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Περίληψη

Η πρόοδος που παρατηρείται τα τελευταία χρόνια στην τεχνολογία
κατασκευής φωτοβολταϊκών (ΦΒ) πλαισίων είχε ως αποτέλεσμα την
παραγωγή πολύ αποδοτικών ΦΒ τεχνολογιών, γεγονός που συνείσφερε
αρκετά στη μείωση του σταθμισμένου κόστους ηλεκτρικής ενέργειας
(Levelized Cost of Electricity - LCOE) λόγω της αυξημένης ζήτησης για την
τεχνολογία. Δύο βασικοί παράγοντες που θα αυξήσουν τη ζήτηση και θα
μειώσουν το LCOE ακόμη παραπάνω είναι: 1) ανάπτυξη του τομέα
λειτουργίας και συντήρησης (Operations & Maintenance - O&M) ώστε να
εξασφαλίζεται η βέλτιστη λειτουργία των ΦΒ εγκαταστάσεων, και 2)
ακριβής εκτίμηση του γνωστού φαινομένου της υποβάθμισης της απόδοσης
και η σύγκριση του ρυθμού της υποβάθμισης με την εγγύηση που προσφέρει
ο κατασκευαστής των ΦΒ πλαισίων. Και οι δύο αυτοί παράγοντες
προϋποθέτουν ενεργή παρακολούθηση και εποπτεία των ΦΒ
εγκαταστάσεων, ανάλυση των μετρήσεων που καταγράφονται από το
σύστημα παρακολούθησης και εκτίμηση του ρυθμού της μακροχρόνιας
υποβάθμισης μέσα στο διάστημα της στατιστικής εμπιστοσύνης. Η
ανάλυση αυτή θα επιτρέψει με τη σειρά της τον προγραμματισμό δράσεων
για άμβλυνση των αιτιών της χαμηλής απόδοσης και ελαχιστοποίηση της
χαμένης ενέργειας. Η ακριβής εκτίμηση του ρυθμού της υποβάθμισης θα
επιτρέψει επίσης την ακριβή πρόβλεψη της ενεργειακής απόδοσης της ΦΒ
εγκατάστασης καθ’ όλη τη διάρκεια της ζωής των ΦΒ πλαισίων. Με αυτό
τον τρόπο, θα υπάρχει η δυνατότητα αναθεώρησης των εγγυήσεων που
παρέχονται από τους κατασκευαστές έτσι ώστε να παρέχεται πιο αυστηρή
εγγύηση, για περαιτέρω μείωση του επενδυτικού ρίσκου και περαιτέρω
αύξηση της εμπιστοσύνης προς την τεχνολογία.
Η διατριβή αυτή περιγράφει την ανάπτυξη μιας γενικευμένης μεθολογίας
ανάλυσης δεδομένων η οποία στηρίζεται σε στατιστική ανάλυση για την
εκτίμηση του ρυθμού της υποβάθμισης κάτω από πραγματικές συνθήκες
λειτουργίας, χρησιμοποιώντας πραγματικές μετρήσεις από έντεκα ΦΒ
συστήματα διαφόρων τεχνολογιών, τα οποία είναι διασυνδεδεμένα στο
δίκτυο. Τα συστήματα αυτά εγκαταστάθηκαν και λειτουργούν από τον
Ιούνιο 2006 στο χώρο δοκιμών του Εργαστηρίου ΦΒ Τεχνολογίας του
Πανεπιστημίου Κύπρου. Η μεθοδολογία που αναπτύχθηκε, σχεδιάστηκε για
να παρέχει ακριβή και εύρωστη εκτίμηση του ρυθμού της υποβάθμισης,
χωρίς να χρειάζεται επίβλεψη. Επίσης, σχεδιάστηκε για εφαρμογή σε
εμπορικά ΦΒ συστήματα όπου οι δυνατότητες σε αισθητήρες και συστήματα
καταγραφής δεδομένων είναι περιορισμένες λόγω κόστους. Έτσι, οι
ελάχιστες απαιτήσεις για την εφαρμογή της μεθοδολογίας είναι ακριβείς
μετρήσεις της ισχύος που παράγεται από το ΦΒ σύστημα και ακριβής
μέτρηση της ηλιακής ακτινοβολίας.
Η μεθοδολογία έχει στόχο να προσφέρει μια πιθανή λύση σε τέσσερα κύρια
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προβλήματα στον τομέα της υποβάθμισης των ΦΒ: 1) στην αξιολόγηση των
πρωτογενών μετρήσεων και τη δημιουργία του ιδανικού συνόλου των
μετρήσεων για περαιτέρω ανάλυση, 2) στην ανίχνευση περιστατικών μη
βέλτιστης απόδοσης και αξιολόγηση της επίδρασης τους στον εκτιμημένο
ρυθμό της υποβάθμισης, 3) στην ανάλυση χρονοσειρών της απόδοσης και
εκτίμηση της γραμμικής ή μη γραμμικής τάσης για υποβάθμιση, και 4) την
αντικατάσταση των ειδικών (ad hoc) μεθοδολογιών με στατιστικά κριτήρια
για μείωση της μεροληψίας (bias), αυτοματοποίηση της διαδικασίας και
γενίκευση της προτεινόμενης μεθοδολογίας. Για να γίνει αυτό, αναπτύχθηκε
μια προγραμματιστική μεθοδολογία που αποτελείται από επιμέρους
λειτουργίες για αξιολόγηση των μετρήσεων, ανίχνευση μη βέλτιστης
απόδοσης και μετριασμού της επίδρασης της και μοντελοποίηση του ρυθμού
της υποβάθμισης. Επίσης, αξιολογήθηκε το υπολογιστικό κόστος της
εφαρμογής της μεθοδολογίας και εξερευνήθηκαν τρόποι για τη μείωσή του.
Επιπλέον, πραγματοποιήθηκαν εκτεταμένες πειραματικές μελέτες για την
εκτίμηση του ρυθμού της υποβάθμισης των ΦΒ πλαισίων υπό
παρακολούθηση, κάτω από πρότυπες συνθήκες δοκιμής (Standard Test
Conditions - STC). Οι μελέτες διεξήχθησαν σε περιβάλλον εργαστηρίου,
δηλαδή εκτός του τόπου εγκατάστασης των ΦΒ πλαισίων (ex situ),
χρησιμοποιώντας εξειδικευμένο εξοπλισμό ακριβείας (ηλιακός
προσομοιωτής, διάταξη ηλεκτροφωταύγειας, διάταξη υπέρυθρης
θερμογραφίας) για μέτρηση της ισχύος των πλαισίων σε STC και
μη-καταστροφικό χαρακτηρισμό της ποιότητας των ΦΒ κυψέλων. Κατά τη
συνολική διάρκεια των δοκιμών που περιγράφονται στη διατριβή αυτή, η
ποιότητα των μετρήσεων εξασφαλιζόταν μέσω ιχνηλάσιμης βαθμονόμησης
και περιοδικών ελέγχων.
Στην περίπτωση των δοκιμών σε STC, τα αποτελέσματα ήταν πιο
ιχνηλάσιμα και ακριβή από τα αποτελέσματα της ανάλυσης των
εξωτερικών μετρήσεων, όπως ήταν αναμενόμενο. Από την άλλη, οι δοκιμές
σε περιβάλλον εργαστηρίου απαιτούσαν αρκετή χειρονακτική εργασία και
προσωρινή διακοπή της κανονικής λειτουργίας των ΦΒ συστημάτων. Έτσι,
ως αποτέλεσμα του χειρισμού των ΦΒ πλαισίων κατά την απεγκατάσταση,
τη μεταφορά στο εργαστήριο και την επανεγκατάσταση, ο κίνδυνος για
πρόκληση ζημιάς ήταν μεγάλος. Τα αποτελέσματα από τις δοκιμές σε STC
χρησιμοποιήθηκαν ως σημείο αναφοράς για αξιολόγηση της εγκυρότητας
της μεθοδολογίας ανάλυσης δεδομένων που αναπτύχθηκε. Με τον τρόπο
αυτό, συγκρίθηκε η απόδοση κάτω από πραγματικές συνθήκες λειτουργίας
με την απόδοση κάτω από πρότυπες συνθήκες δοκιμής, αποτέλεσμα πολύ
σημαντικό για τον τομέα των ΦΒ, καθώς υπάρχουν ελάχιστα παραδείγματα
στη βιβλιογραφία με μακροπρόθεσμες συγκριτικές μελέτες από διάφορες ΦΒ
τεχνολογίες.
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Abstract

Recent advances in photovoltaic (PV) module manufacturing have resulted in
the production of highly efficient cells and modules and the significant reduc-
tion of the levelized cost of electricity (LCOE) due to the increased demand
for the technology. Two key factors that will increase the demand and re-
duce the LCOE even further are: 1) improving operations and maintenance
(O&M) to ensure the optimal operation of deployed PV plants, and 2) accu-
rately estimating the well-known effect of gradual performance degradation
and guaranteeing their lifetime energy yield. Both of these key factors require
active monitoring and supervision of the deployed PV plants, analysis of field
measurement data for estimation of the long-term degradation rate, 𝑅𝐷 with
statistical confidence and comparison with the warranty. This analysis will in
turn enable the planning of actions to mitigate the causes of low performance
and minimize the amount of energy lost. The accurate estimation of the 𝑅𝐷
for a deployed PV plant will also enable more accurate and precise lifetime en-
ergy yield forecasting and stricter performance guarantees, further reducing
investment risk and increasing confidence in the technology.
Thiswork dealswith developing a generalized data analysismethodology based
on statistical principles, for estimating the energy degradation rate, using field
measurement data from eleven different grid-connected PV plants operating
side-by-side since June 2006 at the PV Technology test site of the University
of Cyprus. The methodology was designed to provide accurate and robust un-
supervised estimation with a measure of uncertainty. Also, it was designed
for application on commercial PV plants, where sensor deployment is sparse
and data logging capabilities are low due to cost. Therefore, the minimum
requirements for the realization of the developed methodology are accurate
measurements of power and an accurate measurement of irradiance.
The methodology was developed to address four main issues in the field of
PV degradation: 1) measurement qualification and creation of a clean data set
from uncertain sources, 2) detection of suboptimal performance from the mea-
surement data and assessment of the effect on the actual degradation rate, 3)
analysis of time series of constructed performance metrics to extract and anal-
yse the trend in either a linear or non-linear fashion, and 4) substitution of ad
hoc analyses and empirical parametrisation with formal statistical tests, to en-
able the applicability of the methodology in an unsupervised way. Therefore, a
data pipeline consisting of measurement qualification, creation of performance
metrics, detection and treatment of outliers and trend modelling procedures
was developed. In addition, the computational expense of implementing such
a methodology was explored and alternative ways were proposed to further
reduce it.
Extensive experimental work has also been performed in order to estimate the
𝑅𝐷 of the studied PV arrays, under standard test conditions (STC). These ex-
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periments were performed ex situ, using high quality laboratory equipment
(i.e. flasher, electroluminescence (EL), infrared (IR) thermography), with trace-
able calibration throughout the evaluation period. Even though the results
were more traceable and certain, indoor testing required a significant amount
of manual labour and system downtime and introduced risk due to mount-
ing/dismounting and transporting the PV modules to the laboratory. The PV
modules under study were characterized in the laboratory and the results were
used to benchmark the accuracy of the developed unsupervised methodology.
In this way, PV performance measured under a broad spectrum of prevailing
meteorological conditions was compared to the results of indoor testing un-
der international standards. This was one of the most important outcomes
of this work as this kind of long-term comparison on multiple, co-located PV
technologies which were monitored and characterized in a research-grade en-
vironment was extremely rare in the bibliography.
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CapEx capital expenses
CDF cumulative distribution function
CdTe cadmium telluride
CI confidence interval
CIGS copper indium gallium (di)selenide
CPU central processing unit
CSD classical seasonal decomposition
c-Si crystalline silicon

DC direct current
DFT discrete Fourier Transform
DLIT dark lock-in thermography

EL electroluminescence
EVA ethylene-vinyl acetate

FFT Fast Fourier Transform
FIR finite impulse response
flop floating-point operation

GPL General Public License
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GWN Gaussian white noise

HIT heterojunction with intrinsic thin-layer
HW Holt-Winters exponential smoothing

IALM inexact augmented Lagrange multiplier
IEC International Electrotechnical Commission
i.i.d. independent and identically distributed
IIR infinite impulse response
ipv Institut für Photovoltaik, Universität Stuttgart
IQR interquartile range
IR infrared
IRENA International Renewable Energy Agency
IV current-voltage

JRC Joint Research Centre

KPI key performance indicator
KPSS Kwiatkowski–Phillips–Schmidt–Shin

LAPSS large area pulsed solar simulator
LCOE levelized cost of electricity
LI linear interpolation
LOCF last observation carried forward
LOESS locally weighted smoothing (LOcal regrESSion)
LR linear regression
LS level shift

MA moving average
MAE mean absolute error
MAPD mean absolute percentage deviation
MAPE mean absolute percentage error
MCAR missing completely at random
MI multiple imputation
MKL Math Kernel Library
MLE maximum likelihood estimation
MMF mismatch factor
MO multiple overimputation
mono-Si monocrystalline silicon
MPP maximum power point
MSE mean squared error
𝜇c-Si microcrystalline silicon

NREL National Renewable Energy Laboratory

O&M operations and maintenance
OLS ordinary least-squares
OpEx operational expenses

PACF partial autocorrelation function

xxii

ALE
XANDER PHIN

IKARID
ES



PCA principal component analysis
PCP principal components pursuit
PDF probability density function
PE percentage error
PID potential induced degradation
POA plane of array
poly-Si polycrystalline silicon
PSD power spectral density
PTC PVUSA test conditions
PV photovoltaic
PVUSA Photovoltaics for Utility-Scale Applications

RAM random access memory
regARIMA regression model with ARIMA errors
RMSE root mean squared error
RNG random number generator
RPCA robust principal component analysis
rRPCA randomized robust principal component analysis
RSS residual sum of squares
rSVD randomized singular value decomposition

SEATS signal extraction in ARIMA time series
SI single imputation
STC standard test conditions
STL seasonal-trend decomposition by LOESS
SVD singular value decomposition
SWE Stæbler-Wronski effect

TCO transparent conductive oxide
TRAMO time series regression with ARIMA noise, missing values and outliers
TS Theil-Sen

UCY University of Cyprus
UV ultraviolet

X-12-ARIMA seasonal adjustment technique developed by the U.S. Census Bureau
X-13ARIMA-SEATS update of X-12-ARIMA with SEATS-TRAMO

Y-o-Y year-over-year

ZSW Zentrum für Sonnenenergie- und Wasserstoff-Forschung
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Symbols

Symbol Description Unit
𝜃𝐴𝑂𝐼 angle of incidence °
𝜂𝑆𝑇𝐶 module efficiency at STC %

𝑎𝑊 wind direction °
𝛼𝐼 temperature coefficient of current %/K
AM air mass a.u.

𝛽𝑉 temperature coefficient of voltage %/K

DHI diffuse horizontal irradiance W/m2
DNI direct normal irradiance W/m2

𝐸𝐴 net energy from array kWh
𝐸𝑇𝑈𝑁 net energy to utility grid kWh

𝐹𝐹 fill factor a.u.

𝐺𝐼 total irradiance incident on the surface of a PV device W/m2
𝐺𝑆𝑇𝐶 global irradiance at STC 1000W/m2
𝛾𝑃 temperature coefficient of power %/K
GHI global horizontal irradiance W/m2

𝐻𝐼 total irradiation incident on the surface of a PV de-
vice

kWh/m2

𝐻𝑟𝑒𝑙 relative humidity %

𝐼𝐴 array current A
𝐼𝑀𝑃𝑃 current at maximum power point (MPP) A
𝐼𝑆𝐶 short-circuit current A
𝐼𝑇𝑈 current to utility grid A
𝑖𝑃𝑅 instantaneous performance ratio a.u.

𝐿𝑐 array capture losses h

𝑃0 maximum power of a PV device at STC prior to ex-
posure

W

𝑃𝐴 direct current (DC) power from a PV array W
𝑃𝑀𝑃𝑃 DC power at MPP W
𝑃𝑛𝑜𝑚 nameplate capacity of a PV device at STC W
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Symbol Description Unit
𝑃𝑃𝑇𝐶 power extrapolated to Photovoltaics for Utility-Scale

Applications (PVUSA) test conditions
W

𝑃𝑆𝑇𝐶 maximum power of a PV device at STC W
𝑃𝑇𝑈 alternating current (AC) power to the utility grid W
𝑃𝑅 performance ratio a.u.
𝑃𝑅𝑇𝐶 temperature-corrected performance ratio a.u.

𝑅𝐷 degradation rate of PV performance %/y
𝑅𝐷𝐶 degradation rate of PV power at STC %/y
𝑅𝐷𝐸 degradation rate of PV performance in the field %/y
𝑟𝑆 series resistance Ω
𝑟𝑆𝐻 shunt resistance Ω

𝑆𝑊 wind speed m/s

𝑇𝑎𝑚 ambient air temperature ∘C
𝑇𝑚 module temperature ∘C
𝑇𝑁𝑂𝐶𝑇 nominal operating cell temperature ∘C

𝑉𝐴 array voltage V
𝑉𝑀𝑃𝑃 voltage at MPP V
𝑉𝑂𝐶 open-circuit voltage V
𝑉𝑇𝑈 utility voltage V

𝑌𝐴 array yield h
𝑌𝑓 final yield h
𝑌𝑟 reference yield h
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Notation

∇𝑑 𝑑th order difference operator

𝛼 significance level

back-shift operator

𝐷𝑛 Kolmogorov–Smirnov test statistic

𝐹𝑋 cumulative distribution function of random variable 𝑋 , 𝐹𝑋 (𝑥) = 𝑃(𝑋 ≤ 𝑥)
𝑓𝑋 probability density function of random variable 𝑋 , 𝑓𝑋 (𝑥) = 𝑑

𝑑𝑥 𝐹𝑋 (𝑥)

𝐻0 null hypothesis
𝐻1 alternative hypothesis
# hash function that maps data of arbitrary size to data of fixed size

𝑥̂ mean of 𝑥

ℕ set of all natural numbers

Φ( ) autoregressive operator

𝜌 correlation

a set
⟨ ⟩𝜏 average of set over the interval defined by 𝜏
𝜎 standard deviation

̂𝜃 estimator of parameter 𝜃

𝑊 Shapiro-Wilk test statistic

𝐱∶,𝑗 𝑗th column of matrix 𝐗
𝐱𝑖,∶ 𝑖th row of matrix 𝐗
𝑥𝑖,𝑗 scalar element found in the 𝑖th row and 𝑗th column of matrix 𝐗
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Chapter 1

Introduction

1.1 Motivation and background

Estimates of degradation rate, 𝑅𝐷 , are essential in assessing the effective lifetime of a pho-
tovoltaic (PV) module, given the 25 to 30-year long warranties offered by manufacturers,
who guarantee the specified nameplate capacity, 𝑃𝑛𝑜𝑚 with a maximum of 20 % degrada-
tion by the end of the service lifetime. In the last few years, manufacturers have extended
this guarantee to provide maximum linear degradation rates per year. Typical guarantees
state that the PV module’s 𝑃𝑛𝑜𝑚 will not degrade higher that 1 %/y in the first ten years
of operation. For the rest of their service lifetime, the guarantee states that the 𝑃𝑛𝑜𝑚 will
not degrade higher than 0.67 %/y to 0.8 %/y, depending on the manufacturer. The fact that
warranties offered by manufacturers are by definition not the product of testing the PV
modules to the end of their lifetime in the field, further validates the need for establish-
ing a standardized methodology for accurately estimating degradation rates of fielded PV
modules and systems.

Even by disrupting normal plant operation to measure the module’s performance under
laboratory conditions, at standard test conditions (STC), the measurement uncertainties
are high enough that a difference lower than 2 %–3 % from the 𝑃𝑛𝑜𝑚 will be within the
experimental uncertainty. Additionally, by solely testing at STC, a very narrow window
of field performance is tested, since in most outdoor environments, such conditions rarely
occur, if at all. Therefore, the overall performance of the array/plant in the field needs to be
analysed in order to draw inference on the actual rate of degradation in the field, i.e. under
real operating conditions.

The main motivation behind this dissertation is the lack of a generalized methodology
for assessing such an important aspect of PV plant performance, without interrupting nor-
mal plant operation. Although much effort has been put into estimating the degradation
rate, no methodology has been proposed and aimed towards minimizing the bias generated
by the person performing the analysis due to the selection of ad hoc analysis techniques,
i.e. measurement filtering, outlier handling, trend modelling and interpretation of the re-
sults. It is for this reason that the estimation of the degradation rate of PV remains a highly
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controversial topic.
Especially with respect to handling measurement data, current best practices involve

discarding a very large amount of intra-daily measurements and focusing on the perfor-
mance around noon in order to minimize seasonality and secondary effects such as reflec-
tions, cloud motion and temperature fluctuations. Additionally, current best practices in
handling outliers and missing data involve either ignoring them completely or using previ-
ously validated historical data from similar days to fill in the gaps. Finally, the most widely
used method in the literature for estimating 𝑅𝐷 , utilizes linear regression with ordinary
least-squares (OLS) to fit a linear trend on data reduced by the aforementioned filtering
techniques. As has been proven numerous times in the literature, a simple OLS trend is not
the universal answer. Even more concerning is the universally accepted practice in the field
that the aforementioned data reduction and normalization techniques should be designed
as such, to reduce the highly seasonal and uncertain measurement data set to approximate
a monotonically decreasing linear process.

The work developed in this dissertation aims to show that by leveraging proper statisti-
cal analyses, the current arbitrary practices can be replaced by generalized methodologies
which can provide inference, eliminate the selection bias and allow the quantification of
uncertainty while at the same time extracting as much information as possible from all
useful measurement data in an unsupervised manner.

1.2 Problem statement

As of recently, the proliferation of PV system installations around the globe has resulted in
the exponential growth of energy produced from renewable energy sources which is esti-
mated to continue increasing monotonically. Also, according to International Renewable
Energy Agency (IRENA), solar PV prices have been on a downward trend [1] and this has
resulted in a dramatic reduction of the levelized cost of electricity (LCOE), which is defined
in Eq. 1.1:

𝐿𝐶𝑂𝐸 = 𝐶𝑎𝑝𝐸𝑥 +∑𝑁
𝑛=1

𝑂𝑝𝐸𝑥−𝑅𝑉
(1+𝑟)𝑛

∑𝑁
𝑛=1

𝑌0(1−𝑅𝐷𝐸 )𝑛
(1+𝑟)𝑛

(1.1)

where:

• 𝑁 = PV system lifetime [years],

• 𝐶𝑎𝑝𝐸𝑥 = total capital expenses [€/kWp],

• 𝑂𝑝𝐸𝑥 = annual operational expenses [€/kWp],

• 𝑅𝑉 = residual value [€/kWp],

• 𝑟 = discount rate [%],
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• 𝑌0 = initial yield [kWh],

• 𝑅𝐷𝐸 = energy degradation rate [%].

From Eq. 1.1 it can be seen that one of the major factors in the reduction of the LCOE is the
energy degradation rate, 𝑅𝐷𝐸 . Up to now, no statistically sound and universally accepted
methodology has been developed for its estimation.

In this framework, the estimation of the degradation rate of PV presents several issues;
one of them is the lack of quality comparisons between field measurement data and mea-
surements under STC. This is important as through these kinds of comparisons, it can be
inferred whether a methodology could be used to estimate a statistically significant rate
of degradation, or whether it was due to chance. Another problem is the lack of a uni-
versally accepted methodology for assessing degradation and the numerous and different
methodologies found in the literature which make different assumptions and result in dif-
ferent evaluations. Due to this, there is currently much effort being put into defining and
accepting a universally “correct” methodology [2].

In addition, currently published work on degradation has been concerned with defining
methodologies that minimize the uncertainty by trying to linearize the time series of the
chosen key performance indicator (KPI) in order to fit a straight line through the data, the
slope of which would represent the 𝑅𝐷𝐸 . This presents several problems on its own, namely:

• Trying to minimize the confidence interval by discarding unfavourable data points
biases the results.

• Reducing the amplitude of the seasonal component by linearly normalizing with a
single temperature coefficient introduces error, as the 𝑃 ∝ 𝑇𝑚 relationship is not
perfectly linear throughout the lifetime of a PV module, as has been proven in field
tests.

• Current trend estimation methodologies produce single point estimates and do not
calculate the uncertainty.

• As many covariates as are available are used to explain the array power, 𝑃𝐴, without
accounting for multicollinearity.

Thus, it is evident that more challenging and far stricter quality assessment of PV instal-
lations will be needed, to maintain optimal performance and provide increased confidence
in the short- and long-term energy production of the enormous amount of PV installations
that will be commissioned in the near future. Such strict assurance cannot be achieved by
current practices, which are more specific than general and were designed to solve ad hoc
problems in the assessment of PV performance. To meet these new requirements of the
PV sector, a new paradigm for performance assessment will be needed. At its centre is ap-
plied statistical analysis and a significant amount of effort is currently being dedicated to
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converting legacy methodologies into generalised statistical analyses. Applications of sta-
tistical analyses in PV can be found in modelling, forecasting, supervision, fault detection
and estimation of degradation.

1.3 Aim of this work

The dissertation takes on a holistic view to the estimation of performance degradation of
PV systems deployed in the field. The aim was to propose a generalized methodology that
treated data deficiencies such as uncertainty, outliers and missing data from field measure-
ments and investigate its accuracy by comparing it to standardized indoor procedures, with
minimal requirements in sensor and data logging equipment. The methodology was also
aimed at minimizing bias generated by ad hoc methods, by relying on established statistical
procedures and formal tests.

One additional aim of this work was to improve estimation of the 𝑅𝐷𝐸 without relying
on labelled data (e.g. log of outage periods, faults etc.) The tediousmanual procedures of the
past were uncertain and had to be performed offline. Due to this, they were not repeatable
and transferable across the field.

Finally, the choice of the measurement datasets used in this work do not constrain the
applicability of the proposed method. All methods proposed and discussed in this disserta-
tion were specifically chosen in order to construct a generalized methodology.

1.4 Outline of the dissertation

This dissertation is structured in such a way that it presents a logical flow for solving the
degradation estimation problem in PV. It is divided into eight chapters, including this in-
troduction:

• Ch. 1 presents an overview of the problem, motivation and the specific aims of this
work.

• Ch. 2 presents a through literature review in relation to the estimation of degradation
rates.

• Ch. 3 presents the experimental setup and the procedures for ensuring measurement
quality throughout this work.

• Ch. 4 explains how the data was organized to become amenable for analysis.

• Ch. 5 presents the developed methodology for detecting and handling outliers and
missing data using various techniques and assesses the uncertainty.

• Ch. 6 presents the proposed methodologies on degradation rate estimation, its lin-
earity, its sensitivity on the choice of the analysis and the total uncertainty.

4

ALE
XANDER PHIN

IKARID
ES



• Ch. 7 presents the extensive experimental work performed for validating the statis-
tical analysis approach and their inter-comparison.

• Ch. 8 includes a summary of this work, the research achievements and innovations
emanating from this thesis and proposes future work directions.

In addition to the main chapters, a short discussion of the computational cost of the
approach and challenges faced throughout this work, along with implemented alternative
solutions, is included in Appendix A.

Finally, a description of general contributions to the PV and data science community,
stemming in part from this work, is included in Appendix B.
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Chapter 2

Related Work

Work from this chapter has been published in [3, 4]

2.1 Introduction

The degradation of PV is currently a much researched topic which has resulted in mod-
ule production improvements, efficiency increases and the introduction of new materials.
Performance degradation can be evidenced in all PV devices, i.e. cell, module, array and
system with different factors and degradation mechanisms manifesting on each device. In
all cases, the main extrinsic factors related to performance degradation in the field include:
temperature, humidity, precipitation, dust, snow and solar irradiance. At the array level, all
of these and additionally shading and module mismatches contribute to degradation. The
aforementioned factors give rise to various degradation mechanisms [5, 6, 7, 8] and impose
significant stress over the lifetime of a PV module, resulting in the reduction of durability,
which must be quantified through the estimation of the rate of degradation.

More specifically, at the PV cell level the main mechanisms behind performance loss
and possible failure are corrosion, light-induced degradation, contact stability and cracked
cells [9, 10]. At the module level, degradation occurs due to the reliability issues of the
individual cells and in addition due to glass breakage, delamination, busbar failure, bro-
ken interconnects, front surface discoloration, moisture ingress, reduced interlayer adhe-
sion, diode failures and hot-spots. The majority of studies on crystalline silicon (c-Si) tech-
nology report that the degradation of power at maximum power point (MPP), 𝑃𝑀𝑃𝑃 , was
mainly attributed to short-circuit current, 𝐼𝑆𝐶 , losses, followed by smaller decreases in fill
factor, 𝐹𝐹 [11, 12, 13]. 𝐼𝑆𝐶 degradation was associated with the reduction of 𝑃𝑀𝑃𝑃 and was
most commonly caused by delamination and discoloration [14, 15]. Hishikawa, Morita,
Sakamoto, and Oshiro [16] have shown that the reduction in 𝐼𝑆𝐶 was due to discoloration
or delamination at the cell/ethylene-vinyl acetate (EVA) interface, front glass breakage and
increased series resistance, 𝑟𝑆 , due to the degradation in electrode soldering. A study by
National Renewable Energy Laboratory (NREL) suggested that the degradation rate and
associated 𝐼𝑆𝐶 decline were caused by ultraviolet (UV) light absorption at or near the top
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of the silicon surface, which caused discoloration [17]. Sanchez-Friera et al. [12] attributed
the large degradation rate and 𝐼𝑆𝐶 losses to delamination of the cell-encapsulant interface,
oxidation of the front metallization grid and the anti-reflection coating of the cells and front
glass soiling. On the other hand, for thin-film technologies, there was a higher degradation
rate of the 𝐹𝐹 in comparison to the c-Si case [18] and additional mechanisms not observed
on c-Si technologies [19, 20, 21]. Finally, at the system level, degradation was the result
of individual module failures, array shading, potential induced degradation (PID) [22] and
other balance-of-systems (BOS) effects such as inverter efficiency loss, interconnect and
cabling losses.

The extent by which the various degradation mechanisms affect different PV technolo-
gies does not appear to be identical but depends on the technology, the operating topology
and the cumulative history of field exposure, which depends on the location of installa-
tion [23]. Consequently, the nominal performance of different PV systems/arrays/modules
can be found to degrade at different rates. This rate is expressed as 𝑅𝐷 , is defined as the
rate of nominal performance drop over time and is denoted as a positive quantity. It is
commonly expressed in %/y and represents the reduction of the performance metric in the
field [24].

Jordan, Kurtz, VanSant, and Newmiller [25] have compiled a comprehensive review of
published degradation rates, both from indoor testing and field data analysis. In summary,
from 11 029 published studies, spanning every module technology, the mean 𝑅𝐷 was calcu-
lated at 0.91 %/y, with the majority of studies published for c-Si. Regarding thin-film tech-
nologies, 455 published studies have shown that the mean 𝑅𝐷 was higher, at 1.38 %/y, with
the majority of studies published after 2000. These results did not include initial degrada-
tion. Although themean for all technologies was 0.93 %/y, the values for thin-film technolo-
gies were spread from −1%/y to 6 %/y, whereas for c-Si the rates were mainly concentrated
around the mean. This signifies a very large variation in reported degradation rates, which
may be attributed to the small number of field studies and the variability in degradation
rate estimation methodologies [26, 27].

Degradation estimation has been the target of international research groups [28, 23],
research centres [25] and industry [29, 30, 31, 32]. Methods for estimating 𝑅𝐷 vary widely
with the choice of performance metric, normalization parameter, data filtering and also test
conditions (field vs indoors) [33]. Indoor testing at STC using solar simulators is less often
used as it is time consuming and inefficient for other than small-scale PV plants [34]. For
this reason, only a small sample of PV modules is tested at STC [35], hence assuming that
the degradation of the specific sample of modules is representative of the whole PV plant.
The current problems faced in the estimation of the 𝑅𝐷 of PV systems in the field, reveal
that a multi-disciplinary approach must be adopted to address the multiple shortcomings.

7

ALE
XANDER PHIN

IKARID
ES



2.2 Photovoltaic performance analysis

In the centrepiece of all research around the estimation of degradation is the actual data
used in the analysis which are recorded from the field [36]. Most of the current methodolo-
gies have not been proven to be robust to the absence of accurate measurement data [37],
hence much effort has been put into creating reliable and accessible monitoring and super-
vision systems for PV [38, 39]. A large part of PV performance analysis is also concerned
with the software design, algorithm development and data warehousing [40, 41, 42] which
has received numerous developments in the last few years, mainly because of the lowered
barriers to entry for data science and machine learning.

To address the fact that PV has become very accessible for small scale deployment, i.e.
on individual homes, and the fact that the cost of the majority of PV monitoring systems
becomes prohibitive for this scale, easily deployable solutions [43] have been created using
commodity hardware [44, 45] to monitor PV production. Other proposed systems pro-
vide more advanced functionality, through real-time diagnostics [46] and were designed to
scale [47] while others were designed to make use of satellite data to address the absence
of expensive sensor hardware on-site [48].

2.2.1 Performance metrics

The estimation of degradation rates relies on the analysis of chronological ratings of the
performance of PV in the field and the prevailing meteorological conditions. Typical pa-
rameters include: 1) array current, 𝐼𝐴, array voltage, 𝑉𝐴, and subsequently 𝑃𝐴, as a calcu-
lated value, 2) power to the utility grid, 𝑃𝑇𝑈 , for grid-connected systems, 3) 𝐼𝑆𝐶 , open-circuit
voltage, 𝑉𝑂𝐶 , 𝐹𝐹 , 𝑟𝑆 , and shunt resistance, 𝑟𝑆𝐻 , extracted from continuous current-voltage
(IV) characterization of modules and arrays in the field, and 4) meteorological measure-
ments such as global irradiance, 𝐺𝐼 , ambient air temperature, 𝑇𝑎𝑚, module temperature,
𝑇𝑚, wind speed, 𝑆𝑊 , and relative humidity, 𝐻𝑟𝑒𝑙 [36].

These measurements are used to create chronological performance metrics. Common
performance metrics can be grouped into four categories, 1) electrical parameters from IV
curves recorded under outdoor or controlled indoor conditions and corrected to STC, 2)
extrapolated metrics such as power extrapolated to Photovoltaics for Utility-Scale Appli-
cations (PVUSA) test conditions, 𝑃𝑃𝑇𝐶 [49, 50], 3) normalized metrics such as performance
ratio, 𝑃𝑅, and 4) scaled metrics such as 𝑃𝐴/𝑃𝑛𝑜𝑚, 𝑃𝑇𝑈 /𝑃𝑛𝑜𝑚 and array yield, 𝑌𝐴/𝑃𝑛𝑜𝑚 [51].

IV curve parameters

Outdoor IV curves are usually obtained at fixed intervals, whereas indoor IV curves are
obtained at STC at sparse intervals [52], due to the manual work required to obtain them.
From an IV curve, degradation can be observed on the individual electrical parameters [53].
As described in Sec. 2.1, degradation of an electrical parameter can be traced back to the
existence of physical defects and degradation mechanisms. Further identification of some
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degradation mechanisms can also be performed indoors, with techniques such as electro-
luminescence (EL), dark lock-in thermography (DLIT) and infrared (IR) thermography. IV
characterization in the field is currently mostly performed for research [11] and diagnostic
purposes [54], with the modules ideally held at MPP between IV scans, in order to simulate
the full load condition [55, 56].

Indoor IV characterization is less commonly used as it is time consuming and inefficient
for fielded PV arrays. Furthermore, indoor IV characterization carries the risk of damaging
the modules due to mishandling, dismounting from the array and transportation. Thus,
it is more efficiently used for standalone modules that are deployed alongside a larger PV
system [57], whose purpose is to track degradation under real operating conditions. When
using indoor IV characterization, the degradation rate can be calculated as the percentage
error (PE), between two successive temporal ratings [58].

Extrapolated metrics

Regression models that rely on the linear relationship between PV performance parameters
and meteorological parameters [59, 60] are often used to extrapolate field measurements to
pre-defined conditions.

One of the most popular regression models is PVUSA [61, 62]. The model requires
selecting measurements at high 𝐺𝐼 on the plane of array (POA) (equal or greater than
800W/m2), fitting measurements of 𝑃𝐴 or 𝑃𝑇𝑈 , 𝐺𝐼 , 𝑇𝑎𝑚 and 𝑆𝑊 to Eq. 2.1 and estimating
the coefficients 𝛽1, 𝛽2, 𝛽3 and 𝛽4 via OLS. The model assumes that 𝐼𝐴, primarily depends
on the 𝐺𝐼 , and the 𝑉𝐴, primarily depends on the 𝑇𝑚; which in turn, depends on the 𝐺𝐼 , 𝑇𝑎𝑚
and 𝑆𝑊 . The coefficients are estimated for every monthly block of data and then monthly
power ratings at PVUSA test conditions (PTC) are calculated by prediction of Eq. 2.1 at
𝐺𝐼 = 1000W/m2, 𝑇𝑎𝑚 = 20 ∘C and 𝑆𝑊 = 1m/s.

𝑃𝑀𝑃𝑃 = 𝐺𝐼 (𝛽1 + 𝛽2𝐺𝐼 + 𝛽3𝑇𝑎𝑚 + 𝛽4𝑆𝑊 ) (2.1)

The model is accurate for c-Si PV, but not for thin-film technologies.
A modified model for thin-films was proposed in [63], which uses Eq. 2.2 and adds

a constant loss factor, with 𝛽1 through 𝛽5 the regression coefficients. Measurements at
𝐺𝐼 equal or greater than 50W/m2 could be used, widening the predictive application of the
model. An indirect advantage of thismodifiedmodel is that less data is filtered out, resulting
in more accurate realization of the temporal characteristics of the PV system inside a larger
operating window.

𝑌𝐴 = 𝐺𝐼 (𝛽1 + 𝛽2𝐺𝐼 + 𝛽3𝑇𝑎𝑚 + 𝛽4𝑆𝑊 ) − 𝛽5 (2.2)

Amethod devised byNREL to estimate the degradation rate [64] with PVUSA, restricted
data points to 𝐺𝐼 > 800W/m2 and 𝑃𝐴 > 0.75𝑃𝑛𝑜𝑚 in order to eliminate data points where
the PV array was shaded or covered. Then, the 𝑃𝑃𝑇𝐶 ratings were calculated on a monthly
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basis. The results of this work have shown that an amorphous silicon (a-Si) system suffered
a rapid degradation of 7.25 % through its first year of operation. In the subsequent 5 years,
the system has shown a degradation of 1.73 %/y.

Normalized and scaled metrics

Normalized [65] and scaled [51, 66]metrics are used for direct comparison between different
PV technologies, PV plant capacities and geographical locations [67]. The most popular
metric used is 𝑃𝑅, which is defined in Eq. 2.3 as the ratio of the 𝑌𝐴, or the final yield, 𝑌𝑓 , of
the PV array/plant, and the reference yield, 𝑌𝑟 [36].

𝑃𝑅 = 𝑌𝐴
𝑌𝑟

(2.3)

where the 𝑌𝐴 is the sum of the array energy, ∑𝐸𝐴, divided by the 𝑃𝑛𝑜𝑚 of the deployed
PV array. The 𝑌𝑟 is the sum of the global irradiation, 𝐻𝐼 , on the POA, divided by the global
irradiance at STC, 𝐺𝑆𝑇𝐶 . This represents an equivalent number of hours at 𝐺𝑆𝑇𝐶 . 𝑌𝑟 can
therefore be used to define the solar irradiance resource for the PV system. It is a function
of the location, orientation of the PV array and weather variability.

𝑃𝑅 ratings are defined as aggregates on a monthly or annual basis and are typically
reported as such. Values calculated for shorter intervals, such as weekly or daily, may be
useful for identifying component failures and measurement outliers. On the other hand,
annual 𝑃𝑅 ratings can very easily be used to indicate a permanent loss in performance, i.e.
degradation. The 𝑃𝑅 can also indicate losses due to soiling and seasonal variations when
calculated on a monthly basis. This is one of the main advantages of 𝑃𝑅 and other nor-
malized and scaled metrics over extrapolated metrics. Additionally, by normalizing with
respect to irradiance, the overall effect of losses on the rated output due to 1) inverter in-
efficiency, 2) wiring mismatches and other losses from DC/AC conversion, 3) module tem-
perature, 4) reflection losses. 5) soiling, 6) system down time and component failures can
be captured in the metric.

With respect to degradation rates, a comparison of the published results obtained using
PVUSA and 𝑃𝑅, has shown similar results between them, for various PV technologies [68],
but some studies have shown substantial differences between using the PVUSA and 𝑃𝑅 [65,
69]. Differences have also been observed when using temperature correction and various
time units on the 𝑃𝑅. It has been shown that the application of temperature correction
resulted in higher estimated 𝑅𝐷 , in comparison to using uncorrected measurements[65,
70]. This can be somewhat correlated to the instability of the temperature coefficients in
the field which were reported to be non-linear [71, 72, 73]. Lastly, it was shown that using
a smaller time grid with these metrics resulted in increasing the variability of the estimated
𝑅𝐷 [65].
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2.2.2 Outlier detection and treatment

An outlier is defined as an observation that is some measure of distance away from other
data points and may indicate bad data, measurement error or faults in the system. When
data is used to model a PV device, the model can only be as accurate as the data used during
training. For this reason, an outlier can have a significant impact, depending on the analysis
methodology. One way to reduce the number of outliers in PV measurement data is to use
calibrated and accurate sensors in the field and adhere to a maintenance plan. Even then,
outliers will surely be presented in themeasurement data sets, due to the unpredictable state
of the prevailing meteorological conditions, random interactions with nature and random
system states.

A large number of publications can be found in the literature, that deal with detecting
outliers in the data [74, 75, 76] and faults in the system [55, 77]. Outliers in themeasurement
data, especially due to shading [54], have been successfully identified using the 𝐼𝑆𝐶 and the
𝐺𝐼 as a method to reduce uncertainty in 𝑅𝐷 estimations [78].

Even though outliers and faults can be detected and the results used for planning main-
tenance actions and increasing the reliability of the system, this information does not cur-
rently suggest best practices in dealing with outliers in the measurement data. Therefore,
it is common practice to filter field measurements to select favourable meteorological con-
ditions [79] and average them to reduce noise and the effect of outliers. A pitfall in this
approach is that excessive filtering of PV measurement data can lead to unrealistic expec-
tations and introduce bias [80]. Also, it reduces sample size and the statistical significance
of the results [81].

A more recent study discussed how data filtering affected the estimated degradation
rate of a grid-connected PV system at NREL [65]. The study used the degradation rate esti-
mated bymeasuring the 𝑃𝑀𝑃𝑃 indoor at STC, prior to field deployment and after six years of
exposure and compared it with different filtering criteria. It was found that the temperature
corrected 𝑃𝑀𝑃𝑃 /𝐺𝐼 and 𝑃𝑅 metrics, combined with a stability filter (i.e. irradiance and tem-
perature rate of change), outlier filter and linear regression, resulted in degradation rates
in line with the indoor measured degradation rate at STC. The non-temperature-corrected
𝑃𝑅 showed negative bias on the resulting degradation rate. Using the PVUSA rating the
resulting degradation rates were found to be much different that the indoor degradation
rate, independent of whether filtering was applied or not.

In other fields of engineering, robust statistical techniques [82] are used when the mea-
surement data contains significant outliers. Robust techniques [83] were designed to mit-
igate their effect [84]. In addition, the detection of outliers is presented in a very different
manner than most of the literature in the field of PV, apart from some excellent contribu-
tions [85, 86, 87] where statistical methods based on quantitative measures derived using
the population sample are proposed.

Purely data-driven approaches such as principal component analysis (PCA) and itsmod-
ifications are often taken into consideration [88]. PCA and the subspace methods classify
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the observed data into “normal” and “abnormal” subspaces and have proven themselves
efficient in anomaly detection applications [89, 90, 88]. Analyses such as z-scores on uni-
variate data, Gaussian mixture models optimized using expectation-maximization, projec-
tions of the data onto lower dimensions (e.g. PCA and robust principal component analysis
(RPCA) [91]), clustering and others can be applied if desired [92].

2.2.3 Missing data imputation

Measurement outages cause missing measurements and incomplete data sets. The outages
can be due to data logger faults, measurement noise, data transmission errors, connection
errors and data storage faults. Missing data is also caused by discarding invalid measure-
ments and outliers due to inverter clipping, misconfigured sensors, sensor drifts and invalid
calibration, array or irradiance sensor shading and soiling and PV system downtimes. Addi-
tionally, outliers can be determined from abrupt changes and high-frequency content in the
measurements and also from highly volatile measurement data (higher than the response
delay of the sensors.)

A power industry best practice to impute bad/missing smart meter data is presented
in [93]. Intervals shorter than two hours were typically imputed by applying linear in-
terpolation (LI) to the surrounding data. For periods longer than two hours, the typical
approach was to construct daily load profiles based on previously validated historical data
of similar days.

Similar approaches are common in the PV sector, where the subject of missing data
imputation is very new, with a very small number of focused contributions. The most com-
mon approach in the PV sector to handle missing data entries is to ignore them completely.
Thesemethods include list-wise deletion and pairwise deletion. Even though thesemethods
were the easiest to deal with empirically, their application introduced bias and assumptions
that rarely hold true, such as lossless relationships between meteorological parameters and
𝑃𝑀𝑃𝑃 and biased estimates in statistical analyses such as linear regression [94].

Some initial work has been done to impute time series using PV system models such
as PVUSA [57] and regression models [95] in order to estimate the 𝑅𝐷 . Another study re-
ported the analysis of the performance of PV arrays using imperfect or incomplete input
data[96]. The study proposed interpolation of missing meteorological data by calculating
the nominal operating cell temperature, 𝑇𝑁𝑂𝐶𝑇 , using available measurements, and identi-
fying erroneous PV measurement data by plotting. Most recently, empirical electrical mod-
els have been used [97] to back-fill time series of measurements. The basic idea between
the two methods is the same: utilize as many covariates as possible from meteorology and
field performance, in order to build a PVmodel that would accurately interpolate the series.

On the other hand, methods for handling missing data points is a well-established area
in statistics [98, 99]. Full data sets can be generated by filling in the missing data periods
with imputed data [100]. The imputed data periods have a continuous profile with respect
to the adjacent available measurements, which is a highly desirable feature for time series
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analyses. Common data imputation methods are categorized as single imputation (SI), mul-
tiple imputation (MI), multiple overimputation (MO) and maximum likelihood estimation
(MLE) [101, 98, 102]. Modern MI approaches have been developed to impute values mul-
tiple times [98], i.e. multiple imputations, which can provide a measure of the uncertainty
of the missing data point. In this way, a confidence interval could be constructed.

SI methods, such as replacing the missing values by the mean of the available values, by
using linear regression to interpolate missing data and filling in gaps with the last observa-
tion carried forward (LOCF), are simple to implement, but can lead to biased estimates of
certain parameters in statistical modeling. Compared to SI methods, MI and MLE methods
have better statistical properties, but require much more computational resources.

2.3 Time series analysis

Statistical methods for estimating the trend of the performance metric over time have been
shown to greatly affect the estimation of 𝑅𝐷 [103]. The goal of the statistical analysis is to
extract the trend of PV performance time series and translate the rate of change of the trend
to the annual 𝑅𝐷 . Model-based methods such as linear regression (LR), classical seasonal
decomposition (CSD), Holt-Winters exponential smoothing (HW) and autoregressive inte-
grated moving average (ARIMA) require the specification of a stochastic time series model
whereas non-parametric methods, such as locally weighted smoothing (LOcal regrESSion)
(LOESS) and Theil-Sen (TS) do not require the specification of a model and are popular
because of their ease of use and robustness.

2.3.1 Linear regression

The most commonly used method in the literature is LR. It is used to fit Eq. 2.4 to the PV
performance metric time series:

𝑦̂ = 𝛽1𝑡 + 𝛽2 + 𝜖 (2.4)

where 𝑦̂ represents the fitted values, 𝛽1 is the slope of the trend and 𝛽2 is the intercept. The
LR algorithm tries to fit Eq. 2.4 byminimizing the sum of squared residuals, most commonly
by using OLS. It is very sensitive to outliers and seasonal variation and can thus exhibit a
high uncertainty.

Other methods, more advanced than LR have been proposed in the literature [104, 105],
to extract the underlying trend from PV performance time series and overcome the limita-
tions of the LR method.

2.3.2 Theil-Sen estimator

An approach for estimating the 𝑅𝐷𝐸 has been proposed by SunPower® [106, 31]. The so-
called year-over-year (Y-o-Y) approach is an alternative to OLS and is known in the statis-
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tical field as the Theil-Sen estimator [107, 108].
The TS is a robust estimation technique that chooses the median slope among all lines

passing through the data points. This estimator can be computed efficiently, and is insen-
sitive to outliers [109]. The linear slopes are calculated as follows:

𝑑𝑘 = 𝑋𝑗 − 𝑋𝑖
𝑗 − 𝑖 (2.5)

for (1 ≤ 𝑖 < 𝑗 ≤ 𝑛), where 𝑑 is the slope, 𝑋 denotes the variable, 𝑛 is the number of
points and 𝑖 and 𝑗 are indices. TS slope is then calculated as the median from all slopes:
𝑏 = Median(𝑑𝑘). A confidence interval for the slope estimate is also easily determined as
the interval containing the middle 95 % of the slopes of all lines.

A seasonal TS slope estimator can also be defined, to estimate slopes for each season
(months or days.) It is calculated as follows:

𝑑𝑖𝑗𝑘 = 𝑋𝑖𝑗 − 𝑥𝑖𝑘
𝑗 − 𝑘 (2.6)

for each (𝑥𝑖𝑗 , 𝑥𝑖𝑘) pair, 𝑖 = 1, 2, … ,𝑚, where 1 ≤ 𝑘 < 𝑗 ≤ 𝑛𝑖 and 𝑛𝑖 is the number of known
values in the 𝑖th season. The seasonal slope is the median of all values of 𝑑𝑖𝑗𝑘

2.3.3 Classical seasonal decomposition

Generally, CSD is regarded as a simple method of seasonal adjustment [110] as the de-
composition is performed with minimal effort and computational needs. This technique
also forms the basis for most of the modern decomposition methods [111]. CSD and other
statistical methods have been used in the past to model grid-connected PV power produc-
tion [112] and to determine degradation rates of PV modules [104, 70]. Despite that and
due to the fact that the particular technique fits a predefined model, it doesn’t take into
account the particular characteristics of each time series and therefore, cannot optimally
model each different PV system technology. Additionally, since the most basic assumption
of stochastic models is that model residuals are uncorrelated, inmost cases it cannot provide
statistical inference, proven by the presence of autocorrelation in the model residuals.

An additive model, as in Eq. 2.7, or a multiplicative model, as in Eq. 2.8, can be specified,
depending on the nature of the seasonal component,

𝑦̂ = 𝑇𝑡 + 𝑆𝑡 + 𝑒𝑡 (2.7)

𝑦̂ = 𝑇𝑡 ∗ 𝑆𝑡 ∗ 𝑒𝑡 (2.8)

where 𝑦̂ are the fitted values, 𝑇𝑡 represents the trend, 𝑆𝑡 represents the seasonal component
and 𝑒𝑡 the residual component.
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2.3.4 Autoregressive integrated moving average

Themost advancedmodel-basedmethod reported in the literaturewasmultiplicativeARIMA
[113, 114]. The ARIMAmethod is more flexible than classical decomposition methods since
it can effectively deal with seasonal variations, random errors, outliers and level shifts
through the specification of a model which removes all autocorrelation in the model resid-
uals. The general model for multiplicative ARIMA is given in Eq. 2.9 and is abbreviated
as ARIMA(𝑝,𝑑 ,𝑞)(𝑃 ,𝐷,𝑄), where 𝑝 is the auto-regressive (AR) order, 𝑑 is the differencing
order, 𝑞 is the moving average (MA) order, 𝑃 is the seasonal AR order, 𝐷 is the seasonal
differencing order and 𝑄 is the seasonal MA order.

Φ(𝑇 )Φ𝑆(𝑇 𝑆)∇𝑑∇𝐷𝑆 𝑦𝑡 = 𝜃(𝑇 )𝜃𝑆(𝑇 𝑆)𝑒𝑡 (2.9)

In order to fit the optimal ARIMA model, the time series must first be checked for sta-
tionarity and then transformed using differencing to achieve stationarity. The lags 𝑝, 𝑞,
𝑃 , 𝑄 of the model are determined by inspecting the autocorrelation function (ACF) and
partial autocorrelation function (PACF). The model selection procedure can yield multiple
models that fit the data well. The optimum model is the one with the lowest order (i.e.
parsimonious), with the lowest mean squared error (MSE) and the lowest Akaike informa-
tion criterion (AIC), corrected Akaike information criterion (AICc) or Bayesian information
criterion (BIC).

ARIMA was used to study the sensitivity of the methodologies to outliers and data
shifts [104]. Shifts in the measurement data were fixed by selecting a range of corrective
scaling factors and minimizing the residual sum of squares (RSS) of the errors with respect
to the various scale factors. The ARIMA(1,0,0)(0,1,1) model was pre-selected and the results
have shown that it performed very well with respect to outliers and could be used to cal-
culate similar 𝑅𝐷 to the simple LR method with as few as two years of field measurement
data in a semi-arid climate.

2.4 Non-linearity

The most common way in the literature for estimating degradation was by assuming a
linear trend that quantified the long-term performance. Field tests have shown that the
assumption of linearity could not be held in the beginning of outdoor exposure, especially
for thin-film technology.

A recent study [9] has shown that some degradation modes such as discolouration can
lead to a linear degradation, while other degradationmodes can lead to distinctly non-linear
degradation which appears as large drops in the time series (e.g., hot spots, solder bond
failures, corrosion). Non-linearities were typically more easily observed in accelerated tests
than in he field, due to the high stress levels. In addition, as detailed in Sec. 2.1, modules in
the field can display a variety of degradationmodes and this leads to difficulty in correlating
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physical degradation to a deterministic trend in the time series.
Specifically for thin-film techonologies, the initial performance of a-Si technologies fea-

tures an initial rapid decline which stabilizes after several months [115, 57].
The degradation rate of non-linearly degradating PV array has not been explored in the

literature.

2.5 Uncertainty

Each methodology for calculating the degradation rate of PV systems in the field carries
its own uncertainty. For example, the LR method on 𝑃𝑅 carries the uncertainty of the
regression and the calculation of 𝑃𝑅, which in turn carries the uncertainties of the 𝑉𝐴, 𝐼𝐴
and 𝐺𝐼 sensors used.

It was reported that correction of outages and filtering measurements in order to ex-
clude low-quality data reduced the uncertainty of the degradation rate due to reducing the
variance in the data [65, 116]. On the other hand, the short observation time, the presence of
outliers in the measurements and the data shifts related with hardware changes, increased
the uncertainty of the calculation [104]. Aminimum testing period of 3 to 5 years was found
to be necessary in order to obtain accurate 𝑅𝐷 estimates from field measurements, due to
seasonal variations and higher initial degradation [117]. More specifically, the uncertainty
of the statistical method used to calculate the 𝑅𝐷 was reduced with increased observation
time, as more sample data was recorded and therefore random variations and seasonality
had a smaller impact on the underlying trend.

In addition, the methodology used can affect uncertainty and therefore the width and
shape of the 𝑅𝐷 distribution. A higher uncertainty was related to higher variance and thus
resulted in a broader distribution. Granata, Boyson, Kratochvil, and Quintana [118] found
that the estimated 𝑅𝐷 were within the experimental uncertainty, which meant that they
were difficult to infer, given the specific measuring equipment and analysis method. The
irradiance measurement carried the largest contribution to uncertainty. Translated into
𝑃𝑅 values, the uncertainty could reach up to 4.5 % [119]. This further proves the need for
employing a methodology which minimizes the uncertainty, especially given that a linear
𝑅𝐷 less than 0.67 %/y is required to satisfy long-term warranties [120].

2.6 Degradation rate estimation methods

Table 2.1 summarizes the most commonly employed analytical techniques for estimating
𝑅𝐷 using field measurement data, as reported in the literature. From this table it can be
seen that there is a wide array of methods used to estimate 𝑅𝐷 .
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Table 2.1: Most common 𝑅𝐷 estimation methods reported in the literature.

Metric Filtering Analysis Ref.

Monthly 𝑊/𝑊𝑝 , from STC
corrected 𝑃𝐴

AM1.5 and noon PE between sequential
Junes

[69]

Monthly 𝑃𝑅 none LR [69]

Monthly 𝑃𝑅 𝐺𝐼 > 800W/m2, outages LR [69]

Monthly 𝑃𝑃𝑇𝐶 , using 𝑃𝐴 none LR [69]

Monthly 𝑃𝑃𝑇𝐶 , using 𝑃𝑀𝑃𝑃 𝐺𝐼 > 800W/m2 LR [27,
104]

Monthly 𝑃𝑃𝑇𝐶 𝐺𝐼 > 800W/m2 LR on top of CSD [104]

Monthly 𝑃𝑃𝑇𝐶 𝐺𝐼 > 800W/m2 CSD on top of
ARIMA(1,0,0)(0,1,1)

[104]

Monthly 𝑃𝑅 outages LR on top of optimal
sARIMA

[103]

Monthly 𝑃𝑅 outages HW [103]

𝑃𝑀𝑃𝑃 from module IV none PE [58]

𝑃𝑀𝑃𝑃 from indoor IV none PE [58]

𝑃𝑀𝑃𝑃 from module IV 𝑇𝑚 = 𝑇𝑁𝑂𝐶𝑇 and
𝐺𝐼 > 800W/m2

PE [11]

Annual AC 𝑃𝑅 none PE [121]

𝑃𝑀𝑃𝑃 from indoor IV none PE [122,
123]

Weekly means of 𝑃𝑀𝑃𝑃 , 𝐼𝑆𝐶 ,
𝑉𝑂𝐶 , 𝐹𝐹 , 𝐼𝑀𝑃𝑃 and 𝑉𝑀𝑃𝑃 from
module IV

extrapolation to 1000W/m2

and 𝑇𝑚 = 45 ∘C and
800 < 𝐺𝐼 < 1100𝑊𝑚−2

LR [124]

Daily 𝑌𝑓 none LR [24]

Modified weekly and monthly
𝑃𝑃𝑇𝐶

extrapolation to STC and
𝐺𝐼 > 500W/m2

LR [125]

Performance Index = (Measured
/ Expected output)

400W/m2 < 𝐺𝐼 <
2000W/m2, bad data

TS [106,
126]

The distribution of the 196 𝑅𝐷 values from all sources cited in this chapter can be seen
in the histogram of Fig. 2.1, where a positive 𝑅𝐷 indicates performance loss. Since the
distribution of the published 𝑅𝐷 figures is not exactly normal, due to limited sample size
(196) relative to all deployed PV plants in the world, the mean and median values were
bootstrapped 1000 times to reduce bias. The mean 𝑅𝐷 of all technologies was estimated as
(1.127 ± 0.140) %/y and the median as (0.989 ± 0.089) %/y at the 95 % confidence level. Sim-
ilarly, for individual technologies, the mean 𝑅𝐷 for monocrystalline silicon (mono-Si) was
(0.969 ± 0.254) %/y, for polycrystalline silicon (poly-Si) was (0.818 ± 0.176) %/y, for a-Si was
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Figure 2.1: Distribution of degradation rates reported in the literature.

(1.413 ± 0.424) %/y, for copper indium gallium (di)selenide (CIGS) was (1.800 ± 0.478) %/y,
for cadmium telluride (CdTe) was (1.657 ± 0.596) %/y and for other thin-film technologies
the mean 𝑅𝐷 was found to be (2.244 ± 0.087) %/y. From the differences in mean degradation
rates, it is evident that they are highly dependent on PV technology. Degradation rates
estimated specifically with LR are shown in Fig. 2.2, categorized by module technology.
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Figure 2.2: Distribution of degradation rates reported in the literature as estimated with LR.

The 𝑅𝐷 results extracted from the literature were further categorized by statistical anal-
ysis method and are presented in Fig. 2.3, where the dashed horizontal line represents the
median for all technologies. It can be seen that the IV method with PE resulted in the low-
est degradation rates and low variation, except for mono-Si technologies. LR resulted in
the highest variation and uncertainty, especially for a-Si-2J, CdTe and CIGS, and produced
slightly lower median 𝑅𝐷 . LOESS and ARIMA, albeit less frequently used, were shown to
produce better results with low variation, for all technologies. Lastly, CSD produced the
highest degradation rates for c-Si technologies.
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Figure 2.3: Degradation rates from the literature, categorized by technology and statistical
analysis method.

2.7 Conclusions

In this chapter, it has been shown that the 𝑅𝐷 did not only depend on PV technology,
but it also depended on the analysis methodology. Many different methodologies for the
estimation of 𝑅𝐷 were found in the literature. The four major statistical analysis methods
were: 1) LR, 2) CSD, 3) ARIMA, and 4) PE.Themost commonly used performance metrics in
conjunction with these methods were found to be: 1) electrical parameters from IV curves
recorded in outdoor or indoor conditions and corrected to STC, 2) extrapolatedmetrics such
as PVUSA, 3) normalized metrics such as 𝑃𝑅 and 𝑃𝑀𝑃𝑃 /𝐺𝐼 , and 4) scaled metrics such as
𝑃𝑀𝑃𝑃 /𝑃𝑛𝑜𝑚, and 𝑌𝐴/𝑃𝑛𝑜𝑚.

The results of the reported studies have shown that the IVmethod with PE produced the
lowest 𝑅𝐷 . The LR method produced results with considerable variation and uncertainty.
The CSD method produced the highest 𝑅𝐷 for c-Si technologies but with lower uncertainty
than LR, whereas the ARIMA and LOESSmethods, albeit less popular, produced results with
lower variation and uncertainty and good agreement between them for all technologies.

Finally, many deficiencies and gaps have been recognized. The gaps in the literature
reveal a common pattern of constructing ad hoc analyses to solve statistical estimation
problems.
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Chapter 3

Experimental Setup

Work from this chapter has been published in [127]

3.1 Photovoltaic Technology test site

3.1.1 Systems and devices under test

At the outdoor test site of the PV Technology Laboratory of the University of Cyprus (UCY),
eleven grid-connected PV systems of different technologies and approximately 1 kW ca-
pacity each, were installed and commissioned in June 2006. The performance of each PV
system as well as the prevailing meteorological conditions were recorded since commis-
sioning. Measured Meteorological quantities include the 𝐺𝐼 , wind direction, 𝑎𝑊 , 𝑆𝑊 , as
well as 𝑇𝑎𝑚, and 𝑇𝑚. The primary electrical quantities measured include 𝑉𝐴, 𝐼𝐴 and 𝑃𝑇𝑈 .
The characteristics and the 𝑃𝑛𝑜𝑚 for each PV array under study are listed in Table 3.1. Man-

Table 3.1: Characteristics of the PV arrays under study.

System Cell No. of Nominal Power 𝛾𝑃
Technology Modules [kWp] [%/∘C]

ucy04 mono-Si 7 1.540 -0.43
ucy05 mono-Si (HIT) 5 1.025 -0.30
ucy06 mono-Si 6 1.020 -0.37
ucy07 mono-Si (back-contact) 5 1.000 -0.38
ucy08 poly-Si (EFG) 4 1.000 -0.47
ucy09 mono-Si 6 1.110 -0.50
ucy10 poly-Si 6 0.990 -0.47
ucy11 poly-Si (MAIN) 6 1.020 -0.47
ucy12 CIGS 12 0.9 -0.36
ucy13 CdTe 18 1.08 -0.25
ucy14 a-Si 10 1 -0.20

ufacturer specifications written on the datasheet for each technology are listed in Table 3.2.
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Table 3.2: Datasheet specifications of the PV modules under study.

System Efficiency 𝑉𝑂𝐶 𝐼𝑆𝐶 𝐼𝑀𝑃𝑃 𝑉𝑀𝑃𝑃 𝑃𝑛𝑜𝑚 Area
[%] [V] [A] [A] [V] [Wp] [m2]

ucy04 13.4 36.5 8.25 7.62 28.9 220 1.64
ucy05 16.4 50.3 5.54 5.05 40.7 205 1.25
ucy06 12.9 44.0 5.10 4.75 35.8 170 1.32
ucy07 16.1 47.8 5.40 5.00 40.0 200 1.24
ucy08 11.7 70.9 4.91 4.55 57.1 250 2.14
ucy09 14.8 44.8 5.50 5.10 36.5 185 1.25
ucy10 12.7 43.9 5.10 4.60 35.5 165 1.30
ucy11 13 44.0 5.25 4.71 36 170 1.31
ucy12 10.3 45.5 2.50 2.22 36 75 0.73
ucy13 8.3 90.0 1.14 0.94 64 60 0.72
ucy14 6.4 141.0 1.17 0.93 108 100 1.57

The sensors included a Kipp & Zonen CM21 secondary standard pyranometer located in
the middle of the testing field, mounted on the POA, a PT100 back-of-module temperature
sensor for every PV array, wind speed and wind direction sensors, dc (array) voltage and
current transducers and an ac energy meter, as listed in Table 3.3.

Table 3.3: Sensors in use at the PV Technology test site.

Apparatus Manufacturer & Model Standard Error
Data acquisition Delphin TopMessage ±0.01%
Pyranometer Kipp & Zonen CM21 ±2%

Ambient temperature Theodor Friedrich 2030 ±0.1 + (0.005 × 𝑇 )/3
Module temperature Heraus PT100 ±0.3 + 0.005 × 𝑇

Wind speed Theodor Friedrich 0.3m/s at 𝑣 < 10m/s
Wind direction Theodor Friedrich ±2.5°
Voltage sensor Bastizi potential divider ±0.015 % at 20V to 1000V
Current sensor Bastizi shunt resistor ±0.75 % at 2A to 10A

AC energy meter NRZ AAD1D5F ±1%

Fig. 3.1 shows a closeup of the location of the sensors at the testing site of the PV Tech-
nology laboratory and Fig. 3.2a shows the typical location of a PT100 temperature sensor
on the back of the module. The pyranometer was installed on the POA at the same inclina-
tion angle as the modules (27.5 ± 1.0)°. Fig. 3.2b shows the sensor board which was used to
measure the dc current and voltage of the PV array. This board was installed in the electri-
cal panel next to the inverter. Measurements were acquired by a Delphin TopMessage data
logger, shown in Fig. 3.3. Each data logger channel was sampled at 50Hz and the samples
were averaged and stored every 1 s, 1min and 15min, for effective archival rates of 1Hz,
16.67mHz and 1.11mHz respectively. The data logger pushed these average measurement
values to the database server which stored them indefinitely. This helped facilitate the cre-
ation of a high resolution set of measurement data which captured effectively the variance

21

ALE
XANDER PHIN

IKARID
ES



Figure 3.1: Closeup of sensors in the field.

(a) Back of module temperature sen-
sor

(b) Sensor board used to
measure 𝐼𝐴 and 𝑉𝐴

Figure 3.2: Sensors interfacing with the PV modules.

of each measurand.
The standard error given in Table 3.3 represents the combined standard uncertainty

of measurement, 𝑢, as the estimated standard deviation of the result. Using the data in
Table 3.3, the expanded measurement uncertainty at 95 % confidence, 𝑈95, was calculated
using uncertainty propagation [128] as in Eq. 3.1:

𝑈95 = 𝑘 ∗
√(

𝑑
𝑑𝑥1

𝑢(𝑥1))
2
+ (

𝑑
𝑑𝑥2

𝑢(𝑥2))
2
+ … + (

𝑑
𝑑𝑥𝑛

𝑢(𝑥𝑛))
2

(3.1)

where 𝑢(𝑥1), 𝑢(𝑥2), … , 𝑢(𝑥𝑛) were the individual standard uncertainty components and 𝑘 =
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Figure 3.3: Delphin TopMessage data logger at the outdoor test site.

2 was the coverage factor for 95 % confidence. The expanded uncertainty for the 𝑉𝐴 was
calculated at ±0.036 %, for the 𝐼𝐴 at ±1.5 % and for the 𝑃𝑇𝑈 = 𝑉𝐴 ∗ 𝐼𝐴 this was calculated at
±1.6 %.

3.1.2 Sampling and archival rates

General guidelines

At a minimum, the sampling rate of measurement should satisfy the Nyquist–Shannon
sampling criterion [129]. The Nyquist–Shannon sampling theorem states that all the infor-
mation from a continuous-time signal of finite bandwidth could be captured in a discrete
sequence of samples, given a sufficient sampling rate. Such a sampling rate is only consid-
ered sufficient when the fidelity of the original signal is preserved during reconstruction
of the continuous-time signal from its discrete samples [130]. Thus, the Nyquist frequency
is defined as half the sampling rate and is therefore the maximum frequency that can be
detected for a given sampling rate. Since in this work the signals were sampled at 50Hz
and archived at 1Hz, the maximum frequency that could be detected was 0.5Hz.

Literature which investigates the important subject of sampling and optimal PV per-
formance measurement is sparse [131, 132]. The most widely accepted guideline, IEC
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61724:1998 [36], recommends that the sampling interval for parameters which vary directly
with irradiance shall be 1min or less. Given that solar irradiance is highly volatile, a 1min
sampling interval is very large and thus it can cause aliasing. Even though the intent of
IEC 61724:1998 was not to capture transient-level detail, but rather to suggest a sufficient
sampling rate for characterizing performance over an averaging interval [133, 134], aliasing
caused by an insufficient sampling rate can in turn cause unexpected deviation from the
true value when the measurand varies and thus introduce error in average or integrated
quantities.

The most important signals in PV monitoring are those that represent power: 𝐺𝐼 , 𝑃𝐴
and 𝑃𝑇𝑈 . These signals are integrated over time to enable the calculation of energy, as each
value stored at a certain archival rate represents the average over that interval. System
KPIs such as net energy from array, 𝐸𝐴, net energy to utility grid, 𝐸𝑇𝑈𝑁 and 𝑃𝑅 are then
derived from these quantities. In this work, since the commissioning of the systems under
study in June 2006, PV system and meteorological quantities were sampled by the data
logger at 50Hz, then averaged and archived at 1Hz, 16.67mHz and 1.11mHz, as previously
mentioned. This far exceeded the sampling guidelines of IEC 61724:1998, for the purpose
of creating a high-resolution data set of PV performance which captured transient effects
such as volatility due to the weather [135] and MPP tracking step response [136]. The need
for this highly resolved data diminishes when the goal of the analysis is to extract global
features, such as energy yield and degradation rates.

Simulated sampling rates

Since the highest archival rate was 1Hz, a one month long selection of 1Hz averaged data
from the ucy05 system, as well as the prevailing weather conditions, was extracted from
the database in order to investigate whether the data could sufficiently characterize PV
performance. Realistically, due to the 50Hz sampling rate, aliasing due to sampling was
not expected. Nevertheless, different sampling rates were simulated (based on the 1 s data)
in order to assess whether strict compliance with the sampling guidelines in IEC 61724:1998
would be sufficient. For the purpose of this analysis, 1Hz data was decimated [137, 138] by a
factor of 10, 60 and 900 to simulate sampling intervals of 10 s, 1min and 15min respectively.

Analysing data at various sampling rates could show whether noise was introduced at
excessively high sampling rates and whether frequencies were lost at low sampling rates.
A low-pass filter is required first in the chain to mitigate distortion due to aliasing by
downsampling. Three types of infinite impulse response (IIR) filters are typically used as
anti-aliasing filters: Butterworth, Chebyshev Type I and Chebyshev Type II filters. Butter-
worth filters feature a maximally flat frequency response in the passband but weak roll-off,
whereas Chebyshev Type I filters feature ripple in the passband and steeper roll-off and
Chebyshev Type II filters feature flat passband response, ripple in the stopband (frequency
leakage) and steeper roll-off. The frequency response of these filters for a cut-off frequency
of 0.1Hz and filter orders of 2, 4 and 8 is shown in Fig. 3.4. Of the three filter types, the
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Butterworth Chebyshev Type I Chebyshev Type II
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Figure 3.4: Frequency response of Butterworth, Chebyshev Type I and Type II filters.

Chebyshev Type I filter’s features were the most desirable for this application. The filter
was applied in both the forward and reverse directions to remove phase distortion. The
gain response, 𝐺𝑛(𝜔), of the filter is given by Eq. 3.2:

𝐺𝑛(𝜔) = 1

√1 + 𝜖2𝑇 2𝑛 𝜔
𝜔0

(3.2)

where 𝑇𝑛 is a Chebyshev polynomial of 𝑛th order. In this case, 𝑛 = 8 was chosen.
Data was decimated by first reducing high frequency signal components with a low-

pass filter of cut-off frequency 0.1Hz, 16.67mHz and 1.11mHz and then downsampling. A
comparison of the 1 s data to the downsampled 10 s, 60 s and 15min is shown in Fig. 3.5,
Fig. 3.6 and Fig. 3.7 respectively. Through visual analysis, it can be seen that beyond 10 s
sampling interval, some amount of information is lost.

Spectral analysis

To observe the frequency content of each signal, the discrete Fourier Transform (DFT) was
computed using the Fast Fourier Transform (FFT). The DFT converts the signal from the
time domain into the frequency domain and is given by Eq. 3.3:

𝑋𝑘 =
𝑁−1
∑
𝑛=0

𝑥𝑛𝑒−𝑖2𝜋𝑘𝑛/𝑁 (3.3)

where:

• 𝑥𝑛 is a sequence of uniformly spaced samples of signal 𝑥(𝑡),

• 𝑘 = 0, … , 𝑁 − 1,

• 𝑁 is the number of samples.
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Figure 3.5: Comparison of 1 s archived data to 10 s downsampled signals.
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Figure 3.6: Comparison of 1 s archived data to 60 s downsampled signals.
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Figure 3.7: Comparison of 1 s archived data to 900 s downsampled signals for a single day.

The magnitude of the DFT was then computed, squared and plotted versus frequency to
calculate the power spectral density (PSD) by Eq. 3.4:

𝑆𝑥𝑥 (𝑓 ) =
Δ𝑡
𝑁

||||
𝑁−1
∑
𝑛=0

𝑥𝑛𝑒−𝑖2𝜋𝑓 𝑛
||||
, −1/2Δ𝑡 < 𝑓 ≤ 1/2Δ𝑡 (3.4)

where Δ𝑡 is the sampling interval. For a one-sided plot, the values at all frequencies except
0 and 1/2Δ𝑡 , are multiplied by 2 so that the total power is conserved.

Since the PSD shows at which frequencies variations are strong and at which frequen-
cies they are weak, a linear trend and/or drift in the time domain will be converted to a
high power component at extremely low frequency. Therefore, a linear trend and the mean
were removed from the data prior to calculating the DFT and PSD by fitting a straight
line with OLS and keeping only the residuals. From the PSD of 1Hz 𝑃𝐴 data, shown in
Fig. 3.8, it can be seen that most of the information was contained at low frequencies and
that there were short peaks and ripples at specific frequencies. Since the PSD was dom-
inated by noise, Welch’s method was used to reduce the effect of noise on the PSD plot.
This method averages multiple spectra to compute the PSD by binning the time series at
the fundamental period (i.e. 24 h) and then computing the PSD for each bin and averaging
over all PSDs. The result can be seen in Fig. 3.9 which shows more clearly the locations
of significant frequency components. The identified peaks on 𝑃𝐴 at 0.2175Hz, 0.328Hz,
0.345Hz, 0.4375Hz and 0.454Hz corresponded to periods of 4.60 s, 3.05 s, 2.90 s, 2.29 s and
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Figure 3.8: PSD plot of the detrended and demeaned 1 s 𝑃𝐴.
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Figure 3.9: PSD plot of the detrended and demeaned 1 s 𝑃𝐴 with Welch’s method.

2.20 s respectively. These frequencies could only be detected on the 𝑃𝐴 and not on 𝐺𝐼 (see
Fig 3.10a), 𝑃𝑇𝑈 (see Fig 3.10b) or 𝑇𝑚 (see Fig 3.10c). An interesting feature of this analysis
was the profile of these “high” frequency peaks, which were different for each sensor. As𝐺𝐼
was measured with a thermopile pyranometer which could not respond to fast irradiance
changes because of its thermal mass, high frequency content were effectively filtered out by
the sensor. Similarly, the PSD of 𝑇𝑚 showed only noise due to inertia against temperature
fluctuations. Regarding the frequency content of the 𝑃𝑇𝑈 , no peaks can be distinguished
which meant that they were filtered by the inverter. Finally, the peaks shown in the PSD
plot of 𝑃𝐴 could be attributed to irradiance variations, since a PV panel/array would gen-
erally respond much faster than a thermopile pyranometer. To view the high frequency
content in the time domain, a high-pass Chebyshev Type I filter with cut-off frequency
𝑓 = 0.1𝐻𝑧 was used with the 1Hz 𝑃𝐴 data to remove the low frequency content. A plot of
the original data as well as the filtered high frequency content is shown in Fig. 3.11.

For completeness, PSD plots of 𝑃𝐴 downsampled at 0.1Hz, 16.67mHz and 1.11mHz
were constructed. As expected, the plots have shown that high frequency content was
missing. The only difference was on the 1.11mHz (900 s interval) downsampled data which
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(b) 𝑃𝑇𝑈
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(c) 𝑇𝑚
Figure 3.10: PSD plots of the detrended and demeaned 1 s 𝐺𝐼 , 𝑃𝑇𝑈 and 𝑇𝑚 with Welch’s
method.

featured two low frequency peaks, at 𝑓0 = 1.157407 ∗ 10−05𝐻𝑧 and its harmonic at 𝑓1 =
2.314815 ∗ 10−05𝐻𝑧, corresponding to the diurnal and semi-diurnal cycles respectively.
These are shown in Fig. 3.12.

In conclusion, it was shown that measurement data used in this analysis retained high
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Figure 3.11: Original 1Hz 𝑃𝐴 data and its high frequency content.
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Figure 3.12: PSD plot of fifteen-minute downsampled 𝑃𝐴.

frequency variations that were lost when the sampling interval was increased to be in line
with current practices and guidelines. Therefore, it was proven that the experimental setup
used in this work could be used to analyze PV performance without being hindered by
aliasing. The ability to record high frequency variations was dependent on the type of
sensor used; sensors with thermal mass did not respond as fast as the PV panels/arrays to
fast irradiance changes.

3.1.3 Quality assurance for measurements in the field

To ensure correct representation of the results, identify sensors which exhibit drifts and
maintain measurement accuracy, regular calibration campaigns were performed for the
resistive sensors in Fig. 3.1 which were used to measure the 𝑉𝐴 and 𝐼𝐴 as well as for the
data logger and the Kipp & Zonen CM21 pyranometer.

Calibration was performed strictly on sunny days and under clear skies, to minimize
measurement error from fast fluctuations of the 𝐼𝐴, due to clouds overhead. Calibration
was performed at most every four to five weeks and all historical measurements were kept
in a record with the absolute calibration and drift of each sensor.
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Three people were involved in each calibration campaign. All three were required to
carry synchronized time sources and record the measurement given by the apparatus they
were responsible for at pre-defined intervals (usually every 10 s.) Multiple measurements
were recorded for each type of variable and sensor which were then averaged in post-
processing.

One person was responsible for measuring the 𝑉𝐴 and 𝐼𝐴 directly from the PV array
cables while in operation. Another person was responsible for measuring the output of the
array current and voltage sensors at the data logger. The third person was responsible for
recording the value written into the database by the data logging software through a PC.
Through this procedure, it was easy to detect the calibration of the sensors, pinpoint the
cause of measurement errors, e.g. direct current (DC) cable losses, sensor cable problems,
sensor element failures, data logger interface problems, misconfigured software calibration
factors.

The historical calibration record of each sensor was examined for drifts after each cal-
ibration campaign and sets of calibration factors were calculated and used to correct the
response of each sensor. Each set of calibration factors was applied on the appropriate data
logger channels of 𝑉𝐴 and 𝐼𝐴 by adjusting the sensitivity. Therefore, this ensured that the
measurements used throughout this work to calculate the fifteen-minute average 𝑃𝐴 were
accurate and the sensor variance was traceable.

Regarding module temperature, 𝑇𝑚, the measurements and the placement of the back-
of-module temperature sensors were cross-checked with an accurate IR camera in order to
ensure that the measured 𝑇𝑚 was not skewed due to seasonal shading or vicinity to hot
spots on the module.

Lastly, the CM21 pyranometer which was used throughout the evaluation period was
calibrated every two years by themanufacturer or accredited calibration laboratories. When-
ever the CM21 was dismounted for calibration, it was replaced by a calibrated secondary
standard EKOMS-802 pyranometer. This ensured that measurements would continue to be
recorded with the same standard.

3.2 Indoor test laboratory

The Pasan SunSim 3c solar simulator was used to measure the performance of each PV
module at standard test conditions. IEC 60904-9:2007 [139] classifies sun simulators in three
classes, A (the best), B and C depending on three parameters, summarized in Table 3.4. From

Table 3.4: Uncertainty of the solar simulator measurements.

Parameter Class A SunSim 3c
Non-uniformity of irradiance ≤ 2% ≤ 1.0%
Pulse instability (long term) ≤ 2% ≤ 1.0%

Spectral irradiance distribution ≤ ±25% ≤ ±12.5%
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the above technical parameters, the SunSim 3c could be rated class AA – AA – AA (or A+
according to TÜV).

The expanded uncertainty of measurement including measured temperature unifor-
mity, irradiance uniformity, spectral mismatch from AM1.5 using spectroradiometers and
IR temperature sensors was calculated as ±3.5 % for the power at STC, 𝑃𝑆𝑇𝐶 .

3.2.1 Quality assurance for measurements in the lab

Large area pulsed solar simulator

The same standards of measurement quality and calibration were also implemented for the
large area pulsed solar simulator (LAPSS), as it was the basis of the indoor experimen-
tal approach. Two new c-Si PV modules were designated as the reference modules, and
were only used to verify calibration of the flasher. These two modules were sent initially
once, and later twice a year, to the calibration centre of the Joint Research Centre (JRC) of
the European Commission, which provided traceable calibration certificates with expected
electrical characteristics at STC which were used to adjust the sensitivity of the flasher.

Periodic quality control

Prior to every PV module test at STC, one of the reference modules was mounted on the
flasher and used to verify calibration. The results were recorded in the database and are
graphed in Fig. 3.13, along with the 95 % confidence interval (CI).
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Figure 3.13: 𝑃𝑆𝑇𝐶 of the reference modules used to calibrate the indoor solar simulator.

Round-robin calibration

In addition to accredited calibration, two round-robin tests were performed throughout
the evaluation period, to test the stability and calibration of the flasher with different PV
technologies. The first round-robin module test was performed between the UCY, the Aus-
trian Institute of Technology (AIT), the Institut für Photovoltaik, Universität Stuttgart (ipv)
and the Zentrum für Sonnenenergie- und Wasserstoff-Forschung (ZSW). The scope of the
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round-robin test was to accurately measure the PV modules’ initial performance at STC
and to perform full characterization by using common indoor testing procedures according
to international standards. The end result was a calibration value of the testing equipment,
adapted to each module type under study.

The first round-robin test was concernedwith the accurate measurement of the IV curve
of the PVmodules at STC, the optical characterization to find defects and the comparison of
the results between the test facilities. Testing was done on unexposed control modules: one
Schott Solar ASI103 a-Si module, one TSMC TS150 CIGS module and one Enfoton 240QC
poly-Si module.

For the accurate comparison of the thin-film modules’ 𝑃𝑆𝑇𝐶 , the spectral correction
factor had to be calculated and applied. This was done by in situ measurement of the mod-
ule’s 𝐼𝑆𝐶 at AM1.5 global spectrum and under high irradiation. The in-situ-measured 𝐼𝑆𝐶
was then extrapolated to STC and compared to the output of a calibrated c-Si reference
cell, mounted in-plane. Due to the Earth’s movement, AM1.5 global spectrum (AM1.5G) is
available outdoor only twice a year; February–April in Cyprus and April–May in Austria
and Germany. These periods were calculated through simulation using the Michalsky sun
position algorithm [140]. The equation for the air mass, AM is shown in Eq. 3.5:

AM = 1
𝑐𝑜𝑠(𝜃𝑧)

(3.5)

where 𝜃𝑧 was the zenith angle at the PV testing site, calculated through the sun position
algorithm.

Testing at the UCY was performed in March 2014 and April 2015. Prior to testing
at STC, the poly-Si module was exposed to 5 kWh/m2 irradiation under load, in accor-
dance to IEC 61215-1-2:2016 [141]. The corresponding standard for thin-film modules,
IEC 61646:2007 [142], calls for light-soaking at successive intervals of 43 kWh/m2 irradia-
tion under load, until stabilization of 𝑃𝑆𝑇𝐶 , measured using the indoor solar simulator. In
Cyprus, the 𝑃𝑆𝑇𝐶 was stable after 43 kWh/m2 irradiation. While performing light-soaking
on the modules, the modules’ electrical characteristics, as well as meteorological param-
eters were being recorded. The desirable spectrum (AM1.5G) was available outdoors and
therefore the 𝐼𝑆𝐶 wasmeasured as close and extrapolated to 1000W/m2,AM1.5G and 25 ∘C.
The extrapolated 𝐼𝑆𝐶 was then used to calculate the spectral mismatch factor (MMF) which
was subsequently used to adjust the solar simulator sensitivity. The calculated spectral
MMF varied by PV module technology:

• Schott Solar ASI103: 8.67 %

• TSMC TS150: 0.79 %

• Enfoton 240QC: 0.76 %
The spectral MMF from AM1.5G for the TSMC and Enfoton modules were insignificant
and were thus not applied in order to avoid introducing further uncertainty to flash tests.
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On the contrary, the spectral MMF for the Schott Solar ASI103 module was significant and
contributed greatly to correct measurement of the module rating at STC.

To further ensure that the results were consistent across all test laboratories, EL imaging
was performed before shipping the modules and upon reception at their destination; the
AIT or the ipv. Comparison of the EL images before shipping and upon reception would
reveal damaged incurred by shipping and handling. It was expected that any damage on
the PV cells would affect the measured 𝑃𝑆𝑇𝐶 . Fortunately, that was not the case during the
first round-robin. But, during the second round robin, microcracks could be identified from
the EL image, as shown in Fig. 3.14a and Fig. 3.14b.

(a) Before transport (b) After transport

Figure 3.14: Small microcracks from shipping and handling (a) before and (b) after reception
back in Cyprus.

The results of the first round robin have shown very good agreement for the Schott
Solar a-Si and TSMC CIGS module results between the UCY and AIT, at 99.85 % and 98.82 %
respectively. The STC results for the Enfoton poly-Si module have shown up to 2.92 %
difference between the two test labs, which was within the uncertainty of measurement.
All three results were within the experimental uncertainty and validated the correct rating
of the modules at STC. Similarly, the comparison of the results between UCY and ipv has
shown maximum differences of up to 3.8W.

One year later, the round-robin was repeated between the same research labs. The
results have shown differences between 0.37 % to 0.95 % from the first round-robin. The
differences were negligible and have therefore verified the stability of the experimental
setup.
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Chapter 4

Data Organization

4.1 PV performance measurements

Fifteen-minute average measurements of the 𝑉𝐴, 𝐼𝐴, 𝑇𝑚, and 𝐺𝐼 were used to develop the
work in this dissertation, to assess the 𝑅𝐷𝐸 of each PV array in the field. The 𝐺𝐼 was mea-
sured on the POA, using a calibrated Kipp & Zonen CM21 pyranometer. Using sampled
𝑉𝐴 and 𝐼𝐴, fifteen-minute average 𝑃𝐴 was calculated as 𝑃𝐴 = ∑𝑛 𝑉𝐴∗𝐼𝐴

𝑛 , where 𝑛 = 15 ∗ 60 ∗ 1
𝑇

and 𝑇 = 1/50Hz = 0.02 s was the sampling interval. Measurements were extracted from
the database for the period between 2006-06-01 and 2015-05-31, therefore the first nine full
years of operation. Monthly 𝑃𝑅 time series, which were constructed using fifteen-minute
average data in Eq.2.3, for the PV systems listed in Table 3.1, are shown in Fig. 4.1, from
June 2006 to May 2015.

The 𝑃𝑅 time series presented in Fig. 4.1 have been produced using the fifteen-minute
average measurements and manual monthly energy yield corrections (in kWh) based on
the ad hoc back-filling procedure using similar days of measurements, which was described
in Ch. 2. These historical corrections accounted for most of the energy lost due to system
faults and outages and were being calculated since the commissioning of the systems in
June 2006 for the purpose of energy yield comparisons between the technologies. They are
plotted in Fig. 4.2 and are displayed here for completeness’ sake, to visualize them alongside
the monthly 𝑃𝑅 time series shown in Fig. 4.1. In Ch. 5, a methodology will be described
that deals with this subject, in the context of the unsupervised degradation rate estimation.

The main requirements that enable the analysis presented in this work are good quality
measurements of 𝑃𝐴 and good quality measurements of 𝐺𝐼 . Although PV reference cells
could also be used as irradiance sources (to offset the cost of a quality pyranometer) [143]
their measurements can be affected by the same degradation modes as conventional PV
modules. The presence of a temporal drift in the output of the reference cell, due to degra-
dation, would make the estimation of the 𝑅𝐷𝐸 impossible.

Lastly, metadata such as the GPS coordinates of the site of installation of the PV system,
as well as the timezone of the location and the angle of inclination of the PV array were
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Figure 4.1: Performance Ratio (PR) of the PV systems under study at the University of
Cyprus, from June 2006 to May 2015.
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Figure 4.2: Monthly energy yield corrections, estimated empirically.
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required, to be able to compute the sun’s trajectory, the angle of incidence, 𝜃𝐴𝑂𝐼 and the
sunrise and sunset times.

4.2 Prevailing meteorological conditions

The prevailing meteorological conditions at the PV Technology test site were typical for
the eastern Mediterranean region, with mostly sunny days, as shown in Fig. 4.3a and high
ambient temperatures during the day, as shown in Fig. 4.3b. From day 75 until 244 of each
year, the irradiance at the POA reached its highest point (8 kWh/m2.)
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Figure 4.3: (a) Monthly and (b) daily irradiance measured with a Kipp & Zonen CM21 pyra-
nometer on the POA and ambient temperature.

The highest measured 𝐺𝐼 and 𝑇𝑎𝑚 were observed at instances of low AM and low 𝜃𝐴𝑂𝐼 .
This can be seen in Fig. 4.4a and Fig. 4.4b which shows plots of the fifteen-minute average
𝐺𝐼 and 𝑇𝑎𝑚 at different levels of AM and 𝜃𝐴𝑂𝐼 .
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(a) AM Interaction

(b) AOI Interaction

Figure 4.4: Fifteen-minute average 𝐺𝐼 measured on the POA and ambient temperature
showing interaction with (a) Air Mass, and (b) Angle of Incidence.

4.3 Exploratory data analysis

4.3.1 Distribution of data

The distribution of the data can be checked graphically (e.g. histogram, quantile-quantile
plot), or formally. An initial assessment of the underlying distribution, is shown in the
histograms for 𝑃𝐴 in Fig. 4.5 and for the instantaneous performance ratio, 𝑖𝑃𝑅 (which is
defined in Sec. 5.2) in Fig. 4.6. The underlying data were selected for daylight periods only,
to avoid inflating the probability density function (PDF) with zeroes. From the histograms
it can be seen that the 𝑃𝐴 distribution resembled a zero-inflated variable, than a normally
distributed one. The 𝑖𝑃𝑅 distribution was also non-normal.

Formal statistical tests measure the uncertainty of the 𝐻0 and report a p-value, which
is the probability of rejecting the 𝐻0, given that it is true. In this case, the 𝐻0 assumes
that the data is normally distributed. If the p-value is greater than 𝛼 , it means that there
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Figure 4.5: Histograms of the 𝑃𝐴 of the PV systems under study, restricted to daylight only.
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Figure 4.6: Histograms of the 𝑖𝑃𝑅 of the PV systems under study, restricted to daylight only.

is no evidence to reject the 𝐻0. Otherwise the 𝐻0 must be rejected. Therefore, statistical
significance is achieved when the p-value is less than the defined 𝛼 .

To test data normality in a formal way, two well studied test statistics were used: 1)
the Shapiro-Wilk test [144], and 2) the Kolmogorov-Smirnov test [145, 146]. These two
non-parametric tests were used to assess the normality of the data. Non-parametric tests
do not specify a distribution a-priori, therefore do not rely on the assumption of a known
population PDF for their validity [147].

The Shapiro-Wilk 𝐻0 assumes normality, therefore a low p-value of the Shapiro-Wilk
test statistic rejects the 𝐻0. The p-values are shown below for the 𝑃𝐴 in Fig. 4.7 and the
𝑖𝑃𝑅 (which is defined in Sec. 5.2) in Fig. 4.8. The y-axis was square-root transformed for
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better visual inspection. It can be seen that the p-value of 𝑊 for the 𝑃𝐴 was below the
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Figure 4.7: Square roots of daily p-values of the Shapiro-Wilk test statistic on 𝑃𝐴.

significance level 𝛼 = 0.05 across all PV systems, whereas for the 𝑖𝑃𝑅, and especially for
ucy12, there were many instances where the 𝐻0 could not be rejected.

The Kolmogorov-Smirnov test estimates the distance between the sample cumulative
distribution function (CDF) and the reference CDF. The 𝐻0 is that the sample is drawn
from the reference distribution and again, a low p-value rejects the 𝐻0. The p-values of the
Kolmogorov–Smirnov test statistic are shown in Fig. 4.9 for the 𝑃𝐴 and in Fig. 4.10 for the
𝑖𝑃𝑅. The Kolmogorov-Smirnov test produced similar results to the Shapiro-Wilk for the
𝑃𝐴 but different for the 𝑖𝑃𝑅. Whereas the 𝑊 p-value indicated some notion of normality,
the 𝐷𝑛 was stricter and its p-values rejected the notion of normality.

4.3.2 Correlation of the covariates

The Pearson correlation coefficient, 𝜌𝑋,𝑌 , is a measure of the strength and direction of as-
sociation that exists between two continuous variables, 𝑋 and 𝑌 . Its value can range from
−1 for a perfect negative linear relationship to +1 for a perfect positive linear relationship.
A value of 0 indicates no relationship between two variables. The Pearson correlation co-
efficient is obtained by dividing the covariance of the two variables, 𝐸[(𝑋 − ̄𝑥)(𝑌 − ̄𝑦)], by
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Figure 4.8: Square roots of daily p-values of the Shapiro-Wilk test statistic on 𝑖𝑃𝑅.
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Figure 4.9: Square roots of daily p-values of the Kolmogorov–Smirnov test statistic on 𝑃𝐴.
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Figure 4.10: Square roots of daily p-values of the Kolmogorov–Smirnov test statistic on 𝑖𝑃𝑅.

the product of their standard deviations, as in Eq. 4.1.

𝜌𝑋,𝑌 = 𝐸[(𝑋 − ̄𝑥)(𝑌 − ̄𝑦)]
𝜎𝑥𝜎𝑦

(4.1)

Near perfect correlation was observed between 𝑃𝐴 and 𝐺𝐼 , with a 0.97 correlation coef-
ficient, for all the PV systems under test, as shown in Fig. 4.11. As expected, other variables
also had strong correlation to the 𝑃𝐴, namely the 𝜃𝐴𝑂𝐼 and the 𝑇𝑚. These independent vari-
ables were also strongly correlated to the 𝐺𝐼 and if they were included in the data model,
confounding would occur.

The relationship between 𝑃𝐴 as a function of 𝐺𝐼 and 𝑇𝑎𝑚 was also explored. In Fig 4.12
it can be seen that most of the variability in 𝑃𝐴/𝐺𝐼 could be found at lower 𝑇𝑎𝑚. From the
figure, distinct linear relationship could be distinguished, although for ucy10 and ucy12,
multiple slopes could be distinguished.

Similarly, the relationship between 𝑃𝐴 as a function of 𝑇𝑚 and 𝐺𝐼 is shown in Fig. 4.13.
From the figure, a strictly linear relationship was difficult to ascertain. For this reason,
which is additionally validated by other studies in the literature [148, 149, 71, 150, 151], this
work does not use 𝑇𝑚 for correcting 𝑃𝐴 measurements.
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Figure 4.11: Pair-wise Pearson correlation coefficient between pairs of variables.

4.4 Data qualification

The guidelines in [36] were used to ensure that the measurement data did not contain sys-
tematic errors and that they were measured accurately, which was checked via the monthly
calibration campaigns described in Sec. 3.1.3 and the periodic accredited calibration.

The data qualification flowchart is shown in Fig. 4.14. The first step in the analysis of
measurement data was the removal of invalid values and the detection of missing times-
tamps. To assess the amount of data missing from the complete fifteen-minute data set, the
data were aligned to a regular grid and the gaps were filled with NA values. Invalid data
was defined as points with invalid values, such as NaN, Inv, Inf and measurement data that
were outside the measuring range of the instruments. These out-of-range measurements
consisted of a few instances of spikes and stuck values which recorded power generation
during the night.

The above procedure was fully automated, to minimize human error, and made use
of the sunrise and sunset times calculated as described in Sec. 3.2.1. Fig. 4.15 shows the
amount of missing data points from the raw fifteen-minute data set, annually and monthly,
after performing data qualification. Two areas of about 300 missing data points from the
fifteen-minute data set were found in 2013 and a lesser amount in 2011. The events in 2013
corresponded to a database corruption issue due to a power cut and inability to recover
the data points for specific days. The events in 2011 corresponded to the rolling black-outs
issued by the Electricity Authority of Cyprus, following catastrophic damage to one of its
power plants.

Lastly, the only manual manipulation on the data was a correction of data-logger mis-
configuration during the first few months of operation of the ucy14 PV system back in June
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2006, by applying an estimated calibration factor to the 𝑉𝐴 and 𝐼𝐴 measurements.

4.5 On-line analysis

In this approach, the evaluation is based on analysis of field measurement data and con-
sists of a pipeline of data filtering [65, 80], outlier identification [83, 152], dimensionality
reduction [91, 153], seasonal decomposition [154] and trend modelling [103, 155, 156] pro-
cedures.

Each PV system and its metadata were treated as members of list of PV systems un-
der study. This abstracted the analysis from the actual PV system specifics and allowed
the development of efficient, reproducible and unsupervised data analysis. The split-apply-
combine paradigm [157] was used extensively to shape the unsupervised 𝑅𝐷𝐸 estimation
approach presented in this dissertation. Following this paradigm, functions used to manip-
ulate data were created to be as generic as possible by accepting general data structures,
performing the specific transformations and returning the same type of data structures. In
R, this functionality is provided by the dplyr [158] and purrr [159] family of tools. In this
work, eachmember of the list was treated as a separate entity for analysis. The generic func-
tions were applied on members of the list using the iterative split-apply-combine paradigm.
The use of the iterative approach made large parts of the analysis open to explicit paral-
lelism which was extensively used throughout the analysis.

4.6 Challenges

As described in Sec. 4.3, PV system and meteorological measurements did not follow a nor-
mal distribution. This posed difficulties in applying statistical inference tests that assume
normality.

Some possible solutions to this challenge were a) to apply a transformation to the data
to make them normally distributed (e.g. Box-Cox), b) use statistics that are robust or c) use
non-parametric tests. In this work, the third option was preferred, to make sure that the
proposed methodology could be applied on PV systems in a different climate region, un-
der different prevailing meteorological conditions. Non-parametric tests can be especially
useful with a small sample that is skewed or a sample that contains several outliers.
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(a) ucy04 (b) ucy05

(c) ucy06 (d) ucy07

(e) ucy08 (f) ucy09

(g) ucy10 (h) ucy11

(i) ucy12 (j) ucy13

(k) ucy14

Figure 4.12: Fifteen-minute average 𝑃𝐴 as a function of the 𝐺𝐼 measured on the POA and
interaction with 𝑇𝑚 for the PV systems under study. 45
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(a) ucy04 (b) ucy05

(c) ucy06 (d) ucy07

(e) ucy08 (f) ucy09

(g) ucy10 (h) ucy11

(i) ucy12 (j) ucy13

(k) ucy14

Figure 4.13: Fifteen-minute average 𝑃𝐴 as a function of the 𝑇𝑚 measured on the back of the
modules and interaction with 𝐺𝐼 for the PV systems under study. 46
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Figure 4.14: Flowchart of the data qualification procedure.
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Figure 4.15: Amount of missing data points from the raw data.
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Chapter 5

Detection and Treatment of Outliers

Work from this chapter has been published in [160, 161, 162]

5.1 Introduction

The subject of outlier detection in PV is very important for securing the technology and
assessing power delivery in a dynamic operating environment. In the field of PV, listwise
deletion, excessive filtering and discarding of un-favourable data are commonly employed
in the assessment of PV performance in the field and 𝑅𝐷𝐸 estimation studies. In this work,
a rigorous statistical methodology was developed, to improve upon the existing ad hoc
approaches, making use of all measurement data available for analysis.

The developed methodology treats the outlier detection task as a one-class classification
problem, since the measurement data were not labelled in any way. This meant that there
was no indication of catastrophic system states, only the statistics of normal operation
could be discovered. Abnormal operation, during e.g. shading, cloud coverage, system and
grid faults was assumed to be intermittent and had to be identified from the data. Even
though instances of total system outages were logged for the PV systems under study, the
assumption that there was no prior information on the state of the system was a reasonable
one to make since since, in the real world, PV systems are very rarely maintained and
monitored the same way as in a research-grade infrastructure.

Alternatively, in a supervised learning fashion, a theoretical model of PV performance
could be constructed to provide a labelled data set. This would have the advantage of being
able to compare the expected to the actual performance, assuming that all extrinsic factors
could be modelled or measured (e.g. PV panel degradation, shading, clouds, soiling, precip-
itation, PV panel cooling from the wind, interactions with fauna and flora), which cannot be
assumed to be true in every case. Typical model-based fault detection for PV performance
would thus require investing in sensor hardware or specialized equipment that can perform
IV characterization in situ, which could provide much more information than single point
measurements.

The main requirements that defined the developed methodology were the following:
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• Continuous updating of the underlying detection task as new data becomes available.

• Minimization of false positives.

• Ignore seasonal variability.

• Robust so that it works on data that is not normally distributed.

• Computationally efficient so that it converges quickly.

5.2 Data transformation

To be able to detect an outlier in time series of 𝑃𝐴, a relatively stable metric needed to
be constructed, which was later assessed for the presence of outliers (or anomalies). One
optionwas to transform the 𝑃𝐴, and construct a performancemetric that aided the detection
of outlier points. Since, by definition, the 𝑃𝐴 was perfectly linearly correlated to the𝐺𝐼 , their
ratio normalized by the PV module’s 𝑃𝑛𝑜𝑚 captured most of the PV system losses. This
is evident in the Pearson correlation matrix plot in Fig. 4.11, which plots the correlation
between the variables in the data set and in Fig. 4.12 which proves the linear relationship.

Therefore, for the purpose of this analysis, the new normalized and scaled metric was
defined in order to generalize the proposed outlier identification procedure across all PV
system scales and irradiance levels. The metric was defined by 𝑃𝐴 measurements normal-
ized to the array 𝑃𝑛𝑜𝑚 and linearly extrapolated to 𝐺𝑆𝑇𝐶 = 1000W/m2, according to Eq. 5.1.

𝑖𝑃𝑅 = 𝑃𝐴
𝑃𝐴𝑛𝑜𝑚

𝐺𝐼
𝐺𝑆𝑇𝐶

(5.1)

The metric was defined as the 𝑖𝑃𝑅, and is closely related to the 𝑃𝑅. The main difference was
that the 𝑃𝑅 is formally defined for daily or monthly or annual aggregates [36], whereas the
𝑖𝑃𝑅 is a static metric.

This means that the fraction 𝑃𝐴
𝐺𝐼

should essentially represent a straight line, in the ab-
sence of outliers. The ratio 𝑃𝐴

𝐺𝐼
makes sense as a data transformation from a physical point

of view, as the effects of solar variations and the 11-year solar cycle [163] would be factored
in the analysis.

Under ideal conditions, the 𝑖𝑃𝑅 should follow a straight horizontal line around 1. Under
real conditions, this ratio is affected by factors such as the effect of temperature on the PV
panel voltage and current, reflection losses due to the angle of incidence of 𝐺𝐼 and front PV
panel surface soiling, recombination, physical defects in the PV panel, fast moving clouds
and other secondary factors.
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5.3 Outlier detection

Throughout the years of field exposure it was observed that, under some circumstances,
some of the arrays under study were partially shaded in the early morning or in the late
afternoon due to foliage or constructions nearby. Furthermore, even though all of the mod-
ules were kept clean throughout the evaluation period, even a small amount of soiling
could affect the estimation of the 𝑅𝐷𝐸 . Other secondary effects such as abnormally high
or low ambient temperature/irradiance and unpredictable cloud formations contributed to
the variability of the 𝑃𝑅, adding additional uncertainty to the results [164]. Due to the
unpredictability of the aforementioned events and the instability of the temperature coef-
ficients [165, 166], physical or empirical PV models were not adequate in filtering them
out. Non-parametric methods were therefore chosen to try and explain the variance of the
metrics and mitigate some of the uncertainty.

5.3.1 Boxplot outlier rule

Introduction

One statistical method for identifying outliers is the boxplot outlier rule, where the lower
quartile (Q1, 25𝑡ℎ percentile), the median, the upper quartile (Q3, 75𝑡ℎ percentile), and the
interquartile range (IQR) (IQR = 𝑄3−𝑄1) are used to describe the variation of the data. The
boxplot method ignores the mean and standard deviation, which are influenced by extreme
values (outliers). The rule can be expressed as:

𝑥1 > 𝑄3 + 1.5IQR⋃𝑥1 < 𝑄1 − 1.5IQR (5.2)

The boxplot outlier rule is employed to detect values outside an estimated interval. By
definition, 50 % of all measurements are within ±0.5IQR of the median, which provides a
robust measure of scale.

Bootstrapping

Bootstrapping is a popular method for providing confidence intervals and predictions that
are more robust to the nature of the data [167], therefore, one of the appeals of the bootstrap
is its generality [168]. Any estimate can be bootstrapped, since all that is needed are an
estimate and a sampling distribution. This generality allows researchers to solve otherwise
intractable problems.

Since the underlying data were not normally distributed, the non-parametric bootstrap
was used to empirically estimate the sampling distribution of the boxplot statistics, without
making assumptions about the form of the population and without deriving the sampling
distribution explicitly. The bootstrap allowed the estimation of confidence intervals on each
statistic which were used to assess the uncertainty of the proposed approach.
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The essential idea of the nonparametric bootstrap is as follows: a sample of size 𝑛 is
drawn from among the elements of the sample , sampling with replacement to create the
bootstrap sample ∗

𝑏 . Next, a statistic 𝑇 for each of the bootstrap samples, i.e. 𝑇 ∗𝑏 = 𝑡( ∗
𝑏) is

computed. This procedure is repeated a large number of times, 𝑅, selecting many bootstrap
samples. In this work, the number of replications were set to 𝑅 = 1000, as common practice
in other fields.

From the bootstrap samples, statistics were calculated to describe the mean, the bias
and the confidence interval of the process. The mean was estimated as:

̄𝑇 ∗ = ̂𝐸∗(𝑇 ∗) = ∑𝑅
𝑏=1 𝑇 ∗𝑏
𝑅 (5.3)

which was then used to estimate the bias of 𝑇 , i.e. ̂𝐵∗ = ̄𝑇 ∗ − 𝑇 . Similarly, the estimated
bootstrap variance of 𝑇 ∗,

𝑉𝑎𝑟 ∗(𝑇 ∗) = ∑𝑅
𝑏=1(𝑇 ∗𝑏 − ̄𝑇 ∗)2

𝑅 − 1 (5.4)

was used for the bootstrap estimated standard error of 𝑇 :

𝑆𝐸∗(𝑇 ∗) = √
∑𝑅

𝑏=1(𝑇 ∗𝑏 − ̄𝑇 ∗)2
𝑅 − 1 (5.5)

Finally, confidence intervals were calculated with the quantile function, which is related to
the CDF.The quantile function gives the value at which the probability of a random variable
is less than or equal to the given probability or significance level:

𝑄(𝛼/2) ≤ CI ≤ 𝑄(1 − 𝛼/2) (5.6)

where 𝛼 is the significance level (𝛼 = 0.05 in this work) and 𝑄(𝑥) the quantile function.
The performance of the bootstrap is discussed in more detail in Appendix A.2.1.

Bootstrapped statistics

More specifically, the non-parametric balanced bootstrapwith stratificationwas used. Points
with higher weights were sampled at least once, whereas points with lower weights were
sampled at most once. The weights specified to stratify the analysis weighted daytime val-
ues at 1 and night time values at 0. Night time data were labelled by calculating the sun’s
trajectory across the sky using Michalsky’s algorithm [140], as also used in Sec. 3.2.1. In
this case, night time data were weighted less than daytime data, to avoid sampling from
instances when the PV systems were off.

Boxplot statistics were bootstrapped across the fifteen-minute 𝑖𝑃𝑅, day-by-day and
month-by-month. Random sampling was performed separately on each PV array mea-
surement data subset (i.e. daily and monthly subsets) to get a better sense of the individual
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measures of bias.
For every PV system and for every daily and monthly subset, an index was defined to

describe outlier points, which were outside the interval given in Eq. 5.2. Data points outside
this interval were then replaced with the bootstrapped median which served as a robust
measure of the expected 𝑖𝑃𝑅, to create the 𝑖𝑃𝑅∗ dataset. 𝑖𝑃𝑅∗ was then back-transformed
into 𝑃 ∗𝐴 by inverting the relationship in Eq. 5.1. This is a form of winsorizing, where the
effects of extreme values are reduced.

The amount of data points identified as outliers is listed in Table 5.1 and Table 5.2 re-
spectively for the daily and monthly outlier thresholds. As expected, the finer daily

Table 5.1: Percentage of data points outside the daily bootstrapped outlier thresholds.

System < 𝑚𝑖𝑛 > 𝑚𝑎𝑥 < 𝑄1 > 𝑄3
[%] [%] [%] [%]

ucy04 3.122 2.296 7.258 7.152
ucy05 2.273 3.110 6.597 7.419
ucy06 1.932 2.392 6.471 7.194
ucy07 2.144 0.595 7.226 6.583
ucy08 1.807 0.422 7.439 6.521
ucy09 2.584 0.434 7.684 6.468
ucy10 2.496 0.688 7.545 6.446
ucy11 2.279 0.588 7.904 6.460
ucy12 0.786 0.270 6.446 6.213
ucy13 2.612 0.535 7.771 6.709
ucy14 1.910 2.283 7.682 7.144

Table 5.2: Percentage of data points outside the monthly bootstrapped outlier thresholds.

System < 𝑚𝑖𝑛 > 𝑚𝑎𝑥 < 𝑄1 > 𝑄3
[%] [%] [%] [%]

ucy04 4.148 2.699 11.368 11.380
ucy05 3.007 3.659 11.384 11.355
ucy06 2.596 2.710 11.331 11.383
ucy07 3.693 0.624 11.377 11.406
ucy08 3.293 0.467 11.389 11.361
ucy09 4.383 0.515 11.388 11.350
ucy10 3.800 0.893 11.430 11.382
ucy11 4.224 0.707 11.460 11.346
ucy12 1.830 0.233 11.320 11.351
ucy13 4.441 0.830 11.409 11.384
ucy14 3.038 2.978 11.404 11.382

thresholds resulted in less points being classified as outliers, across all systems.
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Uncertainty

Theuncertainty of the outlier treatment procedure proposed in this chapter was assessed by
constructing a confidence interval on bootstrapped estimates. Bootstrappingwas necessary
in the case of PV system measurements and their transformation since the non-normality
of the underlying distribution introduced bias to the confidence intervals.

The constructed 95 % confidence interval can be seen in Fig. 5.1 and Fig. 5.2 for the daily
and monthly subsets of 𝑖𝑃𝑅∗ respectively. The violet points represent the original data, the
yellow range represents the CI of the median, the blue range represents the CI of Q1 and
Q3 and the green range represents the CI of the upper and lower limits. The confidence
interval in 𝑖𝑃𝑅 was then back-transformed into 𝑢𝑃𝐴 .

Effectiveness of the boxplot method

To assess the effectiveness of the proposed method, a graphical exploration of the 𝑖𝑃𝑅∗ and
the 𝑃 ∗𝐴 was performed. First of all, systems that suffered from partial shading were identi-
fied and typical shading periods were plotted. Secondly, the effect of moving clouds was
compared before and after applying the outlier detection method. Thirdly, the effectiveness
of the daily thresholds was compared to the coarser monthly thresholds. On the one hand,
the monthly thresholds were more robust to long periods of total system downtimes but
provided less fidelity than the daily thresholds. On the other, the daily thresholds provided
stricter confidence intervals which were not skewed by unpredictable weather conditions.

Fig. 5.3 shows the 𝑖𝑃𝑅∗ and the corresponding 𝑃𝐴 of the ucy07 system in spring and
winter with the daily outlier thresholds, as a typical example. The graphs show the orig-
inal data as a solid line, the daily confidence interval of the outlier detection method as a
shaded background and the detected outliers as individual points. From these graphs, it
can be seen that outlier points were successfully detected. The outliers manifested in the
early morning and late afternoon be correlated to partial shading and high 𝜃𝐴𝑂𝐼 reflection
losses. In addition, there were two outlier points detected around noon on Jan.19 which
corresponded to short-term PV system outages.

Similarly, plots of the data along with the monthly outlier thresholds can be seen in
Fig. 5.4. It can be observed that the coarser monthly thresholds provided less fidelity than
the daily outlier thresholds, since several instances of early morning or late afternoon shad-
ing were not flagged.

Finally, the daily and monthly methods were compared during periods of bad weather
conditions. This is seen in Fig. 5.5, which shows data from the ucy14 system in winter 2015.

It can be concluded that although the daily bootstrapped thresholds weremore sensitive
to long periods of total system outages for some of the systems under study, the increased
intra-daily granularity in comparison to the monthly thresholds enabled more accurate
detection of abnormal losses. In an online application, the static daily / monthly thresholds
could be converted to rolling daily / monthly intervals so that when new data arrive a new
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(a) ucy04

(b) ucy12

(c) ucy14

Figure 5.1: Full set of 𝑖𝑃𝑅 data and the estimated daily boxplot confidence intervals.

set of thresholds would be computed on the fly.

5.3.2 Principal component analysis

Introduction

PCA is a coordinate transformation method that maps a set of data points onto new axes
called the principal components. Each principal component points in the direction of max-
imum variance remaining in the data, given the variance already accounted for in the pre-
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(a) ucy04

(b) ucy12

(c) ucy14

Figure 5.2: Full set of 𝑖𝑃𝑅 data and the estimated monthly boxplot confidence intervals.

ceding components. As such, the first principal component is the vector that points in
the direction of maximum variance. The next principal components then each capture the
maximum variance among the remaining orthogonal directions. Thus, the principal axes
are ordered by the amount of data variance that they capture. By examining the amount of
variance captured by each principal component, it can be concluded whether the variability
in the data could be captured in a space of lower dimension.

PCA, as a data transformation, dimensionality reduction, exploration, and visualization
tool, does not make any assumptions. Previous studies have shown that PCA-based meth-
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(a) Daily boxplot confidence intervals in 𝑖𝑃𝑅∗ for a winter period in 2011.
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(b) 𝑃𝐴 and detected outlier points, back-transformed from 𝑖𝑃𝑅∗.

Figure 5.3: Effectiveness of the boxplot outlier detection method on daily blocks of data.

ods were successful in calculating the projection of the original variables to the principal
component space, followed by the inverse projection back to the original variables [169].
When only the first principal components (i.e. the components that explain most of the
variance in the data) were used for reconstruction, it was proven that the reconstruction
error was low and that the variability contributed by the aforementioned outliers was re-
moved [82]. This was due to the fact that the first principal components could explain the
majority of the variance of typical values, while the rest of the principal components were
associated with outlier variance and were rejected.

Application on PV measurement data

In the case of PVmeasurement data, it was expected that the intrinsic dimensionality would
be low because of the well defined seasonal component. Higher dimensional components
were expected to capture abnormal behaviour and system losses, as well as uncertainty of
measurement. The PCA was applied on the 𝑖𝑃𝑅 and 𝑖𝑃𝑅∗ metrics, after normalizing each
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(a) Monthly boxplot confidence intervals in 𝑖𝑃𝑅∗ for a winter period in 2011.
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(b) 𝑃𝐴 and detected outlier points, back-transformed from 𝑖𝑃𝑅∗.

Figure 5.4: Effectiveness of the boxplot outlier detection method on monthly blocks of data.

daily vector around zero. This ensured that PCA dimensions would capture true variance,
and thus avoided skewing of the results due to differences in daily means.

To convert the time series into thematrix𝐌, each univariate series was split into vectors
at the fundamental frequency (daily), i.e. for the daily seasonality, each row was a 15min
measurement point and each column was one full day of measurements. This ensured that
intra-day variance was preserved and well represented.

Instances of missing data which were encoded as NA, as described in Sec. 4.4, were set
to a sentinel value of 0, to cluster them with the rest of the anomalies, since they were
undefined. In this way, a rectangular matrix was constructed. In this proposed way, the
methodology became insensitive tomissing data points and sensor failures since, otherwise,
the PCA algorithm would fail. This made the methodology applicable in an online fashion.

The matrix, 𝐌, was constructed for each metric to be decomposed through PCA, con-
sisting of 3287 vectors for the 3287 days or 9 y of the investigation period. Each vector
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(a) Daily boxplot confidence intervals in 𝑖𝑃𝑅∗ for a winter period in 2015.
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(b) Monthly boxplot confidence intervals in 𝑖𝑃𝑅∗ for a winter period in 2015.

Figure 5.5: Effectiveness of the daily and monthly boxplot outlier detection methods during
instances of bad weather.

contained 60min /h
15min ∗ 24 h/d = 96/d elements. Each data matrix𝐌𝑖×𝑗 was defined as follows:

𝐌𝑖,𝑗 =
⎛⎜⎜⎜⎜⎜⎝

𝑚1,1 𝑚1,2 ⋯ 𝑚1,𝑗
𝑚2,1 𝑚2,2 ⋯ 𝑚2,𝑗
⋮ ⋮ ⋱ ⋮

𝑚𝑖,1 𝑚𝑖,2 ⋯ 𝑚𝑖,𝑗

⎞⎟⎟⎟⎟⎟⎠

where 𝑖 ∈ [1, 96] and 𝑗 ∈ [1, 3287] for each data set of 𝑖𝑃𝑅 and 𝑖𝑃𝑅∗ constructed in this work.
In total, each 𝐌 contained 3287 d × 96/d = 315552 elements and was originally rank 57.

Each vector of the matrix was then centred around zero, before PCA. Since missing
data was prior-encoded to 0, the matrix was rectangular. PCA was then applied on the
wide matrix of daily vectors and the number of selected principal components was chosen
to explain at least 95 % of the intra-daily variance in the data. The limit is dynamically set
at the point where the CDF of the variance proportions, reaches 0.95 and then rounding up.
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The PCA components were obtained from the singular value decomposition (SVD) of
𝐌:

𝐌 = 𝐔𝐃𝐕𝖳 (5.7)

where 𝐔 is a matrix containing the left-singular vectors of 𝐌 and 𝐕 is a matrix containing
the right-singular vectors of 𝐌. Lastly, 𝐃 is a diagonal matrix of singular values calculated
from the square roots of the non-zero eigenvalues of 𝐔 and 𝐕.

Reconstruction

Following decomposition into their principal components, the variance explained by each
component was investigated. The proportion of variance for the principal components
through the transformation of 𝑖𝑃𝑅 to the new axes is shown in Fig. 5.6. It can be seen that
the variance was not well separated.

ucy13 ucy14
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Figure 5.6: Proportion of variance of the PCA decomposed 𝑖𝑃𝑅 metric.

In Fig. 5.7 the proportion of variance for the 𝑖𝑃𝑅∗ transformed metric is shown. Using
the 𝑖𝑃𝑅∗ a much better separation of the variance into individual components was achieved.
It was expected though, since the effect of outliers on the 𝑖𝑃𝑅∗ was mitigated through the
boxplot rule.

The proportion of variance explained by the first principal component is listed in Ta-
ble 5.3. Very low amount of variance can be explainedwhen using the 𝑖𝑃𝑅. A higher amount
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Figure 5.7: Proportion of variance of the PCA decomposed 𝑖𝑃𝑅∗ metric.

Table 5.3: Percentage of variance explained by the first PCA component.

System 𝜎2𝑖𝑃𝑅𝑃𝐶1/𝜎2𝑖𝑃𝑅 𝜎2𝑖𝑃𝑅∗𝑃𝐶1/𝜎2𝑖𝑃𝑅∗
[%] [%]

ucy04 28.196 83.301
ucy05 42.054 84.096
ucy06 38.716 84.289
ucy07 55.150 87.203
ucy08 65.709 87.420
ucy09 56.816 86.924
ucy10 64.067 87.076
ucy11 64.341 87.040
ucy12 77.585 88.445
ucy13 69.337 87.245
ucy14 63.481 85.395

of variance could be explained when using the 𝑖𝑃𝑅∗. Moreover, the amount of explained
variance increased to 96 %when taking into account the first four principal components, as
listed in Table 5.4.

Regarding the 𝑖𝑃𝑅∗, the number of selected principal components that explained at least
95 % of the intra-daily variance was 4. To assess the intra-daily variance captured by these
components, the individual components were plotted on a 15min grid, as shown in Fig. 5.8.
The first component which explained most of the variance, represents what can be expected
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Table 5.4: Percentage of variance explained by the first four PCA components.

System 𝜎2𝑖𝑃𝑅𝑃𝐶1−4/𝜎2𝑖𝑃𝑅 𝜎2𝑖𝑃𝑅∗𝑃𝐶1−4/𝜎2𝑖𝑃𝑅∗
[%] [%]

ucy04 70.119 95.913
ucy05 80.339 96.325
ucy06 82.310 96.250
ucy07 86.190 96.094
ucy08 84.700 96.045
ucy09 81.596 96.067
ucy10 86.181 96.089
ucy11 85.485 96.099
ucy12 89.730 96.052
ucy13 85.345 96.393
ucy14 90.125 96.485
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Figure 5.8: Reconstruction of the first 16 principal components of the ucy13 𝑖𝑃𝑅∗.

from a PV system under near optimal operating conditions. The second principal compo-
nent can be directly correlated to different sunrise and sunset times throughout a calendar
year, since it’s amplitude varies positively at the two extremes of the day. The variance
explained by the rest of the components can be attributed to a bundled effect of partial
shading and losses due to high 𝜃𝐴𝑂𝐼 , recombination and elevated 𝑇𝑎𝑚. After the 4𝑡ℎ com-
ponent, the variance was treated as uncertainty and was discarded as it represented only
3 % to 4 % of the original amount of variance.
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To assess the actual performance of the PCA, a reconstruction of the four first principal
components was performed. The inverse projection of the first 4 principal components
of 𝑖𝑃𝑅∗ was used to create the 𝑖𝑃𝑅∗𝑃𝐶𝐴 and the back-transformation to 𝑃 ∗𝐴𝑃𝐶𝐴 is shown in
Fig. 5.9 for the ucy13 system as a typical example.
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Figure 5.9: Back-transformed 𝑃 ∗𝐴𝑃𝐶𝐴 from the principal components of 𝑖𝑃𝑅∗.

It can be concluded that by discarding the components whose variance could be at-
tributed to intermittent behaviour and then reconstructing a reduced version of the original
variable, the 𝑖𝑃𝑅∗𝑃𝐶𝐴 was successfully mapped to a lower dimension.

Suitability for degradation studies

To assess whether PCA had affected the structure of the PV performance time series, the
PCA-processed 𝑖𝑃𝑅∗𝑃𝐶𝐴 was transformed back to 𝑃 ∗𝐴𝑃𝐶𝐴 . The new 𝑃 ∗𝐴𝑃𝐶𝐴 time series were
used to create monthly 𝑃𝑅∗𝑃𝐶𝐴 time series as per the formal definition of 𝑃𝑅. The monthly
time series were checked for the presence of trends through the univariate non-parametric
Mann-Kendall test [170, 171] which is commonly employed to detect monotonic trends in
series of environmental data, climate data or hydrological data.

The null hypothesis, 𝐻0, is that the data come from a population with independent
realizations and are identically distributed. The alternative hypothesis, 𝐻𝐴, is that the data
follow a monotonic trend. The p-value of the Mann-Kendall statistic therefore represents
the probability that the trend differs from zero. If the p-value is less than or equal to the
chosen significance level (𝛼 = 0.05), the test suggests that the observed data is inconsistent
with the 𝐻0, so the 𝐻0 must be rejected. However, that does not prove that the tested
hypothesis is true. When the p-value is calculated correctly, this test guarantees that the
Type I error rate is at most 𝛼 . For typical analyses, using the standard 𝛼 = 0.05 significance
level, the 𝐻0 is rejected when 𝑝 > 0.05 and not rejected when 𝑝 < 0.05.

Table 5.5 lists the resulting p-values of the test statistic. It can be concluded that by
applying PCA, the original trends had disappeared for all systems except ucy12, ucy13 and
ucy14. This essentially meant that the trend was captured in one of the lower PCA com-
ponents and discarded as uncertainty. Unfortunately, due to the nature of PCA, the trend
could not be pinpointed to a specific principal component. Therefore, more robust methods
were employed.
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Table 5.5: p-value from the univariate Mann-Kendall test for monotonic trend after PCA
reconstruction.

System 𝑃𝑅 𝑃𝑅∗ 𝑃𝑅∗𝑃𝐶𝐴
ucy04 0.0112 0.5120 0.7521
ucy05 0.0024 0.0010 0.2799
ucy06 0.1586 0.1716 0.4181
ucy07 0.0068 0.0051 0.1650
ucy08 0.0536 0.0650 0.4090
ucy09 0.1602 0.0158 0.4557
ucy10 0.0002 0.0000 0.1979
ucy11 0.0139 0.0079 0.3143
ucy12 0.0000 0.0000 0.0000
ucy13 0.0000 0.0000 0.0002
ucy14 0.0000 0.0000 0.0076

5.3.3 Robust principal component analysis

RPCA [91] is a modification of the PCAwhich works well with respect to grossly corrupted
observations, such as in the case of PV performance metrics. RPCA decomposes a data
matrix,𝐌, into a low-rank matrix, 𝐋, plus a sparse matrix, 𝐒, using the augmented Lagrange
multipler (ALM) method [172].

Using RPCA,𝐌was decomposed into𝐌 = 𝐋+𝐒, where 𝐋was a dense, low-rank matrix
and 𝐒 was a sparse matrix of perturbations. The use of RPCA in this case was intuitive,
since the outliers, as well as the measurement points which were marked with a sentinel
value, would be placed into the 𝐒 matrix automatically by the procedure. They would then
have the resulting influence on the inferred low dimensional subspace dropped.

𝐋 was recovered by the SVD, as in Eq. 5.7. The RPCA algorithm was applied by solving
the convex programme called principal components pursuit (PCP) to minimize ‖𝐿‖∗ +𝜆‖𝑆‖1,
subject to 𝐋 + 𝐒 = 𝐌, where 𝜆 = 1/√max dim𝐌 = 1/√3287, as suggested in [91].

The application of RPCA on the wide matrix of each metric had proven to be extremely
slow. Whereas classical PCA could decompose the matrix 𝐌 in 10ms, RPCA required 70 s
and therefore could not be considered for this reason.

This is discussed in more detail in Appendix A.2.2.

5.3.4 Randomized robust principal component analysis

Randomized robust principal component analysis (rRPCA) is a method which uses the ran-
domized inexact augmented Lagrange multiplier (IALM) method for obtaining the robust
separation [173] in the same manner as the RPCA. These techniques exploit modern com-
putational architectures more fully than classical methods [174] and open the possibility
of dealing with truly massive data sets. In many cases, this approach provided better ac-
curacy, robustness, and/or speed than its classical competitors, as randomized algorithms
required (𝑚𝑛 log(𝑘)) floating-point operations (flops) in contrast to (𝑚𝑛𝑘) for classical
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algorithms [175].
RRPCAwas computed using a fast randomized algorithm (rsvd) to compute the approx-

imate low-rank SVD decomposition. The sampling distribution of the randomized singular
value decomposition (rSVD) was uniform in [−1, 1].

The results for all PV systems have shown that the originally rank 57 to 61 matrices of
centred, outlier-corrected 𝑖𝑃𝑅∗ were recovered by rank 23 to 26 𝐋matrices and 62 % sparse,
i.e. 62 % zero element, matrices 𝐒.

Reconstruction from rRPCA

The fifteen minute 𝑖𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 was reconstructed by rRPCA by subtracting the sparse pertur-
bation matrix, 𝐒, from the rectangular matrix, 𝐌. The 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴 was then back-transformed
from the 𝑖𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴. The plots in Fig. 5.10 show a typical example of the uncertainty mit-
igated by the approach on ucy13. It can be seen that high variability on the 𝑖𝑃𝑅∗ was
effectively removed. These differences could more easily be assessed on the 𝑖𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 than
the back-transformed 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴 .
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(a) rRPCA on 𝑖𝑃𝑅∗
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(b) Reconstruction of 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴

Figure 5.10: Results of applying rRPCA on ucy13 𝑖𝑃𝑅∗.

The rRPCA can also work in an online fashion since it was designed to provide the
fastest robust separation into principal components.

Suitability for degradation studies

In similar fashion to the PCA, the Mann-Kendall test was employed to check for presence
of trends on the 𝑖𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴. Table 5.6 lists the resulting p-values of the test statistic. It can
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Table 5.6: p-value from the univariate Mann-Kendall test for monotonic trend after rRPCA
reconstruction.

System 𝑃𝑅 𝑃𝑅∗ 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴
ucy04 0.0112 0.5120 0.6729
ucy05 0.0024 0.0010 0.0013
ucy06 0.1586 0.1716 0.2131
ucy07 0.0068 0.0051 0.0076
ucy08 0.0536 0.0650 0.0868
ucy09 0.1602 0.0158 0.0045
ucy10 0.0002 0.0000 0.0000
ucy11 0.0139 0.0079 0.0096
ucy12 0.0000 0.0000 0.0000
ucy13 0.0000 0.0000 0.0000
ucy14 0.0000 0.0000 0.0000

be concluded that by applying rRPCA, the original trends were retained in the constructed
monthly 𝑃𝑅 time series.

5.3.5 Comparison of the methods

A comparison of the boxplot and the cascade of boxplot + rRPCA on 𝑖𝑃𝑅 is shown in
Fig. 5.11 during a typical winter period and Fig. 5.12 during a typical fault period. The
back-trasformation to 𝑃𝐴 is shown in Fig. 5.13 and Fig. 5.14. From the figures, it can be
concluded that including the boxplot outlier rule in the cascade resulted in being able to also
estimate the period of faults and impute the expected performance for six out of the eleven
PV systems in this study. The addition of rRPCA, resulted in mitigating the uncertainty of
the fault detection.

5.3.6 Uncertainty

The uncertainty of applying the boxplot outlier rule on its own and the cascade of boxplot
+ rRPCA was evaluated through the standard deviation of the residuals. Fig. 5.15 plots the
𝜎 for the fifteen-minute residuals of each PV system’s 𝑃𝐴 and its back-transformation to 𝑃 ∗𝐴
and 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴 . As can be concluded, less amount of uncertainty was offered by the cascade
Boxplot + rRPCA approach.

5.4 Missing data

5.4.1 Introduction

In the presence of missing data, the incomplete data sets can affect the 𝑅𝐷𝐸 estimate, ei-
ther by exacerbating the effect of the outage factors when the missing data point is of an
instance of optimal operation, or by overestimating PV system performance and therefore
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Figure 5.11: Performance of Boxplot and Boxplot+rRPCA on the 𝑖𝑃𝑅 during a typical winter
period.

underestimating degradation, when the missing data point is of a period of increased sys-
tem losses. Therefore the effect of missing data on the underlying degradation will need to
be investigated.

In this section, 𝑃𝐴 time series were created with varying factors of missing data, which
were randomly selected. Each time series was imputed with three different methods and
the 𝑅𝐷𝐸 was estimated on the permutation of the created time series.

5.4.2 Generation of artificially missing data

A Monte Carlo approach was employed, in order to create data sets with artificial missing
data from the complete data set of observed values, 𝐴𝑜𝑏𝑠 , for each PV system. The index of
the complete data set was randomly sampled at different levels in order to extract artificial
outage periods. Random sampling without replacement was performed from 1 % to 40 %
of the total amount of data in the complete data set. The data points, M, were then desig-
nated as missing from the complete data sets. The resulting incomplete data sets contained
instances where all variates were missing at once (case deletion), to simulate multiple fail-
ures in the whole measurement chain. Since random sampling was utilized, an unbiased
set of data points was assumed to be selected. This method represents the case where data
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Figure 5.12: Performance of Boxplot and Boxplot+rRPCA on the 𝑖𝑃𝑅 during a typical fault
period.

is missing completely at random (MCAR) [94] and the distribution of missing data points
did not depend on either the observed values or the missing values, as in Eq. 5.8.

𝑃(𝑀|𝐴𝑜𝑏𝑠) = 𝑃(𝑀) (5.8)

Lastly, as with the case of complete data sets, the incomplete data sets were used to
create monthly 𝑃𝑅 time series for each simulated level of missing data. In total, forty in-
complete data sets were created for each of the PV systems under study.

5.4.3 Imputation of missing data

As the estimation of the 𝑅𝐷𝐸 relies on statistical analysis, the statistical properties of the
time series should be retained without introducing bias by the imputation method. When
using PVmodels such as PVUSA, single-point efficiency or others [176] to interpolate miss-
ing values, all the required explanatory variables may not always be available and may not
always be measured (e.g. irradiance, module temperature, wind speed, humidity.) Addi-
tionally, since data logger, data transmission and storage related errors affect all measured
variables, PV models were not applicable when a whole row of data was missing. Instead,
the handling of missing data was based on univariate imputation of missing 𝐺𝐼 and 𝑃𝐴 data

67

ALE
XANDER PHIN

IKARID
ES



ucy13 ucy14

ucy10 ucy11 ucy12

ucy07 ucy08 ucy09

ucy04 ucy05 ucy06

Dec 31

Jan 02

Jan 04

Dec 31

Jan 02

Jan 04

Dec 31

Jan 02

Jan 04

0

400

800

1200

0

400

800

1200

0

400

800

1200

0

400

800

1200

Time

P
A
 [W

]

Method PA Boxplot Box+rRPCA

Figure 5.13: Performance of Boxplot and Boxplot+rRPCA on the 𝑃𝐴 during a typical winter
period.

points, where the basic assumption was that the pattern of missing data was independent
of the underlying data set. The missing data points were imputed with a) the unconditional
mean of the variable, b) LI, and c) bootstrapping in order to fill in the gaps in the fifteen-
minute data sets. Firstly, the missing data points were imputed by the unconditional mean
of the data set. This ensured that the mean of the measurement variable remained the same,
but at the expense of large errors due to the seasonal profile of 𝑃𝐴 and 𝐺𝐼 . Similarly, the
same missing data points were imputed by LI regressed on the time variable, in order to
better model the effect of the trend present in the complete data set, as in Eq. 5.9.

𝑃𝐴 = 𝛽1𝑡 + 𝜖 (5.9)

where 𝛽1 is a regression coefficient, 𝑡 is the time and 𝜖 are the residuals.
Multiple imputations were created for each run, to estimate the uncertainty in the miss-

ing values.

5.4.4 Imputation by the bootstrap

In addition to imputation by the mean and linear interpolation, the bootstrap method was
employed in order to use as much information from the distribution of each time series and
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Figure 5.14: Performance of Boxplot and Boxplot+rRPCA on the 𝑃𝐴 during a typical fault
period.
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Figure 5.15: Standard deviation, 𝜎 , of the fifteen-minute residuals of each PV system’s 𝑃 ∗𝐴
and 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴 .

be able to assess the uncertainty of the imputed values [98]. The bootstrap method relies
on sampling from the posterior distributions and replacing missing data points with the
sampled values [177]. The algorithm then re-evaluates and resamples the posterior distri-
bution, and replaces the missing data points with the newly sampled values. This iterative
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procedure is performed until the ExpectationMaximization algorithm [178] converges. The
result is that the missing values are filled in with a distribution of imputations that reflect
the uncertainty about the missing data, for each data point.

The bootstrap method was applied on the data sets using the MICE package [179, 180]
from R [181].

5.4.5 Effect of imputation on the degradation rate estimate

A large number of data sets were created by applying the methodology described in the
previous subsection. For each PV system, 161 different data sets were analysed, in order
to estimate the energy degradation rate: a) one complete data set, b) forty incomplete data
sets with 1 % to 40 % of missing data, c) forty data sets imputed by the mean, d) forty data
sets imputed by LI, and e) forty data sets imputed by the bootstrap.

Each data set of𝐺𝐼 and 𝑃𝐴 values was used to create monthly 𝑃𝑅 time series which were
then analysed with different statistical methods over the whole evaluation period. The 𝑃𝑅
time series for each PV array was seasonally adjusted with regression model with ARIMA
errors (regARIMA) and CSD in order to separate it into the trend, the seasonal and the
irregular components and was also modelled with LR using OLS.

The results of the analysis for 1 % to 40 % of sampled data points missing completely at
random are shown in Fig. 5.16, Fig. 5.17 and Fig. 5.18 for the LR, CSD and regARIMA meth-
ods respectively. It can be concluded that imputation by the mean and LI performed very

Figure 5.16: 𝑅𝐷𝐸 estimated with linear regression for 1 % to 40 % missing data points and
imputation by the mean, linear interpolation and bootstrap.

poorly for all PV systems as these two methods underestimated the 𝑅𝐷𝐸 consistently with
increasing amount of missing data. On the other hand, imputation by the bootstrap has
been shown to provide an improvement to the estimation of 𝑅𝐷𝐸 , across all three degra-
dation estimation methods. For LR, the bootstrap provided robustness for up to 20 % of
missing data for the ucy07 and ucy11 systems, whereas for the ucy08 system, the estimates
were stable even at 40 % of missing data.
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Figure 5.17: 𝑅𝐷𝐸 estimated with CSD for 1 % to 40 % missing data points and imputation by
the mean, linear interpolation and bootstrap.

Figure 5.18: 𝑅𝐷𝐸 estimated with regARIMA for 1 % to 40 % missing data points and imputa-
tion by the mean, linear interpolation and bootstrap.

The results of applying CSD were very sensitive to the amount of missing data and
the application of imputation. Without imputation, the estimates were underestimated
by 0.22 %/y for the ucy07 system and overestimated by 0.05 %/y for the ucy08 and ucy11
systems. By using the bootstrap, the under/overestimation was reduced to 0.05 %/y for all
systems. In the case of regARIMA, the results were shown to be the most robust to missing
data for all systems, regardless of whether imputation was used. For the ucy07 and ucy11
systems, the maximum differences without imputation were 0.05 %/y and for the ucy08 the
maximum difference was 0.02 %/y. When imputed by the bootstrap, the differences were
comparable but lower.

A comparison between degradation estimationmethodswith incomplete data sets, where
no imputation was applied, has shown that regARIMA was the most robust, for up to 10 %
of missing data for the ucy07 system and 20 % of missing data for the rest of the systems.
LR and CSD were shown to be very sensitive to missing data, starting from 2 %.

Finally, tomitigate the effects ofmissing data, imputation by the bootstrapwas shown to
be the most successful in providing robust energy degradation rate estimates. RegARIMA

71

ALE
XANDER PHIN

IKARID
ES



was the most robust method, regardless of whether imputation was used. LR was more
robust when missing values were imputed by the bootstrap and CSDwas the most sensitive
method to missing data.

As the results have shown, this method outclassed conventional linear interpolation,
historical average, and industry best practice imputation approaches in dealing with miss-
ing data and imputing PV power measurements. The end conclusion was that when using
regARIMA up to 10 % of data could be missing, before having to apply any imputation on
the dataset.

5.5 Conclusions

In this chapter, a simple and applicable methodology has been developed which treats the
problem of outlier detection as one-class classification problem. Three statistical methods
have been tested for applicability in the field of PV and used to develop the final methodol-
ogy, taking into account the density of measurement data, minimization of the number of
covariates, the effect of missing data, the simplicity of the approach and its fast convergence
for online applicability.

The flowchart of the developed methodology is shown in Fig. 5.19. This proposed
flowchart could easily be implemented in an online fashion.

Finally, through the work developed in this chapter, the need for ad hoc corrections
on the energy yield was eliminated, in favour of more general procedures which can also
provide inference.
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Figure 5.19: Flowchart of the developed outlier detection methodology.
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Chapter 6

Time Series Analysis

Work from this chapter has been published in [182, 183, 184, 70, 103, 185]

6.1 Introduction

In order to estimate degradation through field measurement data, the Energy Degradation
Rate, 𝑅𝐷𝐸 , quantity was defined. The 𝑅𝐷𝐸 characterizes the degradation of the field perfor-
mance, estimated through analysis of measurements from a PV array/system under a broad
spectrum of prevailing meteorological conditions.

Definition (Energy degradation rate): A scalar quantity which is defined as the annual,
linear percentage reduction of the field performance metric.

In this work, the performance metric was the monthly 𝑃𝑅, as formally defined in IEC
61724:1998 [36], using fifteen-minute average data of 𝐺𝐼 and 𝑃𝐴 or 𝑃 ∗𝐴𝑟𝑅𝑃𝐶𝐴 as defined in
Sec. 5.3.4.

Due to the prevailing seasonal profile of PV power production, the calculation of 𝑅𝐷𝐸
was generalized for multiple geographical regions by designing proper statistical analyses
to decouple the seasonal component from the underlying trend of PV performance. Such
statistical methods were initially developed to test hypotheses about the data and were the
basis for econometrics and other time-series heavy disciplines. The general structure of
PV field performance data sets is closely related to economic time series, with very similar
characteristics, making the application of similar time series analysis methods a reason-
able option, although in PV there is the advantage of knowing a-priori which independent
variables could explain the data. Therefore, combining the physical models of PV per-
formance [186] with statistical data analysis methods allows additional information to be
extracted from time series of PV performance in the field, as was shown by the definition
of the 𝑖𝑃𝑅 in this work.

In this chapter, the viability of statistical models for estimating a trend on monthly 𝑃𝑅
time series is presented. The modelled trends are assessed for compliance to the underlying
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assumptions and tested for non-linearity and changepoints. Finally, the uncertainty of each
method is estimated by bootstrap.

6.1.1 Indication of trend

Prior to performing any 𝑅𝐷𝐸 estimation, the time series is checked for the presence of trends
via the Mann-Kendall test, described in Sec. 5.3.2. As with all non-parametric tests, the
Mann-Kendall test does not assume a specific distribution for the population. The 𝑅𝐷𝐸 was
estimated through the parametric and non-parametric models described in this chapter and
then its confidence was estimated by the Mann-Kendall test statistic.

In Table 5.6 it has been shown that the p-value of the test statistic was greater than
the 0.05 significance level for ucy04, ucy06 and ucy08, which failed to reject the 𝐻0 and
suggested that the 𝑃𝑅 values of those systems were independent and identically distributed
(i.i.d.) (i.e. no trend could be detected with confidence.)

When the given time series is of a monthly seasonal structure, the 𝐻0 given above may
be too restrictive and fail to detect any trend. The seasonalMann-Kendall test [187, 188] was
employed to test for seasonal trends, where the Mann-Kendall statistics are computed for
each season separately. For these time series, season refers to each of the twelve months of
the year. The p-values of the seasonal Mann-Kendall test statistic had shown that only the
ucy10, ucy12, ucy13 and ucy14 𝑃𝑅 and 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 time series featured monotonic negative
seasonal trends.

In the presence of seasonal correlation, neither the seasonal nor the non-seasonalMann-
Kendall test could be considered an exact test. The correlated seasonal Mann-Kendall test
was thus employed, since in the case of 𝑃𝑅 time series, autocorrelation was detected in the
data via the ACF. This test statistic suggested the presence of trend on all 𝑃𝑅 and 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴
time series, except ucy06 and ucy09.

6.2 Methods for estimating the degradation rate

The following methods were employed in an attempt to model the trend of the 𝑃𝑅 and
𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 time series:

• Linear regression (LR)

• Classical Seasonal Decomposition (CSD)

• Seasonal-Trend Decomposition by LOESS (STL)

• Theil-Sen estimator (TS)

• X-13ARIMA-SEATS (regARIMA)
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6.2.1 Non-parametric methods

Non-parametric filteringmethods are inherently different than stochasticmodel-basedmeth-
ods because an explicit model is not specified. Such a method is seasonal-trend decompo-
sition by LOESS (STL) [189], which extracts the trend from locally weighted polynomial
fitting [190, 191]. STL can provide robust estimates of the trend and seasonal components
that are not distorted by outliers and missing values. By using the STL [189], a time series
can be decomposed into seasonal, trend and irregular components. This iterative filtering
procedure estimates the seasonal component by smoothing the seasonal sub–series (e.g.
the series of all solar noon values). In each iteration of the procedure, the moving average
smoothing and LOESS smoothing are used multiple times. In the case of STL, the 𝑅𝐷𝐸 is
estimated as the negative slope of the trend component.

The Theil-Sen estimator (which is referred to as the Y-o-Y method in PV literature and
described in Ch. 2) is also another non-parametric method which is robust to outliers since
it chooses the median slope among all lines passing through the data points. The slopes of
all lines are calculated as follows:

𝑑𝑘 = 𝑃𝑅𝑗 − 𝑃𝑅𝑖
𝑗 − 𝑖 (6.1)

for (1 ≤ 𝑖 < 𝑗 ≤ 𝑛), where 𝑑 is the slope, 𝑃𝑅 is the monthly Performance Ratio, 𝑛 is the
number of points and 𝑖 and 𝑗 are indices. The 𝑅𝐷𝐸 is thus equal to the TS slope which is
the median from all slopes, multiplied by 12 to convert to an annual value and by 100 to
convert to percentage:

𝑅𝐷𝐸 = −1 ∗ 12 ∗ 100 ∗ Median(𝑑𝑘) (6.2)

6.2.2 Linear Regression

The 𝑅𝐷 method is the most widely used in the literature, as detailed in Ch. 2. It was applied
through OLS on monthly 𝑃𝑅 time series:

̂𝑃𝑅 = 𝛽1𝑡 + 𝛽2 + 𝜖 (6.3)

where ̂𝑃𝑅 represents the fitted monthly 𝑃𝑅, 𝛽1 is the slope of the trend and 𝛽2 is the inter-
cept. The 𝑅𝐷𝐸 was thus estimated by:

𝑅𝐷𝐸 = −1 ∗ 12 ∗ 100 ∗ 𝛽1 (6.4)

6.2.3 Classical Seasonal Decomposition

TheCSDmethod is based on the application of a centred moving average and calculation of
seasonal indices by averaging the extracted seasonal component for eachmonth. It assumes
that the seasonal component of PV performance remains stable year after year. An additive
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model was specified, as the annual seasonal component due to prevailing weather was
expected to be relatively stable:

̂𝑃𝑅 = 𝑇𝑡 + 𝑆𝑡 + 𝑒𝑡 (6.5)

where ̂𝑃𝑅 is the fitted monthly 𝑃𝑅, 𝑇𝑡 represents the trend, 𝑆𝑡 represents the seasonal com-
ponent and 𝑒𝑡 the residual component. The trend was calculated by applying a 12-month
centred MA to monthly 𝑃𝑅 time series. For a 2× 𝑘 moving average, where 𝑘 is the seasonal
period (𝑘 = 12 because of the number of months in a year), the centred MA at time 𝑡 was
calculated by:

𝑇𝑡 =
1
2 (

1
𝑘

𝑡+𝑚−1
∑

𝑖=𝑡−𝑚
𝑃𝑅𝑖 +

1
𝑘

𝑡+𝑚
∑

𝑖=𝑡−𝑚+1
𝑃𝑅𝑖) (6.6)

where 𝑇𝑡 is the trend at time 𝑡 , (𝑡 > 𝑚), and 𝑚 is defined as the half-width of a moving
average, 𝑚 = 𝑘/2. The 𝑅𝐷𝐸 was thus estimated as the linear slope of the trend component,
multiplied by 12 to convert to an annual value and by 100 to convert to percentage:

̂𝑇𝑡 = 𝛽1𝑡 + 𝛽2 + 𝜖 (6.7)

𝑅𝐷𝐸 = −1 ∗ 12 ∗ 100 ∗ 𝛽1 (6.8)

6.2.4 Autoregressive integrated moving average models

ARIMA models were popularised by Box and Jenkins [113]. An ARIMA model describes a
univariate time series as a combination of AR and MA lags which capture the autocorrela-
tion within the time series. The order of integration denotes howmany times the series has
to be differenced to obtain a stationary series. The augmented Dickey–Fuller (ADF) [192]
test is used to test for a unit root in the series and determine the order of differencing. An-
other stationarity test, the Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test [193], uses the
𝐻0 that the series is trend stationary (stationary around a deterministic trend). By using
both the ADF and the KPSS, series that appear to be stationary, series that appear to have
a unit root, and series for which it cannot be ascertained whether they are stationary or in-
tegrated can be distinguished. For the PV systems used in this work, both tests had shown
that there were unit roots and deterministic trends, as can be seen in Table 6.1 which lists
the order of differencing determined using each test.

ARIMAmodels are associated with the Box-Jenkins approach to time series. According
to this approach, the series must be differenced until stationary, and then the ACF and
PACF plots of the stationary series should be consulted to determine the appropriate lag
order for an ARIMA process. Themodel parameters are then estimated, and the model must
be checked for autocorrelation in the residuals. As explained before, the ARIMA model
has free parameters which have to be selected by the designer of the system manually
with the Box-Jenkins approach. To automate the approach, various systematic techniques
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Table 6.1: Number of differencing orders required, as determined by ADF and KPSS tests.

System 𝑃𝑅 (ADF) 𝑃𝑅 (KPSS) 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 (ADF) 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 (KPSS)
ucy04 1 0 1 0
ucy05 1 0 1 1
ucy06 1 0 1 0
ucy07 1 0 1 0
ucy08 0 0 0 0
ucy09 0 0 0 0
ucy10 0 0 0 1
ucy11 0 0 0 0
ucy12 0 1 0 1
ucy13 0 1 0 1
ucy14 0 1 0 1

can be utilised. In this work, a regression model with ARIMA errors, or regARIMA, using
the seasonal adjustment technique developed by the U.S. Census Bureau (X-12-ARIMA)
which was used to estimate a non-linear, non-monotonic trend from time-series data, while
removing all autocorrelation in the residuals and automatically determining the order of the
parameters via the AICc.

A regARIMA model estimates the mean of the time series, 𝑌𝑡 , as a linear combination
of regressors and the residual component, 𝑧𝑡 , by an ARIMA process, as in Eq. 6.9:

𝑌𝑡 = ∑
𝑖
𝛽𝑖𝑥𝑖𝑡 + 𝑧𝑡 (6.9)

where 𝑌𝑡 is the monthly 𝑃𝑅 time series and the residual component, 𝑧𝑡 , is modelled by the
seasonal (multiplicative) ARIMA model given in Eq. 6.10:

Φ(𝑇 )Φ𝑆(𝑇𝑆)∇𝑑∇𝐷𝑆 𝑧𝑡 = 𝜃(𝑇 )𝜃𝑆(𝑇𝑆)𝑒𝑡 (6.10)

In this way, the regARIMA model residuals possess, by definition, Gaussian white noise
(GWN) propertieswhich therefore satisfies themost basic requirement of stochasticmodels.

Optimal regARIMAmodels were fitted to the data through the X-13ARIMA-SEATS algo-
rithm [194] which was developed by the U.S. Census Bureau and used extensively in econo-
metrics and time series analysis by institutions such as the Deutsche Bundesbank [195], the
European Central Bank [196], the Australian Bureau of Statistics, Statistics Canada, Office
of National Statistics UK and many others. The first seasonal adjustment method where
regARIMA was derived from, was released in 1967 as the X-11 procedure [197], enhanced
in 1983 with ARIMA forecasts and backcasts by the X-11-ARIMA procedure [198], further
enhanced in 1998 by adding regARIMA, outlier identification and a plethora of diagnos-
tics into X-12-ARIMA [199] and most recently in 2012 by the update of X-12-ARIMA with
SEATS-TRAMO (X-13ARIMA-SEATS) [194, 200] method. X-11-ARIMA was developed to
use ARIMA model forecasts to extend the original series at both ends, which is then sea-
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sonally adjusted. Doing this mitigates the uncertainty in the trend estimation and seasonal
averaging near the tails of the time series. These extensions were a very important improve-
ment offered by X-13ARIMA-SEATS over CSD. Another advantage of X-13ARIMA-SEATS
was that it was able to yield trend estimates for all observations, in contrast to CSD, which
was unable to produce trend estimates for half of the seasonal period at each end of the
time series.

The X-13ARIMA-SEATS algorithm behaves in a similar way to CSD, and then the com-
ponents are refined through several iterations. The X-13ARIMA-SEATS modelling method
allows the calculation of the optimal regARIMA model for each PV system time series and
uses robust statistics to decompose the time series into the seasonal, the trend and the resid-
ual components. The following outline of the method describes an additive decomposition
applied to monthly data, such as 𝑃𝑅 time series.

1. Test the stationarity of the time series with the ADF test and the KPSS test and trans-
form it to achieve stationarity.

2. Detect and remove extreme values one-by-one [201, 202]

3. Iteratively fit an ARIMA process with varying model orders until the AICc is mini-
mized

4. Subtract the residuals of the best fitted ARIMA model and calculate a 3x3 or 3x5
Henderson MA

5. Cross-validate the model by testing residual autocorrelation

In this way, the 𝑅𝐷𝐸 estimated with regARIMA was calculated from the slope of the MA
filtered trend, multiplied by 12 to convert it to an annual value and by 100 to convert to
percentage.

Model selection

The X-13ARIMA-SEATS algorithm was applied in batch mode. Optimal model orders,
which were estimated automatically via minimizing the AICc, are listed in Table 6.2 for
each PV system PR and outlier corrected 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴. The AICc penalizes high model orders,
therefore the selected optimal models satisfied the principle of parsimony. The monthly
time series have shown similar temporal characteristics between them, with many systems
being optimally modeled with the same model structure.

The models were validated through the X-13ARIMA-SEATS diagnostics and by examin-
ing the properties of the residuals and the statistical significance of the model parameters.
The Ljung-Box test was used to automate testing for autocorrelation in the residuals and
determining which autocorrelation coefficients were significant in an unsupervised way.
This provided a level of confidence for the validity of the model and the fit. Besides the
Ljung-Box test, this procedure can be performed manually by constructing a plot of the
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Table 6.2: Optimal regARIMA model orders.

System 𝑃𝑅 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴
ucy04 (1 0 0)(0 1 1) (1 0 0)(0 1 1)
ucy05 (0 1 1)(0 1 1) (1 0 1)(1 1 0)
ucy06 (0 1 1)(0 1 1) (1 0 0)(0 1 1)
ucy07 (0 1 1)(0 1 1) (1 0 0)(0 1 1)
ucy08 (0 1 1)(0 1 1) (0 1 1)(0 1 1)
ucy09 (0 1 2)(0 1 1) (0 1 1)(0 1 1)
ucy10 (1 0 1)(1 1 1) (0 1 1)(0 1 1)
ucy11 (0 1 1)(0 1 1) (0 1 1)(0 1 1)
ucy12 (0 1 1)(0 1 1) (0 1 1)(0 1 1)
ucy13 (0 1 1)(0 1 1) (0 0 0)(0 1 1)
ucy14 (0 1 1)(0 1 1) (0 1 1)(0 1 1)

ACF of the residuals and observing at which lags there was significant autocorrelation. In
this case, autocorrelation of the residuals was insignificant for all PV systems under study.

6.3 Uncertainty

Some of the effects of model uncertainty are too narrow prediction intervals, and the non-
trivial biases in parameter estimates which can follow data-based modelling. One way to
overcome the effects of model uncertainty would be to use the bootstrap.

6.3.1 Standard errors

From the modelled trends, the linear 𝑅𝐷𝐸 was calculated from the linear slope of the trend.
As such, the uncertainty of the slope was approximated using the standard error (SE) of the
slope estimator of LR on the trend of each PV system time series [128] as in Eq. 6.11:

𝑆𝐸 =
√

1
𝑛 − 2 × ∑𝑛

𝑖=1 (𝑦𝑖 − ̂𝑦𝑖)2
∑𝑛

𝑖=1 (𝑥𝑖 − ̄𝑥)2 (6.11)

where 𝑛 is the sample size, 𝑦 is the observed value and 𝑦̂ is the estimated value of the
dependent variable respectively, 𝑥 is the observed value and ̄𝑥 is the mean value of the
independent variable respectively. The expanded uncertainty, 𝑈𝑅𝐷 , can be calculated for a
95 % confidence level:

𝑈𝑅𝐷 = 𝑘 × 𝑆𝐸 (6.12)

where 𝑘 = 2, if the linear model assumptions are correct.
The interval created by 𝑅𝐷𝐸 ±2 ∗ 𝑆𝐸 is an approximation of the 95 % confidence interval.

The coefficient standard errors, estimated by the model, rely on asymptotic approximations
and may not be trustworthy in a sample of size 108months, i.e. the length of the monthly
𝑃𝑅 and 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 time series used in this work.
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6.3.2 Bootstrap Confidence Intervals

Bootstrapping has been described in Sec. 5.3.1, where it was applied on boxplot statistics, to
get a better estimate of the outlier thresholds and the confidence interval. In the context of
modelling, bootstrapping can either be performed on the residuals of the regression models
used in this analysis, namely the LR, CSD and X-13ARIMA-SEATS or on the time index for
the STL. Regarding the TS, it was robust to the presence of outliers and additionally, since
the slope was not a point estimate but a distribution of estimates, the confidence intervals
reported by the method were considered unbiased.

When the linear model of Eq. 6.13 is used, the most intuitive way to construct a confi-
dence interval, would be to use the residual bootstrap to model variation of the error term.

𝑦𝑖 = 𝐗𝑖𝜷 + 𝑒𝑖 (6.13)

Thus the bootstrapped linear model would become:

𝑦∗𝑖 = 𝐗𝑖 ̂𝜷 + 𝑒∗𝑖 (6.14)

which assumes that the actual error terms are i.i.d., which is a strong assumption to make
with the LR, CSD and STL models, as their Ljung-Box statistic and the ACF and PACF plots
signified the presence of autocorrelation. On the other hand, if the model was correctly
specified and designed to capture all the information in the residuals, then residual resam-
pling would be a good option.

One alternative in the case of non-i.i.d. residuals would be to resample the time index,
also called random-𝑥-resampling. This was less intuitive because the time between succes-
sive measurements was fixed, so resampling in this way would construct an irregular time
grid. Random-𝑥 resampling was performed on LR, CSD and STL models, since it has been
shown that the model residuals had significant autocorrelation.

Finally, the confidence interval was created as in Eq. 5.6.

6.4 Trend estimation

6.4.1 Linear trend

In the context of comparing the estimated 𝑅𝐷𝐸 to the linear warranties given by PV mod-
ule manufacturers, a linear trend could be assumed. A linear trend assumes that the per-
formance metric of a PV module/array/system drifts monotonically to a critical value, af-
ter which failure occurs. In this work, trend estimation was treated as a post seasonal-
adjustment step, therefore a linear fit was applied on extracted trends which were not com-
pletely linear. These were the STL, CSD and X-13ARIMA-SEATS estimated trends. On the
other hand, fitting the trend with a straight line had the advantage of being able to compare
against experimental results which will be presented in Ch. 7.
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The linear 𝑅𝐷𝐸 is thus given in units of %/y and is defined as such:

𝑅𝐷𝐸 = −1 ∗ 12 ∗ 100 ∗ 𝛽 (6.15)

where 𝛽 is the slope coefficient of the trends extracted with LR, CSD. STL and X-13ARIMA-
SEATS or the median of all slope coefficients estimated with TS, 12 converts the monthly
slope to an annual value and 100 converts it to a percentage.

The linear 𝑅𝐷𝐸 and its confidence interval for the LR, CSD, STL, X-13ARIMA-SEATS and
TS methods is plotted in Fig. 6.1. The confidence interval shown was estimated by boot-
strapped slope estimates through residual resampling for X-13ARIMA-SEATS and random-
𝑥-resampling for LR, CSD and STL. The CI for TS was provided by the CI of the estimator.
From this plot, it can be seen that all three metrics, namely the PR, the Manually cor-
rected PR (as described in Sec. 4.1) and the 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 were able to provide similar estimates
for every system under evaluation, except ucy04, and across all methods. The differences
observed for the ucy04 system could be traced back to the Mann-Kendall test results in Ta-
ble 5.6, which has shown that a trend could not be detected with confidence for ucy04 and
ucy06.

From this plot, it is evident that the 𝑅𝐷𝐸 of c-Si arrays hovered around the 0.7 %/y rate,
with the exception of ucy10. On the contrary, higher 𝑅𝐷𝐸 was estimated for all the thin-film
technologies, with CIGS degrading between 2.28 %/y to 2.55 %/y, CdTe degrading between
1.48 %/y to 1.98 %/y and a-Si degrading between 1.11 %/y to 1.24 %/y

6.4.2 Non-linear trend

As described in Ch. 2, it is sometimes observed in PV performance time series, that the trend
is not always a straight line. To assess the linear degradation assumption throughout the 9 y
of operation of the systems, a non-linear trend estimation procedure was developed. A non-
linear trend assumes that at some point in time, a change in the operational characteristcs,
forced the trend in another direction. This point in time is called a change point and several
statistical methods exist to estimate its position.

To detect a single change point in the trends, the non-parametric Pettitt’s test was ap-
plied on the estimated trends [203] to test for a shift in the central tendency of the time
series. This non-parametric test hypothesizes the 𝐻0 that there is no change against the
𝐻1 that a change point exists. In this way, the proposed method made it suitable to be
employed in the unsupervised, online fashion.

Table 6.3 shows the change points and their significance, detected on the regARIMA
trends from the 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 time series of the systems under study. According to their p-
values, these change points were all significant. These change points were used to segment
the time series at the detected points and compute a separate 𝑅𝐷𝐸 for each segment with
the robust TS estimator, again, in an automated way.

The plots in Fig. 6.2 show the differences in slopes before and after the changepoint. Two
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Figure 6.1: Linear 𝑅𝐷𝐸 and confidence intervals, using LR, CSD, STL, TS and X-13ARIMA-
SEATS on metrics of PR, Manually corrected PR and 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴.

different degradation modes could be explained by the outdoor exposure time required for
a PV module to reach a stable performance and by the effect of faults such as hotspots and
cracked cells, as in the case of ucy09 and ucy10, which will be explained further in Ch. 7.

The estimated segmented degradation rates are listed in Table 6.4. From the results listed
in this table and the slopes shown in Fig. 6.2, the importance of using a robust estimator
for the slope was demonstrated.

6.5 Conclusions

This chapter has described the unsupervised and generalized methodology for assessing
the 𝑅𝐷𝐸 of fielded PV systems which was developed in this work. The methodology can
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Table 6.3: Change points detected with the Pettitt test on the 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 regARIMA trend.

System Point in Time p-value
ucy04 47 0.0068
ucy05 47 0.0000
ucy06 48 0.0000
ucy07 47 0.0000
ucy08 52 0.0000
ucy09 30 0.0000
ucy10 53 0.0000
ucy11 51 0.0000
ucy12 54 0.0000
ucy13 54 0.0000
ucy14 50 0.0000

Table 6.4: 𝑅𝐷𝐸 before and after the change points detected with the Pettitt test on the
𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 regARIMA trend.

System 𝑅𝐷𝐸 before 𝑅𝐷𝐸 after
[%/y] [%/y]

ucy04 0.2457 0.0119
ucy05 0.7255 0.2429
ucy06 -0.4324 -0.5760
ucy07 0.3851 0.5806
ucy08 0.5483 -0.4926
ucy09 2.1991 0.1208
ucy10 1.1426 0.4438
ucy11 0.5450 -0.3130
ucy12 1.9962 2.8654
ucy13 2.4224 0.6849
ucy14 1.7494 0.0611

be summarized with the flowchart shown in Fig. 6.3. This developed methodology can
be completely automated, it can provide statistical inference and relies on non-parametric
statistics which abstract the underlying distribution of data. Therefore, the proposed ap-
proach solves many of the problems found in the current literature and addresses many of
the challenges of the PV degradation rate estimation field.
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Figure 6.2: Trends estimated through X-13ARIMA-SEATS and segmented degradation
slopes, based on Pettitt test change points.
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Figure 6.3: Flowchart of the developed time series analysis procedure.

86

ALE
XANDER PHIN

IKARID
ES



Chapter 7

Experimental Validation

Work from this chapter has been published in [183, 57, 204]

7.1 Introduction

The results of the literature survey presented in Ch. 2 have shown that there was a lack of
𝑅𝐷 investigations comparing the results of data analysis to standardized testing. For this
reason, an experimental approach was designed, in order to extract as much information as
possible about the phenomenon of degradation. In this approach, the evaluation is based
on indoor testing using international standards [141] and is by definition performed ex situ.

In order to estimate degradation through standardized testing, the capacity degradation
rate, 𝑅𝐷𝐶 , quantity was defined. 𝑅𝐷𝐶 represents the degradation rate of the 𝑃𝑛𝑜𝑚 of a PV
module/array measured at distinct points in time at STC.

Definition (Capacity degradation rate): A scalar quantity which is defined as the an-
nual, linear percentage reduction of the 𝑃𝑛𝑜𝑚, measured at STC.

The experimental protocol was defined using the standard industry practice where the
first set of module ratings at STC are measured as part of the PV plant pre-commissioning
phase. The initial ratings are typically required by the PV plant owner/financer for assur-
ance and by the installer for provision of warranties. Subsequent module/array ratings at
STC can be performed at any point in time after commissioning, following some amount
of field exposure. A significant amount of manual labour and system downtime is thus re-
quired, in order to dismount a random subset of modules from the array and test them in a
solar simulator [139], either in an accredited standalone laboratory or in mobile laborato-
ries which have become very popular recently because of the very risk of module damage
from transportation to the standalone laboratory. Testing at STC is also usually combined
with IR, as well as EL imaging to identify the manifestation of degradation mechanisms
and the causes of under-performance. In order to evaluate the long-term 𝑅𝐷𝐶 , the electrical
characteristics prior to exposure or post-stabilization are comparedwith themeasured char-
acteristics after outdoor exposure and are used to calculate the percentage rate of change.
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With respect to warranties, this rate of change of the 𝑃𝑀𝑃𝑃 measured at STC can be con-
verted to an annual value, which would represent the annual performance rate of change
or 𝑅𝐷𝐶 , in units of %/y.

7.2 Initial degradation

In order to study the initial degradation of different technologies, new PV modules from
three different manufacturers and technologies were deployed in the field in both a system
and standalone configurations. The three systems were designed with 1 kWp capacity and
identical BOS components, whereas the standalone modules were connected to outdoor
continuous IV characterization systems side-by-side with their system-configured coun-
terparts. The technologies of the modules under study were poly-Si, a-Si and CIGS with
their characteristics listed in Table 7.1.

Table 7.1: Deployed PV systems and modules.

Manufacturer Model Technology Installed on Total Exposure
[months]

Schott Solar ASI103 a-Si 2012-07-09 47
T-Solar TS95 a-Si-2J 2012-07-09 7
TSMC TS150 CIGS 2014-01-30 30
QCells Q.PRO-G3 255 poly-Si 2014-06-01 24

The standalone modules were periodically dismounted from the POA and measured at
STC inside the solar simulator (every two to three weeks on average.) From the periodic
indoor testing of the a-Si modules at STC and through analysis of the measurements, it was
observed that the measured 𝑃𝑆𝑇𝐶 exhibited seasonal behavior, even when the measurement
environment (STC) was stable [204]. Fig. 7.1 shows this seasonal behavior, after subtracting
themean, 𝐸[𝑃𝑆𝑇𝐶], and normalizing with respect to the 𝑃𝑛𝑜𝑚. On the same figure, the linear
fit is presented, as a blue line.

Since the indoor testing conditions were stable across all chronological measurements
at STC, this metastable behavior was attributed to module degradation [205], the Stæbler-
Wronski effect (SWE) [19] and thermal annealing [206]. Degradation was assumed to be
linear, since the first four months of outdoor exposure were omitted from the analysis and
the outdoor performance had been stabilized. In this regard, the annual degradation rate
was calculated at 2.36 %/y (±0.31) at a 95 % confidence level, where the uncertainty was
calculated from the standard error of the slope estimator [184].

Finally, the results of the experimental investigation of the high initial degradation,
correlate well with the results of the segmented 𝑅𝐷𝐸 , estimated as described in Sec. 6.4.2.
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Figure 7.1: De-meaned and normalized module power measured indoors at STC, at regular
intervals.

7.3 Reversible degradation

7.3.1 Light-induced metastability

Particularly for a-Si, the field performance features metastabilities which were described
by the SWE in the literature [19].

In order to quantify this percentage of reversible degradation, the following procedure
was devised: Firstly, the measured 𝑃𝑆𝑇𝐶 was normalized with respect to the 𝑃𝑛𝑜𝑚 and then
the linear fit representing degradation was subtracted from the result. This produced the
seasonal component of Fig. 7.2, which had a mean of zero and variance, 𝜎2 = 2.71.
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Figure 7.2: Residual metastability of 𝑃𝑆𝑇𝐶 , after normalizing to the 𝑃𝑛𝑜𝑚 and subtracting
the linear degradation rate.

The effects of the module’s metastable behavior on the field performance were analyzed
in conjunction to indoormeasurements at STC. It has been shown in Sec. 7.2 that themodule
had suffered a degradation rate of 2.36 %/y, while the SWE and thermal annealing resulted
in ±3% variation of the performance, observable throughout the whole year.
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Fig. 7.3 shows the normalized and temperature corrected 𝑃𝑀𝑃𝑃 from the field and the
normalized 𝑃𝑆𝑇𝐶 . It can be seen that there were differences between the two performance
metrics, resulting in a mean absolute percentage error (MAPE) of 2.9 % for the whole evalu-
ation period, calculated through interpolation of the discrete 𝑃𝑆𝑇𝐶 ratings and comparison
to the filtered and corrected 𝑃𝑀𝑃𝑃 from the field. It is also evident that the filtered and
corrected 𝑃𝑀𝑃𝑃 was higher than the normalized 𝑃𝑆𝑇𝐶 during summer and lower during
winter.

Figure 7.3: Normalized and temperature corrected 𝑃𝑀𝑃𝑃 from the field (black colour) and
normalized 𝑃𝑆𝑇𝐶 (blue line).

7.3.2 Soiling

Previous studies

Soiling can have a significant effect on PV systemswhosemodules are not regularly cleaned.
Soiling and the quantification of its effect on the energy yield of PV generators presents a
very challenging problem, due to its unpredictability. Some approaches have tried to deal
with soiling by training artificial neural networks (ANNs) on measurements from clean
PV modules and classifying large shifts in performance to soiling [207]. Other research
has shown that soiling losses could be correlated with instances of rainfall and the size of
dust particles in the vicinity of the PV generator [208], although specialized sensors were
required on the field.

It has also been shown that soiling involved a complex interaction of dust and rain [209]
and that there was a marked decrease in module efficiency during the dry season. Similarly,
systems located in deserts were very susceptible to dust build-up, with performance loss
ranging from 0.1 %/d to 0.3 %/d. Meanwhile, systems receiving frequent rainfall (at least
once a month) did not experience significant losses. The average annual loss, according to
this model, ranged from 1.5 % to 6.2 %, a figure which was most commonly reported in the
literature [210].

In addition, it has been estimated that soiling could account for up to 2 % of the annual
energy yield variability [211]. This effect was found to be dependent on the site, climate,
human activities nearby and on flora and fauna.
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Experimental investigation

Throughout this work, soiling has been considered to be a latent effect in PV performance.
The very gradual performance loss due to soiling could be easily confused for degradation.
For this reason, all PV modules and arrays under test had been on a regular cleaning sched-
ule to minimize energy yield losses from soiling, as much as possible. This is also in-line
with realistic PV deployment scenarios, where the installer and/or owner of the plant is
responsible for its maintenance. It is expected that the performance of PV plants which are
left unmaintained will eventually drop due to soiling, by an amount that is easily distin-
guished from typical generation profiles by a bump in the performance, immediately after
cleaning.

Even though it was not the main concern of this study, since all modules in the test field
were cleaned on a regular basis, an experimental evaluation of the effect was performed for
the climate in Cyprus. The experiment consisted of measuring the difference in the 𝑃𝑆𝑇𝐶 of
a-Si PVmodules, before and after short-term outdoor exposure with no cleaning performed
in between.

The specific a-Si modules used in this study were pre-conditioned and were past their
initial degradation phase through prolonged exposure. Thiswas verified from 𝑃𝑆𝑇𝐶 stability
prior to performing this experiment. In addition, to minimize the effect of the SWE, the
experiment was performed throughout the summer, when the constant high temperatures
in Cyprus would have annealed the a-Si and mitigated the effect of SWE. This was again
confirmed by stability of the 𝑃𝑆𝑇𝐶 measured indoors.

The results have shown that the 𝑃𝑆𝑇𝐶 of the modules had dropped by up to 10 % during
the three-month outdoor exposure period. The procedure consisted of dismounting the PV
module from the array and testing it at STC without cleaning it. The module was then
cleaned thoroughly and retested at STC a second time. The percentage difference in the
two sets of measurements represented reflection and recombination losses due to the layer
of dirt on the front surface of the module.

In conclusion, this standalone experiment has showcased the importance of PV module
cleaning. Experimental results in the climate of Cyprus cannot be extrapolated to other
climate zones, or even other micro-climates inside Cyprus’s climate zone, due to random
factors in the vicinity of the PV testing site and weather unpredictability. For example, a
PV plant installed alongside a popular high-way will require more frequent cleaning than
one installed in a residential area. In both cases though, the effect will be large enough to
influence any degradation rate estimates if left untreated for a long time.
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7.4 Capacity degradation rate

7.4.1 Indoor testing at Standard Test Conditions

To validate the results of the analysis of field measurements presented in Ch. 3, Ch. 5 and
Ch. 6, all PV arrays were completely disassembled and tested indoors at STC inside the
solar simulator, in order to measure the electrical characteristics of each PV module using
standardized test procedures and guidelines [35]. The electrical characteristics were then
used to calculate the array nominal degradation rate. This indoor measurement procedure
with two temporal STC ratings was well represented in the literature with a number of real
world studies related to the estimation of the 𝑅𝐷𝐶 .

All c-Si PV modules were characterized at STC, using the reference modules of the
laboratory to ensure the calibration of the solar simulator, as described in Sec. 3.2.1. The
expanded combined uncertainty of the indoor measurement at the 95 % confidence level
was calculated at ±3.5 % for the 𝑃𝑀𝑃𝑃 , as in Sec. 3.2.

An additional testing step was required for ensuring correct measurement of the ucy05
heterojunctionwith intrinsic thin-layer (HIT), ucy12 CIGS, ucy13 CdTe and ucy14 a-Simod-
ules, as their spectral response was different from the spectral response of c-Si cells and
subsequently, the calibration factor of the solar simulator had to be adjusted to account
for the MMF. The spectral MMF of these technologies was calculated through outdoor cal-
ibration of the best performing module of each type at global AM1.5 in October 2014 in
Cyprus [212]. The MMF was then used to correct the flasher’s reference cell sensitivity,
separately for each PV technology.

To calculate the MMF, the modules were connected to MPP tracking IV tracers for five
days in order to acquire a clean set of data at high irradiance and clear sky. This procedure
introduced additional uncertainty due to measurement, the data acquisition system and the
irradiance and temperature sensors. The uncertainty components of the outdoor AM1.5
calibration procedure are listed in Table 7.2. Using this information, the uncertainty of the

Table 7.2: Uncertainty components of the AM1.5 calibration.

Device Model Uncertainty
Data logger Papendorf ±0.01 %

Electronic load ISET-mpp < ± 1%
Pyranometer Hukseflux SR11 Dir. error: ±20W/m2,

Non-linearity: ±1%,
Instability: < ± 1%/y

Reference cell ISET mono < ± 4%
Module Pt1000 DIN B accuracy class

temperature

MMF at 68 % confidence level, 𝑢𝑀𝑀𝐹 , was calculated as ±3.3 % using typical uncertainty
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propagation techniques [128] as follows:

𝑢𝑀𝑀𝐹 = √𝑢2𝑆𝑅11 + 𝑢2𝑚𝑜𝑛𝑜 + 𝑢2𝐷𝐿 + 𝑢2𝑙𝑜𝑎𝑑 + 𝑢2𝑡𝑒𝑚𝑝 (7.1)

where 𝑢𝑆𝑅11 is the uncertainty of the pyranometer, 𝑢𝑚𝑜𝑛𝑜 is the uncertainty of the mono-
Si reference cell, 𝑢𝐷𝐿 is the uncertainty of the data logger, 𝑢𝐿𝑜𝑎𝑑 is the uncertainty of the
electronic load and 𝑢𝑡𝑒𝑚𝑝 is the uncertainty of the temperature sensor installed on the back
of the module.

The uncertainty of the initial maximum power prior to exposure, 𝑃0, measured by the
manufacturers at STC, 𝑢𝑃𝐴0 , was due to the power tolerance, 𝑢𝑡𝑜𝑙 , and the standard deviation
of the flashing results from the manufacturer of each module, 𝑢𝑇0 :

𝑢𝑃𝐴0 = √𝑢
2𝑇0 + 𝑢2𝑡𝑜𝑙 (7.2)

Similarly, the uncertainty of the array 𝑃𝑆𝑇𝐶 after 101months of outdoor exposure, 𝑃𝐴101
and subsequently 𝑢𝑃𝐴101 , was calculated by combining the flasher uncertainty, 𝑢𝑓 𝑙𝑎𝑠ℎ𝑒𝑟 , the
standard deviation of repeatedmeasurements for each PVmodule, 𝑢𝑟𝑒𝑝 , and the uncertainty
of the MMF, where applicable, as in Eq. 7.3:

𝑢𝑃𝐴101 = √𝑢
2𝑓 𝑙𝑎𝑠ℎ𝑒𝑟 + 𝑢2𝑟𝑒𝑝 + 𝑢2𝑀𝑀𝐹 (7.3)

7.4.2 Module mismatches

The results of indoor testing at STC have shown significant variation in module 𝑃𝑀𝑃𝑃 after
101 months of outdoor exposure, 𝑃𝑀101 , within the same array (more than 10W in some
cases) as shown in Fig. 7.4, which were mostly due to differences in the 𝐼𝑀𝑃𝑃 . The variation
on the 𝑉𝑂𝐶 , and the 𝐼𝑆𝐶 , of identical modules was well within the experimental uncertainty
for c-Si, even for modules with visual defects.

Through analysis of variance (ANOVA) [213], it was shown that the variance of the
𝑃𝑀101 of all modules tested at STC was strongly dependent on factors describing the model
of each module and the serial number of each module. The “module model” factor resulted
in a p-value near zero, with RSS of 3208, whereas the “serial number” factor also resulted in
a p-value near zero, with a RSS of 1. The statistically significant ANOVA results suggested
that the null hypothesis 𝐻0 that the mean 𝑃𝑀101 was the same across all modules in a PV
array must be rejected.

These values have proven that there were two significant factors which contributed to
the variability of the measured 𝑃𝑀101 , namely the “module model” and “serial number” and
additionally, the low RSS of the “serial number” factor indicated that the variance of the
measured 𝑃𝑀101 could be fully explained by the characteristics of each individual PV mod-
ule. Based on this, for the calculation of the array capacity degradation, each module was
treated as an individual component and the 𝑃𝑆𝑇𝐶 for the whole array, 𝑃𝐴101 , was calcu-
lated by taking into account the array circuit topology and the position of each module in
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the array. The same procedure was also used to calculate the initial array 𝑃0, 𝑃𝐴0 , from
manufacturer flash test reports.
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Figure 7.4: Variability of the centred PV array characteristics, measured through indoor
testing at STC on all array modules after 101 months of field exposure.

As all PV modules in the arrays were connected in series, current mismatches were
the most common type of mismatch encountered. The simple approach of accounting for
the lowest current flowing through a string of modules was employed to construct the
𝑃𝐴101 . The total voltage produced by the string was taken as the sum of the individual
module voltages as the differences in the 𝑉𝑂𝐶 due to the logarithmic dependence to 𝐼𝑆𝐶
were negligible. The consequence of mismatch loss was that the total power output of the
PV arrays was lower than the sum of the individual power outputs of the modules.
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7.4.3 Array capacity degradation rate

Using the initial MPP power of each PV array at STC, 𝑃𝐴0 , and the array MPP power at STC
after 101 months of outdoor exposure, 𝑃𝐴101 , and modelling a linear slope through the two
points in time, the annual array 𝑅𝐷𝐶 was calculated as follows:

𝑅𝐷𝐶 = 𝑃𝐴101 − 𝑃𝐴0
𝑃𝐴0

× 100
101/12 (7.4)

Finally, the combined uncertainty of the degradation rate at STC, 𝑢𝑅𝐷 , was calculated
by using Eq. 7.4, 𝑢𝑃𝐴0 and 𝑢𝑃𝐴101 , with the following formula:

𝑢𝑅𝐷 =
√
( 𝜕𝑅𝐷
𝜕𝑃𝐴101

× 𝑢𝑃𝐴101 )
2
+ ( 𝜕𝑅𝐷𝜕𝑃𝐴0

× 𝑢𝑃𝐴0 )
2

(7.5)

The expanded uncertainty at a 95 % confidence interval was then calculated as in Eq. 6.12,
with 𝑘 = 2.

The results are shown in Fig. 7.5, side-by-side with the results of field data analysis de-
scribed in Ch. 4, Ch. 5 and Ch. 6. From the figure, very good agreement can be observed for
all PV systems under study, within the confidence intervals, except ucy09, ucy10 and ucy12.
To investigate the differences within these systems, additional indoor characterization of
all modules was performed.

7.4.4 Non-destructive characterization

Additional non-destructive characterization was performed in order to gain insight into the
causes of physical degradation of the modules. All modules which were measured at STC
were also imaged via EL, in order to identify cell defects not visible to the naked eye. IR ther-
mography was also employed before dismounting the modules to check for hot spots [214].

Major defects in the form of broken cells and cracks were discovered for the ucy09
and ucy10 module technologies, as shown in Fig. 7.6 and Fig. 7.7. These EL images show
modules with severely cracked and broken cells, one of which was caused by a hot spot.
The modules were operating at two thirds capacity when tested inside the solar simulator,
which can be seen by the large outliers and variability of the 𝐹𝐹 in Fig. 7.4. The EL images
had thus provided proof towards the low performance of some of the ucy09 and ucy10
modules measured indoors at STC.

Other arrays with low performing modules, such as ucy05, ucy12 and ucy13 were also
found to have a high 𝑅𝐷𝐶 . Common between these modules was the fact that they were
all made with thin-film layers. In the case of ucy05, the a-Si thin-film layer was intrinsic,
between the 𝑝 and 𝑛 Si layers, and this was captured by EL. Fig. 7.8 shows the EL image of
the best performing module from the array. Even though they are small in size, the dark
areas correspond to shunts and do not produce any current. For comparison, EL images of
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Figure 7.5: Annual energy and capacity 𝑅𝐷 evaluated through analysis of field performance
metrics and indoor testing at STC.

problematic modules from the ucy05 array are shown in Fig. 7.9. The images reveal deeper
physical defects and whole cells lost. In addition, some kind of checkerboard pattern com-
mon to all modules can be identified. The existence of a pattern can be attributed to man-
ufacturing, since all modules were from the same batch. Inspecting the images closer can
reveal that some shaded cells were not completely dead; in fact, the most probable explana-
tion of why some of them appear black could be the intrinsic a-Si layers underperforming
and limiting the current through the cell.

In the case of purely thin-film arrays, such as ucy12, ucy13 and ucy14, the high esti-
mated 𝑅𝐷𝐶 were in line with what was found in the literature (see Ch. 2.) An EL signal
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Figure 7.6: EL images of four problematic modules from the ucy09 PV array.

was more difficult to detect for these technologies, apart from ucy12 which was CIGS tech-
nology and its EL wavelength was close to c-Si, therefore it could be captured effectively
by the EL camera used. The ucy13 modules required high bias voltage to emit any kind
of EL signal, therefore EL was performed on only a few modules to avoid damaging them.
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Figure 7.7: EL images of four problematic modules from the ucy10 PV array.

Regarding ucy14 modules, a bias voltage could not be applied properly and therefore, no
EL images could be recorded.

Fig. 7.10 and Fig. 7.11 show typical EL images of these modules. On ucy12 modules,
black vertical lines can be distinguished which correspond to shunted cells (the cells are
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Figure 7.8: EL image of the best performing module of the ucy05 PV array.

long and thin.) In addition, degradation of the transparent conductive oxide (TCO) can
be seen by the halo-like appearance and patterns that appear as swishes. Also, there was
pronounced degradation around the edges of the modules.

Finally, an EL image of a typical module from the ucy13 array is shown in Fig. 7.11. As
with ucy12, but less pronounced, halos and degradation around the edges can be distin-
guished.

7.5 Comparison of analysis methods

The final results of 𝑅𝐷𝐸 and 𝑅𝐷𝐶 , shown together in Fig. 7.5 for all PV arrays, analysis
methods and performance metrics, demonstrate that for PV arrays with no physical defects
the estimated 𝑅𝐷 was comparable between analysis of filed measurement data and ex-situ
characterization at STC, therefore validating the approach.

On the performance metrics dimension, the uncertainties of the 𝑅𝐷𝐸 estimated from
uncorrected monthly 𝑃𝑅 and corrected monthly 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 were comparable across all sys-
tems and all analysis methods, with the uncertainty from 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 begin equal or slightly
less than from uncorrected 𝑃𝑅. The lowest uncertainty from the metrics on the 𝑅𝐷𝐸 was
achieved by using the manually corrected 𝑃𝑅 which was tedious to produce. For all c-Si
arrays, the uncertainty of the 𝑅𝐷𝐶 using STC measurements was the lowest, as expected.
Such low uncertainties on the 𝑅𝐷𝐸 were only achieved by using X-13ARIMA-SEATS with
any performance metric. On the contrary, due to spectral mismatch, the corresponding
uncertainty of all thin-film arrays (ucy12, ucy13 and ucy14) was higher in the indoor labo-
ratory than the field.

On the analysis method dimension, it can be seen that due to optimal seasonal decom-
position, the X-13ARIMA-SEATS method resulted in the least amount of uncertainty on
𝑅𝐷𝐸 across all systems and performance metrics. The second lowest uncertainty on the 𝑅𝐷𝐸
was achieved by using the TS method. The third lowest uncertainty was achieved by us-
ing STL, the fourth by using CSD and finally, the highest uncertainty was exhibited by LR
which was most widely used in the literature.

Regarding the magnitude of the 𝑅𝐷 , it can be seen in Fig 7.5 that 𝑅𝐷𝐶 results overlapped
𝑅𝐷𝐸 results only for PV arrays with no problematic modules. The highest differences were
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Figure 7.9: EL images of typical problematic modules from the ucy05 PV array.

recorded for the ucy09, ucy10 and ucy12 systems which had suffered the worst physical
damage and degradation. Between analysis methods, the mean as well as the uncertainty
varied with different performance metrics. The 𝑅𝐷𝐸 from uncorrected 𝑃𝑅 presented the
highest deviation from 𝑅𝐷𝐶 . Treating the data with outlier filters and missing data impu-
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Figure 7.10: EL images of typical modules from the ucy12 PV array.

Figure 7.11: EL image of a typical module from the ucy13 PV array.

tation to produce 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 lowered the deviation. As expected, the manually corrected 𝑃𝑅
was the most agreeable to STC, for arrays with healthy modules.

Specifically for 𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴 metrics. especially strong agreement has been demonstrated
between STC, X-13ARIMA-SEATS, TS for healthy arrays. This is evident from the overlap
of the 𝑅𝐷 values. A major advantage of X-13ARIMA-SEATS and TS was that the uncer-
tainty of the methodology was much lower in comparison to other methods, providing
increased confidence in the estimated annual 𝑅𝐷 . Weaker agreement was exhibited by the
CSD methodology.

To better quantify differences between 𝑅𝐷𝐸 and 𝑅𝐷𝐶 , the mean absolute percentage de-
viation (MAPD) was computed for each combination of PV system and trend estimation
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method. The MAPD was given by Eq. 7.6:

𝑀𝐴𝑃𝐷 = 100
𝑛

𝑛
∑
𝑖=1

|||
𝑅𝐷𝐶 − 𝑅𝐷𝐸

𝑅𝐷𝐶

||| (7.6)

where 𝑛 was the number of performance metrics, i.e. 𝑃𝑅, 𝑃𝑅 with manual corrections and
𝑃𝑅∗𝑟𝑅𝑃𝐶𝐴. The MAPD is plotted in Fig. 7.12. The MAPD quantifies and highlights more
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Figure 7.12: Mean Absolute Percentage Deviation (MAPD) between 𝑅𝐷𝐸 and 𝑅𝐷𝐶 .

clearly differences between analysis of field measurement data and testing ex-situ. Highest
differences were observed for the ucy09, ucy10 and ucy05 array, which can be traced back
to physical defects (see Sec. 7.4.4.) In addition, an outlier can be seen for ucy06, using CSD
to extract the trend. Finally, except ucy06 and ucy14, the differences between 𝑅𝐷𝐶 and
𝑅𝐷𝐸 were reduced by using the time series analysis methodologies developed in this work
instead of LR.
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Chapter 8

Conclusions

8.1 Degradation rate estimation in photovoltaics

Through this work, it has been shown that the subject of degradation in PV poses many
interesting challenges. The methodologies developed in this work, through the applica-
tion of generalized statistical analysis methods on time series of measurements from PV
systems in the field have shown that an unsupervised and generalized methodology could
be developed for assessing the degradation rate, without having to disrupt normal system
operation.

The approaches of field data analysis and indoor testing at STC, as presented in Ch. 3
and Ch. 7 were applied on eleven different c-Si and thin-film grid-connected PV plants, op-
erating side-by-side at the PV Technology test site of the University of Cyprus since June
2006. More specifically, 𝑃𝐴 from grid-connected PV arrays and 𝐺𝐼 , from calibrated pyra-
nometers on the POAwere used to derive an accurate estimation of the energy degradation
rate, 𝑅𝐷𝐸 , and provide statistical inference on the results. The results were supported by the
more comprehensive and hands-on approach of indoor testing at STC according to inter-
national standards. The indoor procedure provided extensive detail of the characteristics of
each module in the array, the major mechanisms behind the observed performance degra-
dation and additionally, it carried the least amount of uncertainty but required a significant
amount of manual labour, introduced risk of module damage due to handling and required
significant system downtime.

The developed data analysis methodology was designed to provide data qualification,
outlier detection and rejection, performance metric creation, seasonal decomposition and
linear/non-linear trend modelling. The most interesting feature of the data analysis ap-
proach was that no prior knowledge of the physical properties or the circuit of the PV
system was required, except for the datasheet power, making this approach a very good
candidate for an unsupervised algorithm and integration into operations and maintenance
(O&M) systems.

In addition, the comparison between the results of outdoor data analysis and indoor
testing at STC has shown good agreement between the two methods in the case of non-
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problematic modules in the array. In the case of problematic modules in the array, there
were differences in the estimated 𝑅𝐷 . Through extensive indoor characterization, the dif-
ferences were attributed to physical damage on individual modules, such as cracked or
broken cells, material degradation, TCO corrosion, browning of the EVA, hot spots and de-
lamination, and to the spectral mismatch of non-c-Si module technologies. The differences
in means between indoor module parameters in problematic arrays were large and affected
the ability of the whole array to perform well. For arrays with only healthy modules, the
mean 𝑅𝐷𝐸 was within the confidence interval of 𝑅𝐷𝐶 .

Between module technologies, the results have shown that arrays with modules con-
taining a thin-film layer degraded at a higher rate than purely c-Si modules. Especially in
this work which used modules which had been exposed for nine years, this high degrada-
tion was able to be observed both through the measurement data and through physical de-
fects visible with EL imaging. Specifically, the 𝑅𝐷𝐸 of arrays with thin-film modules ranged
between 1.3 %/y to 4.5 %/y which was commonly reported in the literature. Physical degra-
dation was easily observable through EL which revealed severe cases of shunted cells, TCO
corrosion and module edge degradation. On the other hand, the 𝑅𝐷𝐸 of arrays with healthy
c-Si modules ranged between 0.25 %/y to 0.8 %/y, depending on the analysis method and
performance metric. This was consistent with the literature as well. Whereas for the c-Si
arrays the main factor was the analysis method and performance metric, for thin-film tech-
nologies the main factor was the actual cell and module technology. It was thus concluded
that different PV technologies could be sufficiently characterized by varying ranges of 𝑅𝐷𝐸
and 𝑅𝐷𝐶 .

Based on the strong agreement with the 𝑅𝐷𝐶 estimated at STC, the low amount of un-
certainty, the robustness to missing data and the statistically significant model produced,
the X-13ARIMA-SEATS regARIMA time series analysis method and the non-parametric TS
method were proven to provide the most benefit from all methods tested, for estimating
the linear 𝑅𝐷𝐸 of a PV array with no serious physical faults. In general, application of the
unsupervised methodology on field measurement data yielded more predictable results (in
line with what is reported in the literature) due to the lower measurement correction and
extrapolation requirements (i.e. spectral mismatch, temperature uniformity), in contrast to
the indoor testing procedure.

Lastly, in the case of PV plants with significantly damaged modules, the indoor testing
approach has provided more insight into the physical causes of under-performance. In the
case of module technologies with different spectral response than c-Si, such as thin-film and
multi-junction technologies, the results of the comparison have demonstrated the need for
additional capabilities of the indoor testing laboratory, such as spectrally matched reference
cells and an InGaAs EL camera to capture the EL signal of CdTe, a-Si and HIT module
more effectively. These additional capabilities will enable drawing concrete conclusions
regarding the PV array degradation rate.

104

ALE
XANDER PHIN

IKARID
ES



8.2 Research achievements

The main outcome of this work is an index of 𝑅𝐷𝐸 that is robust to outliers and that can
be estimated in an unsupervised fashion. A secondary aspect of this work is the online
estimation of the 𝑅𝐷𝐸 . The developed methodology is computationally tractable and can be
applied on-line. This involved the translation of the developed methodologies to proof-of-
concept form that was capable of performing “real-time” estimation of the 𝑅𝐷𝐸 in software.
The software implementation of the data pipeline was optimized for speed and abstraction
of the underlying details of the PV entities (modules, arrays, systems etc.) into their own
environment, using the split-apply-combine paradigm for data analysis.

Through this work, the following research objectives were achieved:

1. Development of an improved methodology for classifying and filtering outliers in
field measurement data

2. Development of an improved methodology for handling missing data points and in-
vestigation of its sensitivity

3. Development of an improved methodology for extracting the trend from field mea-
surement data

4. Development of an improved methodology for estimating non-linear trends in PV
performance

5. Extensive indoor characterization of all PV modules from the plants under test and
qualification of all observed degradation mechanisms

6. Comparison of the results of the trend extraction procedure to the results of indoor
characterization and quantification of observed differences

7. Definition of calibration campaigns for the collection of accurate field measurement
data from multiple PV plants of different technologies at the UCY and tracking of the
sensitivity of each sensor over time

8. Quantification of the reversible degradation of a-Si technologies

By leveraging robust statistical techniques, the degradation rate of deployed PV plants
was estimated with higher accuracy and lower uncertainty than current industry practices
and additionally, it provided inference on the results. The methodology was designed to
be unsupervised, which decouples human influence from the analysis and removes bias
introduced by current practices through the arbitrary selection of filtering, regression and
extrapolation procedures.
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8.3 Innovation

Based on previous findings, this work has gone beyond the state-of-the-art and addressed
the question whether 𝑃𝐴 and 𝐺𝐼 alone could be sufficient for a reliable estimation of PV
degradation in the field.

To the best of the author’s knowledge, no other research work has tried to combine all
the developed data analysis steps to arrive to degradation rate estimates from raw mea-
surement data that provide inference, are robust to outliers and were estimated through
a generalized unsupervised algorithm. A very important fact is that significant effort has
been put into creating a baseline of indoor ratings at STC to compare the feasibility and ac-
curacy of the algorithm, which no other study has performed at such scale. Each one of the
PV modules under study were dismounted from the arrays and extensively characterized
indoors using a calibrated solar simulator and state-of-the-art visual techniques for iden-
tifying defects. Another important innovative result of this effort was that the metastable
behaviour of a-Si PV modules was quantified and its reversible degradation was demon-
strated and quantified as a result of the outdoor exposure.

Finally, since the methodology was benchmarked on PV plants of various technologies
operating side-by-side for the long term, the methodology has the potential to be general-
ized across multiple PV technologies, module manufacturers and installation sites.

8.4 Future work

This dissertation has presented original work and results beyond the state-of-the-art in a
subject that has gained a lot of interest in the past few years and is currently under much
research in the field of PV. Taking advantage of the momentum created and the increas-
ing need for data science in this field, the opportunity for improving upon the presented
methodologies in the future is evident.

The first step for improving this work and developing it into a universally accepted
methodology for estimating the degradation rate would be to benchmark the whole data
pipeline with measurements from PV plants deployed outside of Cyprus. It is expected that
this will present new challenges, asmore types of PV panels and BOSwill be encountered, to
reveal new, unobserved up to now degradation modes and operational/seasonal character-
istics. Although the developed methodology is generalized due to its reliance on statistical
tests, the need for better statistical tests and procedures will surely arise, given the diverse
conditions PV plants are commissioned in. For example, the estimation of degradation for
PV arrays deployed in northern countries will present different challenges than the same
PV arrays deployed in the desert.

Secondly, the use of different sources of irradiance measurements could be investigated.
In case measurements from a PV plant were not recorded alongside an accurate irradiance
sensor, the effects of using another source of irradiance measurements as a surrogate could
be considered. The surrogate could either be a nearby irradiance sensor, a satellite provider
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or another nearby monitored PV plant. In addition, the possibility of eliminating the ir-
radiance sensor completely could be investigated, as it could result in simplifying the PV
installation and reduce the uncertainty imposed by unmaintained and uncalibrated sensor
equipment.

Thirdly, more advanced models could be used for modelling the PV performance time
series. Growth curve models are another important type of latent variable models. Growth
modeling could be used to analyze time series data, where a quantity is measured on several
occasions, in order to study the change over time. This can then be modelled as a linear
or non-linear curve. Linear dynamic models could also be investigated. These models can
capture the temporal structure of a stochastic process and have been used in financial time
series analysis. They can be used to analyze non-linear phenomena in a robust manner
and can construct the long-term behaviour of the process from its time series. Both growth
curve and linear dynamical models have similar characteristics to the observed degradation
of PV modules.

Additionally, as demonstrated in Sec. 4.3, the probability distribution of PV system and
meteorological measurements feature two distinct sub-populations. In this work, this ef-
fect was not dealt with due to the application of non-parametric and robust methods on the
data. In future work, random and fixed effects models could be used to capture the informa-
tion contained in each sub-population. An expected outcome of this investigation would
be to model the two distinct modes of operation and to mitigate the effects of non-linear
temperature and irradiance relationships with the 𝑃𝐴. This would improve forecasting and
extracting the structure of the data under various environmental conditions.

Another topic that could be explored is the effect of cold-start, where not enough data
are available in the early post-commissioning phase of the PV system to estimate the degra-
dation. This poses challenges in the reliability of the estimation of degradation and the
statistical power of the results. In the absence of enough measurement data for inference,
Bayesian techniques could be explored, even though they are computationally much more
expensive.

Finally, the topic of outlier and fault detection could be further developed. An imme-
diate contribution could be made by formulating a better methodology for the results of
PCA and RPCA and its variants, to distinguishing two separate subspaces, one of which
will describe the normal operation and the other which will describe operation under fault
under some measure of statistical confidence.

8.5 Articles in preparation

A number of research articles that stem from this work are currently in preparation:

1. Anomaly detection in PV with robust principal component analysis

2. Statistical estimation of shading losses for photovoltaic arrays
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3. Effect of missing data on the analysis of photovoltaic system measurements

4. Generalized energy degradation estimation methodology for photovoltaics
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Appendix A

Computational Expense

A.1 Computational cost

There are several techniques that can be used to reduce the cost of a computationally heavy
analysis, such as the one developed in this work. One of them is concerned with the pro-
gramming style and defines explicit and implicit parallelism to take advantage of all avail-
able computing resources. Explicit parallel programming can be employed by the program-
mer to divide a large task that deals with computing independent realizations into smaller
tasks and distribute across multiple central processing unit (CPU) cores. As an example,
an expensive for loop over large lists of variables contained in this work was replaced by
many cheaper partitions of computations which were spread to more than one core, re-
sulting in a drastic reduction of computation time. The partitions were split as equally as
possible to the number of CPU cores, to create a uniform load across all cores and minimize
the overhead of setting up new threads as the old ones complete their job.

On the other hand, usage of an optimizing compiler which automatically extracts the
parallelism inherent to computations can be used to provide implicit parallellism. It is
important to note though, that only specific kinds of computations can be converted to im-
plicitly parallelized code by the compiler and that implicit and explicit parallellism operate
on different domains. Therefore, one is not a replacement of the other. Implicit parallellism
was enabled throughout this work, by compiling and linking Rwith high performance linear
algebra libraries (i.e. Basic Linear Algebra Subprograms (BLAS) and the Intel®Math Kernel
Library (MKL).) Intel®MKL is a math library of highly optimized and multi-threaded rou-
tines which provided accelerated linear algebra routines for vector and matrix operations,
high-performance vectorized random number generators (RNGs) for several probability
distributions and convolution and correlation routines. More information can be found in
Appendix B.2.

Another technique that was used to reduce the computational cost was caching. Data
objects carrying the results of expensive computations were cached to disk, once computa-
tion was complete. The cached data was recalled on demand, provided that the input data
and the function used to compute them had not changed. This was achieved by storing
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the hash of the input data and the function text as metadata and linking it to the saved
data on disk. If the hashes did not match, the cached result was discarded and had to be
recomputed. The concept of caching was very important throughout this work, since past
measurement data were static. It did not make sense to apply the same functions more
than once, over the same set of data, which is especially desirable in the online monitoring
paradigm. Specifically, in estimating statistics over daily or monthly groups, these were
computed once, saved and reused.

A.2 Bottlenecks

The major bottlenecks in the proposed data analysis methodology were the ALM method
used to optimize PCP for obtaining RPCA, the bootstrap of the boxplot outlier rule and
the bootstrap for estimating confidence intervals on the 𝑅𝐷𝐸 . All three of these procedures
were iterative in nature and suffered from the curse of dimensionality. This was especially
important in this work, as the number of PV systems under test (11), combinedwith the high
number of constructed metrics meant that each analysis would take a significant amount
of time to complete.

A.2.1 Bootstrap

In the case of the bootstrap, the computation of each realization of the bootstrapped statistic
was independent of each other, therefore this presented what is called an embarrassingly
parallel problem. Such problems are easily solved by spreading the computational load
across many CPU cores, which can either belong to the local machine or a remote cluster.

In R, there are two main types of parallel clusters:

1. a socket type cluster, which runs Rscript on the specified host(s) or CPUs to set up
worker processes which listen on their own socket for expressions to evaluate, and
return the results as serialized objects

2. a fork type cluster, which forks the main R process and links all workers to the same
address space

On both Linux and Windows machines, parallelism can be implemented by creating a
socket cluster. A socket cluster has the advantage that it can be started on a remote host
and not only on the local host, in contrast to the fork cluster type. On the other hand, a
socket cluster operates each worker process in their ownmemory address space, effectively
multiplying the memory requirements for the analysis by the number of parallel workers
started.

The fork cluster type is exclusive to Linux, as it can only work with operating systems
that support the fork system call. It provided superior performance in comparison to the
socket type by avoiding the overhead of setting up separate workers and duplicating the
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memory space of the main R process for each one. It thus resulted in much less memory
consumption, an important fact, given the amount of data produced in this work, which
enabled the analysis on commodity hardware without running out of memory. Whereas
the minimummemory requirements for running the analysis on Linux were 16GB RAM, on
Windows it was at least 24GB. Throughout this work, Linux and the fork cluster type were
used extensively, although the analysis was also ported and can thus run on a Windows
system.

Regarding application of the bootstrap in this analysis, fixing the bottleneck with ex-
plicit parallelization resulted in speedup up to the maximum number of cores used. To put
this into perspective, computing the daily bootstrapped boxplot statistics and confidence
intervals required 61 s per PV system time series or 18ms per time series, per day for 1000
bootstrap samples. This was quite fast on its own for a single system and a single day,
but quite slow as an absolute measure of computational cost when the whole data set was
considered. By spreading computation across the available cores, the time required for a
single system and single day was still 18ms, but the total computation time across all days
for a single system was reduced by a factor of 4 on an i7-2600K processor.

A.2.2 Robust Principal Component Analysis

On the other hand, the RPCA could not be treated the same way as the bootstrap, as the
algorithm minimizes a cost function, with input from the previous step. Therefore, ways to
reduce computation time were either to optimize the convergence of the SVD function, use
a different solver [215] or accelerate linear algebra computations by linking with a multi-
threaded library. In this work, the second and third options were investigated. Linking
with a multi-threaded library is described in Appendix B.2. This enabled multi-threading
of the SVD function used to realize RPCA. The cost was reduced by a factor of the number
of physical cores in the system. More specifically, decomposition of the 𝐌96×3287 matrix
of 𝑃𝐴 measurements for a single PV system required 105 seconds and 2300 iterations to
converge, using the accelerated linear algebra libraries. In a real world application of mon-
itoring hundreds, even thousands of PV systems, it is evident that this would not be a good
candidate for outlier detection since the benefits of RPCA would be negated by its slow
execution time.

Using the exact ALM for RPCA was very slow, therefore different solvers were inves-
tigated to enable the use of the RPCA for this analysis. A faster alternative was the ran-
domized accelerated IALMwhich used a randomized implementation of the SVD [173, 174]
which was able to obtain the robust separation in significantly less amount of time. To
quantify the complexity of different implementations, each algorithm was run iteratively
for a minimum of 20 repetitions. The elapsed time was recorded and used to create the
plot shown in Fig. A.1, which displays a boxplot with a rotated kernel density plot on each
side (otherwise known as a violin plot). In this way, the minimum, maximum and mean
time required for each computing block could be easily visualized. It can be observed that
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Figure A.1: Benchmark of PCA and RPCA algorithms.

RPCA with the exact ALM was the slowest, by a factor of more than 102 in comparison
to the second slowest approach. It should also be noted that the times shown in Fig. A.1
for the exact RPCA were recorded from a custom compiled R package, linking against the
Intel®MKL which provided a multi-threaded SVD implementation, whereas the rSVD was
single threaded. Therefore, under the most popular scenario of vanilla R usage, without
any custom optimizations, RPCA would have been up to 4 ∗ 102 slower that rRPCA, since
a quad-core CPU was used in this case. With such a significant difference in computation
time, the exact RPCA was deemed not viable.

In addition, classical PCA was included to demonstrate the impact of low-rank matrix
recovery in rRPCA. This is shown in Fig. A.2.

●PCA

rRPCA (rsvd)

0e+00 1e+08 2e+08 3e+08

Time [ms]

Figure A.2: Impact of low-rank matrix recovery with rRPCA.

In conclusion, from Fig. A.1 and Fig. A.2, it can be seen that the choice of the under-
lying algorithm providing RPCA had the largest influence on the overall performance of
the data pipeline. Choosing the rRPCA was therefore the most logical step in reducing the
computational cost of the unsupervised methodology.
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Appendix B

Open-Source Contributions

B.1 Photovoltaic Performance Analysis in R

Photovoltaic Performance Analysis in R [41] (pvpaR for short) is a proof-of-concept web
application that was developed for on-demand visualization and supervision of PV systems.
It was released under the GNU General Public License (GPL), as a derivative of the work
presented in this thesis. The application is a user-friendly online dashboard developed in R
with features such as visualization of PV system performance, detection and classification
of outliers and qualification of raw measurement data. The platform has been presented
at the IEEE Photovoltaic Specialists Conference [41] and is freely available to download at
https://github.com/alexisph/pvpaR.

Bundled with the application is a sample of data from the recorded operation of an
actual PV plant at the testing site. The application is designed in such a way that it can be
used with any data feed for rapid analysis and prototyping, and the data sample helps to
showcase the application’s functionality.

Current functionality includes visualization of measurement data and points of sub-
optimal performance, irradiance modelling and transposition to the POA [216], modelling
of PV system performance and quantification of differences between expected and actual
performance. In addition, the application can detect and classify outliers. Loss param-
eters are estimated on the data given and are subsequently used to estimate acceptable
performance thresholds. For points beyond the thresholds, a rudimentary classification
and localization of the root cause procedure was implemented, loosely based on published
research [76].

Future work will incorporate all methodologies developed and described in this disser-
tation. The envisaged architecture can be seen in Fig. B.1.

B.2 Optimization and packaging of R for Linux

All the results produced in the context of this dissertation were computed/estimated in R,
an open-source software environment for statistical computing [181]. Similar to Python,
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Figure B.1: Envisaged architecture of pvpaR.

Matlab, Julia and others, R is a statistical computing environment which includes libraries
for data manipulation, calculation and graphical display. What sets it apart is its intuitive
syntax and its vast library of open-source state-of-the-art statistical methods. R is very
popular in both academia and industry.

Since statistical programming in R was a major part of this work, the base application
was optimized as detailed below. In summary, the optimization procedure required cus-
tom compilation options and linking with high-performance, multithreaded mathematical
libraries.

The configuration was hosted online in the Arch User Repository (AUR), which is a
community-driven software repository for Arch Linux users. It contains package descrip-
tions (PKGBUILDs) that allow anyone to install software via the package manager, without
having to run configure and make scripts and having to manually keep track of installed
files in the filesystem. The AUR was created to organize and share new packages from the
open-source community and to help expedite popular packages’ inclusion into the official
repositories.

An Arch Linux user could fetch and install the software as customized for this work
by downloading the r-mkl package and invoking $ makepkg -si at the terminal. When
this is ran, the source code will automatically be downloaded, unpacked, compiled using
the specific options and libraries as per the PKGBUILD and then installed. The package had
already gained some popularity worldwide, as can be seen on the AUR page at https:
//aur.archlinux.org/packages/r-mkl/.

The package was compiled with the following flags and linked to the following libraries:

• -O3: enables aggressive optimization, including optimizations that incur a space-time
tradeoff in favor of time, such as loop unrolling and automatic function inlining.

• -xHost: tells the compiler to generate instructions for the highest instruction set
available on the compilation host processor, e.g. SSE or AVX.

• -m64: tells the compiler to generate code for Intel®64 architecture.
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• -qopenmp: enables the parallelizer to generate multi-threaded code based onOpenMP
directives.

• -ipo: enables interprocedural optimization between files.

• -fp-model strict: disables optimizations that are not value-safe on floating-point
data and maintains ANSI/IEEE standards [217] compliance.

• -fp-model source: rounds intermediate results to source-defined precision.

• -lpthread: enables threading support.

• -lm: links the math library.

• -lsvml: links the Intel Short Vector Math Library.

Aside from the custom build of R described in the previous paragraph, the author
also maintains an AUR package for Microsoft’s enhanced, multi-platform distribution of
R, called Microsoft R Open https://aur.archlinux.org/packages/microsoft-r-open/.
This package also links against the Intel®MKL which it bundles alongside the binaries but
does not enable some of the optimization options of the r-mkl package. Nevertheless, this
distribution also provides much better performance than vanilla R and is currently the most
straightforward way to run a multi-threaded analysis on Windows, Linux and Mac OS X.
It can also prove useful when the Intel®MKL libraries cannot be licensed for free, or when
the user does not want to install the Intel®development libraries package on their local
machine for compiling r-mkl.
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