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Quality Assurance for utility scale PV plants

DEVELOPMENT

¢ solar resource assessment ¢ yield assessment

¢ site analysis

¢ environmental stress
. assessment

_ ' design review and
: optimization

¢ feasibility studies

¢ component bench-
marking:
- module power and
energy rating
- inverter testing

- performance
- reliability
- workmanship

« technical and financial due dilligence*
e comprehensive PV plant certification*

¢ representative module
sampling and checks:

€

@ continuous long-term

» final power plant test: :
i performance reporting

- visual inspection and
thermography imaging

@ failure analysis and
- module power :

: reporting
measurements , o
- initial performance Optlmlzat.lon and
verification i re-powering

» final acceptance report ¢ warranty check
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Yield assessment as basis for the financial assessment

I M SREHRAVREL independent, accurate simulation
B EEFIOUFRNIFEMASARY  detailed documentation with validated results
B AHEEIRS Uncertainty statement

Calculation step Uncertainty* Value Unit Gain/Loss** PR***
Irradiation global horizontal 5.0% 1550 KkWh/m?
Irradiation on tilted surface 2.5% 1821 kWh/m? 17.5% 100.0%
Shading
External Shading 0.5% 1803 kWh/m? -1.0% 99.0%
Internal Shading 2.0% 1765 KkWh/m? -2.1% 96.9%
Soiling 1.0% 1739 kWh/m? -1.5% 95.5%
Reflection losses 0.5% 1695 kWh/m? -2.5% 93.1%
Deviation from STC operation of modules
Spectral losses 1.0% 1661 kWh/kWp -2.0% 91.2%
Irradiation-dependent losses 1.0% 1682 KkWh/KWp 1.3% 92.4%
Temperature-dependent losses 1.0% 1634 kWh/KkWp -2.9% 89.7%
Interconnection losses (mismatch) 0.5% 1602 KWh/KWp -2.0% 88.0%
Cabling losses 0.5% 1579 KWh/KkWp -1.4% 86.7%
Inverter losses 1.5% 1538 KkWh/KWp -2.6% 84.5%
Power limitation of inverter 0.5% 1538 KkWh/KWp 0.0% 84 .5%
Transformer 0.0% 1538 kWh/KWp 0.0% 84 .5%
T ecmaeneRex
Total 6.5% 1538 kWh/kWp 84.5%

-
ratarer TS = Wrve e, ane oy ST YT
AT AT SUTIIIET S

= Uncertainties are related to single standard deviation

Gain/Los : energetic Gain / Loss according to the step of calculation of the simulation
*** PR: Performance Ratio
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Input data for yield prediction and uncertainties

type / number of modules

—= )&= orientation of modules
;| e

+0.5t0 1.0%
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Inputs as Symmetric P-Functions

MANSHURREES, S0 "
PSOEFITT RS RAVISERRE
P90Z!P50BYmZEFIP10ZE!PS0AYHEE]

Inputs assumed to have normal
,Gausian distribution”

P50 yield same as that calculated for
each input parameter at mean value

Same deviation P90 form P50 as
deviation P10 from P50

% of P50
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Yield assessment as basis for the financial assessment

e RHSEE  MGE/BA H3S/R% PREE

Calculation step Uncertainty* Value Unit Gain/Loss** PR***
pN:EFEE |Irradiation global horizontal 5.0% 1550  kWh/m? |
Irradiation on tilted surface 3.5% 1821 KWh/m? 17.5% 100.0%
Long-term trends Shading
External Shading 0.5% 1803 kWh/m? -1.0% 99.0%
Internal Shading 2.0% 1765 kWh/m? -2.1% 96.9%
Soiling 1.0% 1739  kWh/m? -1.5% 95.5%
Reflection losses 0.5% 1695 kWh/m? -2.5% 93.1%
Deviation from STC operation of modules
. o Spectral losses 1.0% 1661 kWh/KWp -2.0% 91.2%
X
ﬁﬁﬁ'*‘m%% E'\J = Irradiation-dependent losses 1.0% 1682 KkWh/KWp 1.3% 92.4%
Pure losses! Temperature-dependent losses 1.0% 1634 KWh/KW, -2.9% 89.7%
Interconnection losses (mismatch) 0.5% i
\ Cabling losses 0.5% 1579 KkWh/KWp -1.4% 86.7
Inverter losses 1.5% 1538 kWh/KWp -2.6% 845
Power limitation of inverter 0.5% 1538 KkWh/KWp 0.0% 845
ﬁ)ﬁ*ﬂ &lgp Transformer 0.0% 1538 kWh/KkWp 0.0% 845
Degradation and | Total 6.5% 1538  kWh/KWp 84.5%)
bt D
Availability ? Uncertainties are related to single standard deviation
**  Gain/Los : energetic Gain / Loss according to the step of calculation of the simulation
M MRIR: 8MTESBNAREEIYM SHEESH
MEIR: 8T ESBRRAMAEEIYM SES
Two simplifications: Uncertainty for individual modeling steps are
independent and normal distributed
7 ?
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izl #0478 X9 EG 70 B9 PRFO = BE
Measured compared to predicted PR and yield

TTEVZ5ER Result GHI: +5.3 GPOA: +5.3 vield: +4.5
m FuPRFOSCNESEMS R | ]
m ERENrREEES T

B On average very good agreement of
measured and predicted PR

B Irradiation and yield remarkably
higher than predicted

XJECEHl Basis
m 2sEEERuE N HsFEIENEHE

M 25 PV Plants with 5 years highly
accurate data
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Input data for yield prediction and uncertainties

= (LIEEH)S BRYSERIERT
RKEREIS(ELYS%

» ER|H YRR EE AT BER (RS
REASLFRARIR(E

M Solar irradiation in Germany today
about 5% above long-term average

M Use of “old” irradiation data
underestimates the potential

Anomalies [%]
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Persistence: 5.3%
10-year average: 3.7%

20-year average: 2.3%

[ 30-year average: 0.7%

\950 \960 \9(\0 \9%0 \990 r),QQO @0\0 ,LQQ,Q @0’50

Mdiller et. all: Rethinking solar resource assessments in the con-text of global dimming and brightening. Solar Energy 99 (2014)
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FREAhBRERSAHEERE
Input data for yield prediction and uncertainties

" ERHMIETRERRS
" KIESECSSRURINES

B HﬂﬁﬁE’\Jéﬁ)ﬁﬂﬂ“@iﬁﬂ%ﬁj{%ﬂﬁ%% Observed tendencies in surface solar radiation
1950s-1980s | 1980s-2000 | after 2000
USA i U - | 8 W
B High uncertainty from irradiation data Europe 3 gy | 2 e | 3 —
B Dimming and brightening has a remarkable China/Mongolia | -7 \ 3 e | 4 —
impact on the predicted yield r— 5 & 2 / = ;
B High influence depending on the time period n
India 3 Ty, | -8 -10

M. Wild et al.: From dimming to brightening: Decadal changes in solar
radiation at the Earth’s surface. Science 308 (2005)

= {ERREGERAIE R B R INERERE | LARERITNREXIPS

Source and time period of irradiation data holds a high risk and must be assessed and selected
carefully for accurate yield assessments
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Input data for yield prediction and uncertainties

type / number of modules

—= )&= orientation of modules
;| e

+0.5t0 1.0%
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From Deterministic to Probabilistic Yield Values

IRTEMERY Deterministic HEZ=MERY Probabilistic

KEFEBUERNBE(=IR, BRLIE...)
Long-term performance

of the PV Power Plant
(degradation, availability...)

RRER, SR, WKEAREERIP-KEN

P-functions for loss factors, climate
change, long-term performance

P-EREL~BE

P-Function
Yield
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SIEZ FIRTE
Climate Interannual
change variability
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14 7€ FE 1 (& Uncertainty estimation

Y3 #REY Symmetric A YT FREY Asymmetric
(BREMASBYNES D) (NE—SHERERSSHAZ=ADH)

Calculation step (assuming normal distributions for all (individually selecting normal and triangular distributions)

Parameter Distribution Parameter
vl 6 Normal I 6

Triangular a b c

% % % % %
 Solar ressource potential in the referenceperiod | | | |
(gpOA = |EEW 2.5 normal 11.4 2.5
 Yield in the referenceperiod | ] |/ |
0 0.5 triangular -1.0 0 0
-1.0 2.0 triangular -5.0 0 -1.0
(Soiling = [ES 0.5 triangular -1.5 0 -0.5
3.1 0.5 triangular -4.1 2.6 3.1
0 2.0 normal 0 2.0
(Spectrum &) 0.5 normal -1.0 0.5
3.9 1.9 normal -3.9 1.9
2.4 1.0 normal 2.4 1.0
[Mismatch [ 0.5 triangular -1.8 0 -0.8
-1.5 0.5 triangular 2.5 -1.0 -1.5
(Inverter 5N 1.5 triangular -5.7 0 2.7
0 0.5 triangular -1.0 0 0
-1.0 0.5 triangular 2.0 -0.5 -1.0
I

 Yield in the predictionperiod [ [ | [
-0.6 0.5 triangular -1.6 0 -0.6

0 0.3 normal 0 0.3

0 4.9 normal 0 4.9

Uncertainties of individual modelling steps used in the exemplary yield simulation. A normal (Gaussian) distribution is characterized by mean value p and
standard deviation 6, while a triangular distribution is characterized by minimum a, maximum b, and modus c.
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Monte Carlo Simulation for Uncertainty estimation

BREFREDIT SRR FERETTRERTEL

120 120

Reference yield projected to prediction period Long-term changes of predicted yield
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Yield including interannual variation Cumulative yield including all effects
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17 B. Miiller et al.: Framework to Calculate Uncertainties for Lifetime =
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Uncertainty estimation compared to real world data

140
135 = Predicted Yield === P90

—o— Measured Yield

130 | e==’ P50
125 == P10
120
115
110
105
100

95
90
85

80
75
70
65
60

Yield / Yield in the Reference Period [%)]

L. 2 3 4 5 6 7 8 9 10 11

Prediction Period [Years]

Yield / Yield in the Reference Period [%)]

140
135
130
125
120
115
110
105
100
95
90
85
80
75
70
65
60

= Predicted Yield — PO
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Prediction Period [Years)

» SCRRENREIEMRIES M RPN R AT

measured values fit quite well into the uncertainty range as expected from the

Monte-Carlo simulations
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B. Miller et al.: Framework to Calculate Uncertainties for Lifetime

Energy Yield Predictions of PV Systems, IEEE 2017
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Asymmetric P-Functions

AITFREEIHIPSOER T XIFRREHIPSOE
> BERERERAYITREMERK
POOEIHME T EHAERIFREAEIFAME. FIRE(R

£~5%
KERBVENR! STEHERE+FaITEE
12 & ol = e !

P50 with asymmetric P-Fn now less than P50
with symmetric P- Fn.

—>Bad outcomes more likely

P90 worse than with symmetric e.g. could be
hit by ~5%.

Investor needs to know!!
Higher result # better predication

Risk of return!

% of P50
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Thank you for your Attention!

Fraunhofer Institute for Solar Energy Systems ISE

Boris Farnung, Bjorn Muller

boris.farnung@ise.fraunhofer.de

Main author Bjorn Miiller, co-authors Wolfgang Heydenreich, Christian Reise, Boris
Farnung
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