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Performance Analysis and Degradation of a Large
Fleet of PV Systems

Sascha Lindig , Julián Ascencio-Vásquez, Jonathan Leloux, David Moser , and Angèle Reinders

Abstract—This article presents an initial performance analysis
of a database of photovoltaic (PV) system performance time series
collected within the European funded COST Action PEARL PV.
The database contains monitoring data of over 8400 PV systems
with accompanying metadata. The PV plants are small residential
systems, primarily installed in Europe, with a high density in
Belgium. In this initial study, the annual average performance ratio,
the annual energy yield, and the performance loss rate of the sys-
tems are determined and evaluated. The systems have an average
lifetime of 30.5 months. The annual mean performance ratio across
all systems is 76.7% and the average yield is 954.9 kWh/kWp per
year. The performance loss rate is calculated using three different
statistical approaches and one irradiance data source. Average
performance losses between −0.74%/year and −0.86%/year are
calculated depending on the used approach. Furthermore, certain
weather-dependent correlations are detected, such as decreasing
performance ratio and increasing yield values with increasing ir-
radiation. This study is a stepping-stone for further populating the
present database, lessons learnt for handling large amounts of PV
performance data, and carrying out performance studies of PV
system fleets installed across Europe.

Index Terms—Big data analytics, degradation, monitoring, PV
system fleet, PV systems, system performance.

I. INTRODUCTION

COST Action PEARL PV aims at analyzing data of mon-
itored photovoltaic (PV) systems installed mainly across

Europe to quantitatively evaluate the long-term performance and
reliability of these PV systems. For this purpose, a databank
has been implemented in 2019 that can contain vast amounts
of monitoring data of installed PV systems, which will enable
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systematic performance analyses in combination with simula-
tion [1]–[3]. Data will be analyzed regarding the actual mon-
itored long-term performance to quantitatively determine the
absolute influences of:

1) geographic location and as such weather and climate
factors;

2) key system design features such as system components
rated performance;

3) installation types, including field-based solar parks,
rooftop systems, BIPV, VIPV, and floating systems;

4) operation and maintenance practices; and
5) performance degradation over time and failure modes of

these PV systems.
The results will be used to increase performance and lower

costs of electricity produced by PV systems in Europe via i)
obtaining higher energy yields, ii) achieving longer operational
life time, and iii) lowering the perceived investment risk in PV
projects.

The basic assumption underlying this project is that the analy-
sis of long-term monitoring data—of 1 year or longer—of large
amounts of PV systems, also called a fleet, will significantly
enhance the statistics of PV performance analytics, which will
designate statistically relevant factors which influence either
system performance, degradation, or the occurrence of system
failures. This approach would avoid detailed and hence time-
consuming evaluations of each individual, unique PV system. In
general a sample size (portion of the total population which will
be studied) of 100 is required to obtain meaningful results [4],
[5]. Otherwise stated, a batch of monitoring data of less than
100 PV systems automatically implies that all these PV systems
must be analyzed separately, while results of systems above
this number could be treated in a statistically relevant manner.
Sometimes a small sample size is unavoidable, which will result
in wide confidence intervals and risk of errors in hypothesis
testing. Using basic statistics approaches, with a population of
millions of PV systems installed all over Europe (in Germany
only, in the period of 2009 till 2018, close to 1.1 million PV
systems were installed) a sample size of approximately 400 PV
systems would result in a confidence level of 95% and an error
margin of only 5%, provided that the sample is representative
without many outliers. Therefore, datasets of 1000 or more PV
systems can yield statistically relevant results for the European
situation. In this article, a dataset containing monitoring data
of more than 8000 PV systems will be analyzed. This dataset
contains, besides long-term monitoring data of power, metadata
with PV system characteristics, such as location and nominal
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power of the PV array. In addition, weather variables from the
ERA5 [6] complement this data bank adding temperature, wind
speed, relative humidity, and irradiance values.

Besides PEARL PV’s data bank, previously DuraMAT [7],
IEA PVPS Task13 [8], BDPV [9], Sonnenertrag [10], and
PVOutput [11] data servers have been established, as well as
NREL’s PV Fleet Performance Data Initiative [12]. The Initiative
aims to collect and evaluate the performance of 100 000 PV
systems across the U.S. [13]. Other international performance
studies of system fleets include [14]–[16], while a number of
other studies have been conducted in Europe [17]–[28]. PV
performance analysis of large datasets resulting from analyses
of data in these data banks have shown a global picture of the
performance of PV systems in the world with particular focus
on small-scale residential PV installations.

The main research questions of this article are as follows:
1) what is the average annual PV system performance to be
determined by the performance ratio (PR) of this large sample
of PV systems and 2) how is PV system performance related
to PV system’s metadata, climate data, and other variables?
The change of system performance in time can be evaluated
by the performance loss rate (PLR) which—in this article—is
determined by three different methods: a) Seasonal and Trend
decomposition using LOESS (STL) [29], b) the Year-on-Year
approach (YoY) [14], [30], and c) statistical clear-sky fitting [31].
The next question is how the PLR is related to metadata of PV
systems as well as climate data and other variables? Given the
size of the sample, uncertainties, confidence, and accuracy of
this statistical analysis will be discussed in the context of the
total population of PV systems in Europe.

The rest of this article is organized as follows. In Section II, we
will first introduce the datasets that have been analyzed as well
as the metadata of the associated PV systems. In Sections III–
V, respective data processing and the analyses of PV systems’
performance ratio and performance loss rate will be presented.
Finally, Section VI concludes this article.

II. COST ACTION PEARL PV DATABASE

The dataset of the Pearl PV database is stored as time series
in 10 min resolution ranging from one to four years from 2010
to 2016. The following metadata are included for a part of the
systems: installed capacity, latitude, longitude, azimuth, and tilt.
Especially the latter four features are required to understand the
operating conditions (location and mounting) and to retrieve
weather data over the operation period. In this article, ERA5
reanalysis data are used [6]. Most of the systems are small scale
residential PV plants with a median installed capacity of 6 kWp.
The majority is installed in Europe, visible in Fig. 1, in particular
in Belgium, France, U.K., and Italy. As we will see in the next
sections, some of the investigated PV system data did not pass
certain data requirements and had to be excluded. For others,
the performance ratio and/or the performance loss rate has been
calculated.

Given their geographic allocation, the PV systems are di-
vided into the Köppen-Geiger-Photovoltaic (KGPV) climate

Fig. 1. Distribution of PV systems of Pearl PV database in Europe together
with number of systems; green—filtered datasets, red—Calculated PR, blue—
Calculated PLR & PR.

TABLE I
DATA QUALITY GRADING CRITERIA. OUTLIERS INCLUDE VALUES OUT OF

RANGE OF 0 < P < 1.05Pnom; MISSING DATA ARE BASED ON HOURLY

VALUES AND INCLUDE OUTLIERS; LONGEST GAP IS DAILY. THE DATASET

LENGTH NEEDS TO BE > TWO YEARS FOR A P GRADE,
OTHERWISE IT IS GRADED F [33]

TABLE II
DATA QUALITY GRADING BY NUMBER OF SYSTEMS (AND PERCENTAGE OF

TOTAL) OF PEARL PV DATABASE BEFORE AND AFTER APPLICATION OF

PASS-FAIL CRITERION

zones [32]. The majority of systems is installed in a temperature
climate with medium irradiation.

III. EXPERIMENTAL SETUP—DATA DESCRIPTION

The investigated datasets were subject to a preliminary data
quality grading, developed in the IEA PVPS Task 13 [33], which
is evaluating the dataset based on the relative amount of outliers
as well as missing data as shown in Table I. Additionally, a pass-
fail criteria is in place for a minimum of 24 months of available
data, which is the theoretical minimum for performance loss
calculations, as the performance loss describes a year-to-year
change.

The data quality grading for the Pearl PV database can be seen
in Table II. Missing data are nonexisting entries or measured
power equal to 0 during daylight hours. To accurately account
for missing data, night entries have been removed using modeled
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Fig. 2. Boxplots of average annual yield [kWh/kWp/year] versus intervals
of annual sum of global horizontal irradiation [kWh/m2/year]; number of PV
plants per interval are provided on top; average lifetime within the interval on
the bottom.

clear sky filter to detect and remove instances without irradiance.
Data are provided in 10 min resolution without any major power
measurement outlier. Instead, roughly 30% of the datasets have
more than 10% of missing data in hourly resolution, which is
to be expected considering the systems are mainly residential
and therefore have simple monitoring systems. For 51.7% of
the original 8367 PV systems, at least two years of data are
available.

IV. PV SYSTEM PERFORMANCE ASSESSMENT

In this section, the performance of the PV systems is evalu-
ated. Thereby, the key performance indicators (KPI’s) of average
annual final yield and performance ratio (PR) are considered.
The final yield Yf describes the produced energy of the PV
system at hand divided by the installed capacity Pnom. The PR
represents the ratio between the final yield and the reference
yield Yref of a PV system [34]

PR =
Yf

Yref
=

EAC/Pnom

HPOA/GSTC
(1)

EAC is the ac energy of the system (energy equals accumulated
power [W to Wh]), HPOA the plane-of-array irradiation (irradi-
ation is accumulated irradiance [W/m2 to Wh/m2]), and GSTC

is the irradiance under standard test conditions of 1000 W/m2.
The PR is a unitless parameter, which describes the relationship
between incoming irradiation and produced energy by a PV sys-
tem. In the course of this study, irradiation data for the calculation
of the PR are retrieved from ERA5 in hourly resolution [6]
and modeled to the plane-of-array using the Erbs [35] and
Hay-Davies [36] model for decomposition and transposition,
respectively.

Fig. 2 presents the annual yield over annual horizontal irradi-
ation intervals. A clear pattern can be observed, where system
installed under higher irradiation conditions have higher energy
yields. The average annual energy yield across all systems is

954.86 kWh/kWp. This value is driven by the high number of
systems within the annual global horizontal irradiation bin of
1000–1200 kWh/m 2/year. Furthermore, it is visible that the en-
ergy yield does not further increase for the investigated systems
under very high irradiation (>1800 kWh/m2/year). We believe
that this is, at least partially, due to lower achieved efficiencies
under higher operating temperatures. The mean annual ambient
temperature for systems installed in regions with an irradiation
below 1800 kWh/m2/year is 10.3 ◦C whereas this value amounts
to 25.2 ◦C in regions with higher irradiation. The dependence of
annual horizontal irradiation and ambient temperature is also
visible in Fig. 3. Here, the PR in dependence of incoming
irradiation and ambient temperature is shown.

Both Fig. 2 as well as Fig. 3 show that most systems
are installed in locations with an annual horizontal irradia-
tion of 1000–1200 kWh/m2/year, where an average yield of
925.01 kWh/kWp/year and an average annual PR of 77.7%
is calculated. The number of systems available for yield and
PR evaluation varies because required information on tilt and
azimuth were not available for all systems under investigation.
While the yield of 4206 systems has been calculated, the PR
of 3494 systems was determined; this represents 83% of the
analyzed data. The mean and median annual PR values per bin
are as follows:
� 800-1000 kWh/m2/year: PR = 80.1% & P̃R = 81.8%
� 1000-1200 kWh/m2/year: PR = 77.7% & P̃R = 79.1%
� 1200-1400 kWh/m2/year: PR = 75.6% & P̃R = 76.4%
� 1400-1600 kWh/m2/year: PR = 67.9% & P̃R = 70.4%
� 1600-1800 kWh/m2/year: PR = 67.0% & P̃R = 71.4%
� 1800-2000 kWh/m2/year: PR = 63.1% & P̃R = 63.1%
� Overall: PR = 76.7% & P̃R = 78.4%
A steadily decreasing trend both in mean and median PR is

evident with an increasing irradiation intensity, due to rising tem-
peratures in locations with higher irradiation. The PR is thereby
negatively correlated with the energy yield, which experiences
a rise with increasing irradiation intensity.

Most systems analyzed operate within a PR range of 60% to
90%, in line with previous work already mentioned in Section I.
The small fraction of PR values higher than 90% is probably not
realistic and most likely the result of some inaccuracies on the
metadata of some PV systems, in particular their azimuth, tilt,
and peak power.

V. PERFORMANCE LOSS RATE EVALUATION AND

DATA REQUIREMENTS

A. Methodology

According to previous research [33], there is currently no
single approach to follow to calculate PLR in order to achieve
the most reliable results across a number of PV system datasets.
The study was based on PV plants with high quality data and
available on-site measured irradiance measurements. The lack of
measured meteorological data in the COST Action PEARL PV
database makes the task of calculating reliable PLR even more
nontrivial. That is why we selected and tested three different
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Fig. 3. Annual sum of horizontal irradiation [kWh/m 2/year] versus annual PR [%] categorized by ambient temperature [◦C] together with respective histograms;
number of PV plants per interval are provided on top; average lifetime on the bottom.

Fig. 4. General performance loss rate calculation steps.

performance loss rate calculation approaches. Fig. 4 summarizes
the performed calculation steps.

First, the input data have to be read. From the database, 10-min
ac power time series of varying length are available. Addi-
tionally, hourly satellite irradiance and temperature data have
been retrieved. Using tilt and azimuth of the plants, horizontal
irradiance values were transposed to the plane-of-array. After an
initial data quality check, discussed in Section III, various filters
are applied in dependence of the chosen calculation approach.
Table III summarizes the selected filter divided by calculation
approach.

Hereby, GPOA refers to the plane-of-array irradiance and
Tmod to the PV module temperature. The PR filter excludes
nonrealistic power-irradiance pairs through the nearly linear
power-irradiance relationship over a wide irradiance interval.

In the next step, the data are aggregated and the performance
metric is selected, which is used for the PLR calculation. As

TABLE III
APPLIED FILTER FOR CALCULATION STEPS

shown in Fig. 4, statistical clear-sky fitting (SCSF) uses the clear-
sky filtered power/energy time series in daily resolution. The
Year-on-Year (YoY) approach is applied on daily normalized
energy data, computed with PVWatts [37], and seasonal and
trend decomposition using LOESS (STL) on monthly PR time
series.

The consecutive steps depend on the chosen statistical method
and are discussed below.

Statistical clear-sky fitting: This algorithm was recently de-
veloped as an alternative to common PLR calculation methods,
which require irradiance time series, and sometimes also tem-
perature and other meteorological data. It only needs a measured
power dataset as input, which is used as the performance metric,
and fits a clear-sky model to the data. This clear-sky model
serves as well as an outlier filter for nonrepresentative data.
SCSF consists of two parts. First, it constructs an underlying
mathematical model of PV power time series and subsequently
fits it to the measurements. The modeled PV data have a perfect
clear-sky behavior and are therefore expected to have a certain
annual periodicity including a reduction over time. This consis-
tent year-over-year percent change in daily energy becomes the
estimate of system PLR [31].
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TABLE IV
NUMBER OF PV SYSTEMS AND CORRESPONDING PERFORMANCE LOSS RATES

AFTER VARIOUS FILTERING STEPS

Year-on-Year approach: The YoY approach was first devel-
oped by Sunpower [14], later improved by NREL [30], and is
now available in the RdTools package [38] in Python and the
PVplr package [39] in R.

YoY is using a loss rate distribution instead of one single
value as it averages differences between data-points. Thereby,
the differences between a data-point in a calendar year and the
data-point at the same position in the subsequent year are col-
lected over the complete dataset. The median of the differences
for all data-points available represents the overall system PLR.
The PLR of the YoY method is normalized to the first-year’s
median.

Seasonal and Trend decomposition using LOESS: LOESS
stands for locally estimated scatterplot smoothing and STL is
based on locally weighted regression [29], [40]. STL decom-
poses a seasonal time series into three components, namely
“trend” (Tt), “seasonal” (St), and “remainder” (Rt)) in an ad-
ditive fashion

Yt = Tt + St +Rt. (2)

Afterward, a linear fit of the nonlinear trend is performed. The
following equation is used to calculate the final PLR

PLR [%/a] =

(
β1

t

β0

)
100 (3)

where β1 is the gradient and β0 the y-intercept of the linear
trend line of the linearized model. t is a scaling parameter that
converts the time scale to a yearly scale (e.g., 365 for daily, 12
for monthly).

B. PLR Results

A first observation was the difference in computation times
between the approaches. The application of SCSF as well as
YoY has been carried out in Python while STL has been applied
in R. While it took SCSF [31] several days to complete the
calculations, the application of YoY [38] and STL [41] was
finished after roughly 200 min each. For all calculations, a
computer with an Intel(R) Core (TM) i5-7200 U CPU using
8 GB of RAM, running Windows 10, has been used. SCSF
is a more sophisticated algorithm, which requires by far more
computational resources.

Table IV shows the reduction of available PV system datasets
for PLR calculations after various filtering and exclusion steps.
Initially, 4165 and 3342 PLR have been calculated depending
on the selected approach.

TABLE V
CORRELATION COEFFICIENT [42] AND P-VALUE (WELCH TWO

SAMPLE T-TEST [43])

Jordan et al. [16] stated that PLR calculated even on five years
of data with limited weather data accuracy are expected to have
high uncertainties, which can also be assumed for noncorrected
ERA5 reanalysis data as we have here. That is why another
time-dependent filter was included, looking only at time series
with a minimum length of three years. Another threshold filter
of −4%/year < PLR < 1%/year was applied to remove strong
outlier. The additional filter yield more reasonable results. From
originally more than 8000 systems, between 361 and 661 remain
part of this analysis depending on the calculation method.

Fig. 5 shows the method-dependent distribution of the PLR
after the last filtering step. In the top-left corner, the mean and
the median values are given. Comparing mean and median, it is
visible that all three distributions are left-skewed. SCSF peaks
at the bin of −0.5 to 0%/year, whereas YoY and STL have very
wide distributions between −1%/year and 1%/year.

Table V shows the correlation between different PLR calcula-
tion approaches. On the left side, the correlation coefficient [42]
is given, and the right side provides the p-value between the
PLR values [43]. The individually calculated PLR using the
three different approaches are weakly correlated with the highest
correlation of 0.42 found between values calculated with STL
and YoY. It is likely that the stronger correlation stems from the
shared irradiance dataset. Furthermore, a possible shortcoming
of the SCSF method is that it is based on the assumption that the
annual solar resource does not change over time. Year-to-year
changes in irradiation, which might be especially pronounced
in shorter time-series as we have them here, might affect the
results. By including irradiation into the PLR determination,
these year-to-year changes are accounted for. The results of the
t-test clearly underline an existing correlation between the PLR
values calculated with the different approaches. Thereby, the
p-value between SCSF and STL is with 0.51 the highest.

A definite statement on which approach yields the most trust-
ful results cannot be made. To achieve this, higher quality irra-
diance data and longer time series would be needed. The overall
results of this study agree well with other PLR distributions given
in the literature. Jordan et al. [44] collected PLR from multiple
sources and calculated a mean value of −0.8 to −0.9%/year
and a median value of −0.5 to −0.6%/year. However, most
of the results are based on module measurements, thus not on
system data, and hence they do not capture system losses. Kiefer
et al. [25] reported a mean PLR of−0.7%/year for 44 large scale
systems.

Nevertheless, mainly small scale PV systems are considered
in our study and it is expected that they are subject to higher
systems losses, because better operation practices are usually ap-
plied to large scale systems. Moreover, residential PV systems do
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Fig. 5. Performance loss rate distribution of Pearl-PV performance database; red: calculated with STL; turqouise: calculated with YoY; yellow: calculated with
SCSF.

not normally benefit from regular O&M surveillance by trained
professionals as it occurs in large scale PV systems [16], [45].

VI. CONCLUSION

In this article, a PV system fleet, collected within the COST
Action Pearl PV database, is presented and a first performance
evaluation has been carried out. The fleet consists of residential
systems primarily installed in central Europe. After the initial
presentation of the system fleet, a data quality assessment has
been carried out, the performance evaluated and the performance
loss rates been estimated.

The system data quality has been assessed using a new data
quality grading scheme developed in the IEA PVPS Task 13
showing that the quality of the data is overall quite high. Half of
the systems have at least two years of operational data available.
The average annual yield is 954.9 kWh/kWp and the average
performance ratio 76.7% considering all systems with at least
one year of data. Roughly half of the systems are included for
the yield estimation while 3500 systems are considered for the
PR. The difference in the number of systems is due to the fact
that the tilt and azimuth have to be known for the PR calculation,
which was not the case for all systems.

The last part of this work focuses on the calculation of
performance loss rates. It is a first study showing preliminary
results and, more importantly, requirements from the data-side
for reliable calculation procedures. Three different approaches
have been tested, namely statistical clear-sky fitting (SCSF),
seasonal and trend decomposition using LOESS (STL) and
the year-on-year approach (YoY). SCSF is a somewhat exotic
approach as it does not require any weather data for the PLR
calculation. It is based on clear-sky modeling of power time
series connected to a year-over-year evaluation of the clear-sky
modeled power. Thereby, it does not account for changes in the
solar resource, for example, through global brightening effects.

STL and YoY instead require as input, apart from the power time
series, plane-of-array irradiance. In this study, ERA5 irradiance
datasets have been used. From originally roughly 8400 PV
systems time series, more than 90% had to be excluded due
to being categorized as outlier or having an insufficient length.
It was shown that a minimum of three years of power data are
required to get somewhat sensible results, keeping in mind that
the longer the time series, the more trustworthy the results tend
to be. The results are in a range of mean PLR between −0.74
%/year and −0.75 %/year and median between −0.36%/year
and −0.67%/year, depending on the chosen approach.

This study serves as a first evaluation of the COST Action
Pearl PV database. Performance studies of PV system fleets are
scarce but of utmost importance for understanding the corre-
lation between climate stressors and PV system performance
and degradation of installed PV systems. These advances are
necessary to better design and operate PV systems depending
on environmental and installation conditions. It is foreseen to
update and enlarge the existing database in order to draw stronger
conclusions and gain a better insight into the climate related
degradation of this system fleet.
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