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Foreword

The International Energy Agency (IE&)nded in November 1974, is an autonomous body within

the framework of the Organization for Economic-@eration and Development (OECD) which

carries out a comprehensive programme of energyoperation among its member countries.

The European Union alarticipates in the work of the IEA. Collaboration in research, dpvelo
YSyid YR RSY2yailiNlIidAz2y 2F ySg (SOKy2f2DASa KI
gramme.

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborativgrde&D A
ments established within the IEA. Since 1993, the PVPS participants have been conductig a vari
ty of joint projects in the application of photovoltaic conversion of solar energy into electricity.

The mission of the IEA PVPS Technology Collaboratgrafime is: To enhance the internatio

al collaborative efforts which facilitate the role of photovoltaic solar energy as a cornerstone in
the transition to sustainable energy systems. The underlying assumption is that the market for PV
systems is rapidlyx@anding to significant penetrations in giicdnnected markets in an increasing
number of countries, connected to both the distribution network and the central transmission
network.

This strong market expansion requires the availability of and acces$ableeinformation on the
performance and sustainability of PV systems, technical and design guidelines, planning methods,
financing, etc., to be shared with the various actors. In particular, the high penetration of PV into
main grids requires the develagent of new grid and PV inverter management strategies, greater
focus on solar forecasting and storage, as well as investigations of the economic and technological
impact on the whole energy system. New PV business models need to be developed, as the d
centralised character of photovoltaics shifts the responsibility for energy generation more into the
hands of private owners, municipalities, cities and regions.

IEA PVPS Task 13 engages in focusing the international collaboration in improving the rehability
photovoltaic systems and subsystems by collecting, amgyand disseminating information on
their technical performance and failures, providing a basis for their technical assessment, and
developing practical recommendations for improving their gieel and economic output.

The current members of the IEA PVPS Task 13 indludialia, Austria, BelgiunGhile,China,
Denmark, Finland, France, Germany, Israel, ltaly, Japan, Malaysia, Netherlands, Norway, Sola
Power EuropeSouth AfricaSpain, SwederSwitzerland, Thailand and the United States of Ame

ica.

This report focusses on uncertainties in PV system yield predictions and assessvnhigtisnay
influencebusiness decisions on long term investments into PV power plAfitst section covers

the uncertainties related to the most important measurands in PV solar energy, i.e. solaa-irradi
tion, PV module properties, and PV system performaiiten,the uncertainties of several of the
modelling steps for gains and lossesailPV system, both needed for yield predictions and for
system performance assessment. Finally, the results achieved are combined in two application
cases. The first one is the PV module energy rating, the second application case is the long term
yield predction of PV power plants

The editos of this documentare Christian Reis@nd Boris FarnungrFraunhofer ISE, Freiburg,
Germany.

The report expresses, as nearly as possible, the international consensus of opinion of the Task 13
experts on the subject dealith. Further information on the activities and results of the Task can
be found at: http://www.ieapvps.org.
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Executivesummary

Long term yield predictions (LTYP) are a prerequisite for business decisions on long tetm inves
ments into photovoltaic P\) power plants. The preparation of a LTYP report typically relies on
numerical modelling and prediction of the expected electrical yield, based on experience with
previous PV power plants, laboratory measurements and more or less the whole knowledge
gained in tle PV communitpver the pastyearsanddecades. HowevethoughPV system mode

ling has been péormed for decades, natuch effort has been spent on a comprehensive save
tigation of the uncertainties related to this task. This report tries to collect smsights into the

field of uncertainties of several technical aspects of PV system yield prediction and assessment.

The first main section lists typical measurements, dealing either avilV systen®2 Y L2 Yy Sy (i Qa
properties or with PV system performance.cbvers the uncertainties related to the mosh-
portant measurands in PV solar energy:

9 the solar resource
1 PVmodule properties
T system output and performanceincluding long term effects

Uncertainty in irradiance measurements is in part related to itttruments, and in parto the
measurement practices. While existing handbooks and guidelines may help to reduce operational
issues, lhe uncertainties related to the instruments themselves are more difficult to minimize or
reduce.However,if a certain no-ideal behaviour of an instrument gystematicand known then

a systematic correction can be applied to reduce or remavénituence on the measuremenn

some cases manufacturers already supply information about temperature dependency and/or
non-linearity. In the current PVSENSOR project, a wide range of instruments were characterized,
and many systematic errongere identified and quantifiedwWith suchknowledge of instrument
operating conditions itvill be possible to quantify each systemasoure of measurement error.

STC power measurement of PV modules and the estimation of its uncertainties is a topic that
gained attention in recent years and saemarkableimprovements. Fol full uncertainty as-
sessment it is important that stability issueare considered in additioto pure measurement
uncertainty. There are laboratories with a profound knowledge on their uncertainty bugtygi-

cally those with the smallest overall uncertainties (down to +1,8&bpratories where the refe

ence cell or refence module calibration dominates the uncertainty budget, and laboratories
where apparently uncertailigs were not analysed in detail.

System testing looks at the performance of the complete conversion chain of a PV sybtem
determinationof the observed performance ratiBR is rather easy, including an assessment of its
uncertainty. The determination of the expected PR (as a quality requirement) is the major issue,

a4 GKS tw RSLISYyRa 2y GKS aeadSy RSaadtgns.t yR OK
Despite this potential weakness, a PR test can form a valuable tool during the commissioning of a

PV system.

The second major section of this report investigates several of the modelling steps for gains and
losses in a PV system, again along aairtist

1 the solar resource including long terntrends
T PVmodule properties
9 system output and performance

Irradiation data derived from satellite images are increasingly used as input fotdongyield
estimations and as reference yield for monitoriagd business reporting. Several authors have
evaluated the quality of satellitbased irradiance data in the g& typical normalized root mean

9



square errors for satellithased irradiation reported in literature are situated betweevhtb 8%
for monthly and 26to 6% forannualirradiation values.

SEFN ANNYRAFGAZ2Y TG GKS 9FNIKQa adaNFIF OS Aa yz2i
undergo significant longd SNY @ NRAF GA2ya F2NJ LI NI AOdzZ | NJ NBIA 2y
dimming and bA K i S yConséhéely, also related uncertaintiesy notbe considered to be

negligible In the presence of lontgerm trends, the question for solar seurce assessments is no

longer dwhat is the WueQclimatological valu £ but dwhat is the best preidtor for the next

20yearK £A suitable estimator should be a recent time period, that is long enough to filter the

influence of single years with high anomalies, but which is short enough, to minimize te infl

ence of past trendsUsingirradiance datafor the 10 most recent years proposedas a good

compromise to fulfil these conditions.

The DC energy yield of a PV module depends on module characteristics as well as operaiting cond
tions. With respect to uncertaintiesthe different influencing effectgirradiancelevel, angle of
incidence operatingtemperature, etc.) are typically represented by one individual factor fier e
fect. The influences are assumed to be independent. Furthermorsgtiagtorsare often usedn
integrated form, e.g. over one ge. The calculation of the influencing factors and the uncertainty
estimation in detail is described and discussed inrttzén text.

Following the investigation afincertainties in measurements (Section 2) and in modelling-(Se
tion 3), the combination oftte knowledge gaineis demonstratedin Section 4 for two application
cases.

One example deals with the uncertainty of PV module energy rating, i.e. the question, whether
the expected differences in performance between two module types are bigger tharstoeia-

ed error margins. The results show that significant energy rating is possible already today, at least
if @ module refeence data set is availahland the difference frona reference energy vyield is
evaluated for the ratingEnergy rating can alreadbe useful for a number of reasons, but its full
opportunities will only come to life after the IEC 61&88ndardis finalized. The work presented

here can be helpful in this process and includes a method suitable for being used as part of the
standard.

Asa secondcase a framework for the calculatioaf uncertainty for a complete long term yield
prediction is presented. As the simplified error propagation approach of the first example is not
suitable for a complex LTYP, a Mofarlo simulation is usdukre instead.

The aim is to develop a method landleall sources of uncertainties influencing lifetime energy
yield predictions and to present the information needed to feed financial models with tiee d
pendent yield estimates aneixceedance probabilésas desired by investors or stakeholders. The
proposedmethod is based on a Mom€arlo simulation which uses Gaussian or triangularidistr
butions for individual modelling steps, including the solar resource data and long term changes of
system behaviourThe parameters may be adjusted to individual sites and system layouts. A
comparison of expected uncertainty and observed variability showed a good agreement.

This nethod can be seen as a part afcommon framework that can assess the impact ohtec
nicalrisks on the ecormmic performance of a PV projecthe proposed approach is an effort to
standardize the procedure of uncertainty calculation of predicted energy yields of PV systems in
order to properly estimate financial investment risk.

10



1 Introduction

Lage scale photovoltaic systems, often referred to as PV power plants, are long ternt inves
ments. Thereturn on investmentdepends on a variety of meteorological, technical and cantra
tual parameters. The solar resource, the system design, the compdpraity, and the opea-

tion and maintenanc¢O&M) schedule all may influence thenergy yield and the financiaésult
within the expected lifetimea time frame of 20 to 30 years.

Long term yield predictions (LTY&E a prerequisite for business decisians long term inves
ments into PV power plant§he preparation of a LTYP report typically relies on numerical mode
ling and prediction of the expected electrical yidbdsed on experience with previous PV power
plants, laboratory measurements and moreless thebody ofknowledge gained in the PV e
munity over the pastyears or decades.

For a proper O&M concept, the continuous assessment of electrical yield (or system performance,
looking at yield in relation to solar input) is one of the main tasksaalytical performances-

sessment gives a chance to understand system operation and to develop or improve thd-numer

cal models used for the yield predictions. Thus, numerical modelling forms a feedback loop from
system design to system operation and VIS8 NE I @ ' & | O2YLX SYSy Gl NB
characterization also plays its role in both domaMsdelling tools need measured input data, so
measurements and modelling are quite well entangled.

However, even since PV system modelling has been peefbior decades, not too much effort
has been spent on a comprehensiveestigdion of the uncertainties related to this task. This
report tries to collect some insights into the field of uncertainties of several technical aspects of
PV system yield predion and assessment

The greater imagéeyond technical data and electrical yield figunes,the economic aspects of
modelling financial risk of PV projectse described in detail in another Technical Report of PVPS
Task 13 entitledr ¢ S OK y A COtloris Uded i RYFinhncial ModelReview of Current Practi

S4& YR wSO2WM)YSYyRIGA2Yy &E

In this report, weare looking on the technical or engineering side only, with emphasis on:

9 Uncertainties related to component characterization
1 Uncertaintiesrelatedto long term(electrical)yield predictiongLTYP)
1 Uncertainties related t&®Vperformanceassessment

As mentioned, measurements and modelling (prediction) of PV component or system behaviour

are closely related, and their respective uncertainties ialated similarly. Therefore, we take

look from two sides onto severaftheY SOK I yAaYa ¢KAOK Ay TfdzSyOoS |t
For example, the low light behaviour may be measured in a laboratory or even extracted from
outdoor operational dataMeasurement uncertainties exist in ttocasesWithin a L¥P, this low

light behaviour needs to be modelled for all irradiance conditions seen in a typical year. Again,

dzy OSNI FAYGASaE Ay (KS Y2RSt Qa NBLINERdeQridde2y 2F N
fect.

For that reasonthis report starts withtwo major sections dealing with measurements and with
modelling. InFigurel, these sections 2 and 3 are placed on both sides of a typical Sargkey di

gram, which actas a symbol for the chain of gains and losses seen within a PV power plant. On

the left hand side, typ OF £ Y SI AdzNBYSy Ga I NB fAaidSRIesRSI t Ay 3
with PVsystem performanceOn the right hand side, a large number of the various gain and loss
modelling steps are listed. According to this division, sections 2 and 3 are abputdent the

11



major tasks in measurement as well as in modelling, and, at the same time, to discuss their unce
tainties.

In the third main sectionthe resultsof the previous steps are combined in two application cases.
The first one is the PV module eggrrating, an approach to rank a product by its expected
dadlyRFNR SySNHe RSftAGSNER¢é AyaidSIFIR 2F AGa LIRoSN
this ranking is affected by uncertainties, but even the knowledge of the magnitude of umeertai
tiesmd&id 0SS GdzZNYySR Ayid2 FTRRAGAZ2Y T AYTF2NNYIGAZ2Y 2y |

The second application case is the long term yield prediction.i&dliTYBan clearly benefit from
an integral view of input data, models, parameters and relabedertainties, especigl when
compared to existing approaches which sometimes only add an error margin to the final result.

Uncertainties in PV System
Yield Predictions and Assessments

Measurements Modelling
& Uncertainties & Uncertainties
Iradiance —————% | o «——— Solarresource

+«——— Solartrends
«—— Shading

» & ——— Soiling
Module properties | Spectrum
(indoor & outdoor) [ - Angle of
(L, e incidence
: :—l— Efficiency
PR tests ——— . ——— Temperature
ACYield ———— —— d%uw——0 BOS components
o Long-term

Degradation studies —— - e assumptions

Effects of Uncertainty
Module Energy Rating
Long term yield predictions

Figurel: Structure of this report.
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2 Measurements &uncertainties

Uncertainty assessment of component or system performaiscbased in measurements and
analysis under certain fixed conditions as well as on extrapolation (called modelling) ob-comp
nent or system behavig to other operating conditions. Therefore, the uncertainties of the
measurements are included in all conseee steps of assessment or mdtieg.

For that reason, this section covers the uncertainties related to the most important measurands
in PV solar energy:

9 the solar resource
I module properties
1 system output and performanceincluding long term effects

2.1 Irradiation sensors andelated measurementuncertainties

Solar irradiance must be quantified for energy performance calculations, whether they beealcul
tions of expected future yields or for evaluations of past yieldiscertainty in solar irradiance
gquantities is most often discussed in the context of loegn future yields where it is dominated
by the difficulty of predicting future weather and climate conditioNgvertheless, past irradiance
measurements are relied on for these predictions, angl timcertainty associated with those past
measurements also contributes substantially to the overall uncertaimtyleast in the case of
long-term predictions.

Uncertainty in both measured and projected irradiance quantities is a function of the time period
under consideration. In fact, this time period should always be stated along with the uncertainty
figure because integrated irradiance quantities for a specific year, month, day or hour will all have
different uncertainties.In the case of projected quaities, shorter periods are dominated more

by weather variability; whereas for measurements, different instrument characteristics come into
play for different periodsFor exampleover the course of a year, instrument instability could be a
significant fator, whereas over the course of a particular day this would be insignifiGamilarly,

over the course of a day instrument ndinearity errors may cancel out, but over the course of a
particular hour they are more likely to lead to a bias in the measemts. This situation isef
flected in the WMO classification of pyranometers, where the required achievable uncertainties
for hourly totals are up to twice the values for daily totids

Uncertainty in irradiance measurements is in part related to trerimments, and in part to the
measurement practicesids an example of the latter, measurements made with an instrument
that was never cleaned, or that was mounted on an unstable platform, will carry a much higher
uncertainty. Best practices to minimize #&factors are described in multiple sour¢2k3][4].

2.1.1 Exemplary data

The uncertainties related to the instruments themselves are more difficult to minimize or reduce,
particularly after a specific instrument type has been purchased and instalteiled instrument
would produce a signal proportional to the measuraritie solar irradiance incident on the rse

sor receiving surfaaeand the signal would not be affected by any other factdnsreal instu-
ments, howeverthat signal proportionality may changeith irradiance (nodinearity), sensor
body temperature, sky temperature, wind speed, irradiance angle of incidence, instrument
mounting angle, time (response time and letegm stability), and spectrunt-urthermore there

may be interactions between thedactors.Figure?2 illustrates four different norideal characte-

istics measured on different instrument classes in the context of the PVSENSOR[pfoject

13



When litile is known about the instrument characteristics, other than perhaps a threshold value
for their contribution to measurement error, then little more can be done than assign a single
uncertainty value to all measurements taken with a particular instrumins. clear though, that

not every irradiance measurement has the same total uncertainty, and the analysis of individual
sources of uncertainty that contribute to this total uncertainty has received considerable-atte
tion [6][7][8]. Tablel lists many of the sources of uncertainty that are applicable to thermopile
pyranometers; many of them are directly related to the known #deal instrument behaviar.

Much of the 8a S+ NOK 2y dzy OSNIFAyidGe lylrfteara egAaftft TFSSR
Guide for Evaluating Uncertainty in Calibration and Field Measurements of Broadband Irradiance

GAUGK t @8Nl y2YSGSNAR YR te&NKStA2YSISNB&WIMiNg KAOK A&
strument manufacturersThe procedures to be described there will permit the calculationmf u

certainties specific to time, location and instrument, which can then be applied to individul rea

ings or series of reading of arbitrary duratidfigure3 shows a result of this procedure applied to

a year of hourly GHI measurements taken with a ventilated Eppley PSP and a ventilated Kipp &

Zonen CM22 at NREL in GaidColorado.Such individual measurement uncertainties can be

propagated into PV system simulations or performance analysis procedures in order to produce a

very highresolution picture of the system yield uncertainties.

Relative error [%]
o

Relative error [%]
=)

— Secondary Standard
-4 Second Class

~—— Photodiode

—6 — Reference Cell

—— Photodiode

— Reference Cell

100 300 500 700 900 1100 -30 =20 -10 O 10 20 30 40 50 60
Nominal irradiance [W/m?] Temperature [C]

80 100
- 60 iy
£ i < 80
= 3
— 20 =
g, ;g
o ¢
L _
5720 2 a0
ﬁ -40 — Secondary Standard E
Second Class Q
< -60 — Photodiode i % 2e
80 — Reference Cell b4 \
-90 -60 -30 0 30 60 90 0 300 600 900 1200

Angle of incidence [°] Wavelength [nm]

Figure2: Examples of four neideal instrument characteristics: influence of Hoearity (a), ten-
perature (b), angl®f-incidence (c) and spectrum (d).
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Tablel: Examples of sources of measurement uncertaimtg foyranometef8].

Uncertainty Quantity  Statistical Uncertainty Standard Expanded

component Distribution  Type Uncertainty Uncertainty

Calibration R Normal Type B u/2 =1.38% 2.76%
(calibration
done at 45°)

Zenith R- R Rectangular Type B dzk Kol m®1 2%

sponse (calibration
done at 45°)

Spectral B- R Rectangular Type B dzk Kol'n ® 1%

sponse (calibration
done at 45°)

Nonlinearity R Rectangular Type B dzk Ko T n ®t 0.5%

Temperature R Rectangular Type B dzk Kol n®r 1%

Response

Aging per R Rectangular Type B dzk Kol n®f 1%

Year

Datalogger V Rectangular Type B dk Kol'p®dimn >+

Accuracy

Maintenance R Rectangular Type B dzk Kol n ®r0.3%

« Global PSP Vent [W/mA2]

- Global CM22 Vent [W/mA2]

8
8

ty (W/m?)
S
S

S
8

30.00

+U95 Uncertain

120.00

10.00

0.00 T

Zenith Angle (Degree)

Figure3: Absolute uncertainty for hourly GHI sums over ay@a periodneasured with a veiit
lated Eppley PSP or Kipp & Zonen CM22.
Source: http://www.nrel.gov/midc/radiometer_uncert.xIsx
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2.1.2 Reducingmeasurementuncertainties

It has long been known that additional information can be used to reduce irradiance meeasur

ment uncertainties.The 1981 IEA Conference on Pyranometer Measurements had the goal to
GRSUSNNYAYS glea (2 AYLNROGS (GKS YSIF&dNBYSyid | O0dz
developing a more complete understanding of the instruments' performance clafddt [@ A O & ¢

and in 1996 the IEA Solar Heating and Cooling Progeainl &1 & a i dzRASRe-a L YLINE O ¢
YSyita 2F {2t N LNNIXRAIFIYyOS o6& aSl y[e. &PV il Af SR
SOR project that was started in 2014 continues with this ag@nplooking not only at pyranagn

ters, but also commercial photodiode pyranometers and silicon reference[8Ells

The basic premise is that if one or more of these secondary characteristics are systematic, then a
systematic correction can be applied teduce or remove its influence on the measuremdnt.
some cases manufacturers already supply information about temperature dependency and/or
non-linearity so that the user may apply corrections, but because of the additional effort required
by the manufaatrer to perform these characterizations, it usually offered only for the mast e
pensive instrumentsln the PVSENSOR project, a wide range of instruments were characterized,
and many systematic errors were identified and quantifi€tdus, with knowledge afhstrument
operating conditions it is possible to quantify each systematic source of measurement error.
Based on the instrument characteristics gathered in the PVSENSOR prigject4 and Figure5
demonstrate how such errors evolve over the course of a day and year respedtiieiso seen

that relative errors (%) oftegive a different impression than absolute errors (VW)rabout where

the biggest sources of uncertainty lie, but for photovoltaic system yield predictions andsasses
ments it is the summation of absolute errors over time that carries the greatest sign#icanc
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Figure4: Daily profiles of the measurement error caused by aofjlacidence, spectrum and
temperature for a reference cell and a pyranometer located in Golden Colorado, tilted 40° South.
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Figure5: Annual profiles of the measurement error caused by aofjiecidence, spectrum and
temperature for a reference cells and a pyranometer located in Golden Colorado, tilted 40° South.
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2.2 Laboratory(indoor) characterizatiorof PVYmodules

At different deps of a PV projectaboratory testingof PV moduless valuable. Already in theed

sign phase, confidence in the quality of the very specific batch of PV modules can be raised by
means of quality benchmarking, with pdefined quality criteria. Laboratgrtest can be condue

ed to checkthe power under Standard Tests Conditions (STC, i.e. WIOB @ 25°C and a é-

fined spectrum) the light induced degradation of modules (LID) as well as temperature and low
light behaviarr. This can include the measuremartt IV curve for the power rating matrixed

fined in IEC 61853. Benchmarking PV modules can thereby help to

1 exclude systematic underperformance
1 provide independent parameters for yield assessments
1 compare the products to state of the art results

Additional tests may be performed to detect the sensitivity of modules to known failure aech
yAadaya 6So3od aylrAf GNIAf AT @S fThedektyigdpofocetdusii Sy G A I f
especially for reliability testing, should be derived from the qualitferia of the customer, the
experiences from the field as well as the environmental conditions (installation site, system la

out, etc).

During implementationof a PV projectan independent performance check of the modules is
recommended to prevent aystematic underperformance of the purchased module lot. In this

process, the flaslest values should be evaluated based on a selected sample. In addition, it is
essential to take into account initial effects with impact on the performance in the fieydtaCr

line modules lose up to 3% of their power in the first hours of operdtldf, as illustrated irfFig-

ure 6. This degradation is usually completed within irradiatexposure of 10 to 2k&Wh/m?2, after

which the module power has stabilized. In accordance to Ehgopeanstandard EN50380017
GSlFilFaKSSG yR yIFEYSLIFGS AYyF2NNIGAZ2Y F2N LK2G20
rated power at STC given on the ngplate and data sheet after preonditioning with

20kwh/m2,
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Figure6: Power loss of a crystalline silicon PV module during the first hours of exposure to light
(here: 1000 W/m?).
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2.2.1 Sample selection

Upon thearrival of the modules in the laboratoryypically adetailed visual inspectiois pe-
formed. Hectroluminescence imagesay be taken as weih order to evaluate the modules with
regardto their quality of manufacture. Then, the power at STC is measureaxclude the risk of
a systematicmisjudgementof the modules,the way of sample selectiors of particular m-
portance

Often a specific number of modules is required for testing bysystem integratoior the inves-

tor. To simplify matters, modules epicked randomly either before shipment or even on site. In
many cases that means, if e.g. 50 modules are required, just two module palettes are sent to the
laboratory. In this case, most of the modules are from the same serial number range and thus
form the same time frame of production. An example is showFRigure7. This example shows
clearly the small range of actual module power covered by the sample. Adtualéyis no value

in measuring 25 modules out of one single palette with regard to prevent a systematic underpe
formance of the total quantity of purchased modules.

To exclude the risk of a systematic underperformance of the modules, the sampling nelagls to
done carefully and shoulselect modules from different time serial number and power ranges as
shown inFigure8.

Figure7: Two andomy selected PV modufgalettes (25 modules each) out dfiree containers

(520 modules eachf. YI t f R20a akK2g {¢/ LIR2ggSNI 2F Fff Y2RdzZ !
FtlrakK fAAG> aljdz NBa RSy23GS YIydzFlI OGdzNdBreRa Y S| a dz
CNI dzy K2FSNI L{9Qa&a fI 02N G2NB YSIaAdaNBYSyiGad ¢KS (¢
al numbers (left graph), these samples are not representative for power distribution of the entity

of all modules (right graph).
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