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The Fraunhofer-Gesellschaft
Largest Organization for Applied Research in Europe

72 institutes and research units with total staff of ca. 25,000

More than €2.3 billion annual research budget, of which around
€2 billion is generated through contract research

Roughly 70 percent of contract research is generated on behalf of
industry and publicly funded research projects.

Roughly 30 percent is contributed by the German federal and state
governments in the form of base funding.

International cooperation throughout the world
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The Fraunhofer-Gesellschaft
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Fraunhofer ISE
At a Glance

Photovoltaics

Solar Thermal Technology

Building Energy Technology

Institute Directors:
Prof. Dr. Hans-Martin Henning
Dr. Andreas Bett

Hydrogen Technologies
Staff: ca. 1200

Budget 2017: €89.2 million

Energy System Technology
Established: 1981
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Fraunhofer ISE
Revenue Structure, Operation 2017

Operation: €75.4 million
Investment:** €14.0 million
Total: €89.2 million

B Industry
= Fed. Gov.

State Gov. (BW/NRW)
® European Union
m Other
= Special Programs, FhG
m Basic Funding*

* 90% federal and 10% state (BW) funds
** without building investment and economic program

Status: March 2018
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Department ,Analysis PV Modules and Power Plants”
Fields of Work

Boris Farnung Frank Neuberger

Daniel Philipp ~ Service Life and Klaus Kiefer Elke Lorenz
Failure Analysis Head of Department i
. Staff of 90 .
Detection of damage scientists, [ A
mechanisms in PV engineers, =
modules, quality and ~ technicians, 4 )
Y students
reliability tests.
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OVERVIEW BANKABILITY - TOPIC 1
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Solar Industry
Market dynamics

M Transitioning from government subsidies to market
based asset financing

B Ambitioned Country Targets: 5.4 additional GW in
Mexico by end of 2019

B In most auctions around the world, quality is a
minor evaluation criteria

B Record PV Prices in Auctions
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Record PV prices — what will be

delivered?
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Change in marked situation
Effects on PV investments

Increased uncertainty

Higher perceived risk

Redefinition of bankability
criteria

Higher expectations on overall
system quality

construction
& execution

System
planning
& engineering

Components
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Technical bankability
Requirements of stakeholders

Understanding of quality for different
stakeholder translated to technical language:

B Bank: wants only get their
money back

W EPC, System operator: high performance
ratio and low maintenance

B Investor: expects maximum yield, low risk

Leads to the following technical
requirements for components and system

B High efficient and reliable

B Long-term stable with minimum
degradation

B State-of-the-art design
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Challenges for technical bankability
Technical requirements from a lenders perspective

B Extract of requirements from Deutsche Bank

Ensuring the debt service capabilty requires

special attention during the first two years

1. a provisional acceptance test (PAT) at
comissioning of a project.

2. afinal acceptance test (FAT) after about two years
of operation.

3. partners who are able and willing to fulfil any
warranty claims during the first two years at least.
Or:

4. an insurance solution making this procedure
redundant.

R
e
55

Requirements (of debt pro

» Third party QA required on system level

Felix Holz, Deutsche Bank: Quality requirements from a lenders/investors point of view, 40th IEEE, Denver
12
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What we are talking about?
Multi MW Power Plants

Power Plant in China
Utility scale Power Plant (100+X MWp)
hunderes to thousands of inverters

several millions of modules

Portfolio in Turkey

Portfolio with more than 100 MWp

more than 30 individual Power Plants
different geografic location and conditions

Rooftop in Germany

Challenging interface between mounting
structure and roof membrane

Very Individual conditions (e.g. shading)

© CentroPlan © CentroPlan
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LCOE and Performance Ratio

Levelized Costs of Energy Performance Ratio

LCOE :
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Levelized costs of energy and quality

"1+ ')t
1 CX
cost of produced electric energy 1+ r
LCOE = =
produced electric energy ‘“: g )
1 + r

LCOE Levelized cost of energy

guality sensmve

lo initial investment for power plant
Co annual operation & maintenance cost
n service life

i annual inflation rate

r annual discount rate

Rp initial Performance Ratio of power plant

NsTC initial module efficiency (STC)

E, yearly sum of energy irradiated on module plane
d annual degradation rate
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Quality Assurance for utility scale PV plants

¢ solar resource assessment
“ site analysis

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

¢ yield assessment

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

® representative module
sampling and checks:
- performance
- reliability
- workmanship

« technical and financial due dilligence*

* comprehensive PV plant certification*

® final power plant test:

- visual inspection and
thermography imaging

- module power
measurements

- initial performance
verification

® final acceptance report

? continuous long-term
i performance reporting

0 failure analysis and
i reporting

’ optimization and
i re-powering

® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio
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Quality Assurance for utility scale PV plants

-
ENGINEERING >PROCUREMENT

DEVELOPMENT

® representative module
sampling and checks:
- performance
- reliability
- workmanship

¢ solar resource assessment ¢ yield assessment

¢ site analysis ¢ component bench-
marking:
- module power and
energy rating

- inverter testing

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

ecnnical and Tinancial due dilligence*

* comprehensive PV plant certification*

® final power plant test:

- visual inspection and
thermography imaging

- module power
measurements

- initial performance
verification

? continuous long-term
i performance reporting

0 failure analysis and
i reporting

0 optimization and

i re-powering

® final acceptance report ® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio

17
© Fraunhofer ISE
Confidential — GIZ and Bancomext Workshop

\

Z Fraunhofer

ISE



Quality Assurance for utility scale PV plants
Yield assessment as basis for the financial assessment

B independent, accurate simulation
M detailed documentation with validated results

B Uncertainty statement

Calculation step Uncertainty* Value Unit Gain/Loss** PR***
Irradiation global horizontal 5.0% 1550 kwh/m?*
Irradiation on tilted surface 2.5% 1821 kKWh/m* 17.5% 100.0%
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
Spectral losses 1.0% 1661 kKWh/Kwp -2.0% 91.2%
Iradiation-dependent losses 1.0% 1682 KkWh/kWp 1.3% 92.4%
Temperature-dependent losses 1.0% 1634 kWh/KWp -2.9% 89.7%
Interconnection losses (mismatch) 0.5% 1602 kWh/KkWp -2.0% 88.0%
Cabling losses 0.5% 1579 KWh/KWp -1.4% B86.7%
Inverter losses 1.5% 1538 kWh/KkWp -2.6% 84 5%
Power limitation of inverter 0.5% 1538 kWh/KWp 0.0% 84 5%
Transformer 0.0% 1538 kWh/&Wp 0.0% 84.5%
Tacexmamnaiey
B g Total 6.5% 1538 KWh/kWp 84.5%
B * Uncertainties are related to single standard deviation
R Gain/lLos : energetic Gain / Loss according to the step of calculation of the simulation

*** PR: Performance Ratio

18
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Quality measures for utility scale PV Plants
Input data for yield prediction and typical uncertainties
o g 1%“’

local irradiation —

type / number of inverters 1
type / number of modules
wiring —
T ‘ w
‘ 1
I -
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Quality Assurance for utility scale PV Plants
Measured compared to predicted PR and yield

. GHI: +5.3 GPOA: +5.3 PR: -0.6 Yield: +4.5
Basis EREE=ERANEEAEENRER] ERRIEREE" B
B 25 PV Plants with 5 years il

highly accurate data i
Result Al
B On average very good nr

agreement of measured B ekt

and predicted PR ook
® |Irradiation and yield l

remarkably higher than MRS

predicted NN |
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Quality Assurance for utility scale PV Plants
Input data for yield prediction and uncertainties

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

B Use of “old” irradiation data
underestimates the potential

B Comparable variation in different
regions of the world

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

20-year average: 2.3%

30-year average: 0.7%

] ] ] |

Muller et. all: Rethinking solar resource assessments in the con-text of global dimming and brightening. Solar Energy 99 (2014)
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Quality Assurance for utility scale PV Plants
Input data for yield prediction and uncertainties

B High uncertainty from irradiation
data

B Dimming and brightening has a
remarkable impact on the
predicted yield

® High influence depending on the
time period used

Observed tendencies in surface solar radiation

1950s-1980s | 1980s-2000 | after 2000
USA 6 g | 5wV | 8 W
Europe 3 Sl | 2 ey | 3 P
China/Mongolia | -7 \ 3 w—lp | 4 —)
Japan 5 "y |8 / 0 i
India 3 — | 8 10 Ny

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

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

22
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Quality Assurance for utility scale PV Plants
Power Rating in accordance to IEC 61853

B Power Rating characterizes the module at

different irradiance and temperature 0 =
conditions g

% LTC
B The data is basis for — nocr

accurate yield assessment

reliable re-calculation of on-site
datato STC

Verification of the PV plant
performance as a whole 0

Strom/Current [A]

0 5 10 15 20 25 30 35 40
Spannung/Voltage [V]

Press Release: http://www.ise.fraunhofer.de/en/press-and-media/press-releases/presseinformationen-2013/energy-rating-of-pv-modules-
improves-certainty-for-investors
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Laboratory testing
irradiance dependence
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=» high uncertainty on data sheet and manufacturer data
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PV Module Energy Rating

Calculated yield losses based on different irradiance dependence
characteristics (Poly-Si-Module):

Percentile

DE Nord
DE Sud
TR Mersin

-3,2%
-2,9%
-1,6%

50

-2,2%
-1,9%
-1,0%

95

-1,0%
-0,8%
-0,2%
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Quality measures for utility scale PV Plants
Temperature coefficient

S Manufacturer 1 TBNE Manufacturer 2
-0.35} -0.35[
v v
ol ol
g‘ -0.40 . E‘ —0.40
o o
1 f | .
= . =
5
:
—0.45} —0.45[ &
« « Nominal « « Nominal
* + Mean « + Mean
* Measured data * * Measured data
90% Quantil 90% Quantil
BT 034 ~0.32 20.30 ~0.28 S2s T ~0.33 0.3 ~0.30 ~0.28 ~0.26
TK _Uoc_rel TK _Uoc_rel

Fig: comparison on manufacturer and laboratory results for temperature dependence of poly-Si modules

=» high uncertainty on data sheet and manufacturer data
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PV Module Energy Rating

Calculated yield losses based on different temperature dependence values
(Poly-Si-Module):

Percentile 5 50 95
® DE Nord -1,5% -1,4% -1,3%
DE Sud -1,4% -1,3% -1,2%

B TR Mersin -7,6% -7,1% -6,6%
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Quality Assurance for utility scale PV plants

¢ solar resource assessment
“ site analysis

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

ENGINEERING >PROCUREMENT

® representative module
sampling and checks:
- performance
- reliability
- workmanship

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

« technical and financial dud dilligence*
* comprehensive PV plant Rertification*

N\

4

COMMISSIONING

OPERATION

¢ continuous long-term

» final power plant test: ’
i performance reporting

- visual inspection and
thermography imaging

¢ failure analysis and
- module power ;

i reporting
measurements .
- initial performance 3 Sptmzation gnd
verification ¢ Ferpoweiing

» final acceptance report ® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio
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Quality Assurance on Component Level
experiences from the field

Known failure mechanisms

» Goal of quality assurance: prevent known failures

29
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Quality Assurance on Component Level

A customized Test Protocol

Definition of
Procedure and
Criterions

Selection of
samples

Performance verification Visual inspection
Report with

Power at STC Light InduFed . Electrolumines- Vlsua.l analysis of the

Degradation cence (EL) Inspection results

Characterization Basic Reliability Testing

Sensitivity to sensitivity to potental a::r)zi': c\:il’lt:e

Power Rating Cell Cracksy(TC) —»  Snail-Trails —» Induced Deg. ——>» ryesults
(DH, UV) (PID)

Extreme
Climates

Enhanced Reliability Testing

Sensitivity to
Snail-Trails,
Yellowing ...

Ultra-Violet

Light Test (UV) i

Material Testing

Peel test

Definitions

Performance und
Workmanship

Power Rating und
Reliability

Enhanced Testing

30
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Quality Assurance on Component Level
module performance verification

6
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Quality Assurance on Component Level
Stability / Light Induced Degradation

185
184
183
182

=
co  Co
o

1
i

i
i‘

. %

178 3

Pmpp [W]

[
|
o

177 Ay i
176 Y g‘»‘ P
175 — T degradation
0 2 4 6 8§ 10 12 14 16 18 20

Time [h]

°° l't.g above: Continuous solar simulator for light soaking of PV modules

Left: Power of a poly-Si module, measured in-situ during initial
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Quality Assurance on Component Level
module performance verification

6

p:all

Pmpp [+%]

p:ms Oisel @ise2

Important

W After stabilization procedure all
modes shall be within the power

rating of the name plate (P,,,(NP))
including stated measurement
uncertainty m,.’

—OC : ® “Each percentage point increase in

15000 . .

o _., Measurement precision
m;=13% "

. corresponds to a monetary value

()

m=20%  3nd “Maximum measurement

L e —————————————————————————— m,;=3.0% preC|S|0n iS not Just an academlc

exercise, rather it greatly helps
gain the confidence of investors”.?

sorted by serial number
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Quality Assurance on Component Level
Module performance verification
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Quality Assurance on Component Level
Example: STC (initial) — Deviation from rated power

STC Pmpp
N = 1271 Z Fraunhofer

5 o

)
'8
%)
"\_!! f
;

&)

Deviation from rated values [%]

O Measured values
[ Mean values
-12
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Quality Assurance on Component Level
Example: post-LID - Deviation from rated power

LID Pmpp

N =124 Z Fraunhofer
ISE

catsb. //’I, "

..~

LID [%]

) Measure d values
[ Mean values

\
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Quality Assurance on Component Level
Data for one manufacturer from one customer

3.00
2.50
2.00
£
e
1.50 a
=
(]
100 &
=
i
i
0.50 o
] g
i B, 2
— 0.00
]:[ -0.50
-1.00
2010|2010 | 2011|2011 | 2011 | 2012 | 2012 | 2012 | 2012 | 2013 | 2013 | 2013 | 2013 | 2013 | 2013
mPmpp |-0.63|-0.54|-0.76  0.65 | 0.67 | 0.52 |0.01 | 0.03 |0.28 | 1.95 | 1.89 | 2.24 | 1.53 | 1.86 | 0.32
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Quality Assurance on Component Level
Basic Reliability testing

Efficient tests to evaluate important basic reliability characteristics

B Test duration shall not be long
Cell cracks

) Yellowing
B Fast and expressive results

Humidity ingress

PID
B Targeting important failure mechanisms
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Quality Assurance on Component Level
Visual Inspection beyond the standard

Module components for
validation:

Frame

Junction Box

Cable, Connectors
Front and Back View
Backsheet
Interconnections
Cells

Glas

Example: Junction Boxes in different Module Types

39
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Quality Assurance on Component Level
Visual Inspection

Back view / Backs heet nething remarkable

Mumber and width of busbars
3 pc., about 1.5 mm wide
on cels
5trings between cells not
Processing of string between |folded; thermal deviation can
cells cause tensile strength on
ribbon
Connection []ualﬁ._}r of placing of ribbon  |little misalignment on some .
on grid cells Junction box of
soldering points not always two different
Quality of solder connection 9P /
Clean module types
Quality / Processing /\Width
of collecting bus bars
Distance between the cells  |about 2-3 mm / about 2-3
horzontal / vertical mm
Cells .
) distances are not very
Adjustrment .
uniform
structured, no AR-coating;
Glass _ ”
marginal rest of silicone
40
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Quality Assurance on Component Level

Visual Inspection

Evaluated components

Width 46 mm
Connection on corners nut inserted
Frame e edges grinded pecrly, no
Comment / qualitative ) )
) exact cutting; continucushy
evaluation o
glued with silicone
. continuously glued with
Quality of Bonding on module] g
silicone
Clearance (0]4
Murnber / Type of bypass
Junction diod P L 3 pcs.; not identifiable
iodes
Box -
Connection type of bypass  |bypass dicdes continuoushy
dicdes and connection bus | scldered, scldering
bars connection not clean
Sealing of cover 0K
Length of Cable about 1000 mm
Type of Connector similar to MC 4
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Quality Assurance on Component Level
Basic Reliability testing

B Basic Reliability Testing
“ Type 1 and 2 show similar power loss, both meet defined criteria

Mechanical Load - Damp-Heat 1000 - UV 90 kWh/m?

1004 @ | =% (Type 1) [
—® % (Type 2)
®
7.y 99
£
“@: 93__ _______________________________________________________ i s L __________________ ARG T
g ol after ML, DH, UV
2 s it oA
S '
€
o
o e R o G S Sl B
94 T T T L T ¥ T
initial ML DH uv a0
STC measurement after stress test
EL images initial (1) and after test procedure (2) for type 1
© Fraunhofer ISE % FraunhOfer
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PV Module Testing
Humidity Ingress

Example: Sensitivity to hydrolysis, corrosion (humidity ingress)
B Benchmarking through enhanced climatic stress testing

B Power loss in % after 2000 hours Damp-Heat conditions (85°C/ 85 % RH.)

Manfuact. 1 Manfuact.2 Manfuact. 3 Manfuact.4 Manfuact.5 Manfuact. 6
3,00 -
1,00 -
-1,00 -
3,00 -
-5,00
-7,00 -
9,00
-11,00

Easy to handle & calculable |-1300 -

Powerloss in % after 2000 h Damp-Heat

time and cost
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Phase 3
Basic Reliability Characterization

PID Testing according to the current IEC Draft:

= 1000 V
m60° C it
m 85 % r.H. ’Higf |
m9% h g
mP>0,95P, 4

TS

2w ; A
= AR iyt
- L [ 2% TR b et - B it s
-~ = - Oy 4 =¥

31{
EL image before and after PID :f !z
test of an example module  FE

g Gl
3o
5 13

- -
IS, 3

Y
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Quality Assurance on Component Level
Extended Stress Cycles to reduce other Specific Risks

Example:

B Forms of ‘Snail-Tracks'
® Forms of Yellowing

B Forms of Adhesion loss
(Delamination)

Risk can be reduced due to
extended UV test in
combination with other
stress tests

46
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Quality Assurance on Component Level
Tests for Extreme Climates

® High Snow-Load at low
Temperature

B Extended Hail Test
(Standard: 25 mm @
-235mMm 3,45 mMmm O

B Salt Mist Corrosion Test

B Sand Abrasion

47
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Quality Assurance on Component Level
Gel content

® Analysis and calculation of the

percentage of gel content in EVA of a
PV module

M Testing facility: Soxhlet-extraction

B Influence on module durability
(adhesion, chemical degradation)

B Recommended gel content is 80-90%

48
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Quality Assurance on Component Level
Peel test

B Measurement of peel strength with a
tensile testing machine

® Analysis of the encapsulant adhesion

B Procedure:

M Strip width /length 10 mm /300 mm

M constant peel speed (13 mm/sec)
B angle of approximately 90°

B force measurement

49
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Reliable, time- and cost-efficient module testing
Summary

M Should cover STC power, yield-relevant characteristics as well as module design
and reliability related questions

B provides profound information of performance and quality within few days
M increased efficiency for reliability testing

B shows deviation to state-of-the-art

B detects the most common failure mechanisms

Minimizes the risk of failures during operaton

50
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Quality Assurance for utility scale PV plants

¢ solar resource assessment
“ site analysis

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

PROCUREMENT

® representative module
sampling and checks:
- performance
- reliability
- workmanship

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

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

N\

> COMMISSIONING

» final power plant test:
- visual inspection and
thermography imaging
- module power
measurements
- initial performance
verification

» final acceptance report

OPERATION

? continuous long-term
i performance reporting

0 failure analysis and
i reporting

’ optimization and
i re-powering

® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio

51

© Fraunhofer ISE

Confidential — GIZ and Bancomext Workshop

\

Z Fraunhofer

ISE



System Inspection and Testing
Main Steps

» Visual inspection of the PV plant
» Infrared images of modules and electrical connections

» Measurement of the solar generator to verify module power

» Short-term performance check of the PV plant

52
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Quality Assurance for utility scale PV plants

¢ solar resource assessment
“ site analysis

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

® representative module
sampling and checks:
- performance
- reliability
- workmanship

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

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

» final power plant test:
- visual inspection and
thermography imaging
- module power
measurements
- initial performance
verification

» final acceptance report

OPERATION

? continuous long-term
i performance reporting

0 failure analysis and

i reporting
’ optimization and
i re-powering

® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio
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Long-term experience
PV plant in Germany with 20 years service time

installed Power: 4,88 kWp
Construction: 1993

Location: Klausdorf, Germany
Orientation: -10° (South)

Tilt: 45 °

\

54 —
~ Fraunhofer

ISE



Long-term experience
PV plant in Germany with 20 years service time

Performance Ratio [%] Ertrag [KkWh/KWp]

1060 kWh/m2 (+ 13 %) 100 -
] — 1200

Yield : | B
i — 1000

810 kWh/kWp (= 13 %) -
Performance Ratio % 7 %0
77 % (= 2,7 %) e - a0
- 400

20 N .,
Replacements: - 200

2001: measurement equipment g 4 E 0

1T 1 1 17 1T 1T 17T 1 7T 1T 1T T T T T T T1

1994 1997 2000 2003 2006 2009 2012
Jahr

2009: Inverter

2007: data availability 75 %
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Long-term experience
PV plant in Germany with 15 years service time

Installed power: 50 kWp
Construction: 1999

Location: Karlsruhe, Germany
Orientation: +10° (South)
Tilt: 30°
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Long-term experience
PV plant in Germany with 15 years service time

1500 100%
1250 kWh/m2 (+/-5,1 %) P, Ny
Yield i EEER
1000 kWh/kWp (+/- 6,3 %) 900 - = = = = =
Performance Ratio :; = = = = =
80 % (+/- 4,6 %) o

idEEE a
i ERRRRRNEE -
NISEEEEREEEREREREIN

Replacements: 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
2007: mesurement equipment I Yield = Irradiation -—@=Performance Ratio

2013: Inverters
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[ | DC-Power: 826.0 kWp

PR-Trends .

Inverter: central

Example 1: Power Plant in Germany " Modules: 5
1600 100
1400 0
- £
3 2
% 1200 N =
2 8
g 2
E 1000 % II
| B
60
800
20
LT EFEE-E- 3-8 h 2 & 5= 8 agoeom
8 &8 &8 §8 8 8 & 8§ 8 ® & & 8§ § &8 &8 8 & ®
2009: PR88.4  2016: PR 75,5
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u C-Power: 1044.8 k
PR-Trends DC-Power: 10448 e

] Inverter: central
Example 2: Power Plant in Germany 5 Modules:

1600 100

1400 0
= &

2 o 3w

o a9 70
IE 1000 g
a

80

800
50

=~ @ @ Q ~ N m = W0 W0 = @ o Q ~— ©oN ™ =T W0 W
= 2 92 - - - - - [ v~ = (=] (=] = | - v oy = -
X § B § ¥ § H § ®H § N § R H § & & H § ®
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Peformance Ratio of PV Plants
Benchmarking for 2016 in Germany

Performance Ratio

100%

Measured performance

ratios for 250 PV plants

90%

blue bars represent new
plants with basic initial

80%

quality assurance and
continuous O&M.

IN
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Technical bankability is ...

... attractiveness of a project from the perspective
of the financing institutions

Quality assurance is one part of the puzzle

Different financiers have different technical requirements and
evaluation criteria for projects

no general guarantee for a bankable product or project, decision lies
solely by the bank/investor
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Trustworthy quality to benefit key stakeholders in the

PV plant market
Reduce technical risk . }

Ensure performance and M/\/
thus financial returns

Quality is a core factor of

technical bankability

Achieve differentiation in O
the competitive market

62
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Thank you for your Attention!

Fraunhofer Institute for Solar Energy Systems ISE

Boris Farnung

www.ise.fraunhofer.de

boris.farnung@ise.fraunhofer.de
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Part |

YIELD AND PERFORMANCE RISK ANALYSIS

Boris Farnung, Bjorn Muller
Fraunhofer Institute for Solar
Energy Systems ISE

Workshop “Quality Assurance and
Bankability of PV Power Plants”
Mexico City, Thursday, 15.11.2018

www.ise.fraunhofer.de
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AGENDA

B Introduction to the topic
® Partl

Solar resources

Losses and gains of a PV system

® Partll
Uncertainty calculation and P-values

Region specific technical challenges for PV projects in Mexico
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What are the questions?

7
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What are the questions?

B What is the energy yield for the projected lifetime?
B What is the risk that this yield estimation is wrong?
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What are the questions?

What is the energy yield for the projected lifetime?
What is the risk that this yield estimation is wrong?

The solar resource
Calculation steps of a yield assessment

Calculation model examples and open questions

What is the uncertainty?
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The solar resource
Data is available from various sources

SOLAR RESOURCE MAP WORLD BANK GROUP

PHOTOVOLTAIC POWER POTENTIAL A

MEXICO _ESMAP
an Countries o 100w 0w

Photovoltaic Solar Electricity Potential in Europe

: *@ e, o Ciudad Juérez
e (= 30°N
)
Global irradiation*
TRWh/mM'] £
<600 <450
(2%} 600
1000 750
1200 —— so0 |
_l 20N
1400 i 1050
1600 1200
1800 1350
r' 9 THE WORLD BANK
o qi St rpanuToe date Sl
7 — 1 200hkm
Long term average of PYOUT, period 1999-2015 !
20 2 e Daily totals: 3.8 4.2 4.6 5.0 5.4
B Wi : " Yearlytotals: 1387 1534 1680 1826 1972
* Yearty sum of global irasa¥en inadent on opamally-indined Authers; Thon
200 owfEne s phdtaatalomuchle © European Union, 2012 T —— Tris s t2 published by the Word Bas Group: Funced by ESMAP, asd prepared by Sciaras: For more Informatian anl tems ¥ use, slesse uisit http://globatsolaratias nfa
“Nerly 4 of solor eleetnoTy ganesated by cpimiiy-ncined - s
LhWp 5p5 tom with o perfa mmance ratio of 075 PYGIS hittp fire jrc ec.europa eu/pvgis’
——— s ”
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The solar resource
Data is available from various sources

https://globalsolaratlas.info
www.solargis.com
https://maps.nrel.gov/nsrdb-viewer
www.meteonorm.com

https://irena.masdar.ac.ae/gallery/#gallery
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The solar resource
Irradiation differ with different sources

= =
= _ =
— =+ o
’::l.'_\E\ — —
E
—
-
g N
= =
=
]
H
o
o
£ 8- 2
i — -—
=
%
=
=
5 - 2
I I I I I I I I I I I I I I I I I I I I I I I
1 2 3 4 o B 7 g a 10 11 12 13 14 15 1 2 3 4 5 G 7 g
Standort Standort
—=— TRY [ IMNM —=— Satellight — Meteonorm 8 —— PVGIS ESRA —— Uni Oldenburg
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The solar resource
Diffuse fraction differs with different sources

=2 ]
[am]
= _]
E-E' K
2 o
= =T
'E o _| = ]
(] (]
=0 — =0 -
I I I I I I I I I I I I I I I I I I I I I I I
1 2 3 4 & & 7 &8 9 10 11 12 13 14 14 1T 2 3 4 & B 7 &
Standort Standart
=== TRY /I[N —=— Satellight —t Meteonorm & —— FVGIS ESREA —— Uni Oldenburg
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The solar resource
Gains by tilting or tracking differ with different sources

E -
% -
E -
=
£ o
= (]
3
R -
E -
= — =0 —
I I I I I I I I I I I I I I I I I I I I I
1T 2 3 4 5 B 7 & 9 10 1 12 13 14 15 1 2 4 B B 7 #
Standort Standart
—&— TRY [ I[NM —=— Satellight —t— Meteonorm 6 —— PVGIS ESRA, —— Uni Cldenburg
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The solar resource
Satellite data

B Example: Comparison of 13
different data sources against high
quality ground measurements from
18 stations in Europe (P. Ineichen)

B Best data source: SolarGIS

B Average mean bias deviation
(MBD) of global horizontal
irradiance (GHI) is -0.3%, standard
deviation (SD) 2.4%

Figure based on data from:

Ineichen P. Long term satellite hourly, daily and monthly
global, beam and diffuse irradiance validation.
Interannual variability analysis; 2013.

SolarGIS
u=-0.3

015 o=+2.4

o
-
o

Probability

ol
o
vl

Heliomont MN 7

o
o
o

EnMetSol

o
[
wn

e
—
(=]

Probability

o
o
w

o
-
V]

o
1=
o

Probability

o
o
[

MBD [%]
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The solar resource

Dimming and brightening trends

Solar radiation is not stable over
time, but shows long-term trends

This phenomenon is known as

“global dimming and brightening”

Can be observed in most regions
of the world but with different
magnitude

Muller B, Wild M, Driesse A, and Behrens K,
“Rethinking solar resource assessments in the context
of global dimming and brightening,” Solar Energy,
vol. 99, pp. 272-282, 2014.

—
S W

|

h

{

|
o)

|
o

—15

(=1 74-13)

(+3.3£1.6)
%/decade

%/decade

Annual anomalies [%]
()

R EIC S CRICONEC IV RIS

— Braunschweig
— Fichtelberg
—— Hamburg

Potsdam
— Trier

— Wuerzburg
m— \e@N

Hohenpeissenberg — Weihenstephan
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The solar resource

Dimming and brightening trends

B In the presence of trends, choosing

the optimal reference time period
Is important

M Most recent 10 years are a good
compromise to reduce the
influence of single years, but to
get a good estimate of current
irradiance conditions

B Current difference in Germany
between 10 and 30 year period is
3% and about 5% for GPOA

Muller B, Wild M, Driesse A, and Behrens K,
“Rethinking solar resource assessments in the context
of global dimming and brightening,” Solar Energy,
vol. 99, pp. 272-282, 2014.
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The solar resource
Example: Potsdam (Germany)

Global horizontal solar irradiation in Potsdam, Germany 1950 — 2005

130

I[IIIl|IIIIIIIII

120

110

Surface solar radiation (Wm-2)

IlIIIIIIIlIIIIIIiiIlFlIIEIIII|IIIIIIIII

IIIIIIIII|IIIIIIE1I|

100 TN T N TN N N TN TN N NN TR I TN T TS N T N [N T S TN NN Y TN TN TN N A MUY TN TN TS NN SN TN N A N T A S S N SO SN T [N T T T
1950 1960 1970 1980 1990 2000

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

Global horizontal solar irradiation in Potsdam, Germany 1950 — 2005

140

130

IIIII[|IIIIIIIII

120

110

Surface solar radiation (Wm-2)

Iilllllllllllilli!ll

100

MeteoNorm

m|c / GeoModel
DWD

1950

1960 1970 1980 1990 2000

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

High quality (satellite derived) irradiance data sources are available
nowadays

However: local validation and experience is needed!

Data from different sources should be used to avoid errors and to detect
regions / locations with higher uncertainties

Long-term trends should be assessed and taken into account for solar
resource assessments

Uncertainties are higher for tracking systems, systems with different
orientations or higher tilt angle

16
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What are the questions?

Calculation steps of a yield assessment

17
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Calculation steps of a yield assessment

Gtlt

3.7%
Ghor
i %

Shadow
7.4%

Dirt
1.9%
Reflection
2.4%
Spectrum
0.9%
Irradiance
1.5%
Temperature
4.6%
Mismatch
0.7%
DC-Wiring
0.7%
Inverter
3.8%
AC-Wiring
0.4%

Feed In
79.4%

18
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Calculation steps of a yield assessment
Energy Rating (ER)

Gtlt
3.7%

. w
B
N
. Shadow

7.4%
N o
m Reflection losses Reflection
M Spectral effects -
. 0.9%

Irradiance
B Dependency on irradiance level S
B Dependency on temperature o
. gl.l_?‘rjzatch

DC-Wiring
. 0.7%
O e
. Qi;xlliring
[

Feed In
79.4%
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Calculation steps of a yield assessment
Performance Ratio (PR)

Gtlt

3.7%
. W
[]
[]
B Partial shading (& inverter behavior) Shadow
B Soiling losses pirt
. 1.9%
B Reflection losses Reflection
2.4%
M Spectral effects mectrum
. 0.9%
. . Irraodiance
B Dependency on irradiance level fn:pt
B Dependency on temperature 4.6%
. Mismatch
B Mismatch losses 0.7%
DC-Wirin
B DC + AC cable losses 0.1%
B Inverter efficiency and limitations Seoh
B Transformer losses 0w
L]
Feed In
79.4%
20
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Calculation steps of a yield assessment
Typical initial yield

Gtit

3.7%
Ghor
i %

® Horizontal irradiation (history)
N
B Diffuse fraction & conversion into module plane
B Partial shading (& inverter behavior) Shadow
B Soiling losses pirt
. 1.9%
B Reflection losses fection
2.4%
B Spectral effects -
. 0.9%
. . Irraodiance
B Dependency on irradiance level fn:pt
B Dependency on temperature 4.6%
. Mismatch
B Mismatch losses 0.7%
DC-Wirin
B DC+ ACcable losses 0%
B Inverter efficiency and limitations Seoh
B Transformer losses oach
]
Feed In
79.4%
21
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Calculation steps of a yield assessment
Long term yield

Gtit

3.7%
® Horizontal irradiation (history) w
® Horizontal irradiation (future)
B Diffuse fraction & conversion into module plane
B Partial shading (& inverter behavior) Shadow
B Soiling losses pirt
. 1.9%
B Reflection losses fection
2.4%
B Spectral effects -
. 0.9%
. . Irraodiance
B Dependency on irradiance level fn:pt
B Dependency on temperature 4.6%
. Mismatch
B Mismatch losses 0.7%
DC-Wiring
B DC + AC cable losses 0.7%
B Inverter efficiency and limitations Seoh
B Transformer losses oach
B System degradation
Feed In
79.4%
22
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Calculation steps of a yield assessment
Actual long term yield

Gtit

3.7%

B Horizontal irradiation (history) W
® Horizontal irradiation (future)
B Diffuse fraction & conversion into module plane
B Partial shading (& inverter behavior) Shadow
B Soiling losses pirt
m Reflection losses o
B Spectral effects -
B Product specifications vs. actual properties S
B Dependency on irradiance level f‘n:pt
B Dependency on temperature 6%
B Mismatch losses o
B DC + AC cable losses o7
B Inverter efficiency and limitations i
® Transformer losses oasn
B System degradation ~

Tora
23

\

~ Fraunhofer

ISE



What are the questions?

Calculation model examples and open questions

24
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Calculation model examples
All year efficiency of PV modules

Generator-Wirkungsgrad [%]

. -
- -

0 200 400 600 800 1000 1200

Einstrahlung in Modulebene [W/m”2]

25
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Calculation model examples
All year efficiency of PV modules

Calculation model:

® Simple and
robust

® Suitable for
different cell
technologies

B Parameter to
be derived from
data sheets

Generator-Wirkungsgrad [%]

o N B2 O

R . S .' IA . | :
0 200 400 o600 800 1000 1200
Einstrahlung in Modulebene [W/m”2]

26

|~
~ Fraunhofer
ISE



Calculation model examples
The Heydenreich module model

Ns=aG + bIn(G+1) + c[In2(G+e)/(G+1)-1]

n = Ny [1+y(T-25°0)]

o
||

nGA

B Determination of parameters a, b und c requires power values at 25°C
and three different irradiance levels

®m vy is found in the module data sheet

27
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Calculation model examples
The Heydenreich module model

Normalized Efficiency

1.0 —: at 25°C, AM 1.5 m. sower
. wia MOCT
0.9 STC, reduced efficiency
] Laboratory
0.8 - Data Sheet
EN 50380 requires: 0.7 -
N ]
P@STC 0.6 -
B AP @ 200 W/m? § Poly-Si
0.5
B P@NOCT T T T T T T T 7T T T T T T T T T T T 1T T 11
0 200 400 600 800 1000
lrradiance [W/m?]
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Calculation model examples
The Heydenreich module model

How to derive the parameters?

Standard values specific for given cell technologies
Detailed manufacturer’s data with assured universal validity

Laboratory measurements specific to a project

29
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Calculation model examples
The Heydenreich module model

103,0% 8,0%

102,0% 7,0%

101,0% 6,0%
[ |

£ 100,0% S 2 8 - 5,0%

@

€ 99,0% 4,0%

<)

£ =

— 98,0% 3,0% =

3 /’ o

% 97,0% 2,0% £

oo 2

< 3

< 96,0% 1,0% 3

.E <

.§ 95,0% B ﬂ _— -_ 0;0%

E Q, ()
94,0% mmm Dev_Callab/Datasheet -1,0%
93,0% I Dev_Callab/ISE.poly-Si | -2,0%

/ —a—CallLab
92,0% f = Datasheet -3,0%
% |SE poly standard
91,0% - | | | ] I I p‘ y | -4,0%
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Calculation model examples
The Heydenreich module model

103,0% 8,0%
102,0% = ] 7,0%
101,0% 6,0%
- 100,0% 5,0%
2
E 99,0% 4,0%
o —_
— 98,0% 3,0%
] -]
: £
W 97,0% 2,0% <
£ f
2 96,0% 1,0% 2
§ / =
3 950% - 0,0%
= 94,0% / -1,0%
’ J s Dev_Callab/Datasheet ’
93 0% B Dev CalLab/lSEDOlV-Sl -2 0%
—a—Callab
92,0% =~ -3,0%
4 |ISE poly standard
91,0% T T T T T T T poly T -4,0%
100 200 300 400 . 500 600 700 800 200 1000
Einstrahlung [W/m?]I
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Calculation model examples
The Heydenreich module model

Again, how to derive the parameters?
N

Standard values specific for given cell technologies

Laboratory measurements specific to a project

32
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Calculation model examples and open questions
just to be mentioned here...

Soiling & snow

Spectral gains or losses

Horizon / object / internal shading

Row-to-row shading vs. maximized use of area

Inverter: efficiency = f (power, voltage, temperature, ...)
Inverter: power / current/ voltage limitations of a given device

Average vs. peak values

33
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Conclusions...

Independent yield estimations are an requirement
Do not rely on a single yield estimation
Do not rely on a single software tool

It should be checked onsite, if the PV system is built as assumed!

PV power plant operation is well understood and reproducible

You (or your consultant) need to build up local / regional experience

Uncertainties will remain

34
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What are the questions?

What is the uncertainty?

35
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End of Part |
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Part Il

YIELD AND PERFORMANCE RISK ANALYSIS

Boris Farnung, Bjorn Muller
Fraunhofer Institute for Solar
Energy Systems ISE

Workshop “Quality Assurance and
Bankability of PV Power Plants”
Mexico City, Thursday, 15.11.2018

www.ise.fraunhofer.de
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AGENDA

® Partll
Uncertainty calculation and P-values

Region specific technical challenges for PV projects in Mexico
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Uncertainty calculation and P-values
Modelling steps

Gtit

Horizontal irradiation (history) | \1%}/

Horizontal irradiation (future)
Diffuse fraction & conversion into module plane

Partial shading (& inverter behavior) Shadow
Soiling losses it
Reflection losses N
Spectral effects -
Product specifications vs. actual properties S
Dependency on irradiance level 1:”:“
Dependency on temperature %
Mismatch losses o
DC + AC cable losses 07
Inverter efficiency and limitations Seoh
Transformer losses oan
System degradation

Feed In
79.4%
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Uncertainty calculation and P-values
Energy Rating (ER)

L]

L]

L]

L]

L]

M Reflection losses 0% to 2%
M Spectral effects 0% to 2%
L]

B Dependency on irradiance level 1% to 2%
B Dependency on temperature 0% to 2%
L]

L]

]

]

]
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Uncertainty calculation and P-values
Performance Ratio (PR)

Partial shading (& inverter behavior)
Soiling losses

Reflection losses

Spectral effects

Dependency on irradiance level
Dependency on temperature
Mismatch losses

DC + AC cable losses

Inverter efficiency and limitations
Transformer losses

1% to 4%
1% to 3%
0% to 2%
0% to 2%

1% to 2%
0% to 2%
0% to 1%
0% to 1%
0% to 2%
0% to 1%

(9]
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Uncertainty calculation and P-values
Typical initial yield

Horizontal irradiation (history)

Diffuse fraction & conversion into module plane
Partial shading (& inverter behavior)

Soiling losses

Reflection losses

Spectral effects

Dependency on irradiance level
Dependency on temperature
Mismatch losses

DC + AC cable losses

Inverter efficiency and limitations
Transformer losses

3% to 5%

2% to 3%
1% to 4%
1% to 3%
0% to 2%
0% to 2%

1% to 2%
0% to 2%
0% to 1%
0% to 1%
0% to 2%
0% to 1%

)]
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Uncertainty calculation and P-values
Long term yield

Horizontal irradiation (history)

Horizontal irradiation (future)

Diffuse fraction & conversion into module plane
Partial shading (& inverter behavior)

Soiling losses

Reflection losses

Spectral effects

Dependency on irradiance level
Dependency on temperature
Mismatch losses

DC + AC cable losses

Inverter efficiency and limitations
Transformer losses

System degradation

3% to 5%
1% to 3%
2% to 3%
1% to 4%
1% to 3%
0% to 2%
0% to 2%

1% to 2%
0% to 2%
0% to 1%
0% to 1%
0% to 2%
0% to 1%
0% to 5%

~N
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Uncertainty calculation and P-values
Actual long term yield

Horizontal irradiation (history)

Horizontal irradiation (future)

Diffuse fraction & conversion into module plane
Partial shading (& inverter behavior)
Soiling losses

Reflection losses

Spectral effects

Product specifications vs. actual properties
Dependency on irradiance level
Dependency on temperature

Mismatch losses

DC + AC cable losses

Inverter efficiency and limitations
Transformer losses

System degradation

3% to 5%
1% to 3%
2% to 3%
1% to 4%
1% to 3%
0% to 2%
0% to 2%
0% to 5%
1% to 2%
0% to 2%
0% to 1%
0% to 1%
0% to 2%
0% to 1%
0% to 5%

(o0}
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Uncertainty calculation and P-values
Uncertainty propagation: state of the art

B Uncertainty propagation

Uncertainties of individual modelling steps are assumed to be
normally distributed, independent and not correlated

Propagation of uncertainties to final yield by calculating the root of
the sum of squares of the individual uncertainties

M Probability of exceedance values (P-values) are used to express
information on the uncertainty distribution of the Predicted Yield.

Pxx is the value that is exceeded with the probability of xx%

E.g. P90 of the Predicted Yield = 1000 kWh/kWp -> 1000 kWh/kWp is
the Predicted Yield that is exceeded with a probability of 90%.

Pxx values can be calculated based on the quantile of a normal
distribution.
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Uncertainty calculation and P-values
Uncertainty propagation: state of the art

B Advantages
Easy to use

Result of a yield prediction usually consist of just three numbers:
predicted yield, P90 and degradation rate

® Disadvantages
Uncertainty distributions must be normal
No uncertainty of degradation rate covered
No inter-annual variability covered

Normal distribution is an oversimplification for the uncertainty of
some modelling steps (e.g. soling 1 £ 2 % losses)

10
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Uncertainty calculation and P-values
Uncertainty propagation: state of the art

Calculation step Uncertainty* Value Unit Gain/Loss** PR***
Long-term trends | Irradiation global horizontal 5.0% 1550  kWh/nv |
Irradiation on tilted surface 2.5% 1821 kKWh/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 KkWh/m? -2.5% 93.1%
Deviation from STC operation of modules
Pure losses! Spectral losses 1.0% 1661 kWh/KWp -2.0% 91.2%
' Irradiation-dependent losses 1.0% 1682 kWh/KWp 1.3% 92.4%
Temperature-dependent losses 1.0% 1634  kKWh/KW, -2.9% 89.7%
Interconnection losses (mismatch) 0.5%
Cabling losses 0.5% 1579 kWh/KWp -1.4% 86.7
Inverter losses 1.5% 1538 kWh/KWp -2.6% 845
Power limitation of inverter 0.5% 1538 kWh/KWp 0.0% 845
. Transformer 0.0% 1538 kWh/KWp 0.0% 845
Degradation
and Availability ? [Total 6.5% 1538  kWh/kWp 84.5%)

w

Uncertainties are related to single standard deviation
Gain/Los : energetic Gain / Loss according to the step of calculation of the simulation

L

It is physically not meaningfull to asume gains from modelling
steps as shading or soiling!

11
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Uncertainty calculation and P-values
Monte Carlo Simulation

® Why Monte Carlo?

To consider the possibly asymmetric uncertainties of all simulation
steps

Because it's (quite) easy to implement

B Advantages
Easy to use non-normal uncertainty distributions

Consideration of uncertainties in individual years due to inter-annual
variation

Results can be directly used for further calculations e.g. financial
models

12
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Uncertainty calculation and P-values
Monte Carlo Simulation: from normal to asymmetric

Symmetric Asymmetric
(assuming normal distributions for [(individually selecting normal and triangular

Calculation step all parameters) distributions)

Parameter Distribution Parameter
y 6 Normal y 6

Triangular a b C

% % % % %
Solar ressource potential in the referenceperiod | | | | |
11.4 2.5 normal 1.4 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 = [ 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
0.5 normal -1.0 0.5
: 1.9 normal -3.9 1.9
. 1.0 normal 2.4 1.0
. 0.5 triangular -1.8 0 -0.8
. 0.5 triangular -2.5 -1.0 -1.5
. 1.5 triangular -5.7 0 2.7
0.5 triangular -1.0 0 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
13 —
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Uncertainty calculation and P-values
Monte Carlo Simulation

120

Prediction
without long-
term changes

115
110

5

8

Yield / Yield in the Reference Perniod [34]
&

o0
BS
80
75 == PredictedYigld =R
w— G0 YO
70
0 3 10 15 20

Prediction Period [Years]
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Uncertainty calculation and P-values
Monte Carlo Simulation

120
Prediction with 115
long-term {10
changes

2 5

Yield / Yield in the Reference Penod [%6]
w
(5]

90
85
80 — ——
75 = Predicted Yield — P10
w— P50 — POO
70
0 5 10 15 20

Prediction Period [Years]
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Uncertainty calculation and P-values
Monte Carlo Simulation

120
Prediction with 115 .
mte_r-z_:mnual i1b

variations

2 §

Yield / Yield in the Reference Penod [%6]
&

90
85
80
75
— P50 — POO
70
0 5 10 15 20

Prediction Period [Years]
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Uncertainty calculation and P-values
Monte Carlo Simulation vs. Real Life (26 systems)

Comparison with
measured yields

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 wm— PO()
= P50 —eo— Measured Yield
c— plo

1 2 3 4 5 6 7 8 9 10 11
Prediction Period [Years]
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Uncertainty calculation and P-values

Example: Annual yields as input for financial model

Uncertainties of after tax
internal rates of return for
an "All Equity Partnership
Flip” model in the US

Source:

B. Muller, B. Xu-Sigurdson, P.Bostock, B.
Farnung, “The Influence of Interannual
Variation and Long-term Effects of PV
Energy Yields on Financial Models”, 7th
WCPEC, Hawaii, 2018

Cumulative IRR [%]

12

10 -

o¢]
]

Target
Investor

m— SpPONSOr

Project Year
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Uncertainty calculation and P-values
Reducing uncertainty and financial risk

B Uncertainty and risk can be lowered by
PV plant portfolio

Adjusted investment period

B.Mdller et al. , Investment risks of utility-scale PV: Opportunities and

Laborato ry an d on-site testi ng limitations of risk mitigation strategies toreduce uncertainties of energy yield
predictions”, 42. IEEE PV Specialists Conference, New Orleans (2015)

20-year prediction for individual plant Portfolio and adjusted investment period
= 120 £5.6% +8.1% £12.9% 2. 120 11.0%  +28%  +5.3%
© =
> 110 > 110
x | o
= 100 Io-..,. - £ 100 e
% ® o0 ...... © -v_'+_00000+
s 90 — 2 90 =
T ®
§ 80 § 80
< <

70 70

0 5 10 15 20 0 5 10 15 20
Years of operation Years of operation
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Uncertainty calculation and P-values
Summary and Conclusion

Uncertainties of lifetime energy yield predictions for PV systems are quite
well understood

Monte Carlo based uncertainty estimation

is able to reflect “real” (measured) deviations between prediction and
measurement

can consider asymmetric uncertainty distributions e.g. for
degradation rates

can be directly used as input for financial models
Uncertainties can be reduced with
shorter project lifetimes and

for portfolios of systems

20
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Region specific technical challenges
High Solar resource and PV power potential

SOLAR RESOURCE MAP

WORLD BANK GROUP SOLAR RESOURCE MAP . WORLD BANK GROUP
pEvORD NS G THEWORLO BANK  JEC s
GLOBAL HORIZONTAL IRRADIATION PHOTOVOLTAIC POWER POTENTIAL
MEXICO ESMAP MEXICO ESMAP  (EYEED
10w 100'W 90w 110°W 100" 90w
Ciudad Judrez Ciudad Judrez
AN : 200 0N
) \
. Cme;'m,
2N 2N SRt
)
€ 2010 THE WORLD 3N 9 207 THE WURLD S
e hacn e e Brtse cho rhseurte dath
Long term average of GHI, period 1999-2015 e Long term average of PVOUT, period 1999-2015 S
Daily totals: 4.6 5.0 5.4 58 6.2 6.6 Daily totals: 38 42 4.6 5.0 5.4
[ kWh/m’ =1 KWh/kWp
Yearly totals: 1680 1826 1972 2118 2264 2410 Yearly totals: 1387 1534 1680 1826 1972
This minp 4 published by the Word Bank Girsuo. fundes by ESMAR. 87 precared by Soasgs For mans Infarmation and terms of use. pleans vist hitp://giobalsclaratias mfo Thiz mag s putliched by tne Worts Rark Orsp, fundes ty EIMAR. snd preqiara iy Soisrge For mane méarmarion s tavme af se, pieace oot hetp:[glabalsalaratiaa méa
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Region specific technical challenges
Many different climate zones

Koppen climate type
- Af (Rainforest) - BSh (Hot semi-arid) - Cwb (Subtropical highland)
B Am (Monsoon) [ 1 Bsk (cold semi-arid) [ | ¢fa (Humid subtropical)

I Aw (savanna) [ ] csa (Hot-summer mediterranean) [ ¢fb (Oceanic)
- BWh (Hot desert) Csb (Warm-summer mediterranean) - ET (Tundra)
7] Bwk (Cold desert) [ | cwa (Humid subtropical) B :F (ice-cap)

*Isotherm used to separate temperate (C) and continental (D) climates is -3°C
Data source: Climate types calculated from data from WorldClim.org

22
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Region specific technical challenges
PV systems planed everywhere

Sonora:
23 subasta: 395SMW Chikmahua:
T 2a subasta: 329MW

Coahwmla:
4 la subasta: S80MW
23 subasts: 82 SMW

| San Luis Potosi:
2a subasta: JO0OMW |

Baja Californua:
23 subastm: 41MW

Yucitin:
la subasta: 3 18MW

o1 (stanapuato:
|3 subasta: 307MW
2a subasta: 90 MW

Aguascalientes:
La subasta: 63IMW
23 subasta: 345.67TMW

Jalsoo: i
1a subasta: 100MW s
Morelos: <
23 subasta: TOMW
Fuente: Elsborado por GIF con informacion de CENACE v SENER
23 -—
O Fraunhoier 1E Source: Képpen-Geiger/Wikipedia for Mexico % Fraun hofer
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Region specific technical challenges
Soiling: Global long-term dust concentration

' A. V\‘Iiinter &,/

T ———
. S o o V
e é s
= 5

I > 200 vy

J. Herrmann, Leistungszentrum Nachhaltigkeit, GloBeSolar project
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KG climate classification

Region specific technical challenges
Soiling: Worldwide soiling field case studies

@ ®@ O O @ O @

Cf
Cs
Cw
Df
Dw
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Region specific technical challenges
Soiling: Information on soil types

vl
F

[ 4

I ¥ Aoisol- AT
o W Aol -AL
LM Ardosl - AH
B = T
¥ o W Arthicsdl - AT
7 CI M Chesnczem-CH
PP il Cekeisal -CL
FF B 00 Cambicol- CH
~FF 2l Pl -FL
I LA Ferekol -FR
P LW Gleysal -GL
47 LI M Greyeen- GH
Pl Gy G
-5 2 M Hiztczol - HS
i W Festenozam K5
i Leptoard - LP
A Luwndl - LY
LA Lol -
I LW Hitisc -MT
AW Podzolsisol - FD
P W Phaseeem -PH
LM Plaesd-FL
2 M Pinthosal - PT

“

F il Solrcheh 5C
I LI Sckrete- 5M
Pl Vel VR
- 1M Aock Duicops - A
Fii SendDumss DS
7 L1 water bodins WA
< AW Urban, mong, e, - LAY
FE Sakflale-5T
g HaDaa-HI
FEd 1 Glavies -GG
LW (end 15
=45 Shane Layers
Ll T Cown s

Source: FAO HWSD soil database
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Region specific technical challenges
Soiling: Example research in Mexico

Available online at www.sciencedirect.com

o o Energy
ScienceDirect

Procedia

CrossMark

Energy Procedia 57 (2014) 99 — 108

2013 ISES Solar World Congress

Performance Reduction of PV Systems by Dust Deposition

; e .. B ] b
Bernd Weber®, Angélica Quifiones’, Rafael Almanza’, M. Dolores Duran®

@ Universidad Auténoma del Estado de México (UAEM), C.P. 05130, Toluca, México
b Instituto de Ingenieria de la Universidad Nacional Auténoma de México (UNAM), C.P. 04510, Covoacdn, México, D.F., México
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Region specific technical challenges
Country specific hazards and risks

Show Data Source v

m Cyclones W AT
W 20% chance of | ;
potentially-damaging wind

speeds in next 10 years.

@ Climate change: wind speed

rising
D Low
. Medium Very low
Source: Thinkhazard/UNISDR layer CY-GLOBAL-GAR15
28 —
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Region specific technical challenges
Country specific hazards and risks

B Volcanoes
" Risk of damages
= Risk of soiling

Source: Thinkhazard/GFDTT layer VO-Global-GFDRR

) ' Show hazard Level

%

Hazard set VO-GLOBAL-
GFDRR

X

Mo evidence 2
Return periods

Data owner GFDRR
Medium Intensity unit None

Low

High

29
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Region specific technical challenges
Country specific hazards and risks

Show data source

® River flood
“ Project planning
" Project design

“  construction

- High - Low

- Medium Very low
Source: Thinkhazard/GFDDR Innovation Lab/worldbank FL-Global-SSBN layer
30
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Region specific technical challenges
Country specific hazards and risks

B Global Iron corrosion model classification ISO 9223

B Severity classes 1-6 by I1SO 9223

J. Herrmann, Leistungszentrum Nachhaltigkeit, GloBeSolar project

31 —
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Region specific technical challenges
Country specific hazards and risks

® Global Copper corrosion model classification 1ISO 9223

M Severity classes 1-5 by ISO 9223

J. Herrmann, Leistungszentrum Nachhaltigkeit, GloBeSolar project

32
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Region specific technical challenges
Country specific hazards and risks

B Global Zinc corrosion model classification ISO 9223

B Severity classes 1-6 by ISO 9223

J. Herrmann, Leistungszentrum Nachhaltigkeit, GloBeSolar project

33
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Thank you for your attention!

Fraunhofer Institute for Solar Energy Systems ISE

Bjorn Muller

bjoern.mueller@ise.fraunhofer.de
ertragsgutachten@ise.fraunhofer.de
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The End.
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PERFORMANCE EVALUATION DURING
OPERATION AND PERFORMANCE
GUARANTEE

Boris Farnung, Bjorn Muller
Fraunhofer Institute for Solar
Energy Systems ISE

Workshop “Quality Assurance and
Bankability of PV Power Plants”
Mexico City, Friday, 16.11.2018

www.ise.fraunhofer.de
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AGENDA

M Performance measurements on-site

Data Acquisition and quality requirements

Typical Examples and Results of Performance Measurements
® Performance value and evaluation

Short term performance check

B Performance Insurance

\
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General Monitoring Approaches

M Selection of Approach depend on
M Type of application
B Motivation for monitoring
B Monitoring services required
M Technical options available and applicable in project
M Economic value or yield on stake
M Budget

3
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General Approaches - General Considerations

W Identify appropriate budget for the potential economic yield on stake
B What are the risks which must be controlled?

M Which services are required?
M Daily check
B Analysis of operational behaviour
B Support of maintenance activities
B Web visualisation
B Reporting
B Benchmarking
M Consulting to increase PR
B Quality assurance
M Bankability approval

\
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General Approaches - General Considerations (2)

® Which information can be gathered?
M Energy yield
M Energy resource
M Performance Ratio
M Failures (DC array, inverters, automatic switches)
m Assessment of generator efficiency and inverter efficiency
M Information about tracking
W Software status / inverter operation information
B Climatic conditions
M Availability of the electricity grid
B Logging of power limitation or reactive power requests from utility
M Long term changes in performance

\
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General Approaches - Typical Applications

B Small and medium sized systems

W Large scale

W Reference systems

M Pilot systems (technology validation)
W Investigative performance evaluation

\
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General Approaches - Typical monitoring configurations

® Minimal configuration
M Total AC energy
M Regional irradiation data

W Basic configuration
M Total AC energy

M Irradiation measured with
a Si sensor

7
R ~ Fraunhofer
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General Approaches - Standard configuration

W Standard configuration
M Total AC energy
W Energy of groups of inverters or of each individual
M Irradiation measured with a Si sensor
M [rradiation measured with a Pyranometer for P > 600 kWp or Thin Film

® Module temperatures ! E

B Ambient temperature
B DC currents and voltages (maybe only exemplarily)

e oLy (S
S W Y o
FoaTeR f -

\
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General Approaches - Limitations of standard monitoring

M Accuracy limited

W Cost efficient logger systems often with low accuracy at analogue
inputs (typ. 1%)

M Inverter-integrated measurements designed for cost efficient
operation control (Current accuracy approx. 3-8 %)

M Inverter failures may compromise monitoring
m Often limited options for extensions (e.g. by additional sensors)

\
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General Approaches - Comprehensive Monitoring

B Additional energy meters

B Additional, accurate DC measurements

M Requires extra wiring

B Additional measurements are independent of
® component manufacturer
B component operation errors

m Typically measurement logging technology open for extensions and with
unlimited options

B Webcam

B Weather station

W Tracker position

® Maintenance tracking

10
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General Approaches - Pitfalls for Performance Control

M Irradiation sensor
B Mount in temporarily shaded part
B Do NOT clean sensor
m Refer PR to Si sensor w/o mentioning

M Energy meters
M Interpret signal disturbances as impulses

M Evaluation
M Include only selected months or periods with high irradiation
M Exclude operation interruptions, snow, maintenance and repair
M Extrapolate from well performing subsystem(s)

11
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Quality Aspects and Analysis Methods

B General Criteria and Remarks
M Irradiation measurement
Pyranometer
Si sensor
B Energy metering
B Temperature measurements

B Performance Check

12
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Quality Aspects — General Remarks

Quality is crucial to ensure...
M Reliability
M data availability
M data accessibility
W Accuracy of measurements
B Absolute and repeatability
M Calibration and inspection on-site?
M Maintenance intervals?
B Distinguish from resolution!

Further aspects:
B Measurement interval and logging interval
® Consideration if samples, averages or integrals are required

13
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Examples — Dimensioning for Monitoring Components

Shunt too tightly dimensioned for
extraordinary high irradiance levels

Inverter Input Current [A]

B_

D_

AT
R
ot

I
800

1000 1200
Irradiance [W/m?]

14
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Quality Aspects — Pyranometer

B Thermopile pyranometer in module plane
Recommended:
M Secondary Standard
M Daily uncertainty < 2%

B Additional horizontal pyranometer may serve as
validation of meteorological resource
assessment in yield prognosis!

NN . W -
| S8 - : <~

—_
(9]
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Quality Aspects — Si sensor

Crystalline Si reference cell

B Temperature compensation/correction

W Stability of sensitivity

M Uncertainty < 5%

B Mount in least-shaded part in module plane
M Recommended:

W Characterisation in certified laboratory
(to reduce uncertainty to <2 %)

M Replacement after 2 years (stability check)
M Clean weekly (or as required)

B Attention!

Annual totals can differ up to 5% in comparison with the pyranometer

16
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Quality Aspects — Energy Metering

M Calibration

M Ensure operability at high currents over hours

M Check operation temperature at installation location
B Meters approved for PV inverter applications?

® High impulse output rates (resolution) if applicable
M Reactive energy metering by communication bus

M Direct measurement vs. transformers

B Uncertainty <1% (check meter class!) f

B Consider power limitation requests from grid!

17
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Quality Aspects — Temperature Measurements

B Temperature measurements
(2-wire, 3-wire, 4-wire)

B Ambient temperature
B Positioning

B Ventilation
B without
M passive
M active

18
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Quality Aspects - Temperature Measurements (2)

B Mounting of sensors for module backside temperature
Ensure thermally good, long-term contact!

19
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Quality Aspects — Performance Check

M Comparison of subsystems (cross monitoring)

W Expert based Operation Data Analysis System (ODAS)
® Module failures
W Inverter failures
W Inefficient inverter operation
® Shading effects
M Snow coverage
M Limitations induced
by the grid
B Monthly PR expectations
B Comparison with simulation

20
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Exemplary Experience

B Approaches for Performance Check
B Data processing
B Visualisation

B Reporting

21
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Examples - Comparison of Subsystems

Performance Ratio [%]

100

80

60

40

20

Failures in plant section 2
and partially in section 3. 0

= Ges—— 1 =& 2 |+ 3

1 9 10 15 20 25 30
Day of Month 2010-09
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Examples - Analysis of Monitoring Data

| | | | |

overview: Mon. 28. March 2011

systen power [kH] daily values
27
24 solar energy:
107.3 kh
F21
wigld:
396 kvhiaip
18
performance ratio:
15 599.8 %
= = 28 v
12 dary
= manth = 03 =
9 < year 2m1 v
a1 2 3 4 35 6 7 6 9 1011 121314 1516 17 18 lg
Shading in the morning 3 © Fraunhofer ISE

L T T T T T T T T T T T T T T T T T T T T T T T
a1 2 3 4 5 6 7 8 9 1811 121314 1516 17 18 19 28 21 22 23 24
hour of the day

Temperature effect in the afternoon?
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Examples — When does it happen?

F00-3:00 17.00-13:00

2:00-10:00, 15:00-16:00 10:00-11:00, 14:00-15:00
11:00-12:00, 13:00-14:00 12:00-13:00
oo —
— m =]
=<,
T
2 4 4
=
O
-
=
o = - i
String current as function | | J J J J J
of irradiance and hour of 0 200 400 BOO 200 1000 1200
the day
Irradiance Wm=]
24

\

~ Fraunhofer

ISE



Examples — When does it happen? (2)

String current as functior
of irradiance and hour of
the day

High reflectivity and
eventually tracking issues

DC current [4]

L it i e R Ol e e
2:00-10:00, 153:00-16:00

| 1:00-12:00, 13:00-14:00

am)

10:00-11:00, 14:00-15:00

12:00-13:00

400 GO0 00

lrradiance MY ma

1000

1200
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Examples — Daily Power Curve

Performance Ratio [%]
100 — Weaswrement Inkzrval: 5 Kin - 26
20 - i]
B 20
60 —
] 4
40 — 15
n 2
20
- i 10
Average day curves 0 ] ®%ssaq _cn[lﬂ (A ATHCATHAAEA REA ﬂ”ﬂun_\g ________ ;

on a sunny day r T T T 1T T 1T T 1T T 1T T T T T T T T T 1T T 1T T 11

2 4 6 a 10 12 14 16 18 20 22
Time of Day [h]
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Examples - Inverter Dimensioning

Efficiency Inverter [%]

-

=

=
|

" o AR
A

90

80

1 o, e I

70

e e

60

Inverter under-dimensioning 50

0.0 0.2 04 06 08 10 12
normalized Input Power P_dc/P_nom_ac

\
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Examples — Inverter Failure

Inverter failure

Input voltage inverter [V]

500 —

400 —

300 —

200 —

100

200

400

600

I T I
800 1000 1200
Irradiance [W/m?2]
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Examples — Inverter Power Limitation

Performance Ratio [%]

Power limitation by inverter

0 200 400 600 800 1000 1200
Irradiance [W/m?2]
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Examples - Single axis super power

W Single string with underrated power (East-West tracking)

system specs daily data monthly data annual data annual totals
overview: Sat. 12. February 2011

systen pover [kH]

2.4 daily values
2,2
L2
1.8 solar electricity:
1.6 17 4 KWh
1.4 yield:
e T.H2 KA
L4 perfarmance ratio;
H8.9 %
8.8
0.6 < day > |12
.4 month = |02
6.5 year 2011+
GoTo
I T T T T T T T T T T T T T T T T T \I T T T T T B
B 1 2 3 456 7 8 91011121314 1516 17 18 19 28 21 22 23 24
hour of the day @ Fraunhofer ISE
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Examples — Dual axis tracker limitations

M Deviation of elevation angle from best position along the year
90 " l - ; |
=1 l N
| Bt l ! "
P I A T I | ;
- I —
30 - A | '
i NlM!i
6.2

2.122010 1.2.2011 2.4.2011 2

3.ELk-S.ELk [°]

il |

p—————

| .il

o1 2.8.2011 2.10.2011

-30 +
-60 -

90 -

31

\

~ Fraunhofer

ISE



Examples — Monitoring Tracking

Azimuth angle
over hour of the
day (six months)

Light sensor
controlled
tracking unit

360

90 -

270 - W e i . —

AN #
Tageszeit

24
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Examples - Inverter Sizing

B Ratio of actual PV STC AC power [W/kWp]
power to rated (and 1200 g T E—
maximum) inverter AC
power is 115% in this 1000 (AR T S o T C |
example 5 5 5 E 5

800‘ """" """" """ . "
i T R
wol- . A AR ..
S R
0 I ]
0 200 400 600 800 1000 1200
Gtlt [W/m2]
33
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Examples — Inverter Sizing

B Losses may be determined AC power [W/kWp]
purely from measured data: 1200 ' . r 1

compare mean PR values for ' PRy=89.5%
two irradiance ranges L

W If PR; would be 89.5% in the gjq
red region as well, total
energy output would be 600
increased by roughly 0.1%

............................

...................

400} i

200 S g2l

0
0 200 400 600 800 1000 1200
Gtlt [W/m2]
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Examples - Inverter Sizing

B Simulations with and

without inverter power 1200
limitation allow for the

prediction of related energy 1000
losses — quite comparable to

the observed value 800

600
400

200

AC power [W/kWp]

e e

b somine st svmess el e ROELE

| Inverter AC Power Iimitl o

.......

Gtlt [W/m2]

]
200 400 o00 800 1000 1200
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Examples — Shading Losses

B Position of sun is
defined by elevation
and azimuth angles

36
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Examples — Shading Losses

Position of sun is Sl
defined by elevation ' "j?;?
and azimuth angles i

The profile angle is
the projection of
solar elevation on a
plane perpendicular
to the module rows ™.
(and to the ground)

37
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Examples — Shading Losses

Position of sun is \6,
o

defined by elevation ' B
and azimuth angles \

The profile angle is
the projection of
solar elevation on a
plane perpendicular
to the module rows ™.
(and to ground)

There is a minimum
profile angle without
shading

38
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Examples — Shading Losses

PRmeas [%]
B Observed values of PR 140 . 1200
lotted vs. profile angle
P P J 120+ 1050
100} 1900
1750 ‘&
80+t E.
1600 Y
e
60+ ©
©
450 E
40+
300
| 150
fj A
0=30 20 30 40 50 60 70 80

Profile angle [°]
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Examples — Shading Losses

B Observed values of PR 140 1200
lotted vs. profile angle
P P 9 120} 1050
B C(Clear limit of low values of
PR at 18.5 degrees 1001 900
o 1750 ‘&
80} =
1600 Y
=
601 ©
©
1450 ©
40}
300
“a 150
.l I N I O OO DR
0=30 20 30 40 50 60 70 80

Profile angle [°]
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Examples — Shading Losses

B Observed values of PR

plotted vs. profile angle

B C(Clear limit of low values of

PR at 18.5 degrees

B Shading losses as estimated
purely from measurements:

4.8%

140

120

100

PR [%]

meas

T

go| ¥

60

40

20

r

' PR shaded: 28.8%)

T T

(PR unshaded: 84.1%]

T T T T

.........................................................

10 20 30 40 50 60 70 80

Profile angle [°]

1200

1050

1900
1750
1600

1450

300

150

hTadiance[VVrnZ]

41

\

~ Fraunhofer

ISE



Example - Temperature

deltaT over Gpoa_moni 60

w8
NEEY ]

54
48
1 442
g 25 136
|_
g 20 13.0
® 124
15

0.0

¥ P - | ' ! !
200 400 600 800 1000
Gpoa_moni [W/m?] windspeed [m/s]

Linear over-temperature
model used to fit measured
module to ambient
temperature difference
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Example - Soiling

480 — 11
B C(leaning lead to ~6% b
. 4601 -i----25Eags
higher performance -
ol | B
= | ] 2
£ 420 (-
(&) : : =
& 400} ; kS
 {os
380
 Hoz
3601 ;
20 10‘“ 10‘—“ 10\"‘ LB L T 1.0\ 203 o3
wet w V\a‘?’ Ps?‘o pot b pE 20 et 7! we N\a‘l X@\a‘! e way 7
—
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Example — Degradation

Fi|tering of 5-min average values: Performance Ratio Anzahl 5-Minuten-Mittelwerte: 524307
N—

20

44 —
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Example — Degradation

Filtering Of 5_min average values: Performance Ratio Anzahl 5-Minuten-Mittelwerte: 20627
77— T
= |rradiance between '
800...1000 W/m?2 ol l
80 - ]
,60 Lie e
40 - -
0} 1
0 Ze6 2007 2008 2009 2010 2011
Zeit
45 —
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Example — Degradation

F||ter|ng Of 5_m|n average Values Performance Ratio Anzahl 5-Minuten-Mittelwerte: 4875
b R S
* |rradiance between :
800...1000 W/m?2 ” |
= Module temperature
between 40...45 °C 50 "

20

46
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Example — Degradation

F| Iterl ng Of 5_m | n ave rage va I ues: Performance Ratio Anzahl 5-Minuten-Mittelwerte: 4798

120 T T T T T e T T T T w T

* |rradiance between
800...1000 W/m?2

= Module temperature
between 40...45 °C

= Values inside median £ 5%

47
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Example — Degradation

Filtering Of 5_min average Values: Performance Ratio Anzahl 5-Minuten-Mittelwerte: 4798
120 ; ; ; ; T ;
= Irradiance between
800...1000 W/m?2 L
= Module temperature
between 40...45 °C o gplt—YMe— N e Mgy
= Values inside median + 5% ol
= Calculation of rate of
change rate in %/year w0}
20
0 2006 2007 2008 2009 2010 2011

Zeit

48

\

~ Fraunhofer

ISE



Short-term Performance Check
Independent performance verification in 3 steps

1: Model of the plant as built

plant
model
module and inverter characteristics plant construction
e.g. temperature and irradiance dependence, efficiency e.g. orientation, tilt, shading and wiring losses

2: Validation of PV plant monitoring system (yield, irradiance, temperature)

1200

£ 1000 - — BE =

— = % —

E. gg i Clienlt ................................................................... = a

= | L S N | T, | Q

E AD0 s e e e e e S e R T S SN e i b

B 200 b R g g

e 0 =

o] 9] : : ; : :
= -200 i i i i i -20 ; ; i ; i

06:00 09:00 12:00 15:00 18:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
Fig. 1: Measured irradiance of ISE (red) and client (blue) sensor Fig. 2: Comparison of ISE and client pyranometer values
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Short-term Performance Check

3: Plant performance: modelled vs. measured data

on-site measured irradiance and
temperature data

v

PV plant
model

comparison and results

v
modelled PR measured PR

PR ’“"l?m:. .i
l 6! 2

140 Performance Ratlo [%] . Irradlatlon [eWh /m* rfug,f]
e —— *—2 PR actual 82.4% = PR expected 841% __________ _ -
N S . R — T — o
0 O A
A= T i ,
i . | 5 i Al

5 10 15 25 30
Day

B Comparison of actual (measured) and expected
(modelled) PR

50
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Short-term Performance Check

mVerification of the monitoring system

» Inspection of the mounting and orientation of the irradiation sensor

51
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Short-term Performance Check

M Verification of the monitoring system

> Inspection of the temperature sensor

52
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Short-term Performance Check

mVerification of the monitoring system

» Verification of the calibration values and the time stamps

=5

S
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Short-term Performance Check

mVerification of the monitoring system

» Verification of the measurements

1 zuﬂ 1 : I I :

Irradiance [W/m* |

Client - ISE [%%]

03:00 06:00 09:00 12:00 15:00 18:00 21:00
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Short-term Performance Check

mVerification of the monitoring system

» Comparison of actual (measured) and expected (modelled) PR

46 Performancelﬁatin [%] | | | Irradilation [A'H'h_;"mzl day] 14
wbl . e—o PR actual: 82.4% =—o PR jexpected: 84.1% _ 5
N . . i T — o
. - 8

7o ) U | NN | O | | ) | 5 | 6
ol e T 1
; | | | | | I,

5 10 15 20 25 30

Day
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Short-term Performance Check

M has been applied successfully for utility scale PV plants world wide in the past years
However: high quality monitoring data is needed!

B As the plant's own monitoring system is validated, third party evaluation of existing and
future yield data is possible.

M The procedure allows in addition
to analyze underperformance and disruptions in operation

to estimate yield loss due to derating of the PV plant

M [t can be applied continuously (current research project ALPRO)

56

\

~ Fraunhofer

ISE



Performance Insurance and Guarantees
Performance is a simple number! But is it?

ELSTE Y A5

e,
P
. .
e B
¥

PR =
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Performance Insurance and Guarantees

B Energy yield measurements
AC just at the inverter
before transformer
Before additional cabling to the feed in point
at the feed in / billing point
B [rradiance measurements
Pyranometer / reference cell / satellite data ?7??
Pyranometer / reference cell standard
Cleaning intervals

Recalibration

B Minimum time interval for the Insurance / Guarantee: months, year, ...?

M System outages / grid outages included?

58
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Performance Insurance and Guarantees

® For a proper Performance Insurance / Guarantee a lot of details have to be negotiated
High transaction costs!

B Performance not energy yield is insured or guaranteed
B A guarantee with a low performance value may be useless

B High data availability is mandatory

59
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Thank you for your attention!

Fraunhofer Institute for Solar Energy Systems ISE

Boris Farnung, Dr. Bjorn Muller

www.ise.fraunhofer.de
Boris.farnung@ise.fraunhofer.de, bjoern.mueller@ise.fraunhofer.de
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BASICS IN PV POWER PLANT TECHNOLOGY

Boris Farnung, Bjorn Muller

Fraunhofer Institute for Solar
Energy Systems ISE

Workshop “Quality Assurance and
Bankability of PV Power Plants”
Mexico City, Friday, 16.11.2018

www.ise.fraunhofer.de
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AGENDA

® PV technology
PV technology overview, PV module standards
Solar Cell efficiencies
Degradation of modules
B Plant Components
Components of PV Plants
B Norms and standards
Relevant international standards and norms for PV projects
Relevant national standards (NOM)

®m Standard warranties for the main equipment
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Ejemplos de Sistemas FV

B Espafa, Barcelona, 1.5 MWp, techo de fabrica, C-Si, inversores

\
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Ejemplos de Sistemas FV

B Alemania, Friburgo, 2,0 MWp, relleno de basura, C-Si, inversores
descentrales ‘

ISE



Ejemplos de Sistemas FV
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Ejemplos de Sistemas FV

M Espana, 1.0 MWop, tierra seca, rastreador de un eje, C-Si, inversores
centrales
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Ejemplos de Sistemas FV

m Chile, 150 MWp, tierra seca, rastreador de un eje, CdTe, inversores

=

e
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Some of the largest plants in the world (2017)

Cestas Solar Farm, 300 MWp S oo -
_ Zhongl Terghui salar r_ami 150 Mip

T ® 7 : <
Solar Star (1 and IT), 579 MWp Tranquility Solar project, EDU'M\:\.!'Q--' Huanghe Wdrﬁpowerﬁoﬁ’md So}ar ark; 500 Mip g * ®
Topaz Solar Farm, 550 MWp ~ i 73 j ® e DatnngSular Pawer Top Runner Base, 1000 MWp
Springbok Solar Farm, 328 MW E e Conﬁnchﬁ_SDlap..l‘iB MWp ; e Tengger Desért 50;;: Park, 1547 MWp Longyangxia Bam Solar Park, 850 MWp
. Agu Caliente Solar Project, 290 MWp W ies i Charanka SalarPark, 345 !‘-'le L 5 ST
¥ ey _ . . - Quand-e ﬁzamSDlarPﬁirkpﬂm MWD . Powerpiant 172 wa
o, ] | : 1 Kumoolunra Mega Soiar ark, 1000 MWp @ Pavagada’ Soarl’aﬂg 200!-1\'\'0
N / & Kamuthi Solar power Project, 648 Mip

A A e & NP Kunta, 250 Mw‘p

Parque Solar Lapa, 158 MWp L=

e ®
Finis Terrae solar project, 160 MWp
M

' Soar Capital De Aar, 175 MWp
<Oy

Rapidly developing!

\

Data source: Wikipedia, illustration: Fraunhofer ISE
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Global Cumulative PV Installation until 2017
(includes off-grid)

|
© Fraunhofer ISE

.E e - L _ _
o m Middle East & Africa
v BB e _ _ _
%‘ Latin America & Caribbean
B 0D -{rrrr __
S m India
B 250 - N .
- m Rest of Asia-Pacific & Central Asia
D200
8 Japan
n
E 150 _
g = North America
R T L -
= m Europe
g 50 —
& i I m China

0 T T T

2010 2011 2012 2013 2014 2015 2016 2017

Data: IHS. Graph: PSE GmbH 2018
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Global Cumulative PV Installation by Region
Status 2017

Rest of World
9%

The total cumulative
installations amounted to
415 GWp at the end of year
2017.

All percentages are related
to total global installations,
including off-grid systems.

North America

© Fraunhofer ISE

Data: IHS. Graph: PSE GmbH 2018
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PV Technologies - PV technology overview

CdTe

CIS/CIGS

imi

Thin-film Silico )—

(Ben Lumby et al. 2015)

13
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PV Technologies — PV technology class characteristics

Technology Crystalline Heterojunction Amorphous  Cadmium Copper indium
Silicon with intrinsic Silicon Telluride gallium Di-Selenide
thin film layer
Category C-Si HIT a-Si CdTe CIGS or CIS
Current
commercial 13%-21% 18%-20% 6%-9% 8%-16% 8%-14%
efficiency
Temperature
coefficientfor 4 4500rc  0.20%/°C -0.21%/°C -0.25%/°C -0.35%/°C
power
(typical)
(Ben Lumby et al. 2015)
14 —
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PV Production by Technology
Percentage of Global Annual Production

100% - 1010 - i ~ Production 2017 (GWp)
90% - - - i |
~ Thin film 4.5
80% - i - i |
B Multi-Si 60.8
70% |
] Mono-Si 32.2
60% - i - i
50% - - - i |
40% - i - i |
30% - i - i |
20% |
10% - - - - - i |

© Fraunhofer ISE

Percentage of Annual Production

0%

O O X o0 ©
SO SN Y
N N

> N S o™ P O A H b DO WM
*P o O o oL O NS S A
A A A A R T I P

Year

Data: from 2000 to 2010: Navigant; from 2011: IHS (Mono-/Multi- proportion from cell production). Graph: PSE GmbH 2018
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Annual PV Production by Technology
Worldwide (in GWp)

About 97.5* GWp PV module production in 2017

o &
v

2015

Thin film
Mono-Si
© Fraunhofer ISE . .
Multi-Si
2005
*2017 production numbers reported by
different analysts vary to some extend.
We estimate that total PV module
production is realistically around 97.5
GWop for year 2017. 2000

Data: from 2000 to 2010: Navigant; from 2011: IHS. Graph: PSE GmbH 2018
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Market Share of Thin-Film Technologies

Percentage of Total Global PV Production

18%

16%

14%

12%

10%

8%

6%

4%

Percentage of Thin-Film Market Share

2%

0%

Q N v )
N N N Y
S S

Production 2017 (GWp)

W Cd-Te 2.3
B aSi 0.3
B AG)S 1.9

™ 2] © A
N N N N

Data: from 2000 to 2010: Navigant; from 2011: IHS. Graph: PSE GmbH 2018
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Thin-Film Technologies
Annual Global PV Module Production

3500 T ============------meeemeeemeeeeeeeeeee-eee-mmemmme-mmeemeeeseeeeeeeeeeee-eaa-
© Fraunhofer ISE

3000

2500

2000
— CdTe

1500

— a-Si

1000 — Cl(G)S

PV Module Production [MWp]

500

0 T 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year

Data: from 2000 to 2010: Navigant; from 2011: IHS. Graph: PSE GmbH 2018
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PV Module Production by Region 1997-2017
Percentage of Total MWp Produced

= 100% ¥ mm mm  mm  mm
s :
o
< 80% - 1 Eoen  met SRR
g @ W Europe
é o
2 60% 4 b o B e eSS =-HS S B BB E RSN M Japan
©
et
|9 = China &
‘5 40% -0 ST e TIEH EOEE TEEE B SRR [ B BEE B SR R B S S Taiwan
gj) mus
£
[T} 20% ++1 1 1 —1
g ®ROW
a
0% -
A b ) QO Yy &V > D $H o 4 b ) QS Ny " > ™ \e) o A
) ) ) O O ™ &N > & N Oy & >
B I I R M R U R RN
Year
Data: Up to 2009: Navigant Consulting; since 2010: IHS. Graph: PSE GmbH 2018
19 —
© Fraunhofer ISE % FraunhOfer

Confidential - GIZ and Bancomext Workshop ISE



PV Industry Production by Region
Global Annual Production
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Data: Up to 2009: Navigant Consulting; since 2010: IHS. Graph: PSE GmbH 2018
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PV Technologies — Solar cell efficiencies, 2018

®m record lab cell efficiencies mono/poly:
26.7% for mono-crystalline and

22.3% for multi-crystalline silicon wafer-based technology.

B record lab cell efficiencies thin film:
22.9% for CIGS and
21.0% for CdTe solar cells.

B In the last 10 years, the efficiency of average commercial wafer-based
silicon modules increased from about 12% to 17% (Super-mono 21%).

M At the same time, CdTe module efficiency increased from 9% to 16%.

For constantly updated figures, see

https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
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PV Technologies — Solar cell efficiencies, 2018

B In the laboratory, best performing modules are based on mono-
crystalline silicon with 24.4% efficiency.

M Record efficiencies demonstrate the potential for further efficiency
increases at the production level.

B In the laboratory, high concentration multi-junction solar cells achieve an
efficiency of up to 46.0% today.

®  With concentrator technology, module efficiencies of up to 38.9% have
been reached.

For constantly updated figures, see

https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report.pdf
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Development of Laboratory Solar Cell Efficiencies

Solar Cell Efficiency [%]
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Data: Solar Cell Efficiency Tables (Versions 1 to 52), Progress in Photovoltaics: Research and Applications, 1993-2018. Graph: Fraunhofer ISE 2018
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PV Technologies — Best Lab cells vs. best lab modules

¥ Si mono-crystalline cell (79 cm?) 26.7 ¢
S

» Si mono-crystalline module (13177 cm?) @
£
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Data: Green et al.: Solar Cell Efficiency Tables (Version 52), Progress in PV: Research and Applications 2018. Graph: Fraunhofer ISE 2018
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Current Efficiencies of Selected Commercial PV Modules
Sorted by Bulk Material, Cell Concept and Efficiency
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¢-Si Solar Cell Development
Wafer Thickness [um] & Silicon Usage [g/Wp]
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Data: until 2012: EU PV Technology Platform Strategic Research Agenda, from 2012: ITRPV 2015; ISE 2016 without and 2017 with recycling of Si. Graph: PSE GmbH 2018
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Price Learning Curve
Includes all Commercially Available PV Technologies

Module Price
[Inflation adjusted €,,,,/Wp]

100

Learning Rate:

Each time the

_ | cumulative production
1980 doubled, the price

. went down by 24 %
for the last 37 years.

[

© Fraunhofer ISE
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Data: from 1980 to 2010 estimation from different sources : Strategies Unlimited, Navigant Consulting, EUPD, pvXchange; from 2011: IHS. Graph: PSE GmbH 2018
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PV Technologies — Degradation

M Performance of a PV module will decrease over time due to a process
known as degradation

® Degradation rates depend on different factors such as:
Humidity
Temperature
Solar radiation
Voltage bias effects (potential induced degradation PID)
Quality of the materials used in manufacture
Manufacturing process
Quality of assembly and packing of the cells into the module

B The extend and nature of degradation varies among module
technologies
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Trends - Module selection for long lifetime

M Back side material:
Advantage glas-glas.
If glas/backsheet, then high quality components
Back side material important!
® Cell technology
Clear tendency towards PERC, rather 4-5 busbar than multiwire
B Modules
72 vs. 60 cells
Full- vs. half size cells
mono vs. poly
B Mono- vs. bifacial

Complex topic. Bifacial technology has advantages if applied
correctly. Mono however established and well understood.

29

\

~ Fraunhofer

ISE



Inverter/Converter Market 2017

Market
Share Remarks
(Estimated)

String Inverters up to 150 kWp up to 98% ~52% * 6-17 €-cents /Wp
« Easy to replace

Inverter /

Converter

Central Inverters More than 80 kWp up to 98.5% ~ 44% *+ ~ 5 €cents/Wp
* High reliability
« Often sold only together with
service contract

Micro-Inverters Module Power 90%-95% ~1% + ~ 28 €-cents /Wp
Range + Ease-of-replacement concerns
DC/DC Module Power up to 98.8% ~ 3% * ~ 9 €-cents /Wp
Converters Range + Ease-of-replacement concerns
(Power * Output is DC with optimized
Optimizer) current

» Still a DC/ AC inverter is needed
*+ ~ 3 GWp installed in 2017

Data: IHS 2016. Remarks: Fraunhofer ISE 2018. Design: PSE GmbH 2018
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Typical warranties for system components

For Modules

Product warranty: 5 years

After that: power output warranty : still 90% after 10 years
after 20 years: min. 80% Power output

Or: Linear Performance Warranty, example:

LINEAR PERFORMANCE WARRANTY

10 Year Product Warranty = 25 Year Linear Power Warranty

E

uaranteed Power
0

0 80%

T 1 1 1
Years 5 10 15 20 25

For Inverters

M Typically ranges from 5-10 years
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Standards in the PV world

® National standardization bodies exist, like e.g.
NIST (National Institute of Standards and Technology, US)
Mexican NOM and NMX
DIN (Deutsches Institut fir Normung, German)

JIS (Japanese Industrial Standards)

® In PV, main body is IEC (“International Electrotechnical Commission”)

“Technical Committee 82 on Photovoltaics” i

. . FORE  @ONIN WELY GART - —
eight working groups =
As of 2018: 105 publications and standards e

Source https://webstore.iec.ch/publication/24312#additionalinfo
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Relevant IEC topic families

Photovoltaic devices

Terrestrial Photovoltaic Modules

Photovoltaic module safety qualification

Measurement procedures for materials used in photovoltaic modules
Photovoltaic Systems

Photovoltaic Module and System Performance

Photovoltaic PV Array

Solar photovoltaic energy systems

Photovoltaic inverters

Photovoltaic concentrators (CPV) and modules

Recommendations for renewable energy and hybrid systems for rural
electrification
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IEC most prominent standards for Quality Assurance

® 60904 family: measurement principles and requirements for reference
devices

61215 family: design qualification and testing

61730 family: module safety qualification

61724 family: Photovoltaic system performance

IEC 61829:2015: PV array on site measurements of IV characteristics
IEC 62548:2016: PV array design requirements

IEC 62941:2016: “Guideline for increased confidence in PV module
design qualification and type approval”

W [ECTS 63049:2017: “Guidelines for effective quality assurance in PV
systems installation, operation and maintenance”

B |EC 62446-1:2016: Requirements for testing, documentation and
maintenance - Part 1: Grid connected systems - Documentation,
commissioning tests and inspection

40
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Further Reading
Selected studies and analyses

ISE Energy Charts

Study: Levelized Cost of Electricity - Renewable Energy Technologies

Recent facts about photovoltaics in Germany

Power Generation from Renewable Energy in Germany - Assessment of
2017

B What will the Energy Transformation Cost? Pathways for Transforming
the German Energy System by 2050

B Meta Study: Future Crosssectoral Decarbonization Target Systems in
Comparison to Current Status of Technologies

B Study: Current Status of Concentrator Photovoltaic (CPV) Technology

Please click on the link to find the respective information.
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https://www.energy-charts.de/index.htm
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_5-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_5-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_5-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_5-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#tabpanel-2
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_15-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_15-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_15-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_15-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_15-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#tabpanel-1
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#tabpanel-1
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_351080506-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_351080506-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_351080506-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_351080506-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_351080506-answer
https://www.ise.fraunhofer.de/en/renewable-energy-data.html#faqitem_3-answer

Thank you for your attention!

Fraunhofer Institute for Solar Energy Systems ISE

Boris Farnung, Dr. Bjorn Muller

www.ise.fraunhofer.de

Boris.farnung@ise.fraunhofer.de, bjoern.mueller@ise.fraunhofer.de
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Abbreviations

Al-BSF

BIPV
BOS
CdTe

CI(G)S

CPV
¢Sl
Cz
DC

EEG

EPBT
EROI
FZ
GaAs
GaN

Alternating Current

Aluminum Back Surface Field

Building Integrated PV
Balance of System

Cadmium-Telluride

Copper Indium (Gallium)Diselenide

Concentrating Photovoltaic

Crystalline Silicon
Czochralski Method

Direct current

Renewable Energy Law
(Erneuerbare Energie Gesetz)

Energy PayBack Time
Energy Return of Invest
Floating Zone

Gallium Arsenide

Gallium nitride

HCPV

High Concentrator Photovoltaic

HJT (also HIT) Heterojunction with Intrinsic Thin-Layer

IBC
LCPV
M)
MPP

n-type

PERX
PR

p-type
PV
RE
ROI

SI

SIC
VAT

Interdigitated Back Contact (solar cells)
Low Concentrator Photovoltaic
Multi Junction

Maximum Power Point

Negatively doped wafer (with
phosphorous)

Passivated emitter and rear cell
Performance Ratio

Positively doped wafer (with boron)
Photovoltaic

Renewable Energies
Return on Investment
Silicon

Silicon carbide

Value Added Tax
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OPERATION AND MAINTENANCE

Boris Farnung, Bjorn Muller
Fraunhofer Institute for Solar
Energy Systems ISE

Workshop “Quality Assurance and
Bankability of PV Power Plants”
Mexico City, Friday, 16.11.2018

www.ise.fraunhofer.de
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Guidelines and Best Practices

aa seman ot | oy EfScloncy &
ENERQGY | sy Socercy®  FEDERAL ENERGY MANAGEMENT PROGRAM

Release 3.0

Operations & Maintenance
Best Practices

A Guide to Achieving Operational Efficiency

August 2010
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Guidelines and Best Practices

.,__,--"'Operation

lepreriadin

A ntar
SOLARTRADE  Sodar p Europe
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Operation & Maintenance

B High performance and low OPEX can be ensured by
Quality Assurance for components e.g. modules
Initial and periodic system inspection

Profound monitoring system with reliable data analysis will reveal
failures, degradation and soiling

B Currently industry endeavor to implement new approaches for failure
detection, predictive monitoring, best time to clean by use of machine
learning and Artificial Intelligence (Al).

"Fraunhofer lines”
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Quality Assurance for utility scale PV plants

¢ solar resource assessment ¢ yield assessment

¢ site analysis ¢ component bench-
marking:
- module power and
energy rating

- inverter testing

¢ environmental stress
. assessment

¢ design review and
optimization

¢ feasibility studies

PROCUREMENT

® representative module
sampling and checks:
- performance
- reliability
- workmanship

« technical and financial due dilligence*

* comprehensive PV plant certification*

> COMMISSIONING

» final power plant test:
- visual inspection and
thermography imaging
- module power
measurements
- initial performance
verification

» final acceptance report

OPERATION

? continuous long-term
i performance reporting

0 failure analysis and
i reporting

0 optimization and
i re-powering

® warranty check

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012

mm Yield s irradiation —@=—Performance Ratio
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Inspection Technics

» Visual inspection of the PV plant

» Experiences from the field — lessons learned

> Infrared images of modules and electrical connections

» Measurement of the solar generator to verify module power

» Verification of the monitoring system

13
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System Inspection and Testing

Visual Inspection of the PV System

» Schematic drawing

local irradiation

type / number of inverters

~ type / number of modules
wiring

shading

— orientation of modules
mounting . /
i tilt of modules g —
\\\\\\\% - . I
14 -—
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System Inspection and Testing

Visual Inspection of the PV System

» PV-Power Plants — free-standing and rooftop

15
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Visual inspection of the PV plant

Comparison of the as-built and as-planned system according to the

Fraunhofer ISE Checklist

Component Target Value from Review
documentation
Solar Plant Name/ Place/ Customer
Operator For Report
Installation company For Report
Date DD.MM.YYYY-DD.MM.YYYY
Total DC Power Comparison w/ documentation
Type 1 (no./ power class)
Modules
Type 2 (no./ power class)
E . _ Type 1 (no./ Allocation)
-% ;?;gsrt&ers;;?arggirﬁi? daily Type 2 (no./ Allocation)
Type 3 (no./ Allocation)
Orientation Comparison w/ documentation
Fixed Tilt Angle Comparison w/ documentation
Distance between rows Comparison w/ documentation
Hight of module table Comparison w/ documentation
Shading Angle Comparison w/ documentation
16 —
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DC Cable Manufac./ cross-section/ length
2 | AC Cable Manufac./ cross-section/ length
é Wiring Optimized
Cable conduit professicnal/ closed
Modules Interconnection
Fuses Comp. with I;. of string/ inv.
String Voltage Meas: Uge/ docu: Uy TEU 52!
g Inverter string Allocation/ Installation
% Module clamps Tight/ Installation/ Shading
E Frame/ Substructure Stability/ expansion gap/ PE
= | Connection Boxes Maist/ Inst./ Cable lead fittings
7 Labeling existing/ clear
Infrared camera testing 100 %: dT=15 K, E=700 W/m?
STC Power Determination b./a. cleaning/ 10 %/ Ref-5tr.
£ ISE-Monitoring Ref-Cell, Sensors, Fct.
= Operation mangement If possible check before
. Objects Determination/ measuring
E Inv./ DC-/ AC-distributor Determination/ measuring
- Image of herizont
Electrical enclosures Fuses/ Labeling
g | Transformerr Comparison w/ documentation

Position of meter

Before/ after transformer

17
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System Inspection and Testing

Visual Inspection of the PV System

» Shading (typical values)

Row Shading: -1 to -6 %

18
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System Inspection and Testing

Visual Inspection of the PV System

» Examination of row shading

T

TN

=\ P i
T | T N T T T v T 7

437 479

916

e Source: Schletter GmbH
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System Inspection and Testing

Visual Inspection of the PV System

» Inspection of external shading with HORIcatcher

20
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System Inspection and Testing

Visual Inspection of the PV System

» Analysis of the external shading
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System Inspection and Testing
Visual Inspection of the PV System

Elevation vs. Azimuth

-

Elevation (degrees)

ocBN8A8

=
Azimuth (degrees)
Configure  Elevation Table

o
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Inspection Technics

» Visual inspection of the PV plant

> Experiences from the field - lessons learned

> Infrared images of modules and electrical connections

» Measurement of the solar generator to verify module power
» Verification of the monitoring system

» Short-term performance check of the PV plant

24
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant
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Experiences from the field

Some screws for mounting the modules are not properly tightened

\
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant

35

\

~ Fraunhofer

ISE



Visual inspection of the PV Power Plant

Mounting of modules
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant

« To carry out maintenance of the hardware and software of the equip-
ment, remove the covers on the front. Check that there are the correct
safety distances for the installation that will allow the normal control and
maintenance operations to be carried out.

 Comply with the indicated minimum distances.
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant
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Visual inspection of the PV Power Plant

(&) IZOLE ETMEDE

EKIPMANA MUDAHALE ETMEYS
GUNES ENERJISI SISTEMIN| ALT DC SALTER PANODAN ZOLE £
ANA SEBEKEY] AB-1A UST TOPLAMA PANODAN IZ0LE EDING

EVIRICi MUDAHALE ETMEL

ff E ONCE ANA SEBEKE (AC) VE
URETECTEN IZOLE EDINI

DIKKAT CIFT YONI
BESLEME VARDII

A\ DIKKAT A
SADECE YETKILENDIRILMIS PERSO
TARAFINDAN MUDAHALE EDILEBI

e -

A

X
l’o

- -
R ~
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Visual inspection of the PV Power Plant

~ Fraunhofer

ISE




Visual inspection of the PV Power Plant

DC wiring
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Visual inspection of the PV Power Plant

DC wiring
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Visual inspection of the PV Power Plant

Fastening of cables
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Experiences from the field

DC wiring
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Experiences from the field

DC wiring

-
L » g ’ -
_ o - - . : -~ oaed

48

© Fraunhofer ISE
Confidential — GIZ and Bancomext Workshop

Z Fraunhofer

ISE



Experiences from the field

AC wiring

AC-cable demolition due to
failure of the tracker
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Experiences from the field

DC connectors
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Experiences from the field

DC connectors

PEO| Jepun

PBLUDSIp Jou og
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Experiences from the field

DC connectors

il S S
-2 43.8

2011-05-25 18:30:31 e=0.97
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Experiences from the field

DC connectors

-
VA

N
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Experiences from the field

DC connectors

Combination of connectors
from different manufacturers

57
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Experiences from the field

Solar modules and junction boxes

Fraunhofer

ISE

Z
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Experiences from the field

DC sub-distribution

60 L
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Experiences from the field

Terminal at the end of the DC cables in the string boxes are missing
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Experiences from the field

Using the appropriate terminal at every cable

\
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Experiences from the field

Electric shock protection at the DC-circuit breaker is missing
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Experiences from the field

Some cable glands are not mounted properly or are missing completely
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Experiences from the field

Transformer

-
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Experiences from the field

Transformer
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Experiences from the field

The horizontally mounted pyranometer is shaded by several obstacles
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Experiences from the field

Shading of the horizontally mounted pyranometer

Nov-Apr. 90% _

Data by Solmetric SunEye™ -~ wawvv.solmetric.com
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Experiences from the field

Installation of a professional weather station

-
© Fraunhofer ISE % FraunhOfer

Confidential — GIZ and Bancomext Workshop ISE



Inspection Technics

Visual inspection of the PV plant

Experiences from the field — lessons learned

Infrared images of modules and electrical connections
Measurement of the solar generator to verify module power
Verification of the monitoring system

Short-term performance check of the PV plant
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System Inspection and Testing

Infrared images
» Modules

Mobile lifting platform Temperature analysis of a Temperature analysis of a
used for infrared camera large module field solar module with defective
imaging cells
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System Inspection and Testing

Infrared images
» Modules

Messpunit 1.25.9 p—
Rechteck [}

SFLIRTISE
N 52°0.180°0 127°9.743"

Infrared image of a solar
module with several hot spots
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System Inspection and Testing

Infrared images
» Modules

E = 1008 W/m? E =854 W/m?2 E =754 W/m? E =633 W/m?2
AT = 15,8 °C AT =10,0 °C AT =3,9°C AT =3,6 °C
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System Inspection and Testing

Infrared images
» Modules

Infrared image of solar
modules with several hot spots
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System Inspection and Testing

Infrared images
» Modules
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Front side of the modules
with a shadow line
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System Inspection and Testing

Infrared images
» Modules

Shading caused by a
power line
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System Inspection and Testing

Infrared images
» Modules

Infrared image of a solar
module with one hot spot

84

\

~ Fraunhofer

ISE



System Inspection and Testing

Infrared images
» Modules

Hot spot caused by bird
droppings
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System Inspection and Testing

Infrared images
» Modules

130.2 °C

Infrared image of a solar
module with a defect diode

86
© Fraunhofer ISE % FraunhOfer

Confidential — GIZ and Bancomext Workshop ISE

\



System Inspection and Testing

Infrared images
» Modules

High transition
resistance due to
poor solder point
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System Inspection and Testing

Infrared images

» Modules
E =918 W/m2 Inactive cell area
AT =16 °C due to micro crack
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System Inspection and Testing

Infrared images

» Electrical connection
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o .

Disconnected string
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System Inspection and Testing




System Inspection and Testing

Infrared images

» Electrical connection
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One string with high
transition resistance
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System Inspection and Testing

Infrared images

» Electrical connection

2014-11-1918:19:11 e=0.95

Mal screwing causes hot spot

9%
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System Inspection and Testing

Infrared images

» Electrical connection

107.8 °C

»

\ b
1:ax 108.1] |

Thermal fault on the power rail
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Prueba de Electroluminescence

En el campo
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Prueba de Electroluminescence

resultado
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Prueba de Electroluminescence

resultado
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Prueba de Electroluminescence

resultado
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Prueba de Electroluminescence

resultado
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Prueba de Electroluminescence

resultado
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Inspection Technics

> Visual inspection of the PV plant

> Experiences from the field - lessons learned

> Infrared images of modules and electrical connections

» Measurement of the solar generator to verify module power
> Verification of the monitoring system

» Short-term performance check of the PV plant
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System Inspection and Testing

IEC Standards for On Site |-V Curve Measurement

»IEC 61829 Ed. 2

B Crystalline silicon photovoltaic array — on site measurement of I-V
characteristics

» IEC 60891 Ed. 2 Procedure 1

B Photovoltaic devices - Procedure for temperature and irradiance
corrections to measured |-V characteristics
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System Inspection and Testing

Field |-V Curve Measurements

» Verifying Module Power

ANNN
AN\N

P
()
|-V curve

Measurement

|

Measured Power

b

Power at STC g Temperature
& Irradiance
l( < Measurement

Power at STC,
corrected for losses

l VERIFICATION OF

Nominal Power

Soiling
Wiring losses
Electrical mismatch

\ .
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System Inspection and Testing

Field I-V Curve Measurements

» Verifying Module Power in the field

107 —
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System Inspection and Testing

Field |-V Curve Measurements

» Extrapolation of Measured Solar Generator Characteristics according to
IEC 60891 Ed. 2 Procedure 1

| [A] recalculated curve: P [W]
8 1000 W/m?, 25°C 2400

- MPP._. 2100

! 7
© measured curve: <|\/§P\\ 1800

. 820 W/m2, 49°C

\ 1500

/,/ B \\ \\ 1200

;‘ ///f/ \ \\ .

N AR
e \

0 50 100 150 200 250 300 350 400 V|[V]
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System Inspection and Testing

Field |-V Curve Measurements

» Calculation of parameters K and Rs according to IEC 60891

The data used for calculation of parameters should be measured

B based on precise temperature and irradiance dependence
measurements in a Laboratory

B in the range of recalculation (800 to 1000 W/m2 and 35 to 65 °C)

B on modules of the same type as installed in the PV plant
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System Inspection and Testing

Field |-V Curve Measurements

» Determination of soiling losses
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System Inspection and Testing

Field |-V Curve Measurements

» Determination of soiling losses

o
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System Inspection and Testing

Field |-V Curve Measurements

» Conclusion

If field I-V curve measurements are performed

B according to international standards
B using primary calibrated measurement equipment
® involve carefully determined parameters

B at conditions close to STC

Q> measurement uncertainties of 3 % to 4 % are possible
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Inspection Technics

» Visual inspection of the PV plant

> Experiences from the field - lessons learned

> Infrared images of modules and electrical connections

» Measurement of the solar generator to verify module power

» Verification of the monitoring system
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System Inspection and Testing

Verification of the monitoring system

» Inspection of the mounting and orientation of the irradiation sensor
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System Inspection and Testing

Verification of the monitoring system

» Inspection of the mounting and orientation of the irradiation sensor
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System Inspection and Testing

Verification of the monitoring system

» Inspection of the mounting and orientation of the irradiation sensor
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System Inspection and Testing

Verification of the monitoring system

> Inspection of the temperature sensor
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System Inspection and Testing

Verification of the monitoring system

» Verification of the calibration values and the time stamps

=5

S
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Comprobaciéon durante la prueba final de aceptacion
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Comprobaciéon durante la prueba final de aceptacion
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Comprobaciéon durante la prueba final de aceptacion
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System Inspection and Testing

Verification of the monitoring system

» Reference measurements for the verification of the measurement
equipment
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System Inspection and Testing

Conclusion:

» General check of the PV plant has to be performed, including
= Visual inspection of the PV plant
m Analysis with infrared camera of modules and electrical connections
m Measurement of the solar generator to verify module power

m Short-term performance check of the PV plant

» The report should
m verify the installation regarding to the appropriate standards
m compare the as-built and as-planned system

m confirm that the PV system is in operation and free from faults or

m evaluate and document all defects
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Soiling
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Soiling - Terms

Deposition: The amount of sediment that impacts on a unit surface in a
unit time

Accumulation: The amount of sediment that remains at a unit surface at
the end of a particular time interval

Soiling loss: yield loss in PV modules due to particle accumulation

soiling ratio: instantaneously measured ratio of dirty-to-clean at any given
point in time.

Soiling rate: Average soiling loss per unit period of time

Abrasion: Mechanical degradation of surfaces by wind-driven particles

125
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Sources of Soiling

Mineral dust

Black carbon

material

Sea salt

v
o soiling Volcani
I > Surface Shading
Biological

Snow & frost

Source: Jan Herrmann, GloBeSolar project. LZN/ISE/Uni Freiburg
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Particle Sizes
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Source: TSI Inc.; http://www.tsi.com/uploadedFiles/_Site_Root/Products/Literature/Technical_Notes/Particle_Size.pdf
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How can it be measured on site?

Commercially available Systems, e.g.

B Left: Atonometrics RDE300 with self-washing refcell
® Middle: Kipp&Zonen Dust IQ

B Right: Atonometrics MARS sensor

Should be with as little maintenance as possible

Also determine rain events (weather station, wind, irr, tamb, rain, humidity)
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Measurement principles

Compare washed vs. unwashed output (module/module or
module/refcell)

Or detect degree of transmission of reference glass

Or count particles on surfaces

Metrices — how to rate soiling

L e
® MPP/Power output/daily yield temperature corrected

B Loss in transmission (directly influences Isc)
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How can it be measured?

Current (A)
W

——nosoiling
------ 6 Cell 119% Soiling
— = 6 Cell 24% Soiling

o Modeling
] = . = -
o 10 20 30 40 50
Voltage (V)
[

Current {A)
8]

- —— no seiling
s+sc00 17 Cell 11% Soiling
= = 12 Cell 24% Soiling
E e © Modeling
] T T T L
o 10 20 30 A0 50
Voltage (V)

Fig. 3: Measured I-V curves of crystalline silicon module with
simulated soiling on 6 cells across the short edge of the module (top
figure) and 12 cells across the long edge of the module (bottom
figure). Open symbols indicate SPICE model simulation of the
measured I-V curve.

Gostein, M., Littmann, B., Caron, J. R. & Dunn, L. Comparing PV power plant soiling measurements extracted from PV module irradiance and power

1.00

Soiling Ratio (Estimated)
o o o
& s &

3

0% 5% 10% 15% 20%
Soiling Level

Fig. 1: Comparison of estimated Isc and Pmax soiling ratios as a
function of soiling level for a range of typical PV modules, based on
datasheet values. The soiling power loss determined by 1 -
may be up to 10% larger than the value of 1 - SR, depending on
module parameters.

1

measurements. in 2013 IEEE 39th Photovoltaic Specialists Conference (PVSC) 3004-3009 (IEEE, 2013).
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Effect of rain and humidity

Strong rain may flush modules completely and restore function

Light rain my wash particles out of the air, accumulate on lower
parts of modules, worsening the problem

High Relative humidity may lead to form crusts of minerals that are
more difficult to wash away
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Selected soiling studies

Gran Canaria, maritime climate
Negev desert, arid
Studies in US
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ISE Soiling Study Canary Islands
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Fig. 3. Heavily soiled modules on the Gran Canaria Island. A manually
cleaned module is visible at the top right comer.

5,0

Sep. 24, 2010,13:00 @ S4OWim*

4,5
4,0
3.5
3.0
25
2,0
1,5
1,0

0.5

St=ge 2
Doo0000 ﬂ-ﬁoqu,n &

Stage 3

Sep. 17, 2010,13:00 @ 1058W/m*

Dﬁ"‘mﬂm

Stage
ey

\\ Sep. 10, 2010,13:00 @ 1028W/m?

5 10 15 20 25 30 35 40 45
un

Fig. 5. Typical IV carve showing effects of soiling (September 10}, partial
shading after a minor rainfall event (open circles, September 17) and
removing of the soil { September 24).

Schill, C., Brachmann, S. & Koehl, M. Impact of soiling on IV-curves and efficiency of PV-modules. Solar Energy 112, 259-262 (2015).
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ISE Soiling study Negev desert

Soiling Ratio M17 M19
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Sandstorm event September 2015

134

\

~ Fraunhofer

ISE



Study by NREL for the US

Micheli, L., Muller, M.T., Deceglie, M.G., 2017. Time Series Analysis of Photovoltaic Soiling Station Data: Version 1.0, August 2017.

National Renewable Energy Laboratory (NREL), Golden, CO (United States).

Example values

Site 4 — Fresno County, Mendota, CA

Soiling Ratio = 98.2% | Sailing Rate = -0.06%/day
May 18, 2015 to June 30, 2016

—_— SR
- Avg. SR
& Rain (PRISM}

30
105
k25
1.00 4
o e = 1 i
. | ™ L . —V"\fl
L | E
= E 0618/2015 10 " )
> 0951 . - .f 4 06/30/2018 Mendota, CA Fresno, CA Single Axis 98.2 0.06
= . . ®
& . [P% 02001/2013 to Los Angeles, .
. r i = 54 010112016 MNeenach, CA CA Fixed (25) 98.6 -0.04
-
0.90 1 . - . - 07/01/2014 to Los Angeles, ; i
. 10 5B 010112016 Neenach, CA Ch Single Axis =09 -0.04
" . 01/30/2014 to " o
- v 5} 063012016 Hyder, AZ Yuma, AZ Fixed (20} a9 0.0z
i il . . > 0531201510 | Califomia San Luis
" = . . 7| o7st2018 Valley, CA | Obispo,ca | Single s >0 008
B . 3 " oy R Y P 05/01/2013 fo Aura Valle
-0 ! Y, 3 " . S
o 8 01012018 AZ Pima, AZ Single Axis a9 -0.05
e 2O% av? S o e o
o (: Py y 4 o7 7 o
136 L ——

~ Fraunhofer

ISE



Best time to clean

Optimize energy output or monetary return?

Economic decision depending on several factors

B Costs for cleaning per module (either labor or robotic cleaning)
W Feed-in tariff (i.e. cost of lost energy)

® Water consumption of cleaning method/ costs for water

M Seasonal tendencies on site (e.g. agricultural activities, annual
variations, wet season rain events etc)

® Middle range weather forecast (sandstorm approaching? Strong rain
events coming?)
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Best time to clean example studies

E.g. Middle East (strongly affected!) - Saudi-Arabia

45 3.5% = Jones, R.K., Baras, A., Saeeri, A.A., Al Qahtani, A., Al

5 40 2 Amoudi, A.O., Al Shaya, Y., Alodan, M., Al-Hsaien, S.A.,
3 i 2016.
3§ i 250 2 Optimized Cleaning Cost and Schedule Based on Observed
gg 30 < Soiling Conditions for Photovoltaic Plants in Central Saudi
€5 25 M 20% 3 Arabia.
s ; - IEEE Journal of Photovoltaics 6, 730-738.
%8 20 q 15% & https://doi.org/10.1109/JPHOTOV.2016.2535308
Z2 15 -3
2e 1% 3
o8 10 o
g0 0.5% £

° 5 o
s 2 L
EF O agura 00% 3
‘ e €& B = c 353 99 a g 2 9 E
6t 88:2223233¢243 &%

E TR N T s - L ® 92 ® [ o~ I~ (o]

P N N o™ ™~

Cleaning Date
Annual cleaning cost === Qptimal LoSS

e O ptimal Time

Optimal Days Revenue Loss Annualized

to Next over cleaning Cleaning Cost

Cleaning interval (SAR/kW/year)
Average 19.85 1.85% 13.80
Maximum 41.00 3.15% 24,55
Minimum 10.00 0.58% 5.99

Total annual cost of soiling: 27.2 SAR/kW/year ($7.25/kW/year)
(a)
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https://doi.org/10.1109/JPHOTOV.2016.2535308

KG climate classification

Publications of Soiling studies geo-located

® @O0 O®@O0C®e
&

Compiled by Jan Herrmann, Uni Freiburg, GloBeSolar project, from scientific publications
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Muchas gracias por su atencidon!

Fraunhofer Instltute for Solar Energy Systems ISE

Boris Farnung

www.ise.fraunhofer.de
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