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Foreword 

The International Energy Agency (IEA), founded in November 1974, is an autonomous body within 
the framework of the Organization for Economic Co-operation and Development (OECD) which 
carries out a comprehensive programme of energy co-operation among its member countries. 
The European Union also participates in the work of the IEA. Collaboration in research, develop-
ƳŜƴǘ ŀƴŘ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ƻŦ ƴŜǿ ǘŜŎƘƴƻƭƻƎƛŜǎ Ƙŀǎ ōŜŜƴ ŀƴ ƛƳǇƻǊǘŀƴǘ ǇŀǊǘ ƻŦ ǘƘŜ !ƎŜƴŎȅΩǎ tǊo-
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 participants have 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 which facilitate the role of photovoltaic solar energy as a cornerstone in 
the transition to sustainable energy systems. The underlying assumption is that the market for PV 
systems is rapidly expanding to significant penetrations in grid-connected markets in an increasing 
number of countries, connected to both the distribution network and the central transmission 
network. 

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

IEA PVPS Task 13 engages in focusing the international collaboration in improving the reliability of 
photovoltaic systems and subsystems by collecting, analysing and disseminating 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 Task 13 include Australia, Austria, Belgium, Chile, China, 
Denmark, Finland, France, Germany, Israel, Italy, Japan, Malaysia, Netherlands, Norway, Solar-
Power Europe, South Africa, Spain, Sweden, Switzerland, Thailand and the United States of Amer-
ica.   

This report focusses on uncertainties in PV system yield predictions and assessments, which may 
influence business decisions on long term investments into PV power plants. A first section covers 
the uncertainties related to the most important measurands in PV solar energy, i.e. solar irradia-
tion, PV module properties, and PV system performance. Then, the uncertainties of several of the 
modelling steps for gains and losses in a PV system, both needed for yield predictions and for 
system performance assessment. Finally, the results achieved are combined in two application 
cases. The first one is the PV module energy rating, the second application case is the long term 
yield prediction of PV power plants. 

The editors of this document are Christian Reise and Boris Farnung, Fraunhofer ISE, Freiburg, 
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 at: http://www.iea-pvps.org. 
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Executive summary 

Long term yield predictions (LTYP) are a prerequisite for business decisions on long term invest-
ments into photovoltaic (PV) power plants. The preparation of a LTYP report typically relies on 
numerical modelling and prediction of the expected electrical yield, based on experience with 
previous PV power plants, laboratory measurements and more or less the whole knowledge 
gained in the PV community over the past years and decades. However, though PV system model-
ling has been performed for decades, not much effort has been spent on a comprehensive inves-
tigation of the uncertainties related to this task. This report tries to collect some insights into the 
field of uncertainties of several technical aspects of PV system yield prediction and assessment.  

The first main section lists typical measurements, dealing either with a PV system ŎƻƳǇƻƴŜƴǘΩǎ 
properties or with PV system performance. It covers the uncertainties related to the most im-
portant measurands in PV solar energy: 

¶ the solar resource 

¶ PV module properties 

¶ system output and performanceτincluding long term effects 

Uncertainty in irradiance measurements is in part related to the instruments, and in part to the 
measurement practices. While existing handbooks and guidelines may help to reduce operational 
issues, the uncertainties related to the instruments themselves are more difficult to minimize or 
reduce. However, if a certain non-ideal behaviour of an instrument is systematic and known, then 
a systematic correction can be applied to reduce or remove its influence on the measurement. In 
some cases manufacturers already supply information about temperature dependency and/or 
non-linearity. In the current PVSENSOR project, a wide range of instruments were characterized, 
and many systematic errors were identified and quantified. With such knowledge of instrument 
operating conditions it will be possible to quantify each systematic source of measurement error.  

STC power measurement of PV modules and the estimation of its uncertainties is a topic that 
gained attention in recent years and saw remarkable improvements. For a full uncertainty as-
sessment, it is important that stability issues are considered in addition to pure measurement 
uncertainty. There are laboratories with a profound knowledge on their uncertainty budget, typi-
cally those with the smallest overall uncertainties (down to ±1.6%), laboratories where the refer-
ence cell or reference module calibration dominates the uncertainty budget, and laboratories 
where apparently uncertainties were not analysed in detail. 

System testing looks at the performance of the complete conversion chain of a PV system. The 
determination of the observed performance ratio PR is rather easy, including an assessment of its 
uncertainty. The determination of the expected PR (as a quality requirement) is the major issue, 
ŀǎ ǘƘŜ tw ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǎȅǎǘŜƳ ŘŜǎƛƎƴ ŀƴŘ ŎƘŀƴƎŜǎ ǿƛǘƘ ǘƘŜ ǎȅǎǘŜƳΩǎ ƻǇŜǊŀǘƛƴƎ Ŏƻƴditions. 
Despite this potential weakness, a PR test can form a valuable tool during the commissioning of a 
PV system. 

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

¶ the solar resourceτincluding long term trends 

¶ PV module properties 

¶ system output and performance 

Irradiation data derived from satellite images are increasingly used as input for long-term yield 
estimations and as reference yield for monitoring and business reporting. Several authors have 
evaluated the quality of satellite-based irradiance data in the past, typical normalized root mean 
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square errors for satellite-based irradiation reported in literature are situated between 4% to 8% 
for monthly and 2% to 6% for annual irradiation values.  

SƻƭŀǊ ƛǊǊŀŘƛŀǘƛƻƴ ŀǘ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ƴƻǘ ǎǘŀōƭŜ ƻǾŜǊ ǘƛƳŜ ŦƻǊ ŀƭƭ ƭƻŎŀǘƛƻƴǎ ƻƴ ŜŀǊǘƘ ōǳǘ Ƴŀȅ 
undergo significant long-ǘŜǊƳ ǾŀǊƛŀǘƛƻƴǎ ŦƻǊ ǇŀǊǘƛŎǳƭŀǊ ǊŜƎƛƻƴǎΣ ǿƘƛŎƘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƎƭƻōŀƭ 
dimming and briƎƘǘŜƴƛƴƎέΦ Consequently, also related uncertainties may not be considered to be 
negligible. In the presence of long-term trends, the question for solar resource assessments is no 
longer άwhat is the ΨtrueΩ climatological valueΚέ, but άwhat is the best predictor for the next 
20 yearsΚέ. A suitable estimator should be a recent time period, that is long enough to filter the 
influence of single years with high anomalies, but which is short enough, to minimize the influ-
ence of past trends. Using irradiance data for the 10 most recent years is proposed as a good 
compromise to fulfil these conditions. 

The DC energy yield of a PV module depends on module characteristics as well as operating condi-
tions. With respect to uncertainties, the different influencing effects (irradiance level, angle of 
incidence, operating temperature, etc.) are typically represented by one individual factor per ef-
fect. The influences are assumed to be independent. Furthermore, these factors are often used in 
integrated form, e.g. over one year. The calculation of the influencing factors and the uncertainty 
estimation in detail is described and discussed in the main text. 

Following the investigation of uncertainties in measurements (Section 2) and in modelling (Sec-
tion 3), the combination of the knowledge gained is demonstrated in Section 4 for two application 
cases. 

One example deals with the uncertainty of PV module energy rating, i.e. the question, whether 
the expected differences in performance between two module types are bigger than the associat-
ed error margins. The results show that significant energy rating is possible already today, at least 
if a module reference data set is available, and the difference from a reference energy yield is 
evaluated for the rating. Energy rating can already be useful for a number of reasons, but its full 
opportunities will only come to life after the IEC 61853 standard is finalized. The work presented 
here can be helpful in this process and includes a method suitable for being used as part of the 
standard.  

As a second case, a framework for the calculation of uncertainty for a complete long term yield 
prediction is presented. As the simplified error propagation approach of the first example is not 
suitable for a complex LTYP, a Monte-Carlo simulation is used here instead. 

The aim is to develop a method to handle all sources of uncertainties influencing lifetime energy 
yield predictions and to present the information needed to feed financial models with time de-
pendent yield estimates and exceedance probabilities as desired by investors or stakeholders. The 
proposed method is based on a Monte-Carlo simulation which uses Gaussian or triangular distri-
butions for individual modelling steps, including the solar resource data and long term changes of 
system behaviour. The parameters may be adjusted to individual sites and system layouts. A 
comparison of expected uncertainty and observed variability showed a good agreement. 

This method can be seen as a part of a common framework that can assess the impact of tech-
nical risks on the economic performance of a PV project. The proposed approach is an effort to 
standardize the procedure of uncertainty calculation of predicted energy yields of PV systems in 
order to properly estimate financial investment risk. 
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1 Introduction 

Large scale photovoltaic systems, often referred to as PV power plants, are long term invest-
ments. The return on investment depends on a variety of meteorological, technical and contrac-
tual parameters. The solar resource, the system design, the componentsΩ quality, and the opera-
tion and maintenance (O&M) schedule all may influence the energy yield and the financial result 
within the expected lifetime, a time frame of 20 to 30 years.  

Long term yield predictions (LTYP) are a prerequisite for business decisions on long term invest-
ments into PV power plants. The preparation of a LTYP report typically relies on numerical model-
ling and prediction of the expected electrical yield, based on experience with previous PV power 
plants, laboratory measurements and more or less the body of knowledge gained in the PV com-
munity over the past years or decades. 

For a proper O&M concept, the continuous assessment of electrical yield (or system performance, 
looking at yield in relation to solar input) is one of the main tasks. An analytical performance as-
sessment gives a chance to understand system operation and to develop or improve the numeri-
cal models used for the yield predictions. Thus, numerical modelling forms a feedback loop from 
system design to system operation and vice ǾŜǊǎŀΦ !ǎ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘŀǎƪΣ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΩ 
characterization also plays its role in both domains. Modelling tools need measured input data, so 
measurements and modelling are quite well entangled. 

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

The greater image beyond technical data and electrical yield figures, i.e. the economic aspects of 
modelling financial risk of PV projects, are described in detail in another Technical Report of PVPS 
Task 13 entitled ά¢ŜŎƘƴƛŎŀƭ !ǎǎǳƳǇtions Used in PV Financial Models ς Review of Current Practic-
Ŝǎ ŀƴŘ wŜŎƻƳƳŜƴŘŀǘƛƻƴǎέ [1].  

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

¶ Uncertainties related to component characterization 

¶ Uncertainties related to long term (electrical) yield predictions (LTYP) 

¶ Uncertainties related to PV performance assessment 

As mentioned, measurements and modelling (prediction) of PV component or system behaviour 
are closely related, and their respective uncertainties are related similarly. Therefore, we take a 
look from two sides onto several of the ƳŜŎƘŀƴƛǎƳǎ ǿƘƛŎƘ ƛƴŦƭǳŜƴŎŜ ŀ t± ǎȅǎǘŜƳΩǎ ŜƭŜŎǘǊƛŎŀƭ ȅƛŜƭŘΦ 
For example, the low light behaviour may be measured in a laboratory or even extracted from 
outdoor operational data. Measurement uncertainties exist in both cases. Within a LTYP, this low 
light behaviour needs to be modelled for all irradiance conditions seen in a typical year. Again, 
ǳƴŎŜǊǘŀƛƴǘƛŜǎ ƛƴ ǘƘŜ ƳƻŘŜƭΩǎ ǊŜǇǊƻŘǳŎǘƛƻƴ ƻŦ ǊŜŀƭƛǘȅ όƛΦŜΦ ǘƘŜ ƳŜŀǎǳǊŜŘ ōŜƘŀǾƛƻǳǊύ ŎƻƳe into ef-
fect.  

For that reason, this report starts with two major sections dealing with measurements and with 
modelling. In Figure 1, these sections 2 and 3 are placed on both sides of a typical Sankey dia-
gram, which acts as a symbol for the chain of gains and losses seen within a PV power plant. On 
the left hand side, typƛŎŀƭ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ƭƛǎǘŜŘΣ ŘŜŀƭƛƴƎ ŜƛǘƘŜǊ ǿƛǘƘ ŎƻƳǇƻƴŜƴǘΩǎ ǇǊƻǇŜǊties or 
with PV system performance. On the right hand side, a large number of the various gain and loss 
modelling steps are listed. According to this division, sections 2 and 3 are about to present the 
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major tasks in measurement as well as in modelling, and, at the same time, to discuss their uncer-
tainties. 

In the third main section, the results of the previous steps are combined in two application cases. 
The first one is the PV module energy rating, an approach to rank a product by its expected 
άǎǘŀƴŘŀǊŘ ŜƴŜǊƎȅ ŘŜƭƛǾŜǊȅέ ƛƴǎǘŜŀŘ ƻŦ ƛǘǎ ǇƻǿŜǊ ǳƴŘŜǊ ǎǘŀƴŘŀǊŘ ǘŜǎǘ ŎƻƴŘƛǘƛƻƴǎΦ bŀǘǳǊŀƭƭȅΣ ŀƭǎƻ 
this ranking is affected by uncertainties, but even the knowledge of the magnitude of uncertain-
ties migƘǘ ōŜ ǘǳǊƴŜŘ ƛƴǘƻ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ŀ ƳƻŘǳƭŜΩǎ Řŀǘŀ ǎƘŜŜǘΦ  

The second application case is the long term yield prediction itself. A LTYP can clearly benefit from 
an integral view of input data, models, parameters and related uncertainties, especially when 
compared to existing approaches which sometimes only add an error margin to the final result.  

 

 

Figure 1:  Structure of this report. 
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2 Measurements & uncertainties 

Uncertainty assessment of component or system performance is based in measurements and 
analysis under certain fixed conditions as well as on extrapolation (called modelling) of compo-
nent or system behaviour to other operating conditions. Therefore, the uncertainties of the 
measurements are included in all consecutive steps of assessment or modelling.  

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

¶ the solar resource 

¶ module properties 

¶ system output and performanceτincluding long term effects 

2.1 Irradiation sensors and related measurement uncertainties 

Solar irradiance must be quantified for energy performance calculations, whether they be calcula-
tions of expected future yields or for evaluations of past yields. Uncertainty in solar irradiance 
quantities is most often discussed in the context of long-term future yields where it is dominated 
by the difficulty of predicting future weather and climate conditions. Nevertheless, past irradiance 
measurements are relied on for these predictions, and the uncertainty associated with those past 
measurements also contributes substantially to the overall uncertaintyτat least in the case of 
long-term predictions. 

Uncertainty in both measured and projected irradiance quantities is a function of the time period 
under consideration. In fact, this time period should always be stated along with the uncertainty 
figure because integrated irradiance quantities for a specific year, month, day or hour will all have 
different uncertainties. In the case of projected quantities, shorter periods are dominated more 
by weather variability; whereas for measurements, different instrument characteristics come into 
play for different periods. For example, over the course of a year, instrument instability could be a 
significant factor, whereas over the course of a particular day this would be insignificant. Similarly, 
over the course of a day instrument non-linearity errors may cancel out, but over the course of a 
particular hour they are more likely to lead to a bias in the measurements. This situation is re-
flected in the WMO classification of pyranometers, where the required achievable uncertainties 
for hourly totals are up to twice the values for daily totals [2]. 

Uncertainty in irradiance measurements is in part related to the instruments, and in part to the 
measurement practices. As an example of the latter, measurements made with an instrument 
that was never cleaned, or that was mounted on an unstable platform, will carry a much higher 
uncertainty. Best practices to minimize these factors are described in multiple sources [2][3][4]. 

2.1.1 Exemplary data 

The uncertainties related to the instruments themselves are more difficult to minimize or reduce, 
particularly after a specific instrument type has been purchased and installed. An ideal instrument 
would produce a signal proportional to the measurandτthe solar irradiance incident on the sen-
sor receiving surfaceτand the signal would not be affected by any other factors. In real instru-
ments, however, that signal proportionality may change with irradiance (non-linearity), sensor 
body temperature, sky temperature, wind speed, irradiance angle of incidence, instrument 
mounting angle, time (response time and long-term stability), and spectrum. Furthermore, there 
may be interactions between these factors. Figure 2 illustrates four different non-ideal character-
istics measured on different instrument classes in the context of the PVSENSOR project [5]. 
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When little is known about the instrument characteristics, other than perhaps a threshold value 
for their contribution to measurement error, then little more can be done than assign a single 
uncertainty value to all measurements taken with a particular instrument. It is clear though, that 
not every irradiance measurement has the same total uncertainty, and the analysis of individual 
sources of uncertainty that contribute to this total uncertainty has received considerable atten-
tion [6][7][8]. Table 1 lists many of the sources of uncertainty that are applicable to thermopile 
pyranometers; many of them are directly related to the known non-ideal instrument behaviour. 

Much of the rŜǎŜŀǊŎƘ ƻƴ ǳƴŎŜǊǘŀƛƴǘȅ ŀƴŀƭȅǎƛǎ ǿƛƭƭ ŦŜŜŘ ŘƛǊŜŎǘƭȅ ƛƴǘƻ ǘƘŜ ƴŜǿ !{¢a ά{ǘŀƴŘŀǊŘ 
Guide for Evaluating Uncertainty in Calibration and Field Measurements of Broadband Irradiance 
ǿƛǘƘ tȅǊŀƴƻƳŜǘŜǊǎ ŀƴŘ tȅǊƘŜƭƛƻƳŜǘŜǊǎέΣ ǿƘƛŎƘ ƛǎ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ƛƴ ŎƻƭƭŀōƻǊŀǘƛƻƴ with in-
strument manufacturers. The procedures to be described there will permit the calculation of un-
certainties specific to time, location and instrument, which can then be applied to individual read-
ings or series of reading of arbitrary duration. Figure 3 shows a result of this procedure applied to 
a year of hourly GHI measurements taken with a ventilated Eppley PSP and a ventilated Kipp & 
Zonen CM22 at NREL in Golden Colorado. Such individual measurement uncertainties can be 
propagated into PV system simulations or performance analysis procedures in order to produce a 
very high-resolution picture of the system yield uncertainties. 

 

  

  

Figure 2: Examples of four non-ideal instrument characteristics: influence of non-linearity (a), tem-
perature (b), angle-of-incidence (c) and spectrum (d). 
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Table 1:  Examples of sources of measurement uncertainty for a pyranometer [8]. 

Uncertainty 
component 

Quantity Statistical 
Distribution 

Uncertainty 
Type 

Standard  
Uncertainty 

Expanded  
Uncertainty  

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

Zenith Re-
sponse 

R Rectangular Type B ǳκҞоҐмΦмр҈ 2%  
(calibration 
done at 45°) 

Spectral Re-
sponse 

R Rectangular Type B ǳκҞоҐлΦру҈ 1%  
(calibration 
done at 45°) 

Nonlinearity R Rectangular Type B ǳκҞоҐлΦнф҈ 0.5% 

Temperature 
Response 

R Rectangular Type B ǳκҞоҐлΦнф҈ 1% 

Aging per 
Year 

R Rectangular Type B ǳκҞоҐлΦру҈ 1% 

Data logger 
Accuracy 

V Rectangular Type B ǳκҞоҐрΦттǳǾ мл ˃± 

Maintenance R Rectangular Type B ǳκҞоҐлΦмт҈ 0.3% 

 

 

 

Figure 3:  Absolute uncertainty for hourly GHI sums over a one-year period measured with a venti-
lated Eppley PSP or Kipp & Zonen CM22. 
Source: http://www.nrel.gov/midc/radiometer_uncert.xlsx 
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2.1.2 Reducing measurement uncertainties 

It has long been known that additional information can be used to reduce irradiance measure-
ment uncertainties. The 1981 IEA Conference on Pyranometer Measurements had the goal to 
άŘŜǘŜǊƳƛƴŜ ǿŀȅǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ŀŎŎǳǊŀŎƛŜǎ ƻŦ ǇȅǊŀƴƻƳŜǘŜǊǎ ŎǳǊǊŜƴǘƭȅ ŀǾŀƛƭŀōƭŜ ōȅ 
developing a more complete understanding of the instruments' performance charactŜǊƛǎǘƛŎǎέ [9] 
and in 1996 the IEA Solar Heating and Cooling Programme ¢ŀǎƪ ф ǎǘǳŘƛŜŘ άLƳǇǊƻǾŜŘ aŜŀǎǳǊe-
ƳŜƴǘǎ ƻŦ {ƻƭŀǊ LǊǊŀŘƛŀƴŎŜ ōȅ aŜŀƴǎ ƻŦ 5ŜǘŀƛƭŜŘ tȅǊŀƴƻƳŜǘŜǊ /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴέ [10]. The PVSEN-
SOR project that was started in 2014 continues with this approach, looking not only at pyranome-
ters, but also commercial photodiode pyranometers and silicon reference cells [5]. 

The basic premise is that if one or more of these secondary characteristics are systematic, then a 
systematic correction can be applied to reduce or remove its influence on the measurement. In 
some cases manufacturers already supply information about temperature dependency and/or 
non-linearity so that the user may apply corrections, but because of the additional effort required 
by the manufacturer to perform these characterizations, it usually offered only for the most ex-
pensive instruments. In the PVSENSOR project, a wide range of instruments were characterized, 
and many systematic errors were identified and quantified. Thus, with knowledge of instrument 
operating conditions it is possible to quantify each systematic source of measurement error. 
Based on the instrument characteristics gathered in the PVSENSOR project, Figure 4 and Figure 5 
demonstrate how such errors evolve over the course of a day and year respectively. It is also seen 
that relative errors (%) often give a different impression than absolute errors (W/m²) about where 
the biggest sources of uncertainty lie, but for photovoltaic system yield predictions and assess-
ments it is the summation of absolute errors over time that carries the greatest significance. 
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Figure 4: Daily profiles of the measurement error caused by angle-of-incidence, spectrum and 
temperature for a reference cell and a pyranometer located in Golden Colorado, tilted 40° South. 
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Figure 5: Annual profiles of the measurement error caused by angle-of-incidence, spectrum and 
temperature for a reference cells and a pyranometer located in Golden Colorado, tilted 40° South. 
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2.2 Laboratory (indoor) characterization of PV modules 

At different steps of a PV project, laboratory testing of PV modules is valuable. Already in the de-
sign phase, confidence in the quality of the very specific batch of PV modules can be raised by 
means of quality benchmarking, with pre-defined quality criteria. Laboratory test can be conduct-
ed to check the power under Standard Tests Conditions (STC, i.e. 1000 W/m² @ 25 °C and a de-
fined spectrum), the light induced degradation of modules (LID) as well as temperature and low 
light behaviour. This can include the measurement of I-V curve for the power rating matrix de-
fined in IEC 61853-1. Benchmarking PV modules can thereby help to: 

¶ exclude systematic underperformance  

¶ provide independent parameters for yield assessments 

¶ compare the products to state of the art results  

Additional tests may be performed to detect the sensitivity of modules to known failure mecha-
ƴƛǎƳǎ όŜΦƎΦ ǎƴŀƛƭ ǘǊŀƛƭǎΣ ȅŜƭƭƻǿƛƴƎΣ ǇƻǘŜƴǘƛŀƭ ƛƴŘǳŎŜŘ ŘŜƎǊŀŘŀǘƛƻƴΣ ΧύΦ These testing procedures, 
especially for reliability testing, should be derived from the quality criteria of the customer, the 
experiences from the field as well as the environmental conditions (installation site, system lay-
out, etc.). 

During implementation of a PV project, an independent performance check of the modules is 
recommended to prevent a systematic underperformance of the purchased module lot. In this 
process, the flash test values should be evaluated based on a selected sample. In addition, it is 
essential to take into account initial effects with impact on the performance in the field. Crystal-
line modules lose up to 3% of their power in the first hours of operation [11], as illustrated in Fig-
ure 6. This degradation is usually completed within irradiation exposure of 10 to 20 kWh/m², after 
which the module power has stabilized. In accordance to the European standard EN50380:2017 
ά5ŀǘŀǎƘŜŜǘ ŀƴŘ ƴŀƳŜǇƭŀǘŜ ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ ǇƘƻǘƻǾƻƭǘŀƛŎ ƳƻŘǳƭŜǎά ǘƘŜ ƳƻŘǳƭŜǎ Ƴǳǎǘ ŎƻƳǇƭȅ ǿƛǘƘ 
rated power at STC given on the nameplate and data sheet after pre-conditioning with 
20 kWh/m².  

 

Figure 6: Power loss of a crystalline silicon PV module during the first hours of exposure to light 
(here: 1000 W/m²).  
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2.2.1 Sample selection 

Upon the arrival of the modules in the laboratory, typically a detailed visual inspection is per-
formed. Electroluminescence images may be taken as well in order to evaluate the modules with 
regard to their quality of manufacture. Then, the power at STC is measured. To exclude the risk of 
a systematic misjudgement of the modules, the way of sample selection is of particular im-
portance. 

Often a specific number of modules is required for testing by the system integrator or the inves-
tor. To simplify matters, modules are picked randomly either before shipment or even on site. In 
many cases that means, if e.g. 50 modules are required, just two module palettes are sent to the 
laboratory. In this case, most of the modules are from the same serial number range and thus 
form the same time frame of production. An example is shown in Figure 7. This example shows 
clearly the small range of actual module power covered by the sample. Actually there is no value 
in measuring 25 modules out of one single palette with regard to prevent a systematic underper-
formance of the total quantity of purchased modules.  

To exclude the risk of a systematic underperformance of the modules, the sampling needs to be 
done carefully and should select modules from different time serial number and power ranges as 
shown in Figure 8. 

 

Figure 7:  Two randomly selected PV module palettes (25 modules each) out of three containers 
(520 modules each). {Ƴŀƭƭ Řƻǘǎ ǎƘƻǿ {¢/ ǇƻǿŜǊ ƻŦ ŀƭƭ ƳƻŘǳƭŜǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 
ŦƭŀǎƘ ƭƛǎǘΣ ǎǉǳŀǊŜǎ ŘŜƴƻǘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǎŜƭŜŎǘŜŘ ƳƻŘǳƭŜǎΣ ŎƛǊŎƭŜǎ denote 
CǊŀǳƴƘƻŦŜǊ L{9Ωǎ ƭŀōƻǊŀǘƻǊȅ ƳŜŀǎǳǊŜƳŜƴǘǎΦ ¢ƘŜ ǘǿƻ ǇŀƭŜǘǘŜǎ ŎƻǾŜǊ ƻƴƭȅ ǘǿƻ ǎƳŀƭƭ ǎŜŎǘƛƻƴǎ ƻŦ ǎŜǊi-
al numbers (left graph), these samples are not representative for power distribution of the entity 
of all modules (right graph). 
































































































