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Foreword

The International Energy Agency (IEA), founded in November 1974, is an autonomous body within

the frameworkof the Organization for Economic ©peration and Development (OECD) which

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

The European Union also participates in the work of the IEA. Collaboration in researdopédeve

ment and demonstration of new technologies has been an importalit NIi 2 F GKS 1 3Sy e
gramme.

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborative R&D Agree-
ments established within the IEA. Since 1993, the PVPS partiipant been conducting a varie-
ty of joint projects in the application of photovoltaic conversion of solar energy into electricity.

The mission of the IEA PVPS Technology Collaboration Programme is: To enhance the internation-
al collaborative efforts whichatilitate 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 rapidly expanding to significant penetrations ingpithected markets in amé¢reasing

number of countries, connected to both the distribution network and the central transmission
network.

This strong market expansion requires the availability of and access to reliable information on the
performance and sustainability of PV systeteshnical 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 development of new grid and PV inverter management strategies, greater
focuson 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 developeddas the
centralizedcharacter of photovoltaics shifts the responsibility for egyegeneration more into the
hands of private owners, municipalities, cities and regions.

IEA PVPS Task 13 engages in focusing the international collaboration in improving the reliability of
photovoltaic systems and subsystems by collectarglyzingand dsseminating information on

their technical performance and failures, providing a basis for their technical assessment, and
developing practical recommendations for improving their electrical and economic output.

The current members of the IEA PVPS Taskclidde:

Australia, Austria, Belgium, China, Denmark, Finland, France, Germany, Israel, Italy, Japan, Malay-
sia, Netherlands, Norway, SolarPower Europe, Spain, Sweden, Switzerland, Thailand and the Unit-
ed States of America.

This report focusses on the @womics of PV system performance and reliabilitiie reportpre-
sentsan overview of current practices in PV financial modalseview andan analysis of the
technical assumptions used by project developers, banks and asset managers to evaluate the
profitability of a PV projeciThe analysis provides understanding of the existing gaps between the
present practice and statef-the-art methods and available scientific datainally, his report
provides guidelines and recommendations for mitigating and heglgnancial risks in a PV in-
vestment.

The editors of the document atdauricio Richter, 3E, Belgiyrdan Vedde, SiCon, Denmark, Mike
Green, M.G. Lightning Electrical Engineering, Isna@Ulrike Jahn, TUV Rheinland, Germany

The report expresses, as nearly as possible, the international consensus of opinion of the Task 13
experts on the subject dealt with. Further information on the activities and results of the Task can
be found athttp://www.iea-pvps.org
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CAPEX
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PID
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Performance loss rate
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Performance ratio
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Definitions

Definition Abbreviation

Explanation

Longterm yield LTYA
assessment

Historical period  Thist

Prediction period  Tpred

Financial lifetime  Ti-financ

Technical lifetime  Ti-tech

Probability of PXX
exceedance

Time based Ar
availability

Energy based Ae
availability

PV module power Pmpp,stc
at standard test
conditions

10

Assessment of the expected PV system yield including risk ev
tion for bankability purposes.

Historical period used to calculate the availabtdar energy.

Assumed lifetime from the economic perspective. In other wor
the prediction period is the same as the financial lifetime (:
definition below).

Expected financial lifetime (i.eaccording to financial specifice
tions), used for example, for the calculation of the levelized cos
electricity (LCOE).

Expected technical lifetime (i.e. according to technical specil
tions). For example, for a PV moduwdéth 25year warranty, the
technical lifetime is ttech = 25 years.

The probability of achieving a given energy yield is represente
a percentile, e.g. P90 denotes the level of annual production !
is expected to beaeached in 90% of the cases (90% exceeds
probability or in other words, the probability of not reaching tt
value is 10%).

The probabilities are calculated by considering all project spe
uncertainties and can be computed for different return peisoof
AYGSNBald 6AGKAY GKS FAYLFYyOAl
tion above). The choice of exceedance probabilities e.g. P75 ol
depends typically on the risk appetite of the lenders/investors.

Percentage of timeluring which the PV plant was producing. It
expressed as the ratio between the duration of production acti
and the recording period (both expressed in hours).

This timebased indicator does not allow for the calculation of t
impact ofun-availabilities on the overall system yield.

Takes into account the reference yield, and therefore indicates
energy lost during times of unavailability. The enebgged avail-
ability is calculated as the ratio betweenethieference yield that
has been converted to electricity and the total reference yield.

Nominal PV module power, measured at Standard Test Condi
(STC i.e. irradiance of 1000 W{nair mass (AM) of.5 and mod-
ule temperature of 25 °C)



Executive Summary

PV financial models are used by project developers, banks and asset managers to evaluate the
profitability of a PV projectThe objective of this work is to present an overview of current prac-
tices br financial modelling of PV investments and to review them in view of techanichfinan-
cialrisks during the different phases of a PV project. This report focuses on establishing common
practices for translating the technical parameters of performance and reliability into financial
terms. The full report delivers a comprehensive set of practical dinde and recommendations

for mitigating and hedging financial risks in a PV investment.

How doPV Financial EdelsQurrently Deal withTechnical Assumptions ansks?

In order to obtain an overview of current practiceisthe use of technical parametens PV finan-
cial models, 84 PV projects coverinige countries, several technologies and different business
concepts have been screenemhd evaluated A questionnaire was developed and distribdite
among members of the Task 18iask 1 contributors. The formation collected from the ques-
tionnaire is complemented with the findings from the Solar Bankabpitgject reported in[1].

The solar irradiation data used for the lotegm energy yield estimateare ingeneral collected
analyzed and assessed with a great deal of professionalism. However, different historical periods
(Tuisy) are used depending on the irradiation data source. Moreover, no consideratiopessible

effects of longterm trends in the solar resource and how to account for these in the LTYA is typi-
cally provided.The overall impressioonn energy yield estimates is that theare calculated by
SYaAySSNA T2N) G§KS aLISGET MO (KND Jian@inghet SyNaletiddy® i &a
TNRBY GSELISNASYOS 2N AyadlttSN 2dzR3ISYSyiéx
is/convention within the longerm yield assessment (LTYA) sector.

For the cost elements, ebending on thecomplexity of the project, the capital expenditure
(CAPEXdepends strongly on the construction cost a few casesthe considered technical as-
sumptions are clear before the final CAPEX value is determined. Furthermore, financial models
normally only make use of a singlamber for the CAPEX value angihot acommon practice to
account for the inherent uncertainties of the CAPEX value in the financial model. Technical as-
sumptions are also important when determining tbperational expenditure QPEX However,

these tetinical assumptions are often not explicitly presented in the project presentations. Oper-
ating expenditures should reflect the expected weart profile of the individual components

Such expenditures should bmlculated using technical parameters tradgscribe the technical
lifetime (T«ch) profile of the equipmentinstead ofthe financial lifetime Tisnang Of the projectas

these caroften differ significantly Regarding thenonitoring of the plant thistypically focuses on

the performance ratio(PR and technical availability as the&ey performance indicatorare of

high importance in ensuring the overall profitability of the project.

Finally, there are different business modeked in PV investmeste.g.guaranteed feedn tar-
iffs, green cetificates, tax credit, seltonsumption (in whole or in part), private or, publalesto
a third party according to a power purchase agreem@A. Unfortunately, the questionnaire
responses do not provide more detailed information in this regard.

1¢KS {2fFNJ . FylltoAftAte LINR2SOG Aa FdzyRSR o6& GKS
programme under the grant agreement No 649997.
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What are theMain Weaknesses whebealing with TechnicalAssumptions andigks in P\Finan-
cial ModelsToday?

Project phase Weakness

PV plant design 1 The effect of longerm trends in the solar resource are often not fully account

for

1 Exceedance probatiks (e.g. P90) are often calculated for risk assessment as:
ing a normal distribution for all elements contributing to the overall uncertainty

1 Incorrect degradation rate and inaccurate rendering of the systerhavior over
time is assumed in the yield tasation

1 Incorrect availability assumptions are used to calculate the initial yield for the
ject investment financial model as opposed to the O&M plant availability guarar

Procurement 1 The technical specification of the PV plant componamgsally consists only of
process hightlevel description in most cases, only the brand, model, and quigntf the
components are listed
1 Requirements for PV modules and inverters extend only to stating that they ha
carry valid IEC certifications or CE mafrkompliance. Project specific requiremen
such as saltist, ammonia or resistance to potentisduceddegradation, with the
relevant IEC certification $&ing, are not always specified
1 There is a lack of specifications requiring factory inspectioproduct testing that
serve to prevent inadequate manufacturing process or material deviations w
could lead to batch spmfic product defect or failure

Plant construc- Disregard of published transportation and handling protocol

tion 9 Inadequate quality control in componeninloadingand handling during construc
tion

Inadequate storage of components on site

Lack of construction supervision

Lack of industry accepted methods for plant acceptance after completion of
construction process

=A =4 =4

Plant acceptance  Inadequate protocol for visual inspection

procedure 1 Lack of relevant equipment for visual inspecti@ng. infrared and electrolumines
cence equipped cameras)

No shortterm performance test at provisional acceptance

Missing finaperformance test of guaranteed performance

Incorrect or missing protocol for collecting data for PR or availability evaluation:
Missing final check of monitoring system availabgibd functionalities

Incorrect measurement sensor specification, incorrgcadiance threshold to de-
fine time window of PV operation for PR/availability calculation

=A =4 =8 -4 A

Operation& 1 The corrective maintenance costs are often not properly included in the fina
Maintenance model

I The monitoring system is not of defined qualityenable effective trouble shooting

during project life

9 Data acquisition is incompatible with attaining good results in the defined repol
requirement
System data is effectively unavailable for troubleshooting problems
Data is not vetted for viability
Thesubset of data parameters collected is too small to enable the use of adva
statistical tools
Missing or inadequate maintenance of the monitoring system
Module cleaning missing or frequency too low
Inadequate or absent devices for visual inspectiofirid invisible defects and fault:
Missing guaranteed key performance indicators (PR, availability or energy yielc
Incorrect or missing specification for collecting data for PR or availability evalug

=A =4 =4

=A =4 =8 4 A

12



1 Incorrect measurement sensor specification
9 Incorrect irradiance threshold to define time window of PV operation for PR
availability calculations

How toMitigate and HedgeFinancial Bks ina PV Boject

In general, the task of mitigating and hedging financial risks in a PV project couldiessedat
the following levels:

1. Strategy A prerequisite for any successful risk mitigation strategy is to ensure that the
overall process irecognizedby the toplevel decision makers and that this management
level takes responsibility for defining an appropriate strategy and assignment of the nec-
essary resources to undertake this process.

2. Classify Set a team that includes a wide variety of skills experiences; brainstorm and
use checklists to make sure all potential risks are identified; assess and classify the risk
factors according to expected occurrence frequency, severity in terms of financial impact
and overall risk ranking.

3. Understand Analyzethe root cause(s) of the various risk factors including possible inter-
relations between different factors. Identify the specific most important influencer that
may challenge the financial performance of the project.

4. Manage Introduce and followup on actbns to mitigate the identified risk items.

One of the keys to mitigate and hedge financial riskto ensure that the financial model pre-
pared during the feasibility and early development stages of a project will continue to reflect the
financial activityof the plant over the 280 years of operationThe necessity for ensuring that
the design and construction of the plant will enable the assumptions teebbizedis extremely
important.

Theguidelines and assumptions necessary to fulfil this task migstinclude suggestions regard-
ing the project pre-feasibility, plantdesign procurementand construction acceptanceand oper-
ation of the plant.The following guidelines and recommendations astheseproject stages are
suggested:

1) Projectpre-feasibilty
Changing design concepts and equipment characteristics in the early stages of plant de-
sign is a common practice that leadsitcK St + optidiizatigrilCistimportant that a
financial model be undertaken at the end of the design process, since in all likelihood,
many key parametersiayhave changed.

2) Plant design
Quality control during the design process is critical for enablingrélaéizationof the fi-
nancial plan. A well designed and specified plant that is modelled correctly in the financial
model as described in this report should enatsalizationof the financial plan. Finding
and correcting errors at the design stage are inexpensive, at nmbbdying the cost of
quality control methodology that may not have beealculated in the design costdow-
SOSNE & LISNI GKS da! FeletiBridB.2 efrorsvrtf fdbisd dRisyahBNA 0 S R
stage will cost ten times more during the next stage, procurement or construction.
3) Procurement and construction

This stage, including the procurement aspecth# project, has little to do with the core
discussion of this report technical assumptions used in PV financial models, yet every-

13



thing to do with ensuring that the plant will adhere to the financial model. Since correct-
ing mistakes during procuremenbst 10 times more than during the design process and
100 times more during the construction process it is advisablaply quality control
measures duringi K S LIN:Brlg Sh@séshDhe essence of success in any project can be
defined as quality controfor the hardware, the workmanship and software.

4) Acceptance
Plant acceptance is the period during which the plant is examined for compliance to de-
sign, quality of work and deemed as functioning as per the specification written to meet
the business planAcceptance is the most important milestone of the project, and sub-
stantial capital is dependent upon successful achievement of this milestone. Neither the
contractor nor the developer wish to wait a full production cycle of one year before the
quality of the plant becomes legally apparentv@ options exisfor overcoming this prob-
lem: by performing an acceptance test that enables determination of the yield capability
of the plant irrespective of the seaspar includinga conditional acceptance that does
not determine the final yield capability at time of the acceptance testing, but makes ac-
ceptance conditionalotheF ANBE G &SI NR& 2LISNI GA2Yy D

5) Operation andnaintenance
The key to the successful operatioha PV plant is the monitoring system. Th& a i SY Q&
initial cost is covered in the CAPEX, but the value is only evident to those working on the
OPEX. Without accurate monitoring with suitable time resolution that enables download-
ing any available parameters from any collection of plant elements acrossnaayspan,
there is little possibility foroptimizing operational activities. With a quality monitoring
system, it is possible toptimize maintenance tasks sucls @aodule washing frequency
and ascertain if string fuses have blown before preventative reamce activities take
place.

The key to ensuring that the financial model remains correct throughout the project lies not only
in accurate assumptions for the fututeehaviorof the plant at the outset of the design process,

but also in ensuring that thee assumptions are enabled during the design, building, commission-
ing, operating and maintaining the plant. This requirement points to a necessity for a high level of
guality control throughout the life of the plant. Therefore, suggestions made in thizrrepe not
onlyon the assumptions to be made but also how to ensure that these assumptions will hold true
to realizethe business plan.

In this report ve discuss methods for increasing the accuracy of our assumptions and of mitigat-
ing risks to these asmptions. This is achieved with lists of the shortcomings found in our discus-
sion on the current practices accompanied by methods to mitigate these shortcomings in the
technical management of the project during the design, construction and operationalsstdge

the project. Special attention must be paid to mitigating the uncertainty parameters calculated or
assumed for thénputs into the business model. We presenimethod of calculating final busi-
ness model values for produced energy, revenue and IRR ssitistical tools such as Monte
Carlo calculations on the input values, and then again on the output values. This method demon-
strates how a P50 and P90 model can be generated. Further statistical graphic tools, such as the
Tornado and Spider plot@re introduced as tools tovisualizethe relative effect of each of the
input parameters on the final calculated output number.

Finally,this report providesguidelines and recommendations for undertaking the design, con-
struction and operation of a PV plantammanner that will enable fulfilling the calculated financial
plan.

14



1 Introduction

1.1 Objective

Financial models for commercial PV investments take into account various technical and techni-
cally related assumptions in the derivation of various aspects suaicame from the PV plant
production, capital expenditures (CAPEX) and operating expenditures (BRHENKancial models

are used by project developers, banks and asset managers to evaluate the profitability of a PV
project. The task is to predict the dsmted cash flow as accurately as possible, to assess if the
project represents an attractive investment opportunity. The most important keyoperdince
indicator (KPI) is theniernal rate of return (IRR) oreturn oninvestment (ROI) fothe invested
captal, but as investors seldom like surprises, the level of uncertainty relatéigettRR is of in-
terest. One method to present this perspective to the investors is by statingrtbst probable
energy vield the so-called P50 yield) and an associated loweund of confidence commonly
referredto asthe P90 yield, thegrield with 90% exceedance probabilityhis yield calculation un-
certainty demonstrates a willingness to address the risk profile of the project. However, this ap-
proachsimply deals with the risin the eyes of the investor by adding a blanket uncertainty to the
yield report butdoes not offertransparencyas tothe impact of sources of uncertainthiat affect

iKS LINP2SO0GaQ FOKASOIotS Lwwo

Previous and ongoing works within the IEA PVPS Task 13 and by others have identified and quanti-

fied reliability and failures of PV plant components (mainly PV modules) that could impact the
plant performance. Studies have proven the importance of qualgueance throughout the life
cycle of a PV investmerftom component manufacturig, system design, installation atiten on

to commissioning and operation. Performance and reliability and, consequently, energy yield and
return on investment strongly depehon these practices of quality assurande the best
knowledge of the authorsthere is no commonly accepted practiget for translating the tech-
nical parameters of performance and reliability into financial terfirtse objective of thisvork is

to present an overview of current practices for financial modelling of PV investments and to re-
view them in view of technical risk during the different phases of a PV prdjeetmain outcome

of this work ispresentedas guidelines and recommendations for mitiggtand hedging financial
risks in a PV investment.

1.2 Guide to Readers

This report presentareview of current practices used in PV financial modeldprovides guide-
lines and recommendations for mitigating and hedging financial risks in a PV invesBGaratal
definitions, terminologyand technical naming conventions used in PV financial calculadiens

AYGNRRdAZOSR Ay G(GKS a! 60 NX gektion2 présghis anoyeRievb @ duk y A (0 A 2

rent practices used in PV financial moddlee overview is based on a screening of 84 PV projects
covering 9 countries, several technologies and different business conddmsnformationwas
collected through a queginnaire and is complemented with the findings from the Solar Bankabil-
ity? project reported in[1]. In Section3, we review the current practices by comparing the tech-
nical assumptionggainstscientific data,state-of-the-art methodsand recommended industry
best practicedor solar resource assessmg@B.1), energy yield estimate$3.2), capital expendi-
tures €3.3), and operating expenditure$.4). Reliability and failures of PV system campnts

are reviewed andsummarizedin 83.5 based on iputs from other suktasks from the IEA PVPS
Task 13vork. Sectiond summarizes the findings from the review of current practices and identi-
fies the opportunities for mitigating and hedging financial risks in PV investmBmse findings

2¢KS {2fFN) . FyllroAfAde LINRP2SO0 Aa TFTdzyRSR o6& GKS
programme under the grant agreement No 649997.
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are translated intayuidelines and recommendations for mitigating and hedging financiainriBk
investments $ectionb). Finally,Section6 presents the conclusions of the works described in this
report.
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2 Overview of Current Ractices

2.1 Financial Models for PV Investment

PV financial models are used by project developers, banks and asset managers to evaluate the
profitability of a PV project. The task is to predict the discounted cash flow as accurately as possi-
ble, to assess if the project represents an attractive investhopportunity.

A typical PV financial model addresses the following topics:

1. Irradiance resource estimation

2. System losses and energy yield estimate including system degradation
3. Energy sales price and yearly revenue

4. Operating expenditures including O&Mdtand lease

5. Financing cost and taon

When project specific informatiois collected on these topics, i$ possibleto calculate the cash

flow of the project. The most popular ké§Plused to assess the financial performance of the PV
project will bethe IRRand the ROI on the invested capital. Since investors seldom like surprises,
the level of uncertainty related tthe IRR/ROI is also of interest.

2.2 Technical Assumptions Used in PV Financial Models

In order to obtain an overview of current practiceshe use of technical parameters in PV finan-
cial modelsa questionnaire was developeahd distributed amongnembers of the Task 1Sub-
task 1 contributors.From the 6 respondents, a total 8% projects covering 9 countries, several
PVtechnologies and diffrent business concepisere described and datanalyzed Thefull text

of all questions asked &ippliedin Appendix 1 and the responsaee presentedn the following
sub-sections arranged according to the topicategorie$ used in the questionnair@lso summa-
rized in Appendix 3)

1. General projecinformation
Solar resource assessment
Energy yield estimates
Capital expenditures
Operating expenditures
Business modsl

ook wnN

More detailsand extended resultfrom this investigation are available [ig]. Although the inten-

tion of the questionnaire was to collect information on current practices in the use of technical
parameters in PV financial models in general, it turned out that most of the quantitative and qual-
itative informationwas related to energyyield estimation only.Therefore, @irther results pre-
sented in thisSectionregarding capital expenditures and operating expenditures ample-
mented with the results from the Solar Bankability project presentedilinand with generaland
public domairindustry knowledge

2.2.1 General Project Information

Under this category, general project information is collectedthe questionnaire This infor-
mation includes the background, purpose, ownership, development history, location, module
orientation and module size (power and area). A summary of responses to the questionnaire re-
garding general project information is shownTiablel.
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Tablel: Summary of generadroject information.

Topic Answersto guestionnaire®

Purpose of pro- To generate energynvestment proposals, opportunity for an agricultural coop
ject ation.

Ownership In several cases the project is owned by a holding company, being often a ¢
Purpose Vehicle (SPV), with the sole purpose of owning the PV project on i
recourse basisTherefore, the collateral is the PV project itself.

Developer An agricultural cooperative, private land owner, industrial concern or a pri
building owner.

Installation type Free field or alternatively fixed tilted on a roof with eitr@uminumor gdvanized
steel mounting structures.

Orientation All projects have the modulesiding directly towards equator with tilt angles b
tween 15° and 30°. Only one tracker system is included.

PV modules Most projectsusemodules made from @no- or multicrystalline silicon celiman-
ufactured by Tier 1 or £hinesecompanies A single project uses$i/|-Si tandem
modules. Some examples reference additional certification according tongstit
ammonia, PIBesistance and AR coating of thesga

PV module tol- Ranges of £5 Wpnits symmetrical around the nominal power or as asymmetr
erance tolerances of-0/+3% or-0/+5 Wpunits. In three cases the average measu
power from flash tests including a measured standard deviation was provided

Warranties A single case did specify the module product warranty but in all other cases
the performance warranty which is typically specified as linear over 20 or
yearsq are given. In two casesformation is provided thathe suppliermodule
warranty has beerbacked by an external insurance policy.

Stringing In most cases a detailed description is provided on the total number of mo
and the number of modules per string, combidmrx and/or inverter.

Area In mostresponsea, the exact size of the modules and the total module area is
en howeverthe total areautilized by the project or the ground coverage ratio
seldom detailed.

3 See the full text of the questions asked in the questionnaire in Appendihd.summary of responses
within this category of the questionnaire are in some cases presented imprecise. This may be a conse-
quence @ the arbitrary selection of project examples that cannot be claimed to be representative.
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Although not all responses to the questionnaire covered all topics, the information collected in
the categoryof general project description is in general quite detailed and descriptive. This cate-
gory represents those facts that are often made public andndt reflect technical issues that
introduce ambiguity to the calculations. A great number of technical details are provided, but
except for the PV module power and tolerance none of these parametersawivect impact on

the calculated energy yield dinancial performance.

2.2.2 Solar Resource Assessment

Under this categorythe questionnairevas used to collectdata regardingthe solar resource at

the site, and the character and origin of the irradiance data used to estimatérifueciallifetime

(Tufinanc) €nergy potentialof the PV plantin general, dferent solar irradiation data sources are
available including measured values with local sensors, interpolated values, and estimated values
derived from satellite models. These databases use irradiatada dbtained by different meth-

ods and, sometimes covering different periods. The available solar irradiation ait¢his a cru-

cial parameter for a PV financial modelitis used as a badis estimate the energy potential of

the PV plant during it3.snanc and forverifying the fulfilment of contractual KPIs such as perfor-
mance ratio (PR) or energy based availabfigyA summary of the questionnaire answers regard-

ing irradiation data sources gesentedin Table2.

Table2: Solar resource assessment

Topic Answersto questionnairet

Location In most cases a very precise identification of the project location is ghrerects from
the following countries are covered: Chad, Chile, China, Germany, Israel, Italy,
Romania & Uruguay.

Irradiation A value of the expected horizontal irradiation received is provided with either fot
five significant digits in units of kWh/m?. The sources of this information are refe
enced in detail and include dafeom the following sourcesDeutschen Wetterdienste
(DWD) (19822012), Meteonorm 6.1 (1982000) and 7.0 (1988005), NASA (198:
2005), NASA (SSE) (128®5), PVGIS @Bkic) (1981990), PVGIS (GBAF) (1998
2010) or UNI 10349. Besides a reference to the yearly period behind these meteol
cal observations, also an uncertainty in this value is often given, with typical valt
+2.5%, £3.0%, +4.5%, +6.8% or £8.0/st valuesbeingin the lower end of this range
Amonthly breakdown of expected irradiation is also providedhany responses

In general, it appears that the solar resource data are collecied]yzedand assessed with a
great deal of professionalisiihis suggests that these data and conclusipimeluding uncertain-

ty estimatesg can be trusted as scientifically based and highly trustworfsgarding the histori-
cal period usedlyist to calculate the available solar resouréeis clear from the codicted data
that different Tuissare used dependingn the data source. Furthermorepone of the answers in
the questionnaire includefurther explanation regardinghe possible effect of lonterm trends

in the solar resourcand how to account fosuchin the longterm yield assessment (LTYA). These
topicsare further analyzedand discussed iBection3.

2.2.3 Energy Yield Estimates

Under this categoryinformation regarding the technical and system design data used for energy
yield estimateswere collected through the questionnaird.he energy tht can be generated by

4 See the full text of the questions asked in the questionnaire in Appendix 1
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the project is the single most important technical parameter. The calculation of the expected en-
ergy vyield is typically provided by a cascade of specific moetds solving a particular question
regarding energy conversioRigurel illustrates the energy flow from sunlight to the consumer of
electrical powerfor a typical gricconnected PV systemmighlighting the different suimmodels and

the related uncertainties in the different step§he character of each subodel and the freedom

to select input parameters varies considerably depending onsiheuilation tool in use and the
experience of the usein general, the expected energy production or final system yel re-
ported together with the PR, which quantifies the overall efficiency of energy conversion of the
PV system. The PR represents the ratio between the systemYimhdl the solar enagy input or
reference yieldY;, and should be accompanied by an uncertainty, which in turn depends on the
uncertainty in the final yield and reference yield quantification.

POA

Inverter
PV array ch ‘r\c Grid

I
‘r
System losses
Array capture
losses

PR ©$

Figurel: Energy flow diagram in a gritbnnectedphotovoltaic systemln black the calculated
parameters and iluethe related uncertaintie§ ).

The core of the energy yield estimation process is the PV yield modelling software. PV yield mod-
elling software are used by developers and independent consuttinggneers during the design
phase of the PV project to estimate the expected energy yield duringinaaciallifetime of the
system. A variety of software programs are available in the market; PVsyst, PVSol, SAM, and PV
Plannerto namejust a few of themany software packages available for this application. The out-
put of any PV modelling software strongly depends on the underlying model algorithms and on
the chosen input parameters. These parameters include the solar resource and weather related
parametes, system design configuration, technical characteristics of the components and several
additional inputs that are often based on user estimates or assumptions. Soiling, mismatch, ca-
bling and other field related losses or derating factors are exampléiseofany user estimates
required during the PV energy yield modelling process.
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The answers from the questionnaire regarding technical and system designiskdaor energy
yield estimatesare summarized iriTable3. In general, hese responses contain data vasanly,

with no reference to the source diiis information. The numbers and associated uncertaintiee

most likelychosen by the modelling gmeer by considering the energy yield modelling toséd
experience from previous modelling and model validation activity and the availability of infor-
mation for the specific project in questiotit. is therefore likely, that some input values may be
sekcted based on general assumptiponsodelling experiencer traditionally accepted conven-
tion and it may be that some loss elements are lumped together @nginglegeneric loss due to
lack of project specific informatiorit is also possibléhat some céculated losses are divided into
parameters not covered in this questionnaire, as the large variation in values describing the ther-
mal loss may indicate.

Table3: Technical and system design data.

Topic Answersto questionnaire

Soiling loss Amount of soiling to be expected is often provided and rafgem 1.0% to 3.0%
with most values between 1.0 and 1.5%he uncertainty of this value is often pr¢
vided and is given as t1p@rcentage pointvith only one exception where a vall
of £3.0 % is used.

Shading loss Expected amount of shading is provided with typical values of 0.6%, 0.7%,
2.7%, 2.8%, 3.3% and 3.6Ptowever, nost installatiors expect 0% shading los
The uncertainty in this estimate is given as +0.5% in most examples and as
and £2.0% in two specific projects.

Reflection loss Expected amount of loss due to reflection from the module surface (also knov
Incidence Angl&odifier (IAM) loss) is provided with typical values of 2.8%, 2
3.0%, 3.2%, 3.6% or alternative with a value of 0.0%. The uncertainty in thi:
mate is always given as +0.586en stated

Thermal loss Yearly loss as compared to operation under StatidBest Conditions (STC i
irradiance of 1000 W/rf air mass (AM) of 1.5 and module temperature of 25
has been calculated as 0.1%, 0.3%, 0.8%, 1%, 1.2%, 4.9%15.3%por 14.5 %
with uncertainties stated as either £0.2%, +0.5% or +1.0%.

String mismatch Calculated to values of 0.4%, 0.7%, 0.8 %, 0.9%, 1.0%, 1.10% or 2.1% witt
loss tainty stated as £0.5% (except for one example of £1.0%).

DC/ACGcable Calculated as 0.1%, 0.2%, 0.6%, 0.7%, 0.9 %, 1%, 3.4%, 6.2%, @wWagSwith
loss an edimated uncertainty stated as £0.2%.

5 See the full text of the questions asked in the questionnaire in Appendbihd uncertaintyvalues are
presentedhere in the same form as providl in the questionnaire responses. If thgsercentags shall be
understood as an absolute (percentage point) or relative factor is not ¢leat in the responsesor in the
original inestor pesentation of the project. Thesencertainty value not clearly expressed can lead to
misinterpretation and result in under/over estimation of the risk. This may be a consequence of tiaking
certainty valus fromliterature or standard practice andot assessed based on first principles for the spe-
cific project in question.
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Inverter loss Calculated as 1.1%, 1.6%, 1.7 %, 1.9%, 2.0 %, ar&98.2%always with an es
timated uncertainty stated as either £1.0% or +2.0%.

Transformer Calculated as 1.0% and 1.3% with one value at 2.@Pakvays given with an ur
loss certainty of £0.5%.
Grid access For all systems where the information is provided, the full production is expe

to be delivered to thegrid with no other loss (PoweraEtor =1). The combinec
overall uncertainty in thealculated energy yield is then provided as £3.2%, +4
+5.1%, +5.9%, +6.1%, +6.8% or +7.3%.

2.2.4 Capital Kpenditures

Under this category data regarding the costréalizethe project are collectedhrough the ques-
tionnaire. These costs are supposed tolite not only the direct engineering, procurement and
constructions (EPC) cost that scales with the size of the system but also the fixed project devel-
opment costas well as the cost of decommissionirighe intent is to present a breakdown of
these costsrito categories such as site preparation, civil works, installation of direct current (DC)
system, alternating current (AC) system, fencing, safety & security components, waste removal,
mounting structures, PV modules, balance of system (BOS) (i.e. aablei$pring system, etc.),
insurance and grid connection codthe results obtained from the questionnaire are comple-
mented with the findings from the Solar Bankability project reportedilinand summarized be-

low.

The survey revealed that the EB@stmakes up a significant portior{70-90%)of the capital ex-
penditures(CAPEX The scope of work of the ERGlefined in the main body of the EPC contract
and generally includes the following core services:

1. Design of tk plant

2. Procurement and supply of plant components, usually up to the grid connection point

3. Construction, including transportation of components to site, site preparation, and com-
ponent installation

4. t tFydG dSadAay3a FyR 0O2YYA dulihgsypplychall Eeldvedt 2 6y SND & |
documentation

In addition to the core activities, there are optional works which could be included in the EPC
service. For example, the EPC will normally provide support to the plant owner or developer in
administrative aspest such as obtaining grid connection authorization, use of external roads, or
acting as the interface with the component and equipment suppliers before the ownership of the
plant is handed over.

Financial models normally only makee of a single number fahe CAPEX valudhe concept

that the CAPEX be represented by a single number in the investment model may not always be

correct. It may be advantageous to represent the inherent uncertainty of the CAPEX value in the

financial model by adding a tolerangé il S NI f -0 B NE G SRNB KIS @I f dzS 6 KSy A
the text or calculations. This is furthdiscussedn Section3.

2.2.5 OperatingExpenditures

Under this category information regarding the land/roof lease conditions, insurance conditions,
organizationand extent of operation and maintenance (O&M) activitidésnmed for the plantvas
collected through the questionnairéhe results obtained from the questionnaire are comple-
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mented with the findings from the Solar Bankability project reportedilinand summarized be-
low.

The survey revealethat the O&M costs make up a significant portion of the OPEX/ (80).The
scope of works for the O&M contractes defined in the O&M contract and generally includes the
following core services:

1. Continuous monitoring of the plant operan and periodic reporting
2. Preventive maintenance
3. Corrective maintenance

In addition to the core activities, there are optional works such as administrative support and
warranty claim management assistanddie O&M costs in the surveyed PV financial models are
made up of a fixed part and a variable part. As mentioned previously, the O&Mrepstged in

the questionnaire have very broad spread (30 to 70%) within the PV project OPEX. This is be-
cause the O&Mscope itself varies widely, influenced by many factors such as plant size, complexi-
ty of design and technology, access to location, and local regulations. When the scope of the fixed
O&M is comprehensive, it will consist of complete preventive maintenaeteities including full
inverter maintenance and replacement part supply and restocking. In this case, the variable O&M
costs will likely be low as the required part of corrective maintenance is already addressed by the
fixed O&M fee.

Technical assumjatns are important when the OPEX value has to be assigned in the PV financial
model. Among the most obvious of these expenditures is the estimate on inverter replacement
during thefinanciallifetime (T.finang, Whichis typicallyaddressedbased on theexpected average
technicallifetime (Ti.wcn) Or detailed failure profile of the chosen inverter. Ideally the OPEX budget
should reflect the expected weanut profile of the individual components as calculated using
technical parameters that describe tAewcn profile of the equipment.

A core task of the O&M contractor is to monitor the plant operation on an ongoing and continu-
ous basis and report the plant data such as production and operational events to the investor and
owner onaregular basis, usuglimonthly and yearlyThe survey revealed th&V plants of com-
mercial scale and larger employ remotely accessed monitoring systems. The initial installation of
the plant monitoring system is usually included as standard in the EPC comtraghonitoringof

the plant typicallyfocusseson the PR and technical availability (Ta), and is known to be of high
importance in ensuring the overall profitability of the project. For this reason, a PR and Ta guaran-
tee is often requested from the O&M provider, whichncinvolve many technical definitions and
assumptions that may look simple, but in realite not at all trivial for implementatiom a moni-

toring system.

PV monitoring systemautomaticallycollect and record all data produced by the plant. The data
canthen be accessed manually and prepared for analysis of plant performance or trouble shoot-
ing. Typical of these systems are automatic calculation of PR and other matrices for ascertaining
systemhealth such as inverter comparisaa@.2 NBE | R@I y O S Roring aystémidJodk aty 2 y
the characteristics and changes in the PV plant parameters and try to diagnose any issues and
identify the assoiated root causes automaticallyhis isanalyzedurther in Section3.4.1

Another core task of the O&M contractor is perform periodic preventive maintenance. Periodic
preventive maintenance generally includes visual inspection and general keaping of com-
ponents including cleaning, tightening, and adjusting. Defective components found are repaired
or replaced accordingly. Other activities found among the surveyed O&M contracts are module
cleaning, PV plant site maintenance such as vegetation control, feaggenance, and general
repairs. Irradiance and temperature sensor calibration are also undertaken periodit#lalso

likely that replacing or reconditioningspecificpart or a major plant component is foreseen. The
time frame is usually based dechnical and scientific data on the mean time between failures of
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the component such as inverter replacement as described earlier; in this easgplacement is
usuallyplanned just after year 10 of the PV system operatidhis periodTi.«ch is typicaly as-

sumedfor a PV inverter. This practice is sometimeferred to agpredictive maintenanceVNe did

not find predictive maintenance activity in any of the surveyed O&M contracts.

Maintenance frequency can vary from as high as monthly to bimgntuarterly, biannually,
yearly, and more, depending on the component in question, and the maintenance task, such as
the monthly visual inspection of a sensor versus ltss frequentsensor calibration. Among the
O&M contracts surveyed, annual frequenegsthe most commontime frame for preventative
maintenance frequencyRegarding the maintenance of the monitoring system, almost half those
surveyed O&M contractare found to have not included any check or testing of the monitoring
system in their O&M peventive maintenance activities.

In our survey, less than half of the contracts inclugetyanced inspection techniques such as
infrared imaging (IR) inspection for the modules, electrical cabinets or junction boxes. The fre-
guency of inspection was eith@mnual orbiannual In all surveyed cases, the IR inspection was
performed by a specialized suontractor.Moreover, none of the O&M contracts reviewed have
included electroluminescence (EL) inspection in their scope of weirkally, émost all O&Mcon-

tracts surveyed have included spare part supply and management in their scope of works. All
these topicgegardingpreventiveand correctivemaintenanceare discussed further i83.4.2and

§3.4.3

Similar to the EPC service, KPIs are important to determine if the O&M services have been per-
formed sufficientlyto allow the plant to operate as expected. In addition to guaranteed perfor-
mance ratio or guaranteed output yield, guaranteed availability is another KPI commonly used in
the O&M contract. Our O&M contract survey found no general consensus regarding which KPI
should beused: 25% use guaranteed performance ratio and guaranteed availability, 25% use only
guaranteed PR, and 12% use guaranteed availability. Interestihglyemaining38% of thesur-

veyed projects had not committed to any form of KPI at Hie guaranteedplant availability
commonly required is 99%. However, the overall plant availability could be 98% as shidin in
This is further discussed §3.4.40f this report

2.2.6 Business model

Under this category information on the nature of revenue generation as well as information about
the financial structure, taxation and other financially related aspects of the prigeeqgueste in

the questionnaire At a minimum, it should be possible to understand if the power is to be sold
under market conditionssubsidizedby a feedin tariff (FIT), green certificates or tax credit or
whether the power will be selfonsumed in whole or in part, or sold via a private/public grid to a
third party according to a power purchase agreement (PPA).

In general, information of thisikd was not made available by many of the subjects Some
screened projects included a reference to the FIT scheme in place but otherwise this kind of in-
formation has not been extractefrom the screened projects.

2.3 SectionQummary

The sirvey of 84 PV projestfrom a diverse selection of regions around the woddealedthat

mostly not alltechnical assumptions influencing the CAPEX and OPEX values are clearly ad-
dressed Although the intention of the questionnaire was to collect information on current prac-
tices in the use of technical parameters in PV financial models in general, it turned out that most
of the quantitative and qualitative information was related to energy yield estimation dhbst

of the datacollected from the questionnairgvith regard to energy yield estimatiorrepresent

hard technical factshat seem to be available with a high degree of detaludingprofessional
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estimates on the uncertaintieA summary of the responses to the questionnaire is available in
Appendix 3.

Regardinghe solar resource assessmerhe survey revealed that solar irradiation data used for

the further longterm energy yield estimates seems to be collectuilyzed and assessed with a

great deal of professionalisrilowever, dferent historical perioddistare used depending on the

irradiation data source. Moreover, nfurther explanation regarding possible effecf longterm

trends in the solar resource and how to account for these in the LI ¥#ically providedThe

overall impressiomegardingenerg yieldestimatesis that theseare calculated by engineers for

the specific project andred 1 2 LILISR 2FF¢ A GK |y dzy OSNIlFAyide @l
SyO0S 2NJ AyaidlffSN 2dzRISYSyliés gKAOK Yz2ad tA1St
longterm yield assessmenLTYA}¥ector. These assumptions are reviewed anthlyzedin Sec-

tion 3 by comparing them with scientific data and staikthe-art methodsand best practices

Regarding the cost elementdepending on the character of the project the CAPEX represent
either the construction cost or the project sale price. In few cases the considered technical as-
sumptionsare clear before the final CAPEM4lue is determined. Furthermore, financial models
normally only make use of a single number for the CAPEX value and it seems not to be common
practice to account for the inherent uncertainties of the CAPEX value in the financial model.
Technical assumptions are also important when determining the OPEX value. These technical as-
sumptions are however often not explicitly presented in the project presentations. Operating
expendituresshould reflect the expected weanut profile of the indivilual components as calcu-

lated using technical parameters that describe thehnical lifetime Tiw«cn) profile of the equip-

ment as often thdechnical lifetimeT...ch Of the different components differ significantly from the
financial lifetime(Twinang Of the project. The monitoring of the plant typicafiycuseson the PR

and technical availability as these KPIs are of high importance in ensuring the overall profitability
of the project.

Finally, here are different business models including, amonigeas, FITsubsidies green certifi-
cates tax credit, seHconsumption (in whole or in part), private ,qrublic sell to a third party ac-
cording to a power purchase agreement PBAfortunately, the questionnaire responses do not
provide more detaild informationon this topic
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3 Review and Analysis of Technical Assumptions
Used in PV Financial Models

In thissection we review the current practices by comparing the technical assumpgicesented

in Section2 with scientific data, statef-the-art methods and recommended industry best prac-
tices.As reported in the previouSection only the parameters that directly influence the energy

yield calculation are typically described in detail. Similar findimg® obtained inthe Solar Bank-

ability study[1] where a survey was conducted on the financmldels of 18 groundnounted PV

plants in Europe developed in 202015. Consequently, stakeholders involved in PV project in-
vestment find it challenging to determine if the CAPEX and OPEX values used in their PV financial
models are correct or at the vetgast, reasonable.

In order to deal with the lack of tangible technical parameters for CAPEX and OPEX, the authors of
the Solar Bankability project have proposed to focus on the technical aspects of the EPC and O&M
scopes of work to manage the technicalks linked to the CAPEX and OPEX of PV investments.
This suggestion is based on survey findings that the EPC and O&M costs make up to a significant
portion of the CAPEX and OPEX-4@% and 3&r0%, respectively). Unfortunately, most of the
technical inpus in the EPC and O&M are highly qualitative and therefore subjective. Therefore,
when assessing the correctness of the technical assumptions, the most logical approach is to
compare them with the recommended industry best practices.

The Solar Bankability project extended their stualyalyzinghe different technical aspects in the
EPC and O&M contracts from a group of groomaluinted and rooftop PV projects in Europe de-
veloped between 2014 and 2016. The weaknesses and gaps uncoweoed duestionnaire and

by the Solar Bankability studyre analyzedand summarizedn the following subsectionddere,

the authors have extracted and summarized the essential findings from the Solar Bankability re-
ports[1] and[3]. In 83.1the technical assumptions regarding the assessment of the solar resource
are reviewed. This analysis is subdivided in three categories, namely the quantification for the
solar resourc€g83.1.1), the variability and longerm trends of the solar resourd@3.1.2), and the
conversion to the planef-array (83.1.3. Then the technical assumptions used in the different
steps of the PV energy yield estimation pges are reviewed ananalyzedn 803.2. The cost ele-
ments involved in capital expenditures and operating expenditureslesaissedn §3.3and §3.4
respectively. Finally, the reliability and failures of PV system componentsvaegedin 83.5.

3.1 Solar Resource Assessment

Longterm solar resource related uncertainties are one of the main technical sources of uncertain-
ty impacting longerm erergy yield estimates of a PV pldai, [3]¢[5]. The overall solar resource
uncertainty is the result of the combination of differenhcertainties, such as measurememt
model uncertaintiege.g. pyranometer osatellite uncertainty,) longterm variabilityand trends,

and any further models useas, for example, theonversionof the horizontal irradiationinto the
planeof-the-array. These elements are discussed in the following paragrapigscompared to

the findings from the review of current practices presente®ection2.

3.1.1 Quantification d the Solar Resource

As highlighted irBection2, different solar irradiation data sources are available including meas-
ured values with local sensors, interpolated values, and estimated values derived from satellite
models. These databases use irradiation data obtained by different methods and, someatiwnes ¢
ering different periods. The review of current industry practices revealed that many different irra-
diation databases, and sometimes even different versions of themnarse

26



With regard to the uncertainty, the survey of 84 PV projects revealed treatypical values used
ranged from between +2.5% to £8%. Uncertainty values for yearly global horizontal irradiation
(GHI) reported in scientific literature are within £2% for high quality pyranometer measurements
and up to £5% for solar reference cellslazatellitederived estimates.

Irradiation data derived from satellite images are increasingly used as input fotdongyield
assessment and as reference yield for monitoring and business reporting. The reference vyield is
usually used as a basis for ifging the fulfilment of contractual KPIs suchRR or energy based
availability(Ag). The under or overachievement of these KPIs often trigger penalties or bonuses.
Therefore, before relying on a reference yield that is derived from satellite data, essetgers

and O&M contractors expect that the fidelity of these datdl be confirmed independently and

with scientificrigor.

Several scientific studies have evaluated the quality of satddited irradiance data in the past
and some comprehensive owéews are presented, for example 6], [7]. Typical normalized
root mean square errors are between 488% for monthly and 2% to 6% for yearly irradiation
values.

Recently, several new or improved sateHitased irradiance services have become available. In
several of these services, the underlying cloud models increasingly take into account the physical
properties of the clouds. A larggcale evaluation has been recently carried out by the Solar Bank-
ability project. Several satellieased irradiance data services were evaluated. The validation
study compared the satellitbased irradiance data with dateom meteorological stations for the
years 2011 to 2015. The reference data covers measurements from 203 stations in the Nether-
lands, Belgium, and France. Results of this validation have been preserjgjcaimd also pub-

lished in[1].

Results of this study show th#te overall systematic error (bias) of most models ranges between
3% and 5%fathe measurement. However, for individual sites, the Bias ranges betwi@éun-
der-estimation)and 10%(overestimation) The random errors are small for monthly irradiation
(ca. 4%) and much higher for daily and hourly irradiation values (ca. 10% #nde8pectively).
Figure2 shows the arithmetic average bias over all stations in the Netherlands (31 meteo sta-
tions) for the different evaluated models and years. Rartresults of this validation study are
presented in1], [8].
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Figure2: Arithmetic average bias over all stations in the Netherlands for the diffesastlite-
derivedmodels and yearf8].
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As highlighted ifl], when comparing the results to esite measurements in the pte of array, it

is clear that orsite measurements with calibrated and wetlkintained instruments will be much
more precise than the satellitbased data. However, for first and second class pyranometers as
well as for silicon irradiance sensarbich areoften used in small to medium size PV plants, the
precision of the satellite services is generally comparable and sometimes even better than that of
the onsite measurementThe conclusions of this study highlight that satelbeesed irradiation
today can be a reliable and valuable alternative to-site measurements for monthly and quar-
terly performance reporting for small to mediugize PV plants. For fault detection with hourly or
daily resolution, orsite sensors are the first choic&atellite dataare less precise and may be
considered as baelqp when the sensors fail or appear to be poorly maintained.

Another alternative that has been recently highlighted in scientific literature is the use of site ad-
aptation techniques. These techniques combihersterm measured data and loAgrm satellite
estimates. Short periods of measured data but with-specific seasonal and diurnal characteris-
tics are combined with satellitderived data having a long period of record with not necessarily
site-specificcharacteristics. Upon completion of the measurement campaign which is typically
around one year, different methodologies can be applied between the measured data at the tar-
get site, spanning a relatively short period, and the satellite data, spanningh looger period.

The complete record of satellite data is then used in this relationship to predict thetdomg

solar resource at the target site. Assuming a strong correlation, the strengths of both data sets are
captured and the uncertainty in the Igrerm estimate can be reduced.

Two main approaches for site adaptation of sateltierived data were identified in literature: an
adaptation to the input data of the model to better fit the local irradiation measurements and,
empirical adjustments of thenodel output estimates by comparison with the -site measure-
ments. The study conducted 1] concluded that each site would likely require a specific initial
assessment to design the proper method for data adaptation. Moreover, thesgéeific method
may be a combination of the different approachd-urthermore, it is highlighted in the study that
the optimum duration of the overlapping period between ground observations and model esti-
mates has not been widely studied.

In[1], the authors validated the apphtion of a Measure Correlate Predict (MCP) methodology, a
rather simple site adaptation technique, on &®teorological stationsn the Netherlands. The
study concluded that the MCP methodology can yield high accuracies with uncertainties below 2%
(bias)if the common reference period usedas least oneyear. However, if the bias of the satel-

lite is not constant over the year, the application of the MCP methodology based on periods
shorter that one year can have consideralilwer accuracy. This can baproved by using more
advanced site adaptation methods as proposed e.f]in

3.1.2 Variability and Longrerm Trends

CKS QGFINAIFIOoAfAGE 2F (GKS &az2ftlFNJ NBaz2dz2NOS Aa RSTFAY

averageglobal horizontal irradiatiofGH) over a longterm historical period Tuis) Of typically 10

to 20 yeardq3]. As reported, for example ii]and[3], the variability of the solar resource in Eu-
rope can range from about 4% up to ca. £7%nfiore complex conditionkke e.g.near coastal
areas The review of current practices through the survey of 84 PV projects revealed that this
guantity is often extracted from the lonterm databases providing yearly data which typically
cover ahistorical periodTyist Of at least 10 years. Nevertheless, the effect of koegn trends in

the solar resource, which may also impact the overall uncafgan longterm energy yieldesti-
mates,is not accounted for in any of the 84 surveyed projects.

As reported i3], [9]¢[11], the irradiation in several places across Eurspewsa dimming peri-
od followed by a significant brightening trebeginningaround 1990. Positive trendalues in the
order of +2.5% to +3.5% per decade are reported. There is however no certainty regarding the
future development of these lonterm solar irradiation trends. Moreover, the@ppearsto be a

28

S



lack of a clear methodology on how to account for &féects of these longerm trendsfor the
prediction period {rreg in energy yield estimates which serve as input for PV financial models.

Recent scientific studies evaluated the effect of kbagn variability and trends in the solar re-
source in[1], [10] and[12]. For example, ifiL0] three different scenarios of future levels of irradi-
ation Teregare compared. The result of the analysis shows that using the 10 most recenflygars

to estimate the future irradiance for the comingeq 20 yearswould be the best estimator even

in the case of a complete trend reversal. The study concluded that when using the average GHI
from the past to predict the average of the comifgeq 20 years, the observed lostgrm trends

create an additional uncertainty of about £3%.

Another recent study tht looked into longerm projections of changes in solar irradiation and
near surface air temperature worldwid&0], found that projected trends in clear sky andsiy
irradiation are slightly negative or close to zero (betwe@rl W/n¥/year and 0.05 W/rffyear)

for most regions of the world except for parts of China and Europe. Even though it could be ex-
pected that irradiation in the coming years remains at a higher level than thetéyngmean,
longterm yield estimates are often based partly on historical irradiatilata from before 2000.

As a result, the actual irradiation may be ungstimated andhencethe return on investment
would also be undeestimated Moreover, as highlighted ifY], due to the effect of these long

term trends, the solar resource variability may be overestimated. The higher delta between actual
irradiation values today and irradiation values from 20 years ago afsnlt in an increased
standard deviation of the data. This overestimation of the solar resource variability may negative-
ly impact risk assessment studies.

Recent publications suggest the use of different methods to account for, or to mitigate the impact
of the longterm solar resource trends in energy yield calculati®ifferent statistical techniques

can be used to estimate the effect of local trends in the solar resource as for example, standard
linear regression modelguto-regressive integrated mawy average (ARIMAWgethods, classical
seasonal decomposition (CSD) or locally weighted scatterplot smoothiNgEES)For example,

in [1] the authors propose an autregressive integrated moving average (ARIMA)hadtwith

and without trend effect. The proposed method accounts for the effect of-teng trends as

part of the uncertainty (sed-igure3) instead of assuming diffent trend scenarios or using a
shorter historicalperiod Thist as proposede.g.in [10]. Nevertheless, as stated fiti], the proposed
method is clear for cash flow analysis (uncertainty of single years). However, when assessing the
risk of multiple year sums, the method still needs further development.

Independently of the stastical method used for the trend detection afature longterm irradia-

tion prediction, the methodlogyhas to be clearlgocumentedto allowthe correct interpretation

of the results, especially considering the increasing interest in financial mode®/fptants be-
yond year 25.
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Figure3: Forecast of future lonterm irradiation based on the average of B#teorologicalsta-
tions in the Netherlands usirige ARIMA (0,1,1) natel without trend[1].

3.1.3 Conversion to the Plan®f-Array (POA)

When the irradiation is not measured in the plaoff-array (POA) of the PV modules, the GHI has

to be converted into the POA by using transposition models. The conmearsithe GHI into the

POA irradiance encompasses two major steps. The GHI is first split into horizontal diffuse irradi-
ance and horizontal direct irradiance by the use of a decomposition model. Then, the diffuse,
direct, and ground reflected irradiance cponents are transformed to the POA and recombined
again in order to obtain the global irradiance in the POA.

Typical uncertainty values for the conversion of the GHI to the POA range between 2% and 5% as
reported in literature[1], [3], [5]

3.2 Energy Yield Estimates

Our survey of 84 PV projects revealed that the most common PV performance modelling tool
used is PVsyst; often augmented byhimuse developed tools. In general, most of the data pro-
vided in the survey represented hard technical facts with a high degree ail ¢t also included
professional estimates on the related uncertainties as presentegi@.3 As previously high-
lighted, the overall impression is that theluas have been calculated by engineers for the specific
projects and have been complemented with uncertainty values which are most likely selected
FTNRY GSELISNASYOS 2N AyaidlftSN 2dzRISYSyiéod Ly
tions and compre them with literature and scientific data for the different elements in the PV
conversion chain.

3.2.1 Effective Irradiance Estimation

Optical losses due to reflection in the PV module front surface and, to a lesser extent, due to
spectral variations, decreasbd POA irradiance that will be effectively converted into DC power.
The effective irradiance is estimated by modelling the losses due to these two effects. For crystal-
line silicon PV modules, the variations in PV module performance that occur duringaaaehdl

over the seasons effectively average out on an annual basis. Therefore, spectral variations have a
minor effect on the annual energy production from a crystalline silicon PV mf&jule
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Reported values for reflection losses in scientific literature are ca. 1% of the annual energy yield
for optimally designed systems asported for example ii13]. However, the overview of current
practices presented i82.2.3 revealed that for our pool of 84 PV projects spread across several
countries and presenting different configurations, theedictedreflection losses range between

2.8% and 3.6%. It appears then that reflection losses, may have a more important impact on the
overall annual energy yieldt is important to highlight that the reflectiotosses increaseas the
angleof-incidence (AOI) imeases with a significant increase for AQI greater than 60 degrees. In
addition, these losses can have a significant seasonal effect depending mainly on the geographical
location and orientation of the PV modules (i.e. inclination angle and azimuth).

3.2.2 Tempeaature Model

Thetemperaturelosses calculated for the 84 surveyed $/stems presented gR.2.3range from
0.1%up to 14.5% (wide variety of environmental conditns spread across several countries and
presenting differentconfigurations)with uncertainties stated as either £0.2%, +0.5% or £IB&.
temperaturelosses depend odifferent factorsincluding namelythe PV module physical charac-
teristics, the environmental conditions, arie installation configurationFurthermore different
temperature models are available for estimating the cell temperature of a PV module. The uncer-
tainty related with this modeltig step will depend on the complexity of the model used. From
simple models that neglect both thermal dynamics and wind effects, up to advanced models that
take into account both dynamics and wind effects are availgbtéentific alidation results show

that the accuracy of these models can vary from ca. 1 °C to 2 °C and even higher depending on the
model used5].

3.2.3 PV Array Model

PV array simulation software use R¥dule models to predict the energy yield of a PV system. As
introduced earlier in this section, a variety of PV simulation software is available on the market.
These software packages often use different PV module models. Comparison studies of different
PV module models found error values in the order of £1% to [3}s [14] These reported val-

ues, often included irradiation model erroend in some cases temperature losdmg did not
consider additional system losses such as soiling, mismatch, etc. These additional losses are dis-
cussed later in this section.

3.2.4 PV Inverter Model

The uncertainty of the inverter measured efficiency is given by the combined uncertainty of the
DC and AC poweneasurements. The European efficiency allows estimating the load dependence
of the efficiency and the power level at which maximum efficiency is reached. However, as high-
lighted in[3], the voltage dependency is generally neglected. The efficiency dependence on the
DC voltage is less than 1% for most inverters having a maxfiiciency of 97% and highg5].
However, inverter with efficiencies of 95% and lower exhibit a significant voltage dependency of
ca. 2.5%.

Compared with other models in the PV modelling chain, the inverter model is subject to much
smaller uncertainty. Typical uncertainty values reported in scientific literature for the inverter
models are in the order of £0.2% to +0.%5%}. These values are considerably lower than what
seems to be common practice when it comes to estimating the uncertainty for inverter modelling.
The review of current practices presewat in Section2 revealed that uncertainty values in the
order of +1% to +2% are used instead.

3.2.5 Other FieldRelatedLosses and Relatddncertainties

Additional losss such as soiling, mismatch caused by-towow shading or due to PV module
tolerances, degradation over time, snow, DC and AC cabling, availability, and others do occur in
the field and are often only partly simulated or accounted for in the simulatajitware. More
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importantly, as introduced earlier in this section, users often estimate many of these losses and
their effects based on the little information available and on their experience. These estimates are
often based on assumptions and therefore ynlae subject to higher uncertainties. Some of the
most important uncertainties associated with these losses are briefly discussed here.

Soiling losses are causedthg accumulation of particles deposited pwllution, bird droppings,
agricultural activigs, dust, pollerand others The impact of these losses is strongly site depend-
ent and therefore difficult to extrapolate from case studies. For the surveyed 84 PV systems pre-
sented inSection2, the anticipatedsoiling losses ranged between 1% and 3% with most values
between 1 and 1.5%. Uncertainty in this value is often provided and is given as +1% o#3%.

ing losses are ofterstimated based on site and system characteristics, rainfall information for
the site eventual snow coverageand O&M cleaning schedule. Typical uncertainty values report-

ed in scientific literature range between 0.4% for regularly cleaned modules witk than 800

mm of yearly rainfall and around 2.5% for systems located on sites with less than 200 mm of year-
ly rainfall[5].

Mismatch losses can be caused by ddfdarshading conditions over the PV array such as near
shading from objects or roso-row shading, or due tdifferencesin short circuit current (Isc) and

open circuit voltage (Voc) of PV modules connected in series in the same string and parallel to the
same inverter.These differences in Isc and Moay cause mismatch losses in the order of 0.5%

up to 1.59416]. In the survey of the 84 PV systeragficipatedmismatch losses range between
0.4% and 2.1% with uncertainty values stated as +0.5% with only one exception where a +1% is
assumed.

The nameplate power of a PV module often differs from the measured power. Most manufactur-
ers todayprovidea nameplatgoleranceof 0W to +5W. In addition, measurement uncertainties,

as given by manufacturers, are typically in the range between 3% andifi&wuncertainty can be
significantly decreased by independent test facilities who typically guarantee the measured values
to ca. £1.6% tat2%][17], [18] Furthermore, different degradatiobehaviorof the PV modules
within the array(i.e. increased standard deviation of Isc and Wealld cause further mismatch
losses that may change over time. These mismatch losses are unfortunately difficult to estimate
or extrapolate from case studies.

The degradation of crystalline silicon PV modules is the result of the combination of two phenom-
ena. The firststhe initial decrase in efficiency that happens within the first few weeks of expo-
sure, known as Light Induced Degradation (LID), the second being-tetongradual decrease in
efficiency over the years. An extensive analytical review made by NBJEEhows that the long

term yearly degradation for crystalline silicon PV modules is around 8.y&arwith a related
uncertainty in the order of +0.25%. Theinitial degradationoccurringwithin the first weeks of
exposure (i.e. LIO% in the order of 0.16% with an uncertainty £f.7% for multcrystallinePV
modulesand 1.31% with an uncertainty of £0.8% for mesrgstalline (ptype) PV moduleg20].

Other references suggest that LID can be slightly higher and reach up to 2%.

Moreover, te effect of the behavior of thé®V moduledegradation over time (i.e. linear vs
stepped decline) is emphasizedy.in [1], [21]. A linear decline is often assuméucurrent prac-
ticeswith a yearly rate of aroundd.5%/a to-0.6%/a per year for crystalline silicon PV modules
and around-0.8%/a to-1%/a per year fothin-film technologies. The assumption of a degradation
rate and its behavior over time impact directly on the expected yield and therefore may have
significant financial consequences.

Note that all the degradation ratesdiscussed in the previousaragrapls refer only to the PV
modules degradation and not to the degradation of the entire PV systieraddition to material
degradation a PV module or array under outdoor operating conditiarBV planis exposed to
other factors directly acting orts electric performance. These ar@mong otherssoiling, snow,
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shading,and modules and cell mismatclt.is therefore more appropriate to speak about perfor-
mance loss rate (PLR) rather than degradation sateV system lev§R2].

Some other effectsuchas, for example, snovghading reflection, DC and AC cabling, transform-
er, and availability also have an impact on the energy yidithages and therefore, have a relat-

ed uncertainty. As stated ], for example, some authors assume a conservative value of £5% of
uncertainty due to the relative uncertainty for the loss values attributed tcsthadditional fac-
tors. Moreover, the modelling software packages are not always able to model these effects,
which then require further work using a different software solution, or by adding the aforemen-
tioned uncertainty.

Typical uncertainty ranges for the different elements involved in the overall estimation of the
energy yield as found from review exercises of current industry practices [4$ &md [5] are
summarized inTable4. Further explanation and examples on hovwesie uncertainties are com-
bined are available ifb]. Overall, the collected values from the survey of 84 PV systemshwhi
range between +£3.2% and 7.38greewith the values presented ifiable4 apart fromthe lower

end of thisoverall uncertaintyrange i.e +3.2% This rather small value of total combined uncer-
tainty shouldnot be considered as representative as it may be the result of a very particular case.

Table4: Overview of uncertainties in the different conversion steps.

Uncertainties Range
Solar resource Climate variability +4%- £7%
Irradiation quantiication +2%- +5%
Conversion to POA +2%- +5%
PV modelling Temperature model 1°C-2°C
PV array model +1%- £3%
PV inverter model +0.2% +0.5%
Other Soiling, mismatch, degradation, cabling, availability, = +5%- +6%
Overall uncertainty omstimated yield +5%- £10%

3.2.6 Validation of longterm Yield Estimates and their Level of Confidence

The energy vyield of a photovoltaic (PV) plant ovefiitanciallifetime (Tifinand iS estimated during

the design phase with a loigrm yield assessment. The loteym yield assessment usually re-
turns the secalled P50 and P90 yields which represent the 50% and 90% exceedance probabili-
ties, i.e., the energy yields that will be exceedeith a probability of 58and 90%, respectively.

As input for the financial model of the PV investment, the P50 and P90 yields are usually evaluat-
ed for the first year of operation and for the overatiancial lifetimeof the plant.

Consequently, the P50 yield as well as its level of confidence represented by the P90 yield are
essential for the correct evaluation of the PV investment. Moreover, when investing into larger
portfolios of PV plants, the risk for the investor is finallpressed by the P90 yield of the portfo-

lio rather thanthat of each individual plani23]. Up to now, for commercial projects little validat-

ed knowledge about the quality of their P50 and P90 yield estimates has bedalbde in the

public domain.
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The Solar Bankability project explored the quality of the initial P50 and P90 yield estimates on
plant as well as on portfolio leaih order to further quantify the potential reduction of risk with
larger portfolios. The pyose of this work was to validate the initial leteym yield estimates

based on monitoring data for several years. Extended results of this analysis are available in the
Solar Bankability repoiiReview and Gap Analyses of Technical Assumptions in PNCBleCbst

[1].

Thecorrelation betweenP50 and P90 yield estimatesd the actual electricity production were
compared for a portfolio of 41 PV plants. The plants are situated in Italy, in mainland France and
in Fench oversea departments and territories (DAM@M). The sample comprises rooftop and
ground mounted systems and covers a wide range of plant size from 10 kWp up to 12 MWp. The
data sets for the validation cover between one and four years of operational ddte 41 plants

with installation type and available data are listedrigure4.
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Figured: Anonymizedist of the 41 PV plants under studith available electricity production data
and installation typd1].

Information on PV plant unavailability was collected for each individual planaaalyzedFigure

5 shows the actual peentageof unavailability (downtime) for most of thanalyzedPV plants.

For most cases, the unavailability data comes directly from the detailed O&M reports. Moreover,
when possible, the unavailability was calculated from measurethibbite data. Unfortuately, it

was not possible to determine the unavailability for all 41 PV plants under study, since the de-
tailed O&M report was not available for some plants and some plants only had monthly data
available.

Figure5 highlights that for some PV plants in the portfolio, the actual unavailability is very high
compared with the initial expectations (e.g. PV plant number 28). Moreover, the mean yearly
unavailability of theanalyzedportfolio is around 2%. This has been furtleralyzedand it is dis-
cussed below.
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The main results are shown Kigure6. The initial yield estimates for the first year of operation
(P50) is representedybthe zero line. The red and green backgrowatbrsrepresent the initial

P90 and P10 estimates, respectively. They are typically situated between 7% and + 9% from the
P50 for a single sitfp]. The difference of the actual electricity production during the first year of
operation from the P50 yield is represented by the blue bars. In this case, a negative blue bar
means that less electricity was produced tharidtly expected. Statistically, eight out of ten bars
should lie within the red and green region, one should lie above and one below.

At plant level, the yields are close to the ideal scenario but slightly biased negativély Byer-
centage points. Famost of the PV plantanalyzedacross the portfolio, the actual electricity pro-
duction during the first year of operation (blue bars) lies within the expected uncertainty range.
However, while only one PV plant is situated above the P10 confidence bdwngottfolio con-

tains six plants for which the actual production was below the P90 confidence bound. These devi-
ations for some plants had to be furthanalyzedo understand the gaps.

The orange arrows iRigure6 point at the plants with significant durations of plant unavailability.
When correcting the energy yield for the durations of unavailability, the actual electricity produc-
tion for many of these plants remains within the anticipated confidence range.her atords,

their initial longterm yield estimates did not account for the unexpectedly high losses due to the
plants being unavailable.

More generally speaking, the distribution of actual energy yields versus the initiatdongyield
estimates is relavely narrow when excluding significant durations of unavailability and, hence,
the initial longterm yield estimates were quite good.

At portfolio level, the overall (noweighted) mean difference between initial lotgrm yield
estimates and the actualigld over the portfolio is1.15%. This means that, over ta@alyzed
portfolio, the yield is slightly lower than initially estimated during the design phase. Furthermore,
as shown inFigure?, the dispersion (NRMSE) is around 4.4% forahalyzedportfolio. These
variations lie within the normal expected ranges and are similar to the values reported j83.g.
These deviationgre typically expected to be mainly due to the variability of the solar resource
and other site specific losses that are not precisely modelled during the design phase. Moreover,
some overestimations are cancelled out with some other ungstimations aapss the portfolio

as shown irFigure6.
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Figure6: Difference in specific yield corrected for actual unavailability. The orange arrows high-
light the effect of the unavailability correction for some examfilgs

The difference and its distribution for plasd-array (POA) irradiation, performance ratio (PR),
and specific yield for the entire portfolio are summarizedrigure?7 below. Such differences are
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This kind of plot gives not only the valuable information of a box plot but also shows the probabil-
ity distribution (density) ofthe data at different values.
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Figure7: Violin plots for the difference in POA irradiation, PR and resulting specific yield between
initial expected yield and actual yield for thealyzedportfolio of 41 PV plantfl].

As shown irFigure?, the largest gap between initial expected and actual values comes from the
performance ratio estimate As previously highlighted, the initial estimates of system losses de-
pend on several factors. In addition to the PV software modelling accuracy, several user estimates
and assumptions affect the yield estimate. Regarding the POA irradiation, the rpmedented

here are the outcome of comparing the initial estimate done during the initial yield estimation
against the satellitelerived irradiation froncloud physical propertyGPR[8] for the first year of
operation. Unfortunately, not all 41 PV plants in the portfolio had good qualitgitensolar irra-

diance sensor measurements. Therefore, for consistency purposes and to allow an analysis across
the entire portfolio, the satellitederived irradiation data from CPP has been used.

In conclusion, the initial energy yield estimates for the portfolio under study generally agree quite
well with the actual electricity production over the first years. The NRMSE acrossétygred
portfolio of 41 PV plants is approximately 4.4%. By contrast, the uncertainty irtéomgyield
estimates for a single siistypically around 5% to £10%. The results of this PV portfolio use case
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show that this uncertainty range could decrease for a statistica@ningful portfolio of several
PV systems down to around 4.4%.

The outliers with energy yields below the P90 yield were largely caused by planauabilities.
Therefore, the risk of unavailability needs to be addressed next to the resource unceriaict

the uncertainty of the PV system model. This risk can be mitigated through good warranty condi-
tions and operation and maintenance (O&M) contracts as shown, for examgd4Jimwhere an
availability of 99.7% is obtained.

Investing in a big portfolio of PV plants may be seen as a risk mitigation strategy for investors
through diversification of risks. For an entire portfolio of PV plants, the overall risk of newachi

ing the expected energy yield decreases with increasing size and spatial spread of the portfolio.
Several variables such as the number of plants, their geographical spread, PV module technolo-
gies, the type of installations, system configuration, etcl wiluence the resulting overall uncer-
tainty. Nevertheless, the practices and potential sources of uncertainties highlighted in this text
must be applied on a projegter-project basis to ensure best results.

3.3 Capital Expenditures

The CAPEX valuwd a PV poject depends strongly on theonstruction coswhich in turn is influ-
enced by among others, the complexity of the projdotfew cases the considered technical as-
sumptionsare clear before the final CAPEX value has been determigdhtroduced earlierthe
review of current practices revealed that the BEfGtmake up a significant portion of the CAPEX
(70-90%).When the CAPEX value represents the construction cost, this should reflect the quality
of components and workmanship as is considered andeafjrgoon in the EPC contract. In this
way, most of the technical assumptions that influence the CAPEX value will not be visible to the
investor until the technical advisor (TA¥ consultedio assess these assumptions in a separate
technical due diligenceTPD) process in order to verify if there is a reasonable connection be-
tween the quality of the plant and the price, and if the various risk elements have been addressed
appropriately.

As examples of specific technical issues that will influence the GAREEX |t is relevant to men-

tion the exact performance criteria, quality control and inspection measures defined for PV mod-
ules, inverters, sulstructures balance of system (BOS) componeatsd the building process
itself. Test procedures and acceptanceteria used for commissioning of the finished project on a
system level which may include performance warranties often have a direct impact on the CAPEX.

The CAPEX must also set aside realistic reserves for project decommissioning that will cover the
cods of removing all elements of the plant, recycling and disposing of them and returning the
land orrooftop to pristine conditionWhereas historically, developers have not considered this
cost to the projectthe European Waste Electronics and Electfitgipment (WEEE) directive for

the collection and treatment of photovoltaic modules across Europe entered into force in August
2012. The modules, inverters and switchgear require specific handling due to their electronic na-
ture. As for the remaining elemé&nof the plant, mounting structures, foundations, buildings, etc.,

as PV becomes more mainstream it is inconceivable that public opinion followed by legislation will
allow obsolete PV plants to simply decay after their useful life

Large PV installatiorsre considered investment opportunities and will be traded among inves-
tors at a price that reflects the generated or expected IRR. As with the®&R@ct, the sales

price shouldbe adjusted according to theealizedproduction or PR during the years geration

since commissioning, based on specially prepared algorithms. Likewise, all other possible devia-
tions from the realizedproject presented inthe marketing prospectus must be accounted for in

the CAPEX value.

37



The weaknesses and gafmind during degn phase, plant component procurement and selec-
tion, transportation and construction and during plant testing and acceptameenalyzedand
summarized in the following subsections.

3.3.1 Plant Design

The plant design should be conceived taking into accalinhe various technical, financial, legal,

and statutory conditions. The choice of site, access to the grid, plant capacity, technology, and the
complexity of the design and configuration will ultimately influence the investment capital, cost of
operation and maintenance, and the energy yield.

The technology selected for the components (e.g. crystalline silicon or thin film module, fixed or
tracking structure, string vs central inverter) should fit the environmental characteristics, available
local techncal capabilities, and solar resource profiles of the project site. Resource assessment,
discussed separately in this rep@88.1), is important from the perspeate of obtaining accurate
long-term yield estimation. Site assessment is important as this will affect the choice of founda-
tion and mounting structures affecting the CAPEX value of the PV investment and defining con-
struction risks and possible delays. Foound-mounted installations, geotechnical and a soil
study should be carried out to assess the ground condition. For rooftop installations, structural,
and roof stability studies are a mugDur surveydiscovered thatthe geotechnical or stability
study cats are either not included or hidden in the CAPEX; there is no clear indication of this cost
item in the surveyed financial models. Wever, most EPC contracts state tlihé design of the

PV plantastaken into account the site conditions and consttain

Correct sizing and configuration of the PV plant ensures optimal production and yield. When es-
timating the longterm performance and yield of the PV plant, correct assumptions and relevant
losses must be taken into account. Théseebeendiscussedn 83.1and 83.2. Overly conserva-

tive or optimistic estimations of the plant yield will affect the numbirshe PV financial models
which in turn will influence investment decision.

In summary, the following weaknesses apparent in PV plant dasighighlighted

1 The effect of longerm trends in the solar resourae oftennot fully accounted for

1 Exceedane probabilities (e.g. P9@ye often calculated for risk assessment assuming a
normal distribution for all elements contributing to the overall uncertainty

T Incorrect degradation rate and inaccurate rendering of the sydtefmaviorover timeis
assumed in the yield estimation

1 Incorrect availability assumptiorase used to calculate the initial yield for the project in-
vestment financial model as opposed to the O&M plant availability guaraameshown in
Figure5

3.3.2 Plant Component Procurement and Selection

The majority of the EPC costs are used to procure the PV plant components, with the cost of
modules comprising about half of total component cost. Consedyegiitis important to ensure

that the procured components are of a quality to ensure high performance and a profitable PV
plant.

Since the EPC contractor is the party in the PV project value chain responsible for procuring sys-
tem components, the technicabpecifications in the EPC contract should reflect requirements that
ensure high quality components. This includes not only the selection of component technologies
most suitable for the specific project site and application, but also defining reliabldistgpwho

are capable of delivering high quality products. The definition of the supplier should also include
financial solidity that ensures a high probability that the supplier will remain in existence
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throughout the operational years of the plant fromwarranty(hardware)and guarantegservice
and performanceperspective.

In summary, the following weaknesses apparent in the procurement pr@sedsighlighted

1 The technical specification of the PV plant comgais usually consistnly of a high
level description. In most cases, only the brand, model, and quantity of the components
are listed

1 Requirements for ¥ modules and inverters extermhly to stating that they have to carry
valid IEC certifications or CE mark of compliaRceject specific requirements such as
saltmist, ammonia or resistance to potentigduceddegradation, with the relevant IEC
certification testingare not always specified

1 There is adck of specifications requiring factory inspection or product tggtirat serve
to prevent inadequate manufacturing process or material deviations which could lead to
batch specific product defect or failure

1 Batch testing by an independent laboratase typically included in the factory inspection
but this can be considred also separately.

3.3.3 Transportation and Construction

Transportation is a key part of the PV plant construction phase. PV plant components are hardy
and resilient enough to last through tHimanciallifetime (Tiinand) Of €.9.25 yearsand more.How-

ever, until they areinstalled on site they require some level of care during transportation and
handling. PV modules in particular are made of solar cells, glass sheets or polymshéeatsk
which could easily be damaged by improper hand[2fj. Thin film modules built with a glass
glass strature and without frames are susceptible to glass breakage. For the crystalline silicon
wafer-based modules, various studies have confirmed that the mechanical loads induced by
transportation could cause micreracks in solar cellR6], [27] which can turn into snail track
defects, which in turn could affect the lostigrm module performance. Shaking, dropping or tip-
ping of the shipping pallet or containers have als@nknown to loosen or break the electrical or
mechanical connections inverters or mechanically damagket inverter housing. Sectio®5 of

this report is dedicated to the discussion of failures in PV modules and inverters; S&étibn
especiallyfocuseson module damages due to transportation issues.

Because of the risks associated with transportation, the different players in the P\tplasttuc-

tion value chain must each undertake responsibility for his/her part. For the component manufac-
turers, having a chosen method for transportation assessed for their quality, e.g. using the test
developed to check for module transportation by TU\eiRland[28], is recommended. For the
owner of the PV plant, it is recommended to request for product inspection upon delivery. This
basic level of quality control is still rarely practiced based on our survey findings. Moreover, if any
delivery inspectin was done, the method used is usually very basic (visual inspection by the na-
ked eye) and only applied to a small sample group which may not be representative of the entire
delivered population. These mitigation measures are likely to increase the EHRTAREX costs in

the PV financial modelfiowever,the longterm gainis highlylikely to outweigh the costs of de-

fect repair when the plant is in operation and the losses in revenue due to tpatésrmance or
shutdownbecome evident

Many technical failtes or defects occurring during the operation phase of the plant could be at-
tributed to construction issues. One possible root cause is poor workmanship which can result in
misaligned structurespoorly affixedmodules, and loose electrical connections,name just a

few. Bad workmanship includes dropping or incorrectly carrying plant compontmtexample:
modules must be handled by the frame, modules must not be lifted using the junction box cables.
Another root cause of poor plant performance and highels of failure is disregafdr the engi-
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neereddesign of the plant or the installation guidelines issued by the component manufacturers.
Examples such as not leaving adequate space around inverter for ventilation, extreme cable bend-
ing radius and mismatch of electrical connectors are just a few badipea observed. Construc-

tion defects, if not fixed, are very likely to affect the lelegm PV plant performance. Even if the
defects are caught early, there still exists the possibility that the time required to fix the defects
could delay the project capletion causing the plant to missfavorablefeed-in tariff window,
affecting the overall projedifetime revenue.

Although the responsibility of the EPC contractor to deliver a completely functioning and good
quality PV system is usually included ie 8PC contract, installation errors do happen. From their
study of PV plant data from 2014 and early 2015, TUV Rheinland reported that 55% of the defects
in the plants are due to installation errof29]. Clearly, it is useful to employ construction supervi-
sion during the project installation phase. Construction supervision is necessary to check the pro-
gress of work, to verifghat the installation is according to the contractual technical specifica-
tions, and to audit the construction work. Unfortunately, due to the added costs, construction
supervision is not widely undertaken, especially for small PV projects. Therefore \erjhieast,

some form of plant inspection upon completion is called for. Moreover, preliminary plant perfor-
mance testing upon construction completion should be required by the project owner or investor
before accepting the plant from the EPC contractor.

Insummary, the following weaknesses apparent in plant construaierhighlighted

9 Disregardof publishedtransportation and handling protocol

1 Inadequate qualitgontrolin componentunloadingand handling during construction

1 Inadequate storage of compontnon site

9 Lack of construction supervision

1 Lack otonsensugor plant acceptancenethodology to be appliedfter completion of
the construction process

3.3.4 Plant Testing and Acceptance

The principal task of the EPC is to deliver a completely functioning PV system with the inherent
capability of producing the designated energy yilddeliver the targeted IRR in the PV invest-
ment financial model. The testing of the plant upon completan the commissioning of the
plant into operation are therefore very important. The objective is to vetigt the PV system

has been built according to the contractual requirements. Plant testing and commissioning also
serve to catch any transportationr @onstruction defects notetected and fixed earlier before

the plant was completed. Good testing and acceptance criteria are therefore critical for avoiding
under-performance which will affect the prospects of achieving the revenue defined in the PV
financial model.

A comprehensive plant testing and acceptance protocol should include not only a physical inspec-
tion and functional check of all systems, but also the initial performance of the PV system. All
surveyed EPC contractors have included in theipsad work a completion check which included

a visual inspection, mechanical inspection, and functional tests of the different components. Me-
chanical quality is usually checked in all parts of the installation. The functional testing often in-
cludes only tsting plant components in opecircuit conditions. All inverters and electrical
switchboards are verified. As for PV modulesly sample strings areisuallytested. Advanced
camera basednspection tools are becoming more prevalent as they allow for digtecf de-

fects not visible by plain nakesles such as localized elevated temperature zones in the electrical
cabinets, inverters and modules using infrared (IR) cameras, and electroluminescence (EL)
equippedcameras for finding micro cracks. Despite thiatreasing availability, IR and EL inspec-
tion are still not widely accepted for plant acceptance testing as these tests take time, add cost
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and also require some skitb operate andanalyze Recent improvements include mounting an IR
camera on unmannederial vehicles providing a high throughput solution for IR inspection.

Once the visual, mechanical and functional tests are completed, a performance test is needed to
verify that the PV plant is functioning as designed. The important aspects to coimsiisigning
the performance test protocol are:

1. Key performance indicatdo beused (e.g. performance ratio or output yield) and the
corresponding guaranteed value

2. Duration of the test

3. Irradiance threshold

4. Monitoring system to be used, includingeasurement sampling rate and averaging
method

5. The calculation method for the key performance indicator selected

Akey performanceindicator (KPI) determines if the erected PV plant is operating as expected. The
most common KPI used in EPC contracts igp#rrmance ratio (PR) of the plant. Other KPI in-
clude output yield while availability is used over a long testing period, usually 12 months. The EPC
contractor is normally required to guarantee that the plant will meet an agreed upon level of the
selectel performance indicator. The guaranteed value is calculated during the plant design phase.

The plant performance test requires operating the PV plant over a contractually agreed upon pe-
riod of time during which the monitoring system is carefully inspedteénsure accurate read-

ings while the plant PR or output yield is evaluated. To compensate for the effects of testing over
a period of time that does not represent the meteorological conditions for the entire year, a cor-
rective method such as the weatheorrected performance rati¢30] are applied.

Ideally the acceptare performance test should span a time period long enough to be representa-
tive of seasonal changes, that is, a minimum of one year. However, the performance test results
are often used as part of a plant haogter procedure from the EPC to the owner ancaasePC
payment milestone. Therefore, it is necessary for the performance test to take place as soon as
possible after completion. In the PV EPC sector, accepted good practice is to conduct a prelimi-
nary (provisional) performance test over a short periotlofving completion to check that there

are no major technical issues that affect the plant functionality, followed by a one teyt&o

run-in period during which availability can also be tested. Among the surveyed EPC contractors,
the duration of the preisional performance test ranges from 5 to 15 consecutive .deygether

with the total duration of the performance test, a minimum number of hours with irradiance
above a certain level like.g.600 W/n¥is often specified.

Among the surveyed EPC contracts, we have found that not all contractors have included both the
provisional and final performance tests in their plant acceptance criteria. Most of the contractors
have opted to undertake the first performance test 12 mon#fter the plant enters into opera-

tion. The provisional acceptance of these plastisased on the successful completion of the me-
chanical inspection and electrical functionality tedEsllowing this practicencompassesigher
riskssince many technicassues could appear during the first 12 months of operation and their
early mitigation crucial. It is recommended to perform a provisional performance test as soon as
possible followingndustrybest practices.

The evaluation of the plant performané&Rover the test period is done by comparing tegstem

yield ¥; as measured at the agreed upon metering point to the reference yelde. PR= Yi/ ;).

The reference yield is the total solar irradiation falling on the plane of the module array during the
time of testing. The test period, season, irradiance threshold, plant capacity, and availability are
elements affecting the conversion from solar energy to electrical energy and maggoéiated in

the EPC contractBecause of the short provisional perfomta test duration, the calculation
should include at least the seasonal effect of the temperature and irradiance characteristics (sea-
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sonal angle of incidence) on the plant performance. There are several ways to correct the values
of the shortterm PR or otput, such as the method proposed J&0]. For the finalacceptance
performance test, the PR or yield should be checked against the initially estimated value calculat-
ed during the design phase taking into account module/system degradation.

Since the inverter is designed to turn on at a specific DC voltagestlaatlirect function of solar
irradiation on the panels and since this voltage is achieved through the designed DC system and
implemented through good workmanship, the irradiance threshold is an important element in the
performance calculation. Disregardiag irradiance threshold can cause a poor PR calculation if
the testing period includes long periods of time where solar energy is under the threshold, yet
collected by the monitoring system. Setting the irradiation threshold too high will create a PR that
disregards the critical operational period when the inverters begin to operate. Since the accepted
plant PR is calculated during the design of the plant using a PV simulation program, the testing
team must correlate the irradiation threshold with that assed by the simulation program.

The contractually agreed upon irradiance thresholgriplementedusing an irradiance data win-

dow affecting the calculation of the PR or yield calculation outcome. Theftutindows where

the operational data are excludddom the calculation must be set correctly. A higher irradiation
threshold means less production hours are taken into account in the PR calculation. A longer time
window means production (and irradiance data) at early or late hours are included. Idsally t
thresholds should match the level at which the inverters are designed to start converting the solar
energy to electrical energy. Our survey found either an irradiance threshold of 35 and 100 W/m
used in projects in France and Benedund up to 200//m?in other continentsor that no thresh-

old was set which means all recorded values when the PV plants are producing will be used in the
calculation.

The calculation of the effective plant performance makes use of plant operational data collected
by the moritoring system. Therefore, it is important to have a good monitoring and data acquisi-
tion system including meteorological sensors to obtain high quality and reliable plant data. The
IEC61724 and Performance Plus proJétiprovide some best practice guidelines in terms of the
requirementfor collecingand usngthe data for PV plant performance evaluation. In most of the
surveyed EPC contracts pyranometers ofeatst ISO9060 secondary standard and temperature
sensors (module and ambient) are used. Two of the surveyed contractors rely on sdtailted
irradiance data for all performance tests since their PV plants are located at sites where the satel-
lite irradiance data are available and of good quality.

In summary, the following weaknesses apparent in plant acceptance proceackifeghlighted

1 Inadequate protocol for visual inspection

1 Lack of relevant equipment for visual inspect{erg. infrared and electroluminescence
equipped cameras)

No shortterm performance test at provisional acceptance

Missing final performance test of guaranteed performance

Incorrect or missing protocol for collecting data for PR or availability evaluations

Missing final check of monitoring system availability and functionalities

Incorrect measurement sensor specification, incorrect irradiance threshold to define time
window of PV operation for PR/availability calculation

=A =4 -8 8 9

3.4 Operating Expenditures

As introducedearlier, the O&M costs make up to a significant portion of the OPEX(Q®%).In
the following subsectionshe weaknesses and gafmsuind during monitoring and reporting, pre-
ventive maintenance, corrective maintenance, and taéculationof key performage indicators
are analyzedand summarized.
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3.4.1 Monitoring and Reporting

As presented irbection2, the core task of the O&M contractor is to monitor the plant operation

on an ongoing and continuous basis and report the plant data such as production and operational
events to the investorad owner on regular basis, usually monthly and yearly. PV plants of com-
mercial scale and larger employ remotely accessed monitoring systems.

The monitoring system is installed by the EPC as part of the CAPEX expepditiseused only
during the OPEXepiod. When the monitoring system is not defined carefule equipment and
parametersof the monitoring systentan bedecidedby the EPC contractor with little regard for
ease of sustaining thproject, focusing on keeping CAPEX costs down. WhereasAREXCmay

be lowered by cutting the quality of the monitoring system, the capability for quickly resolving
faults is greatly impeded, lowering availability, performance and plant profitability.

Design of the monitoring system should take into account teééneéd purpose of the systenfor
example, in pojects where PR is to be monitored constantly, or once a defined period can have
different requirements for collecting irradiation data and for writing the values to database. Con-
stant monitoring of PR can hesed for ascertaining fault conditions, whitgonthly or yearly PR
evaluation requires a system of less quality.

The frequency with which monitored values are written to database is not a trivial decision. Col-
lecting data every hour enables saving onadatorage while greatly reducing the capability for
trouble shooting faults and problems. Collecting data every minute grélatly enabletrouble
shooting, at a high cost for data storage. These considerations along with ease of data manipula-
tion should giide the system designer in defining the most compatible data acquisition for a given
project. The manager of a PV plant portfolio would find it useful to view data from the different
plants on the same time line. When monitoring systems acquire dataffarefit rates it is not
always possible to achieve a meaningful comparison, such as when one pldriinasute reso-

lution and another had0-minute resolution, enabling comparison only twice every 60 minutes.
At the height of the winteiseasonthe production daycan contract to only 5 hours. The number

of data points during these production days is small.

In any case, it is of vital importance that the values saved to disk are averaged from the interim
sampling since the previousluewritten to disk. These samplings from which the saved values
are averagedhouldbe ofa resolution of 15 seconds or betiezxcept for the energy parameter
which is always growing.

Somecommercially available monitoring systems have capabilities for sendingpsalahen pro-
duction drops and when one inverter is producing less than others in the plant. Some of these
systems also perform automatic calculations of PR at the end of each day and others simulate
what the system should have produced based on the irtamhiasensors and the temperature and
compare to what was produced. Most of the systems enable downloading data from the system
database to a local computer for reporting attrdubleshooting;however, the download process

for system parameters necessary fmouble shooting is often restricted to specific parameters
and a limited time frame, usually a single day.

Data values collected by a monitoring system can be corrupted or inaccurate for a variety of rea-
sons.The monitoring system should vet the valuesbe stored, warning on values that are not
relevant. This is of great importance when the system is automatically calculating insolation from
irradiation data and aggregating for PR calculations.

PV monitoring systems collect and record all data produoyg the plant automaticallyAs intro-

duced inSection2, stateof-the-art ¢ a Y+ NI ¢ Y2y A(G2NAy3 &adeaidSvya 227
changes in the PV plant parameters and try to diagnose any issues and identify the associated

root causes automatally. These systems improve efficiency of PV systems using statistical meth-
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odologies on collected data such as machine learning statistics and neural networks. Use of such
systems requires quality data acquisition of as many parameters as posSildl. nonitoring

allows proactive detection of faults in real time. Through smart monitoring, fault remediation can
be taken promptly to minimize fault propagation and overall financial impact. A study on the per-
formance ratio and availability of a hypotheticdldLMWp P\portfolio at low and high irradiation
conditions showed that the move to a smart monitoring system from a standard system enabled
early detection of undeperformance leading to a PR gain of 0.45% and 2.2% for the P50 and P25
scenarios respectiig, and an availability gain of 0.16% and 0.92% for the P50 and P25 scenarios
respectively[31].

From the perspectivef the PV plant financial model, smart monitoring could lead to a reduction
of the O&M costs. Efficient and reliable fault detection could reduce notification and intervention
times as well as reducing total plant dosime, increasing availability. Bynfling faults quickly,

the maintenance work can be scheduled optimally.

In summarythe following weaknesapparent in operational monitoring highlighted

1 The monitoring system is not of defined quality to enable effective trouble shooting dur-
ing projectlife. The monitoring system should be capable of promptly detect faults, send
out alarms, and perform diagnosis on the faults to determine the possible root causes

1 Data acquisition is incompatible with attaining good results in the defined reporting re-

quirement

System data is effectively unavailable for troubleshooting problems

Data is not vetted for viability

The subset of data parameters collected is too saditom bad qualityto enable the use

of advanced statistical tools

= =4 =

3.4.2 Preventive Maintenance

Asintroduced inSection2, periodic preventive maintenance is also a core task of the O&M con-
tractor. Preventive maintenance generally includes visual inspectiongandral housekeeping

of components including, among others, cleaning of PV modules, tightening of cables, adjusting
parameters, recalibration of sensorsand replacementof defective componentsThe replace-

ment of defective components is sometimesferred to aspredictive maintenanceThe cost of
predictive maintenance could either be planned ahead in the CAPEX in the PV financial model, or
included as part of the O&M expenses. We did not find predictive maintenance activity in any of
the surveyed O&Mantracts.

One major O&M issue is related directly to improper maintenance protocols, either from the per-
spective of maintenance frequency or the maintenance procedure itself. In general, the mainte-
nance works should follow the PV component manufacturedgjiries. A failure to do so could
cause not only damage to the component, but is also likely to resuttidingof the manufactur-

er warranty. The requirement adheréo manufacturer guidelines for maintenands found in

most of the O&M contracts surveyéd our study.

As highlighted irBection2, among the O&M contracts surveyed, annual frequeisayost com-

monly practiced. Mdule cleaning frequency is a key in the periodic preventive maintenance be-
cause module soiling causes a decrease in the module performance. The cleaning frequency
(which will affectthe O&M price) should beptimizedby considering the rate of soiling arahy
cleaning effect from the natural rainfall. The most common module cleaning frequency found in
our survey was yearly. However, half of the surveyed O&M contracts offered a lower O&M price
which excludes module cleaning while offering cleaning sergeparately as requested at extra

cost; i.e. moving cleaning to a variable O&M cost thereby increasing the variability of the OPEX.
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As previously mentioned regarding PV plant acceptance, advarasedra basedhspection tools

such as IR and EL are beconpngferred over naked eye inspection as they allow for detection of
defects which are otherwise not visible. Electroluminescence analysis has proved to be useful in
detecting micrecracks in solar cells, potential induced degradation, angdss diode failre in

PV modules. However, its usage is still somewhat restricted since the standard testing mode re-
quires the module to be tested in a controlled setup at a test laboratory. New alternative solu-
tions are becoming popular such as mobile EL testing fabwlheld EL cameras EL in a tent

that can be used on site. Both options still call for module energization which means disconnec-
tion of test modules from the PV array for testing. Infrared thermography is preferred for opera-
tional PV plant inspection, akis testing does not interfere with system performan@es high-
lighted in the review of current practices, none of the O&M contracts reviewed have included EL
inspection in their scope of works

IR scan is used to find hot spots in the plant, includlegtgcal cabinets, inverters, and modules.
Highthroughput IR scan using unmanned aerial vehicles is now offered by many vefdans.
troduced inSection2, the survey revealed thdess than half of the contracts included IR inspec-
tion for the modules, electrical cabinets or junction boxes. The frequency of inspection was either
annual or biennial. In all surveyed cases, the IR inspection was performedpegialigzed sub
contractor.

Due to the key role played by the monitoring system in the PV plant operation, its maintenance
must therefore be a part of the overall plant preventive maintenance program. Unfortunately,
this is sometimes overlooked, as hightigth from the O&M survey where almost half those sur-
veyed were found to have not included any check or testing of the monitoring system in their
O&M preventive maintenance activities. If not maintained, the monitoring system will suffer di-
minished functionlity over time, compromising data collection, proactive alarming, and other
vital functions. Plant failures during monitoring system downtime are not recorded, alarms are
not sent, and data necessary for PR or yield calculations can be missing. The amaiatproto-

col should check all elements in the data chain, including first and foremost the functionality of
the data acquisition devices and the measurement sensors. Moreover, data validation must be
carried out and calibration requirements should be defl, as recommended i[82] or other
accepted resources.

To repair or replace defective plant components, new parts are needed. Any delay in obtaining

the required spare part prolongs the outaged therefore plant availability and production. Spare

part supply and inventory management are therefore aspects of the O&M scope that should be
carefully planned. Almost all O&M contracts surveyed have included spare part supply and man-
agement in their sope of works. The spare part list should be based on the component manufac-
0dzZNENBERQ NBO2YYSYyRIFIGA2yad Ly Yzad OFrasSa GKS 9t/
includes the minimum spare part list to be handed over to the plant owner and O&M operator

during plant takeover. Half of the surveyed EPC contractors agreed to provide both the O&M

manual and the spare part list.

In summary, the following weaknesses apparent in the O&M plant preventive maintesaace
highlighted

1 Missing or inadequatenaintenance of the monitoring system
1 Module cleaning missing or frequency too low
1 Inadequate or absent devices for visual inspection to find invisible defects and faults

3.4.3 Corrective Maintenance

Even with the best O&M preventative maintenance prognaenfailures and faults do occur. The
second aspect of the O&M services that are to be offered deal with the corrective maintenance
required when a fault or failure in the plant occurs. Corrective maintenance requires man hours
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to identify, analyze and fix the fault or rectify the failure. The cost of the activity varies depending
on the nature of the fault or failure and the quality of the preventive maintenance program. Effec-
tive corrective maintenance requires good detection capabilities, sigrtvith the monitoring

system that detects the error and can supply plant production and condition data that aid in trou-
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speed with which the personnetctify the problem is a function of the tools at their disposal.

The use of advanced tools and inspections such as IR or EL cameras in the preventive mainte-
nance activities will often find problems early, enabling adjustments before they create faults and
failures requiring repair and replacement.

The review of current practices revealed that one of the major weaknesses is that the corrective
maintenance cost isften not properly included in the financial model. In some cases, the O&M
contract has a fixed precfor the first five years and no disclosure of the price after that period is
provided. The financial models should consider a very likely increase of the corrective mainte-
nance price in year six when most of the components will be outside their warnpaniyd.

3.4.4 Key Performance Indicators

As introduced inSection2, in addition to guaranteed performance ratio or guaranteed output
yield, guaranteed availability isrxather KPI commonly used in the O&M contrathe surveyof
current practices revealed that there seems to be general consensus ragling which KPI
should be used. Only ca. 60% of the surveyed projects reported the commitled28® use
guaranteedperformance ratio and guaranteed availability, 25% use only guaranteed PR, and 12%
use guaranteed availability. Interestingly the remaining surveyed projects had not committed to
any form of KPI at all. Although not unusual, this practice is usually segmall installations
where the O&M service is offered at a relatively low annual price.

All the considerations in evaluating the performance ratio or output yield during plant acceptance
stages previously discussed also apply for the PR or output assesdm@ng the operational
years. What plant data are used, how they are collected, the calculation formula, the exclusions
etc. should be taken into account, though since the time period in question is usually a year, there
is no need for temperature or ssonal correction. Two important inputs not used during the ac-
ceptance testing but of importance for yearly evaluation are system degradation and plant availa-
bility. In our surveyed O&M contracts, a linear degradation with an annual rate of either 0.3%,
0.7% or 0.8% per year was assumed (all plants are using crystalline silicon module techAslogy).
discussed i 3.2, the assumption of a degradation rate shoulahsiger not only the rate but also

its behaviorover time as the latter may have significant financial consequemdescover, addi-

tional factors like e.g. soiling, snow, shading and modules mismatch impact the overall degrada-
tion of the PV system. Thulgr the correct incorporation of all these effects a methodology like
the one proposed by22] (i.e. performance loss rate) should be implemsshias discussed in Sec-
tion 3.2.5

PV plant availability is a KPI used to determine if the plant is operated and maintained properly. It
is important to recognize that the availability in the O&M contract is different from the overall PV
plant availability (productivity) from the perspeativof income generation and PV financial mod-

els. Logically, the O&M operator is only concerned about the availability on the PV plant level.
They are not liable for any causes of loss in the PV plant availability beyond their control such as

force majeuregrid outage duso AINRA R 2 LISNJ (i2NDa AaadzsSaed hy GKS

sumption in the PV financial model should reflect the overall plant availability. This means an as-
sumption of unavailability beyond the O&M service needs to be considerechdaeld onto the

plant unavailability. From the O&M contract survey, we found that the guaranteed plant availabil-
ity commonly required was 99%. However, the overall plant availability could be 98% as shown in

[1].
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There are different ways to approach the availability calculation. The most common method
found in our surveysi the timebased approach. Timeased availabilitfAr) represents the per-
centage of time during which the PV plant is producing power, expressibeé aatio between the
duration of production activity and the recording period, both expressed in hours. Data at inverter
measurement point are usually used to calculate this type of availability; as with PR and yield cal-
culations, any irradiance or timef @ay window cuffs will affect the calculation results and
must therefore be set correctly. The second approach is availability based on the energy produc-
tion or energy based availability\d) which is calculated as the ratio between the reference yield
that has been converted to electricity and the total reference yield.

In summary, the following weaknesses apparent in O&M performance indicatetsighlighted

Missing guaranteed key performance indicators (PR, availability or energy yield)
Incorrect or missing specification for collecting data for PR or availability evaluations
Incorrect measurement sensor specification

Incorrect irradiance threshold to define time window of PV operation for PR and availabil-
ity calculations

1
1
1
1

3.5 Reliability andFailures of PV System Components
3.5.1 Risks Incurrediuring PV Module Production/Transportation

Raw materials (PV cell, frangdass electronics etc.usedfor the production ofPV module may

be damagedn the production line due to machinery errors or miskéing. Therefore, inspections
during production will help to control the quality of the final products by identifying the problem-
atic sourceandfixing it. Quality inspections also provide the means to directly dedetgfective
item. Moreover, the confanity of the process with the related standards leads to a production
line with higher yieldand fewer failure rates.

Examples of failing PV module components due to a lack of quality assurance in the production
process include:

1. Failed insulation testmodules with failed or skipped insulation test can cause dispersive
and dangerouseakagecurrents, leading to safety risks

2. Incorrect cell soldering imperfections in cell soldering can lead to corrosion, undesired
electrical resistances, and bad currérgnsmissionto list but a few

3. Undersized bypass dioddgncreaseghe chance of hotspots (overheating of cells) or the
damage of the bypass diode itself

4. Junction box adhesionincorrect adhesion of the junction baa the modulecan cause
poor connectians interrupting module current, humidity ingress with subsequent corro-
sion leading to performance losses and increasing risk of electrical &aitigg tofire,
to list but a few

5. Delamination at the module edgesvater can ingress causing humidity, ation and
corrosionin cellsleading to performance losses

6. Arcing in a PV modulecaused by a damagextll interconnect ribbon cancause fire dur-
ing operation of the module

7. Visually detectable hotspotscells are overheating, which has a negative inbjeacthe
energy production of the module (module degradation)

8. Powerrating (flashtest) is not correctly performed, the sorting of the modules by per-
formance will bancorrectandbecause of the resultinBV module mismatch lossdke
simulation used fothe financialmodelwill not be matchedA high uncertainty of the
nominal power of total PV plant will lead to uncertainties of the specific energy yield and
performance ratio (PR) in the same order of magnitude
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9. Uncertifiedelectricalcomponentsin produdion line - life cycle, reliability and quality of
PV modules can be significantly reduced

Examples of damage in PV modules due to incorrect transportatidrhandlingnclude:

1. Module glass breakage

2. Cell breakage

3. Damaged badheet

4. Damaged wiring (due thfting module by the cable)

The global transpodation of PVYmodulesand the impact of transportation damages on the mod-
ule performance is a high risk often not considered. Traceability of the ingfabese damages
on operationalfailures or failures nginated during transport is not always possibfedirectlink

of the impact of transport damage the system performancée.g. solar cell crack not clearly
documented.The following statementhowevercan bemade

1. The state of modulgualityis urclear when delivered (traceable real poweel cracks)

2. The origin of failuregs often not detectableanymore during subsequent years of opera-
tion

3. The degree of damages/power losses is not known

This state of affairs can katributed to the fact that tle quality condition of outgoing goods is
unclear and/or the packaging and handling requirements are not properly specified or foleawed
some point in the shippingnd transportatiorprocess

Quality assurance measures of PV plant componentspeeglelivery factory inspections, have a

strong effect on the product quality. The implementation of a quality system in the factory to

ensure a higHevel product quality and the technical characteristics as specified (e.g. in the data
sheet)are stronglR SLISY RSy G 2y GKS YI ydzZFlI OGdzNBENRAa LIKAf2az2L
level of detail and compliance of the quality measures in the factory.

ly SEGSYRSR Tl OG2NE Ay aLSvdildfacys the Guality kSuravide y dzF | O «
measures, incoming goods inspection, and material handling procedures. A particulacéocus

then beput on the power measurement and data control, traceability of measurements, and flash

tester calibration procedures.

Many B/ module testing institutes require periodic factory inspections as the prerequisite for the
issuance and maintenance of module product and safety certificates. The purpose of these peri-
odic inspections is to ensure that the quality level of the certifiedlducts remains continuously

the same and that no production step has any negative impact on the quality of the final product.

The factory inspection usually consists of three main parts:

1. Verification of all raw materials used for the certified products
2. Inspection of the complete production process
3. Review of general quality related issues

Duringthe first part of the factory inspection, thatilization of all materials used for the final
tested and certified PV module type is verified through the submissfappropriate documents

such as invoices or delivery notes. In addition, a serial number of a recently produced PV module
may be chosen randomly during the inspection in order to check for consistent material usage.

The second part comprises a comprebime inspection of the PV module production line during
an ongoing production of certified products. The manufacturer should be able to demonstrate all
quality assurance tests performedine and offline during this production tour.
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In the third inspetion step, general quality related issues are reviewed. Forpghipose,corre-
sponding documents such as ISO certificates,qunity manual etc. may be reviewed. It should
also be possible to demonstrate procedures that ensure process traceabilityfaludty products

are handled, etcFurthermore, measuring and manufacturing equipment is checked in terms of
calibration and maintenance status, and the general calibration system is reviewed.

TUV RheinlanBnergyhas globally elaborated a list of possilleaknesses which may typically be
detected and defined during PV module factory inspections. The list compragential weak-
nessedn all of the three inspection parts listed above. Within this list, it is clearly differentiated
between deviations andecommendations, where the deviations have to be resolved by the
manufacturers within a given timeline in order to receive or maintain the certificate of their prod-
uct.

For the PV module factory inspections performed by inspeabfdJV Rheinlan&nergy all devi-
ations defined by the auditors have been systematically categorized and statistically evaluated
over several years. The plot belowiqure8) shows the distribution of deviations of all factory
inspections during the years 202016 The results are based on results from the Solar Banka-
bility project[3] and have been updated for 2016.

The pie chart is based @68 deviations in totalwhich were i@ntified during 242 factory inspec-
tions resulting in an average of 1.5 deviations per inspecfldrw fractionof factory inspections
without any deviations range from 40% to 56% for the years ZI5.

At first glancethe chart shows that a bigaviety of possible weaknesses can foeind. There are

YIye OFi{iS32NASa AyOfdzRAy3A dzy OF i S32 NduimrBaRzesF A Y RA Y
rare or rather peculiar nogztonformities (each having a contribution 2f0% or less to all devia-

tions). Deviationsdzy’ R ®téréa A y Of datodule édéek,iMprbper edge deletion(only ap-

plies for thinfilm modules) missing grounding point, bad cell string handling & transportation,
non-conforming type labal improperjunction boxcontacting,incautious framingbroken meas-

urement equipment and otheradding up to 14.1% of all deviatians

Training, work instructions

3.8%

Raw material storage,
expiration dates an
FIFO 3.8%

Figure8: Distribution of deviations of all factory inspections during 22026
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dFlasherrelatedé deficiencies refer to the methodsppliedto determine the output power of the

PV module: adjustment and applied correction procedures to STC in terms of irradsartég ¢r
temperature (1.6%), calibration of equipment used for the power measurement and general
maintenance of the flasher ®%),and flasher classification @46). Thesdlasherrelated devia-
tions sum up to 1®%of the total.

Typically, manufacturers indicate a production tolerance of £5% for the measured output power
at STQPnpp,st¢. It is assumed by manufacturers that thisei@nce fully covers the measurement
uncertainty forthe measured output powePmpp st¢ Which is howeverin most casesiot deter-

mined orat leastestimated by them. On the other hand, gaps of up to ~10%easured output
power Pmpp stdhave been found Y TUV RheinlanBnergyby comparing laboratory measurements
with the manufacturer label values. Assuming a laboratory measurement uncertainty of £2%, this
would, even in the best case for the manufacturer, mean an overestimation of output power by
~3.5%. A overestimation of output poweg as a technical risk generated during the product test-
ing phase; has a direct impact on a business model as it leads to an overestimation of the energy
produced.

Among thecritical issues, f antaterials used or processteps and machinegsnot matching

those of the certified product appear to be significahB(6); these issues could lead to serious

module quality problemscaused, e.g., by lower quality polymeric foils incorporated in the mod-

ule. ¢ KS A Y IsiNBgeJSf Ndw dnaterials £ Y I G SNA I f dzaSR o0Se2yR SELML
(first in, first out) rule not considered may further contribute to quality deficiencies in producing

PV modules (3.8 %@Production traceabilitg (9.2% in total fa traceability of raw materials, pro-

cess, and traceabilityia serial number) is partly insufficient, leading to problems in meeting the

warranty and proving certificate conformitlso, potential customer complaints after some years

of operation cannot b addressed satisfactorily due to lacking records of module specific data.

Further weaknessebave beendefined for the core process steps for crystalline silicon module
production @stringingg, damination¢) and rehted standard quality tests (7.3% an®%, respec-
tively). Insufficient performancef ésafety test€ during production (e.g., missing or irregular high
potential test or ground continuity test, insufficient test conditions eis.amost critical point
(8.7%). This may impose safety risks iftstallers and operators due to insufficient insulation of
current-carrying parts.

Many of the deviations are related to th@quipment used for the measuremenésin the pro-
duction line and its regular calibratioi.(%).

Furthermore, thedoutput power€ is in many cases not determined for the finednstructional
product (52%); instead, for example, the power is measured at the electrical contacts within the
junction box, neglecting the cablespnnectorsetc., and thus the output power could be overes-
timated due to reduced series resistandgonsequently, the labelled output power (which essen-
tially defines the module price) is imprecisely determined in those cases.

The inspection of PV modules for possible defects and failuresit@is essential nainly to iden-

tify any damaged modules, but also for the evaluation of the degradation of the modules after a
certain period of timee.g. one year. To ensure the original product quality at construction site,
transparent product quality and certified logist processes are recommendi&].

3.5.2 PV ModuleFailures

The IEA PVPS Task 13 daalyzedhe impact of various PV module failure modes in operational
PV systems. PV systdailure datais collected for various climate zones with the focus on both
the origin of the failure and the power loss. The failure types ranked by their impact on the
power generation.
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The current status of the analysis includes a total of 144 fadurgeydata sets from 18 coun-

tries covering different climatic zones including systems in moderate climate (45%), hot and hu-
mid (10%), bt and dry (26%)and cold and snowy (19%ljmates[33]. PV modules from different
technologies wereanalyzed including monecrystaline silicon (28%), muitrystalline silicon
(62%) thin-film (8%) and 2% ofinknownPV modulesypes

Regarding the occurrence of failures over the yedrs, first results of this exercise show that cell
crack failures are mostly reported in the very early stage of PV system operation, i.e. from year 1
to year 2. Systems witpotential induceddegradation due to shunting (PID) are mainly reported
during year3 and year 4. Disconnected cells or strings in the PV module are reported after year 4
and spread over the whole operational periddiscoloringof pottant is also spread over the years

but power loss relevandiscoloringstarts only after year 3 with aigh accumulation after about

18 years of system operation. Defective bypass diodes are spread over the first 10 years of opera-
tion.

In terms of degradation rates of defective PV moduleégha time of collection of the failure re-
ports, only the mean modaldegradation rates have beemalyzed The degradation rates repre-

sent the degradation in the annual power of the part of the system which is affected by the fail-
ure. The preliminary results of the analysis show that the highest impact on the perforronce
PV modules is due to defective bypass diodes in the hot and dry climates, with a degradation of
11% per year, and in moderate climate with a degradation of 25% per year.

Cell cracks in the cold and snowy climates seem to cause a degradation of abpet y&ar
higher than in the moderate climat(s% per yearpnd 6% per year higher than in hot and dry
climates(2% per year)Cell cracks affect about 3/5 of a system in the moderate climate zone if
they cause a power loss. Cell cracks often affect omyesmodules in a string where a relevant
power loss is recorded.

The PID effect shows a mean degradation rate of about 16% per year and affects about 3/5 of a
system in the moderate climate. In the moderate climdtes the most common failure found

with a high degradation ratdJnfortunately, there are not enough PID events documented from
the other climate zones. Moreover, at this current stage, no correlation between the mean deg-
radation rates and the occurrence of PIDs in the coastal regions/islandowad. Furthermore,

new PV systems with high system voltages of up to 1500 V should take special care of this failure
mode. PID is still not tested in the current IEC61215 standard whether for 1000 V nor for 1500 V

Thediscoloringof pottant failure is éund in the hot and humid, hot and drgnd in the moderate
climates. In these three climate zont#tss degradation mechanism isn@verage, below 1% per
year. Therefore, this effect is most often not the cause for warranty claims.

Finally, regardingudden, or singulagvents, peliminary results of the effecit asystem level of
singularevents show that thdailurecaused bya ay 2 ¢ € 21 R¢ I F¥FSO0Ga I o 2dzi
the system and has an impact on power output of ca. 4%. Other events, slightamg strikes,

storm, and hail, only cause a power loss on less than 10% of the modules of the plant and seem to
affect less than 1% of the total system power output.

Results of the failure mode analysis show that soiling affects almost the whotgrsiysnearly all

cases. However, this type of failure does not really fit thi®degradationor the sudden failures
category as the power of soiled PV modules degrades over time but can be fully recovered. A de-
pendence of dussoiling on the climate zonkeas been determinedVoreover, the results suggest

that dust soiling is strongly influenced by local conditions. Sd¥ipigallyaccounts for 6% power

loss after soiling events in the moderate climate and ca. 4% in the hot and dry climate.
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3.5.3 PV Inverter Rilures

The inverter is the link between the PV modules producing DC enghjgh(isvariableby nature
depending on meteorological conditions) and the electrical grid serving consumsiisc{ly de-
fined sinusoidal waveform). The inverter must contidoé tDC input and AC output efficiently, in
line with pre-set parameters and according to a set of rules depending on distribution grid condi-
tions. It is therefore not surprising that the inverter is the major cause for loss of revenue.

PV inverters are ofin identified as one of the most vulnerable components in a PV system. A
previous study carried out by the IEA PYB§ highlighted that the inverter was the most trou-
blesome component accounting for about 66% of reported troubles. Similar studies found that
between 75% and up to 90% of the reported failures were attributed to invertepsesentedin

[3].

Inverter failures can be divided into two categories: component failure and configaratror.
Inverter failures can be catastrophic, implying that the inverter ceases to operate entirely, or non
catastrophic, a condition under which the inverter operates, but at a lower convemsidiPP
trackingefficiency. Catastrophic events are thasgest to deal with since the problem is obvious.
On the other hand, nowatastrophic events can lead to larger losses due to the time period nec-
essary to verify that a problem exists, and then to define and correct the problem.

Regarding this general @gorization, it is important to understand the warranties offered by the
inverter manufacturer, the EPC and O&M contractors, and the transdioresponsibilitybe-

tween them. The sudden failure of an invertehiah is not causedue to negligentuse by tfe
consumer is obviously covered by the manufacturer warranty. The inverter is replaced as soon as
possible and the losses are easily calculated.

It is important to ensure that the EPC/O&M contract outlines the procedure for the warranty re-
placement and clarly allocates the costs of the replacemeand the time frames in which this
will occur. These costs and losses due to-pmduction must be quantified and appligd the

risk calculation tables.

Inverter faults due to inaccurate settings, small comg@oinfailure, or worse, intermittent small
component failure, such as a cooling fan with a faulty sensangsimilar failure mechanism that

is not easily discovered, can lead to even greater losses, though over a longer period of time. It is
crucial thatthese types of noftatastrophic failures be defined in the EPC/O&M contract in terms

2F GKS GAYS G2 NBFIOG yR GKS GAYS G2 NBLIAND a2l

ranty needs to be well specified and understood. No less important is tisteage of sufficient
monitoring to ensure that such faults can be detected and verified. Based on these contractual
agreements, a value for lost revenue due to this type of loss based on the physical parameters
should be assumed and applied to the rislcakation tables.

Thetechnicallifetime (Ti.«ch) Of the PV system in general and the inverter in particular, follows the
a2 Ol ff SR a profile Khibwabigures It i5 6bdmudSthat the risk of failure in the flat

line area of random failures is the lowest. The longer the comprehensive EPC warranty and the
longer the inverter manufacturer warranty, éhgreater the chances that most of the project life is
within the low probability of random failures.
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Figure9: Bathtub curve showing probability of failures over teehnicallifetime (Tiwecn) Of a
product or project
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fail in the first year of operation to experience a full year cycle of climatic conditions under the

new replaced or recalibrated conditionsn A&xtendedwarranty may mcrease the inverter pur-

chase price; however, the greatly reduced risk achieved by extending the warranty period should

offset this increase in price.

At the other end of the bathtub curve, we encounter the wealt failures. The life of an inverter

is corsidered to be between 15 years. An assessment of operatiofalc, of PV inverters until
replacement carried out by the Solar Bankability proj@itanalyzedmonitoring data from ca.
2000 commercial PV plants usingoeded data since 2010. The study found that about 10% of
the inverters have already been replaced after 6 years. The vast majoribhosé inverters re-
placedwere prior to 3 years of operation. Starting from the fourth year, the replacements seem
to levd off. Inverter replacement records were used in addition to generate the first part of a
bathtub curve. The first phase of the bathtub curve (edifyfailures inFigure9) is clearly visible

in Figurel0with the replacement rate decreasing from more than 4% in the first year to less than
1% in the fifth year.
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Figure 10: Inverter replacement rate as function of operatiot@thnicallifetime, showing the
initial phase of thes®@ f f SR & 6 H3h K dzo OdzNI3S ¢

Figurel0 suggests that the vast majority of replacements are due toyefailures. It seems that

the onset of the second phase (identified as random failurdsgare9) occurs the earliest in the

fifth year. No estimate could be madetyof the constant replacement rate during this second
phase. However, the data suggests that this should be lower than 1%. Regarding the third phase
(identified as wear out failures Figure9), the onset of this third phase may still be far off. In any
case, it does not seem to start before the first six years of operation.

It is wise to consider the offered warranty as the life span of the inverter when calcuthtng
hga Oz2atad 9EGSYRSR 4 NNIyidArSa GKS2NBGAOLT &
the cost of the extended warranty can be higher than the early replacement cost when calculating
the IRR for a 20or 25year project. Another consideratiois the conceived longevity of the in-
verter manufacturer in the PV market as it is perceived today.

When evaluating the possible loss of revenue due to inverter faults during the early life of the
inverter it is important to evaluate the technical desigithe system and to ascertain the risks of
downtime on the revenue flow and the business plan. The following examples of failure situations
offer suggestions to pinpoint the technical parameters of the system to evaluate the possible
costs of downtime duéo failure, with or without the EPC covering the loss:

1. Inverters require ventilation to work efficienths the temperature rises, the efficiency of
the inverter drops, requiring deating of the power output. Positioning string inverters in
the field isstraight forward; often mounted on theon-sunfacingside of mounting struc-
tures, the maximum temperature of the inverter is known and the local meteorological
data is available. They are exposed to the atmosphere and the heat dissipates effectively.
However, central inverters are housed in enclosures,rofteally manufacturedsome
central inverters are in fact derivatives of industrial motor drives. As robust and pes/en
these products may be, they are not designed from the base up to be solar inverters.
Careful attention to the heat dissipation calatibns is necessary to understand if and
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