
AUSTRALIA

R

5 SOUTH * ¢
i AUSTRALI/ ¢
) N 4
SOV " s

eurac
research



< Site selection

Location Given Latitude/Longitude, tilt angle and azimuth
Irradiance and transposition Each independent YA used their favourite database Location: Alice Sp”“g& Australia

Temperature Fach independent YA used their favourite database Data available since 2009
Technology and mismatch PV module technology given (module datasheet). Mismatch and power T@ChﬂOlOgy: 3 CrygtaHine techﬂok)gies

tolerance, each YA applied their own consideration. Flash list with measure power

was provided Photos provided for near shading

Inverter Given (datasheet)

NElellgle] Photos provided of near objects

Nellligle Each independent YA applied their own considerations
Wind speed Each independent YA used their favourite database
Long term insolation effects Each independent YA used their own considerations
Degradation Each independent YA applied their own considerations
Snow loss / snow fall Each independent YA applied their own considerations
Availability Each independent YA applied their own considerations

Uncertainties Please provide uncertainties for each parameter (when possible) and for the
yield (mandatory).

&,.“‘“ ‘ Mf“";3 911"1\7, 1:33:52:28.36"E
5.805 kWp array at DKASC, Alice Springs, Australia —_—
5.25 kWp array at DKASC, Alice Springs, Australia

5.4 kWp array at DKASC, Alice Springs, Australia



energy vield [kWh/KWp]

2300

2200 4

2000 -

1900 4

1800 -

1700 -

1600 -

1500

Alice Springs

PV Power Plant | Energy Yield

@)
4%
]
—+—Pariner 1 —#="Partner 2 Partner3  e===Pariner 4 Parner6 ==e=Partner7 o 2009 & 10yaverage average YA
5 10 1 20 25 30 3% 40 45 50 H5 60 65 70 75 80 8 90 9%

probability of exceeding the estimated value [%)]

Real values within the P10-P90 range only for some Yas

" Comparison of initial YAs
Bolzano
PV Power Plant | Energy Yield
1600
1500 -
o)
1400 -
2
£ 1300 -
| N
2 10
2 N
a 1100 A —4—Partner 1
¢ —B—Partner 2
5 1000 - == Partner 3
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900 === Partner 5 10/()
o 2011
A 8yaverage
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700 T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95
probability of exceeding the estimated value [%]
Large spread of values
eurac
research

Averaging YAs might not be a good strategy!




Comparison of initial YAs

Bolzano

1900
Annual GTI (kWh/m2), 1783
1800
Effective Annual GTI (kWh/m2),

1700 1621
=
E Annual GHI (kWh/m2), 1454 Specific Yield at Inverter Output
= 1600 (kWh/kWp), 1414
E Specific Yield at DC
= Annual GTI (kWh/m2), 1646 —
2 1500 AC Specific Yield (kWh/kwp),
£ 1406
E
& 1400 =3
o
E
= -
= 1300
E Effective Annual GTI (kWh/m2), \\A
c Annual GHI (kWh/m2), 1363 1363
'ﬁ 1200 - -
]
w
£

1100

Specific Yield at DC side " ;
(kWh/kWp), 1156 Specific Yield at Inverter Output || AC Specific Yield (kWh/kWp),
1000 (kwh/kwp), 1107 1094
900
Annual GHI (kWh/m2) Annual GTI (kWh/m2) Effective Annual GTI Specific Yield at DC side  Specific Yield at Inverter AC Specific Yield
(kwh/m2) (kwh/kwp) Output (kwh/kwp) (kwh/kwp)

==emPartner ]  e=@emPartner? e=@e=Partner3 e=@esPartner4 e=@e=Partner5 —e=@e==Average GHI

=== Average GT|
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Alice Springs

2500

Annual GHI (kwh/m2), 2195

7

2400

2300

Annual GTI (kwWh/m2), 2399

Annual GTI (kWh/m2), 2387
Effective Annual GTI

2200
2100
2000

Annual GHI (kWh/m2), 2203
1900

1800

Yield [kwh/m2]and [kWh/kWp

1700

1600

1500

Annual GHI (kWh/m2)  Annual GTI (kWh/m2)

Effective Annual GTI
(kWh/m2), 2261

Specific Yield at DC side
(KWh/kWp), 1880

Effective Annual GTI
(kWh/m2)

(kWh/m2), 2304

Specific Yield at DC side
(kWh/kWp), 2120

AC Specific Yield (kWh/kWp),
1976

Output (kWh/kWp), 2019

Specific Yield at Inverter
Output (kWh/kWp), 1793

Specific Yield at Inverter

(kWh/kWp)

Specific Yield at DC side Specific Yield at Inverter

AC Specific Yield (kWh/kWp),
1757
AC Specific Yield
Output (kWh/kwp) (kwWh/kwWp)

==@==Partner ] e=@emPariner2 e==@e==Partner3 e=@mmParinerd e=0==Partnert e=@m=Partner?’




< Initial YA and average vield 4
1700
1600
500 The use of PV module

degradation (-0.25%/Yy)
1400 instead of typical
1300 Initial Performance Loss Rates
oo —t—average 20 years (PLR) can underestimate
®- 2011 the losses over time (PLR
1100 —A—average — ‘084%/}/)
1000
0 20 40 60 80 100

eurac
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< Comparison of LTYPs 4

Bolzano Alice Springs
7.0 84% e

6.0 L e P10 : 11.0

R T e 10.0
~ alely - L
% E 9.0
IE 8.0
2.0
7.0
1.0
0.0 6.0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 & g PredictionBeriod [Yeays] 14 16 18 20
Prediction Period [Years]
P50_1 == =P10 =— =—P90 ® Measurad AC data P50 1 =— —P10 — —P90 ® measure d
Measured values are averaged (rolling average) over the previous years
eurac
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System A

Comparison of LTYPs

System B

System C

Yield (MWhiy)
Pt
o
w

—e— Measured —e— Measured

3y rolling mean

—=— P50

«— P25

—e— P75

P10-P90

90.0% A
87.5% A

PLRmeas = -1.1 %
PLRgsg = -0.5 %

PLRaigas ™ -1.5 %
PLRasp = -0.7 %

PLRmess = -1.2 %
PLRpsg = -0.3 %

85.0% 1

g 82:5%

& 80.0% ;

77.5% - _\

75.0% 4 ;

72.5% |

70-0% L) L] Ll L) T T L T L L) T L
PRI P EO AP S DI D PHOA P S HI DO O A S
PRI P FTFETIFTY PP ITFITINFoS
A S R i I S S S S S i S S A Sl S S S i S S

eurac
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It appears that the annual performance
loss rate in Arid desert hot (BWh Koppen-
Geiger climate zone) is much higher than
expected, with all three systems discussed
seeing a PLR of -1.1 %/year or worse,
instead of the (historical) industry-standard
assumption of -0.5 %l/year.

The significant over-performance by System
C compared to predicted values suggests
that thermal losses were over-estimated
(for example by using not validated
temperature coefficients and/or Nominal
Module Operating Temperature, NMOT),
and likely also suggests better light capture
by these modules.
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> Uncertainty scenarios

7 - +11.04%

6 +26.87%

5 4

4 -

3 4

+10.91%

2 A 25.86% +9.54%

1 4

0 L
-1 7 14.89%

-10.08% ’
-2 v 13.41%
37 ‘ 10.57%
- (o]
4 9.53% 10.04%
8.70%
S 7 6.61%
o . (0]
-6 5.07% °.80% e
4.55% e
-7 4
-8 4
-9
20y site 20y 20y site base 5y meas transp S5ysatGTlI 5y meas 5y sat
meas GTI| adaptation meas GHI sat GTI adaptation scenario GTI model GHI DiffHl  GHI DiffHI
sat GTI and DiffHI GHI DiffHI (20 y sat
GHI DiffHI)

Based on the findings of the benchmarking exercise we have shown
how uncertainty plays a role for various parameters



\

Uncertainties in Yield Assessments and PV LCOE

Possible issue:

Best practice

Estimation of correct site insolation

Check various sources of satellite data
Ask satellite data provider for validated data with ground measurements

Apply site adaptation

Long-term trend

Check the trend over different time-periods (.e.g 2011-2020, 2001-2010)

Transposition of GHI to GTI

Check in the literature which is the best combination of decomposition and transposition
models for the specific climate

Check for consistency in the % contribution by using various irradiance sources

Parameterization of components (PV Modules, Inverters)

Check reliability of provided files, ask manufacturer for qualified data

Shading

In case of far shading check the sensitivity of the yield on different hourly profiles

Soiling

In case of measurements, evaluate non-uniformity over the selected site

Temperature effects

Check various sources of satellite data

Ask satellite data provider for validated data with ground measurements

Performance Loss Rates

Make sure that one includes not only module degradation and that also unavailability
and reversible failures are considered

Calculation of uncertainty

Use semi-empirical calculation methods if long-term data is available and distribution
deviates from normal (gaussian)

O&M costs in business models

Based the assumptions on real cost data and not on a % of CAPEX

eurac
research



Do we still have some time left?

eurac
research



W Economic impact on business model and LCOE

How can |
valorise my
PV

electricity? How does

quality impact a
business model?

eurac
research



\ Economic impact on business model and LCOE

€ 15,000

€ 10,000

Scenario 1) P50 = 1095 kWh/m?,
la) PLR = 0.25 %y, 1b) PLR =
0.5 %ly

Scenario 2) P50 = 1406 kWh/m?2, €
2a) PLR = 0.25 %ly, 2b) PLR =

€5,000

0.5 %ly € (5,000)
€ (10,000)

—e—1095deg 0.5 —e—1095deg_0.25 —e—1406deg_0.5

€/kWh Scenario 1a Scenario 1o Scenario 2a Scenario 2b

LCOE 20 years 0.102 0.099 0.079 0.077

LCOE 30 years 0.080 0.078 0.063 0.060

eurac
research

NET BILLING

1406deg_0.25

35



\ Economic impact on business model and LCOE

Scenario 1) P50 = 1095 kWh/m?, 1a) PLR = 0.25 %ly,
1b) PLR = 0.5 %ly

Scenario 2) P50 = 1406 kWh/m?, 2a) PLR = 0.25 %ly,
2b) PLR = 0.5 %ly

Free cashflow
(EBIDTA) IRR by (%] 47% 7 9% IRR from free cashflow (EBIDTA)

CAPEX
Unleveraged IRR

based on CapEx (not project cost)

IRR from free cashflow -
unleveraged case

after tax and
depreciation by
CAPEX

: [EUR/ . .
LCOE in total MWh] 36.9 279 Levelised Cost of Electricity

[%] 3.9% 6.6%

eurac
research

Cash Flow [Euros]

80,000,000 €

60,000,000 €

40,000,000 €

20,000,000 €

-20,000,000 €

-40,000,000 €

-60,000,000 €

——1046, -0.25%

——1095, -0.5%

years

PPA

30
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Economic impact on business model and LCOE

Calculation
assumptions

CAPEX 4500 4500 Euros/kWp
Real data
0 b
OPEX EZ)SCAPEX 27 2020 Euros/kWply
- onward
Nominal WACC 7.4% 7.4%
Real WACC 5.1% 5.1%
Inflation 2.3% 2.3%
Lifetime 20 20-25
Yield From YA Measured KWh/KWp
data
Calculated
Degradation/PLR From YA from %
measured
data, -0.84
PR P50 Yield P90 Yield Degradation/
[KWh/kKWp] [KWh/kWp] | PLR
Partner 1 80.4% 1329 1183 0.5%
Partner 2 73.6% 1094 997 0.5%
Partner 3 83.6% 1406 1274 0.25%
Partner 4 81.2% 1213 1184
Partner 5 81.1% 1445 1270 0.5%

eurac
research

LCOE:,€/kWh 2010 LCOEq, €/kWh 2010

Partner 1
Partner 2
Partner 3
Partner 5

LCOE [Euros/k\Wh]

03

o
P
5]

Q
8]

0.1

0.05

2005 2010

0.338
0.410
0.314
0.310

Real
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Economic impact on business model and LCOE
Calculation Scenario LCOE €/kWh
Real LCOE 2010 0.274
CAPEX 4500 4500 430 Euros/kWp Modelled LCOE 2020 residential | 0.068-0.099
Real data, Modelled LCOE 2020 utility scale | 0.027-0.039
0,
OPEX EZ’SCAPEX 27 2020 8.5 Euros/kWply
- onward
Nominal WACC 7.4% 7.4% 7.4%
0.5
Real WACC 5.1% 5.1% 5.1%
Inflation 2.3% 2.3% 2.3% e
Lifetime 20 20-25 25 04
: Measured From 0.35
Yield From YA data YA kWh/kWp % .
Calculated 2 e e Real
: from From 2
0) ]
Degradation/PLR From YA measured YA Yo 5 05
data, -0.84 0.15
PR P50 Yield P90 Yield | Degradation/ o
[kWh/kWp] | [kWh/kwWp] | PLR 005
Partner 1 80.4% 1329 1183 0.5% ) —
Partner 2 73.6% 1094 997 0.5% 2005 2010 2015 2020 2025
Partner 3 83.6% 1406 1274 0.25% year
Partner 4 81.2% 1213 1184
Partner 5 81.1% 1445 1270 0.5%




Do we still have some time left?

eurac
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< Quantification of the economic impact of
technical risks

and inverter failure) given in Euros/kWp/year

‘ » Risks to which we can assign a Cost Priority Number CPN (e.g. module
- Impact on cash flow

i
N
o

Development of Risk scenarios

)

[o2]
o

Yield [normalised value]

Yield [normalised value]

0 5 10 15 20 25

eurac -5 ’ 5 15 25
research Vemre
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R CRUSTPY Economic impact of failures

* SOLAR PV, PERFORMANCE & RELIABILITY

L BANKABILITY § ;
S8 CPN: metric that allows for New metrics

Cost-based Failure Modes - Comparison bet.ween asset within the same
and Effects Analysis ‘ PV plant portfolio (AM’ O.&M)
(FMEA) for PV - Evaluate !:)est strategies in EEC, O&M

- Act as a link between the various phases of
the value chain

Income / savings reduction

b) Economic impact due to repair/substitution costs (Euros) R
- Cost of detection (field inspection, indoor measurements,

O&M cost increase
Reserves decrease

eurac
research



W Risk mitigation

CAPEX
OPEX

0% 0 0
€/kWp €/kWp/a

CAPEX & OPEX depending
on mitigation measures

eurac
research

2CPNs = ~ 120 Euros/kW/y

Who bears the cost?
Who bears the risk?

Risk
minimization

2CPNs = ~ XX Euros/kW/y I

100%
~ é >
% % E'_J
- @) O
0% 0 0

€/kWp €/kWp/a

CAPEX & OPEX depending
on mitigation measures
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W Mitigation Measure Approach

eurac
research

List of 8 defined MMs, their mitigation factors and affected parameters

Preventive measures

Corrective measures

—

_<

Component testing — PV
modules

Design review + construction
monitoring

Qualification of EPC

Advanced monitoring system

Basic monitoring system

Advanced inspection

Visual inspection

Spare part management

Mitigation Measure Affected Parameter

number of failures

number of failures

number of failures

time to detection

time to detection

time to detection

time to detection

time to repair/substitution
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Impact of Applied Mitigation Measures

New CPN results of mitigation measure combinations for different
cost scenarios compared to CPN without mitigation measures

CPN [€fkWp/year]

80 A

60 A

a0 -

20 A

Preventive measures have higher impact

Qualif. EPC

Design rev.

NoMM '
: - 100

120

Comp. test
Comp test+EPC - 60
; A o : L 40
Design rev+qualif EPC _L-"’_____.._ 0

Comp test+design rev,+quglif EPC

T
100 150 200

Index of combination

FIX Reference @FIX Scenaricl @FIXScenaric?2 @ FIX Scenario 3

250

3 MM cost scenarios



< Risk Scenario

eurac

research

Risk scenario - businss model 3

Risk [Risk number|Risk name Start Date Case Phase
Risk 1 3020 Hotspot of modules 01.01.2012 Best Infant
Risk 2% 3101 Flooding of inverter 01.08.2017 Worst | Mid-life
Risk 3" 3051 Lightning strike of inverter 01.06.2020 Worst | Mid-life
Risk 4 3011 Failure of bypass diode and juction box 01.10.2026 Worst | Wear-out

Comments

1) External cause independent from project phase

2) Business model specificrisk, i.e. due to system design/technology, geographic/climatic conditions

Cumulative cash flow CAT 2
6,000,000 EUR .
P No risk tr
4,000,000 EUR
2,000,000 EUR CAT 1
0 EUR CAT 1 Insurance

-2,000,000 EUR
-4,000,000 EUR
-6,000,000 EUR
-8,000,000 EUR

-10,000,000 EUR
C&)TW 3012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

EPC or mOdU|e ma@&eltagtjvmgk scenario

Insuranc
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Take home messages

- Availability of large datasets is key (field inspections, monitored
data, O&M tickets, etc)

- Improved Yield Assessment (reduction of uncertainty)

- Economic impact of failures in the field can be modelled and
calculated

- Yield modelling will also have an impact on LCC / LCA analysis!

LCOE: the best friend and Try always to quantify quality!
enemy of the PV sector

47



Literature on quality
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B Thank you for your attention

www.eurac.edu/
& David.moser@eurac.edu
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Irradiance measurements and solar resource

eurac

assessment: irradiance variablility and trends

London Weather L. (WO nr- 27730) 1986 - 2005

Hamiung (WO mr: 101410) 1991 - 2010

Uccle[Whid nr; b4 70] 1981 - 2008

Wien / Hohe Warte [Wii0 nr: 110350} 1591 - 2010

Farts Maonsguns WD nr: T1560) 1978 « 1996

Cabawss (WO nr- 62480] 2005 - 2002

Athens - Observatory (WO nr: 167140 1981 - 2010

Diublin — &drport (WG nr; 35430 1951 - 2000

Helsink & rporf WO nr; 29780 1951 - 2010

Bern-Liehefeld [Wiid nr: #6310) 1991 - 2010

Rema/Clamping (WD ar 162580) 1981 - 1000

Iy

Annual GHI anomalies [%]

Lisbon (Wi nr: $8350) 1941 - 2010

000 D00 100w 200 J00%  4.00% L0  EDOM
mTeend [ decade  mVadabilig{a) of GRl

D. Moser et al., “Technical Risks in PV Projects.” Solar Bankability Deliverable www.solarbankability.com
IEA PVPS Task 13, Subtasks 2.3 & 3.1 Report IEA-PVPS T13-12:2018 April 2018

4

.00

g 8 8

g

g &

Global Horizontal Irradiation [kWh/m?]
g g

800 -

15

10

|
o

— 10

— 15

research

= = KMI (10 yrs MA) —— METEONORM — PVYGIS CM-SAF
====PVGIS Original —— NASA - = ESRA
~———HC-1 ~———5SolarGIS —_—KMI

Year

. : .
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

2015

Persistence of the trend: 8.6%

= Persistence of the mean: $5.39% ﬂ

30-year average: 0.7%

— 20-year average: 2.3%

10-year average: 3.7% —J



http://www.solarbankability.com/
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Irradiance measurements and solar resource assessment:
G_POA, decomposition and transposition models
1 IHay  [sotropic | Muneer | Perez |
Erbs 28.8% 28.8% 28.9% 18.7%
Ruiz_GO 51% 5.8% 5.3% 6.3%
Ruiz_ G2 5.4% 5.4% 5.6% 0.4%
Skartveit 4.8% 6.6% 4.8% 5.2%
Erbs -14.7% -14.8% -14.7% -9.7%
Ruiz_ GO 1.1% -1.3% 1.5% 2.7%
Ruiz_ G2 13% -1.0% 1.7% 2.8%
Skartveit R 0 0.4% 14%
Erbs 17.3% 17.3% 17.3% 11.3%
Ruiz_ GO 3.4% 3.8% 3.5% 4.3%
Ruiz_ G2 3.5% 3.6% 3.6% 4.3%
Skartveit I 2% 3.1% 3.5%
Pyranometer inclined - Calculated from horizontal
Reflected HI -

Diffuse HI

Direct HI

Hour of the day

eurac

-
w

—
o

|

zom r ldf‘ | ,“’ i *”M

||b 0|

t c‘i

" L

il ‘.MU

""

2

Day of the year

2
8

40.00

20.00

0.00

-20.00

-40.00

-60.00

Difference in in-plane irradiation [Wh/m2]

-80.00

=0 Credits: 3e



: . eurac
Temperature: environmental conditions and research

module temperature calculation

. natne technology  Stratigraphy Frame bormed, EMISEy, T Sid
';K mi*'WJ mod,c ] 50 e
I CIGS3  CIGS glass-glass (G-G)  WF 0.037 23 D g 0TI
. mm-5i-back %
2 mc-5id contact glazs-tedlar (G-T) WF 0.029 2.0 i
3 me-513 m-S olass-tedlar (G-Ty  WF 0.032 2.2 :
4 tnc-mil - 51 glass-glazs(G-G) MF 0.033 20 é
5 mec-%i2  meSi E&ﬁ'gg‘s{;ﬁ“k NF 0.035 2.4 o a0 g w100
_ radiance / (W/m=)
f ja-52  a% olass-tedlar (G-Ty  WF 0.031 1.7
- me-Sil ~ 1j-a-Si2 o CIGS3
& 0.08 & 008 g 0.08
5 007 f(x) = 0.01338 + 0.03116 * exp(-0.53927x) S 007 f(x) = 0.00837 + 0.03405 * exp(-0.37347x) S 007 fix) = 0.01140 + 0.04170 * exp(-0.46561x)
J 0.06 S 0.06 | )
] . o
~ 005} . ~ 0.05 |
9 0
= 0.04 =004 }
E_:E 0.03 E_:E 0.03 |
20.02 20.02 |
e | e |
2 0.01 | % 0.01 | v
g :
= 0! E 0 0

‘ 0 2 4 6 8 ic
wind velocity / (m/s) wind velocity / (m/s) wind velocity / (m/s)

Maturi L., BiPV System Performance and Efficiency Drops: Overview on PV Module Temperature

Conditions of Different Module Types, Energy Procedia 48 2014 1311-1319




< Performance Loss Rate
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> The cost of PV electricity: system lifetime

ribbon | HIE0e-1

HoH@®-8-
pc-Sif %
Data from ABD plant micro } 2

mc-Si | %_—90;—4

HIT
CIGS |
CdTe [

2/3j-aSi [ I—I—I—I-G.-H-Ilﬂ—llm"
1j-asi| | | iy |
-6 -5 -4 -3 -2 -1 0 1
PLR [%/a]

r
Source: EURAC ?euse?l‘r:ch



Benchmarking in IEA-PVPS Task 13

o
- @ 14 PV systems: high
- quality data

& quality data
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(ug  Benchmarking in IEA-PVPS Task 13

Performance Loss Rate

- # PV systems total
# PV systems used .
- Technology Climate
40
20 #=20 #=58 #=42 20 #=18 #=73 #=8 #=2 #=19
1.5 15 .
1.0 1.0
20 05 05 i
0.0 e - ] 0.144=%=
-0.2064
@ 0® ° -0.658 o —0.5 i ‘
- 210 -0.961 = 3 -0.645 S ‘ -0.768—2
0 o S0 =0 e =1.0/0.065 B -1.027—%—
Y el 2.0
o:,\q}?" e\p\‘ eC;<</ ¢?§ QS{O\' ?{} ?$¢b\ & i i - i}
vp Q’Q}/ QQ? Q’Q/QL © = @vy ‘;O 310 > 2.5
— STL
W Thin-film 23 ST L
I Mono-Si 20 35
B Poly-Si 2.0
1.5
60 - 15
1.0
™ 0.605 ==
0.0 0.5 >
40 505/-0.505 0595 o i ‘ 017—¢
S0 -0.985 . =05 0.63—e i
T 15 S0 o
g, .|-131 i
20 2.0 -1.5 -1.55;
25 2.0 \
o 3.0 1 2.5
o 3 3 -3.5 : YOY -3.0 i Y Y
@ 0 P » 'S5 (\0’6\ 0\\\9 _ (\f\\\@ 35 . . 0 . ,
S) © & o Y O ] & \ o & & & | $°
Temperate Contheéwtal

Performance Loss Rates of PV systems of Task 13 database, Sascha Lindig, David Moser, Alan Curran and Roger French, IEEE PVSC Chicago 2019



P 3)A R L PV Benchmarking in PEARL-PV

https://www.pearlpv-cost.eu/
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Performance analysis and degradation of a large fleet of PV systems, S. Lindig et al, IEEE Journal of Photovoltaics, accepted, 2021
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Performance analysis and degradation of a large fleet of PV systems, S. Lindig et al, IEEE Journal of Photovoltaics, accepted, 2021
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Annual Performance Ratio

Performance Ratio

Number of systems
#=20 #=2979 #=196 #=213 #=68
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]

17 #=1

~J
()

®

50-

25

‘&

Average operational lifetime

30 months 31 months 30 months 29 months 29 months 27 months 26 months

Q Q Q Q Q Q
S S S S S S
© S N X NS NS

' Q
Q Q
W o

Annual sum horizontal irradiation [kKWh/m?/year]

T amb

L _
10 20

Performance analysis and degradation of a large fleet of PV systems, S. Lindig et al, IEEE Journal of Photovoltaics, accepted, 2021

PR =76.7%

PR = 78.4%



Performance Loss Rates

i nSTL nYoY = SCSF
0 PLR | -0.79%/a | -0.86%/a | -0.74%)/a
PLR | -0.59%/a | -0.67%/a | -0.36%/a

- Jordan' Kiefer?

PLR -0.8to -0.9 -0.7 %/a
O,
100 %0/ a
50
N T I | ll II
S S ; | | 5
(b"' k:b. Vs g 7’ ’ '

Performance Loss Rate [%/year]

[1] D. C. Jordan, et al, "Compendium of photovoltaic degradation rates," Progress in Photovoltaics Research and Application, vol. 24, no. 7, pp. 978-980, 2016.
[2] K. Kiefer, et al, "Degradation in PV Power Plants: Theory and Practice," in 36th EU PVSEC, Marseille, 2019.



SOLAR PV, PERFORMANCE & RELIABILITY

’35 /> TRUSTPV PV Component-Benchmarking

Big data techniques applied on one of the largest PV portfolio (+16GW) including metadata, operational data
and ticketing data to evaluate the performance and reliability of PV components

* Identify main performance and degradation losses factors A

* Modelling Climate Stressors and Reliability Indicators (time-to-fail,

lifetime,...) >, _
Extendmg the datasets to Until now, data mainly on
* Improve manufacturing processes, system designs, and O&M activities Desert Climates would Temperate Climates
enable...

* Establish the needs of new labels

0 .
Based on operational
- data

KG Climate Zone
A (Tropical)

B (Arid)

C (Temperate)
D (Continental)
E (Polar) -

Steppe

Annual Performance Ratio [%)]

PV systems i
areas present t
Desert highest climate stré
' P ankocimaszme : reflected in lower PR
(and higher PLRs)

o
o

www.trust-pv.eu
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Quantification of the economic impact of technical risks

Shading problems due to nearby object / bad planning
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Quantification of the economic impact of technical risks

Process parameters
traceability, 3.7%

Flasher,
adjustment

161 deviations in 73 factory
inspections carried out in
around 2 years were identified,
resulting in an average of 2.2
deviations per inspection

Many deviations are related to
determination of Pn.
Overestimation of output
power is a problem

A TUVRheinland®

Precisely Right.
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