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Abstract

As photovoltaics play a key role in the energy transition, the reliability of PV modules is crucial.
In recent years, however, several backsheet failures were observed after only few years in the
field, especially cracking of polyamide backsheets. To avoid disposal of these modules, which
would be necessary due to safety reasons, repair solutions for the cracked backsheets were devel-
oped. First tests had identified two types of coatings based on polyurethane and silicone, which
showed promising results in respect to crack filling and protection of the backsheet from further
degradation.

To monitor the long-term stability of the repaired modules with these two coatings in an
outdoor environment (test site) we set up a monitoring system. The goal was to investigate,
the stability of the coating on the backsheet as well as the electrical performance of the test site
over time. To this end, we performed a non-destructive material analysis of the coatings on a
two-monthly basis with portable spectrometers, NIR, ATR-IR, and Raman. Potential ageing
induced changes in the surface morphology were analysed with the naked eye and with a light
microscope. Additionally, I programmed a microcontroller so that the coated modules’ electrical
performance, their temperature and the environmental parameters ambient temperature and
plane-of-array irradiation at the test site can be monitored continuously.

Calculations of the nominal power and the efficiency revealed that the electrical performance
of the modules was neither affected by the cracks so far nor by the applied coating within eight
months after coating. Visual inspection showed some minor changes in the two coatings after
the cold winter months. Nevertheless, all cracks are still sealed, so the repair coating fulfils its
purpose. Additionally, the spectroscopic measurements showed that the coatings are chemically
stable and do not show any adhesion loss. With the built-up monitoring system, a long-term
analysis on the repaired PV modules is possible, with the aim to evaluate for how long the
coating can extend the service life of modules with cracked backsheets.

Zusammenfassung

Da Photovoltaik eine tragende Rolle bei der Energiewende spielt, ist die Zuverléssigkeit von PV
Modulen besonders wichtig. In den letzten Jahren hauften sich aber Berichte iiber verschiedene
Fehler in Backsheets, vor allem von Rissen in Polyamid Backsheets. Die betroffenen Module
missten aus Sicherheitsgriinden entsorgt werden, weshalb als Alternative nach Reparaturlésun-
gen gesucht wurde. Nach ersten Tests wurden zwei geeignete Materialien fiir eine Beschichtung
ausgewahlt, Polyurethan und Silikon, welche die Risse fiillen und das Backsheet vor weiterer
Degradation schiitzen konnten.

Um die Beschichtungen auf lange Zeit zu beobachten, bauten wir ein Monitoringsystem
bei einer Testanlage im Freien auf. Damit soll die Stabilitdt der Beschichtung und die elek-
trische Leistung der Testanlage erforscht werden. Dafiir haben wir alle zwei Monate zerstérungs-
freie Messungen mit tragbaren Gerédten, mit Nahem-IR, ATR-IR, und Raman Spektrometern
durchgefithrt. Potentielle alterungsbedingte Verdnderungen in der Oberfliche wurden mit dem
Auge und einem Lichtmikroskop untersucht. Auflerdem programmierte ich einen Mikrokon-
troller, um die elektrische Leistung der Module, die Modultemperatur und die Umweltparameter
Temperatur und Einstrahlung bei der Testanlage kontinuierlich zu messen.

Nachfolgende Berechnungen zeigten, dass weder die Risse noch die Beschichtung selbst (bis
zu acht Monate nach dem Beschichtungsprozess) die Nennleistung und den Wirkungsgrad beein-
trachtigten. Trotz kleiner Verédnderungen, die bei der visuellen Inspektion nach den kalten Win-
termonaten entdeckt wurden, konnte gezeigt werden, dass alle Risse noch gefiillt sind und die
Reparaturbeschichtung daher noch ihren Zweck erfillt. Auflerdem zeigten die Spektroskopie-
Messungen, dass beide Beschichtungen chemisch stabil sind und kein Haftungsverlust entstand.
Mit dem aufgebauten Monitoringsystem sind Langzeit-Beobachtungen moéglich, um festzustellen,
wie lange die Beschichtung die Lebensdauer der Module verlangern kann.
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Chapter 1

Introduction

Changing the primary energy production from fossil fuels to renewable energies is inevitable
considering the climate crisis. As of 2020 only 36.5% of the gross final energy consumption in
Austria and 22.1% in the EU are generated by renewable energy sources [1]. However, this has
to change drastically in the next years due to environmental but also political reasons. The new
EU goal as part of the REPowerEU plan is to achieve 45% (1236 GW) of the total energy by
renewables in 2030. Half of that amount (600 GW) should come from photovoltaics (PV), which
points out the importance of PV in this energy transition [2]. Nowadays, not only specialists
believe that PV will play a key factor in the sustainable energy transition. In Austria 11 TW h
should be installed until 2030, which is five times more than the 2.783 TW h generated in 2021.
This would also raise the share of electricity from PV from 4.7% in 2021 to 15% in 2030, when
100% have to be renewable. Additionally, the market growth of PV is supported by the fact that
today the cheapest produced energy comes from photovoltaics in most parts of the EU. Hence,
electricity production by PV makes not only sense environmentally but also economically [3].

Using the unlimited available energy of the sun makes PV sustainable because no COs is
emitted while the power plant is operating. But how sustainable is the whole life cycle of a PV
module? During the manufacturing process used resources and energy make an environmental
impact. Most manufacturers try to make the module as cheap as possible, but sustainabil-
ity and reliability in the material selection are not taken into account. Still, calculations for
crystalline silicon modules show that already after 1-4 years [4, 5] the energy payback time
is achieved and sustainable energy production is starting. Exact values depend on the local
solar irradiation, nominal module power, and module technology. As nowadays the expected
operating time of PV modules is more than 25 years, this emphasises the sustainability of PV [4].

Nevertheless, the end-of-life treatment is rarely considered in sustainability calculations, al-
though the waste management needs to be considered in the environmental impact balance.
Presently, the modules have to be taken back by the manufacturer who takes care of the dis-
posal. As the amount of PV waste is still very low, no appropriate recycling technology is
available for modules yet. As the number of PV modules reaching their end of life will increase
significantly in the next years, real recycling strategies have to be developed for sustainability
reasons. Additionally, large-scale recycling can also be reasonable economically in the future [6].

The reliability of most PV modules is good and especially the electrical degradation rates
(the degradation of the modules’ electrical performance) are low. PV modules consisting of
crystalline silicon cells have a median degradation of 0.5%-0.6% per year [7]. However, infant
or midlife failures can endanger the utilisation of PV modules until the end of the expected
operating time. A worldwide study of 6.5 million inspected modules revealed that a third had
detectable defects [8]. Failures can happen in different parts of a PV module (Fig. 1.1b). Though
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CHAPTER 1. INTRODUCTION

it is important to notice that a defect does not mean that the whole module is broken so it can
stay in operation and produce electricity and often even does not endanger the electrical perfor-
mance. Still the defects should not be left unintended.

To understand the parts where failures happen most often, Figure 1.1a presents the typical
layer structure of a glass/backsheet PV Module. A module contains several solar cells, which
are the active parts that transform light into electricity. In more than 90% of the PV modules
on the global market, the cells are made of silicon. Hence, only such modules will be considered
in the following. The cells are connected in series to a string to increase the voltage output.
An encapsulant surrounds and protects the solar cells, often composed of ethylene-vinyl acetate
copolymer (EVA). In the front, a specially designed solar glass is supporting the capture of solar
radiation. On the backside a backsheet is protecting the active elements from environmental in-
fluences. Additionally, a frame (often aluminium) gives stability to the module. In the junction
box, the cables are attached that connect several modules and lead the produced electricity to
the inverter [9].

Manufacturers use different materials for the backsheet. Most common are either Tedlar
backsheets, which have a polyethylene terephthalate (PET) core and Polyvinyl fluoride (PVF)
outer layers, or Polyvinylidene difluoride (PVDF)/PET/PVDF backsheets. In recent years
also multi-layered PET backsheets or PET-based backsheets with different protective layers
(Polyamide (PA) or Polyolefine (PO)) were deployed. Additionally, some manufacturers used
multi-layered PA backsheets for several years (2010-2015) [10].

Aluminium Frame

—— Tempered Glass

Encapsulant (5%) Other (<1%)
Cell / Interconnect (14%)
—— Solar cells |
Backsheet (14%)

Encapsulant - EVA

~ —— Encapsulant - EVA

No Defects (67%)

—— Back sheet

Junction Box

(a) Typical layer structure of a glass/backsheet module  (b) Of defects affected PV parts according to a
[9]. world-wide study by [8].

Figure 1.1: PV module structure and of defects affected PV module parts.

Figure 1.1b presents that cell/interconnection (14%) and backsheet (14%) related defects
play the largest parts in the investigated modules [8] which is also approved by an internal
study. Especially, the percentage of backsheet failures is growing within the last years [10, 11].
Here the backsheet materials and composition are an important factor for the modules reliabil-
ity. After only four to six years in the field already two thirds of the PA backsheets develop
some defects. Though also in around halve of the modules with PET or PVDF/PET/PVDF
backsheets, defects could be detected after ten years. In the affected materials, typical backsheet
failure types are discolouration and delamination. However, two thirds of the backsheet defects
in all kind of materials are related to cracking [8, 12, 13]. Deeper cracks can either develop along
busbars or in cell gaps. Moreover, microcracks can develop on the whole backsheet area (see
Fig. 1.2) [10].
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Figure 1.2: Different crack types in polyamide (PA) backsheets.

Even though cracks can develop in various backsheet materials, polyamide is affected the
most. Therefore, several investigations and research had focussed on this material. A detailed
error analysis [10] revealed that several effects, happening at outdoor weathering, play together
to result in the backsheet cracks. In the field, a module is exposed to daily and seasonal temper-
ature changes. As the different materials in the module layers have varying thermal expansion
coefficients this results in internal thermo-mechanical stress. As the busbars have a height of
200 pm, additional stress is induced there by this height difference. Therefore, deep longitu-
dinal cracks develop in the PA backsheet along the busbars. They start from the airside and
can develop so deep that only the encapsulant is left to protect the cells from the airside. In
contrast, the square cracks in the cell gaps grow from the inside, i.e. the interface between
encapsulant-backsheet. They are less common and only happen if special EVA types are used.
Due to solar irradiation, this EVA degrades, forming acetic acid. This acid is degrading the PA
material from inside which results in the squared cracks. Microcracks only affect the utmost
PA-layer and develop randomly from higher stress levels [10].

As the cracks develop after a relatively short time in the field, the question arises why these
failure modes were not detected at pretests. All PV modules need to pass certain tests before
market introduction, which are given among others in the IEC 61215 [14]. Modules are tested
with damp heat, thermal cycles, and artificial irradiance in climate chambers, but these climatic
conditions were never applied simultaneously. Hence, the material did not degraded and no
cracks evolved without the simultaneous thermo-mechanical load. Additionally, often environ-
mental stresses expand the conditions in the test facilities [10].

Which problems do such backsheet cracks create? The longitudinal cracks along the busbars
and the squared cracks in the cell gaps can grow through the whole backsheet. In this way,
moisture can enter through the backsheet and only the encapsulant is left to protect the cells
from the outside. This leads to degradations like corrosion of solder joints and metallisation,
degradation or delamination of the encapsulant, or polymer hydrolysis. All this leads to a faster
decrease in the module’s electrical performance. On the other hand, the backsheet fails to pro-
tect the surrounding of the power generated in the solar cells. Due to the cracks it no longer acts
as an electrical insulator and leakage currents can occur. Therefore, affected modules present a
safety risk for people and animals. This can result in automatic disconnections of strings of af-
fected modules by the inverter, which may lead to larger production losses in a solar park [12, 15].

Especially due to the safety risks, affected modules need to be replaced. This is economically
and ecologically a problem. First, the module park owner faces outages during the replacing
process and the module producer must take back the modules and deal with guarantee claims.
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CHAPTER 1. INTRODUCTION

So this is quite an expensive procedure. New modules must be bought and installed and the old
ones need to be disposed [15]. The production of the new module and also the disposal are ad-
ditional impacts on the environment that should be avoided. Additionally, the confidence in the
electricity production by PV could become compromised. Of course, for the future, the goal is to
produce modules with more reliable compounds that survive longer outdoor weathering impacts
in the field. Therefore, advanced tests need to be developed that simulate these conditions better.

But, what should be done with the millions of modules (alone 11-12 GW with PA-backsheets
were installed in 2010-2015 [16]) which are already installed and have developed cracks already
or will so in a short period of time? Thus, the scene was set for the birth of the idea to develop
repair solutions for cracked backsheets to extend the operating time of affected modules. This
was one of the largest parts of the PVRe? project [6].

PVRe? - Sustainable Photovoltaics

To make photovoltaics more sustainable the R&D project PVRe? (PV Repair and Recycling)
was created. The goal was to find solutions to the above mentioned problems in the different
areas of sustainability. One work package of the project aimed to improve the recycling processes
of c-Silicon PV modules. As big amounts of waste will start to occur in the upcoming years
and increase notably afterwards, it is definitely reasonable to develop recycling technologies for
environmental and economic reasons. To go one step further, the goal of the project was to
make the whole module more sustainable with materials that are better recyclable and have less
impact on the environment, e.g. fluorine-free backsheets [6].

Another part of the project tried to develop repair possibilities for PV modules to increase
the life span of defect modules. Earlier repair activities had been devoted only to broken cables,
diodes, or inverters. Due to the above reported failures, which occur especially in the backsheets,
the project team searched for suitable repair solutions. As polyamide backsheets are the most
affected ones, first research focused on suitable solutions for these backsheets. In pre-analyses,
it was found out that the squared cracks in the cell gaps are not repairable, as the damage is
too heavy. But the much more common longitudinal cracks along the busbars and microcracks
on the whole backsheet can be repaired indeed [12].

The first step in the development of the repair solution was the selection of materials that
could durably fill and coat such cracks. A material used for the repair has to fulfill certain
requirements. Most important, it has to take over the backsheets part of being an electrical
insulator between the outside and the active PV parts. Moreover, it should be compatible with
the backsheet material. So it should have similar thermal expansion coefficients, and no out-
gassing material should attack the backsheet. Furthermore, easy application onto the modules
is required, preferable directly in the field to save logistic costs [12].

In a detailed analysis, different pre-treatment methods of the backsheet were tested and then
13 different repair solutions were applied on the modules’ backsheets, for the first tests. They
were either coatings, applied with a brush or a spray, or tapes or films that were adhered on the
modules (see Tab. 1.1). Afterwards, several tests were done on all materials to investigate their
compatibility. First, the adhesion was tested with a tape peel test and a scratch test, which
some materials did not pass. Then cross-sections were cut out of the modules and analysed
with a microscope to investigate the crack filling and coating thickness. It was found out that
the tape-based solutions gave some protection over the whole backsheet but the cracks were
not filled. Therefore, these solutions are not suitable for deep longitudinal cracks because the
insulation properties are not regained. Nevertheless, they can be used for the repair of local
failures on a small part of the module only. For the coating-based solutions, also the influence
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CHAPTER 1. INTRODUCTION

of the viscosity of the coating was investigated to get optimal conditions in the crack filling and
coating handling [12].

Table 1.1: Overview of repair materials (Abbreviations: 1-K: 1 component; 2-K: 2 components

system; RT: room temperature).

Sample | Application Material Solvent Curing Tape peel | Scratch | Crack filling | further
1D type type test test testing
Re01 | Brush-coating Epoxy Yes 1-K, RT v v optimised v
Re02 | Brush-coating | Polyurethane Yes 2-K, RT v v optimised -
Re03 | Brush-coating | Polyurethane Yes 2-K, RT v v v v
Re04 | Brush-coating Acrylate No 1-K, UV, RT v Chipping - -
Re05 | Brush-coating Silicone No 1-K, RT v v v v
Re06 | Brush-coating Epoxy No 2-K,RT v v - -
Re07 | Brush-coating Epoxy No 2-K,RT v Chipping - -
Re08 | Spray coating | Nitrile rubber Yes 1-K,RT v v v
Re09 | Spray coating | Liquid rubber Yes 1-K,RT v v v v
Rel0 Tape/film PU+Acrylate No RT v v - v
Rell Tape/film PVC+Acrylate No RT v v - v
Rel2 Tape/film TPT+Adhesive No RT - - - -
Rel3 Tape/film PET + EVA No RT - - - -

After the pretests were finished, the remaining four suitable coating materials and two adhe-
sive tape solutions were applied to modules with microcracks. Some were directly coated in the
field without dismantling and the material was monitored there every six months. Others were
coated in the laboratory with the backsheet facing upward. They were then subjected to artifi-
cial weathering in the laboratory for accelerated testing. Here damp-heat, temperature cycles,
and dynamical mechanical load were applied (tests according to IEC 61215 [14]). Additionally,
economic calculations were done to know the material costs for each repaired module, which
resulted in 1 to 3 Euros. Also the coating time was calculated to be around 10 minutes per
module. With these values, economic estimations could be done to compare if the repair process
pays off. In addition, one needs to know how much the coating is prolonging the modules’ life
time, which is not known yet [12].

After the coated modules were exposed to natural weathering in the field for twelve months,
the different coating solutions were analysed. The same was done for the modules facing artificial
weathering. The visual appearance, the crack propagation, chemical degradation, adhesion, and
color change of the coating materials were analysed in detail. Moreover, the electrical power of
the modules was measured. For all repair solutions, the electrical power did not change and the
crack propagation was stopped or delayed. However, chemical degradation, inefficient adhesion
or demanding handling at the coating process lead to only two materials with satisfactory results
which were then used for further optimisations and testing [16].

The two-component polyurethane-based coating and an optimised flowable silicone-based
coating were applied on modules with deeper longitudinal backsheet cracks. Here it was impor-
tant that the collapsed insulation resistance was restored by the coatings. The first six modules
were coated directly in the field without dismantling. First tests showed that the insulation
resistance was restored. As the handling of the direct coating of the mounted modules was
difficult, dismantling of the modules for the repair process was recommended for the future [16].

Monitoring of the Coated Modules

Additionally, twelve modules with polyamide backsheets with deeper longitudinal cracks were
coated with the two most promising coatings (polyurethane- and silicone-based) in the labora-
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CHAPTER 1. INTRODUCTION

tory. As these coatings showed good results on modules with microcracks after twelve months
of natural weathering and artificial weathering, the coating stability on modules with deeper
longitudinal cracks should be monitored in detail. This is where my contribution comes into

play.

1.1 Research Aim and Research Question

The general research objective of my thesis is to examine the life-prolonging effect of the repair
coatings. Modules with deep cracks would otherwise be disposed and exchanged due to safety
reasons.
For this purpose, I built and programmed a monitoring system to analyse the coated backsheets
over years of natural weathering in the field. Main parameters of interest are the electrical
performance of the coated modules and the stability of the coatings on the backsheet. Based on
these objectives and the identified knowledge gap, the following research questions were phrased:
e Electrical performance
Is the coating affecting the electrical power and insulation resistance of the modules?
How does the electrical performance of the modules change over time?
o Material stability of the repair coating
After what time in the field is the coating changing visually?
Is the coating chemically stable over time or does it change, and if so, how?
Does the adhesion of the coating on the backsheet material change over time?
e How long can the operating time of a module with a cracked backsheet be extended by
the repair coating?
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Chapter 2

Theory

2.1 Photovoltaics

The work of this thesis is related to the generation of energy by photovoltaics. For a better
understanding of the physical principles of this kind of energy generation, the basic working
principles of solar cells will be explained in the following section.

2.1.1 Semiconductor Properties

Semiconductors are the basic material used in solar cells. They can either be elemental mate-
rials, for example silicon (Si) or germanium (Ge), or compound materials like gallium arsenide
(GaAs) or cadmium telluride (CdTe). The semiconductors are arranged in a crystalline lattice
with a covalent bonding. In such solid-state materials, the energy states of the electrons of the
involved atoms form energy bands due to their interaction. The electrons fill up the energy
bands starting with the ones with the lowest energies according to the Pauli principle [17]. At
zero Kelvin all bands are filled up to the Fermi level, Fr. The last filled band is called the
valence band FE,; the one above the conduction band E.. The energy distance in between these
two bands constitutes the bandgap F, = E. — E,. In semiconductors at 7" = 0K, the Fermi
level lies in the middle of this band gap [17]. At higher temperatures some electrons have an
energy higher than the bandgap, so they can move to the conduction band. In semiconductors
the bandgap is smaller (e.g. 1.1eV for Si and 1.4eV for GaAs at room temperature) than in an
insulator. Therefore, an electron can move to the conduction band already at room temperature
due to thermal excitation. There it can move freely and contribute to the conductivity of the
material. This explains why the conductivity increases with increasing temperature in semicon-
ductors [17, 18].

An electron transferred to the conduction band leaves an empty place in the valence band.
This is called a hole and can be seen as a positive charge carrier. The electron density in the
conduction band, n, and the hole density in the valance band, p, are given by [19]

Ep—FEc
n= N, e &l (2.1)
Ey—Ep
p=Ny-e *T (2.2)

with the density of states in the conduction/valence band N./N,, the Boltzmann constant k
and the temperature 7. Their product is defined by the bandgap:

Ey—Ec —Eg
k

7 = N.N, -e&T (2.3)

np:n?:Nch-e

In pure (intrinsic) semiconductors the electron density in the conduction band is equal to the
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hole density in the valence band n = p = n; (n; is the so-called intrinsic carrier concentration)

[19].

The band structure of semiconductors can be explained by energy-momentum diagrams (see
Fig. 2.1). The electrons in the conduction band and the holes in the valence band can be
interpreted as free-moving charge carriers using the effective mass m*. This proxy quantity
accounts for the fact that electrons or holes may undergo changes in their potential energy, not
only in their kinetic energy, when moving through a lattice. The kinetic energy of a charged
particle then becomes [17]

2

Ey(k) = By + 5 — (k= Ko1)?, (2.4)
R )
Ep(k) = Dy (k —ko2)” (2.5)

with the reduced Planck constant, /, and k representing the electron’s wave vector (letters in
bold face denote vectors). Here zero energy is set to the upper limit of the valence band. ko is
the wave vector at the minimum of the energy parable at the conduction band and kg at the
maximum of E(k) in the valence band.

The effective mass is a tensor due to the directional dependence of the potential

h2
= [€8)
dk;dk;
with (i,j = x,y,z). Here, the energy bands (potential energy) are approximated by parables.

Because the energy of the valence band is bent downwards, the effective mass of a hole is nega-
tive [17].

(2.6)

AE(K)

=l

Figure 2.1: One-dimensional display of the semiconductor band structure in an energy momen-
tum diagram. The transition of an electron to the conduction band in a direct (left) and indirect
(right) semiconductor [17].

In Fig. 2.1, the difference between direct (GaAs) and indirect (Si) semiconductors becomes
obvious. If a photon is absorbed by the semiconductor (which will be explained in more detail
later on), an electron is transferred to the conduction band. This transition is more probable
if the minimum of the parable in the conduction band lies directly over the maximum of the
parable of the valence band so no change in k is necessary. This is the case in so-called direct
semiconductors. In indirect semiconductors the maxima are not directly above each other (kg #
ko2) so a photon and a phonon - lattice vibration (for the k transition) are needed. This explains
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why in indirect semiconductors transitions are less probable. In application, this means that solar
cells of indirect semiconductors have to be much thicker than the ones of direct semiconductors
because a photon has to enter deeper into the material until an absorption is happening [17].

Doping of Semiconductors

To increase the conductivity of a semiconductor, it is doped with impurities. Taking silicon (Si)
as an example, it has four valence electrons which are all covalently bonded to their nearest
neighbouring atoms. If atoms with five valence electrons (like phosphorus) are inserted into this
lattice, one electron is not bonded strongly because it has no place in the covalent bondings.
Therefore, it can be removed easily and can be looked at as a free electron moving through
the lattice. So much less energy is needed to transfer this electron into the conduction band.
As now much more electrons are available than holes, such a semiconductor is called n-type
semiconductor, and the electrons are the majority carriers (holes are minority carriers). The
impurities (here phosphorus) with more electrons than the lattice atoms are called donors Np.
The energy levels of the donors lie a little below the lower border of the conduction band of the
semiconductor (see Fig. 2.2a). Therefore, the Fermi energy is raised in an n-type semiconductor:
by replacing n with Np in Equation 2.1, the gap from the Fermi energy to the conduction band
now becomes [17, 19]:

N
Ep — E. = kTlIn ( ND) . (2.7)

The second possibility of doping is with atoms with three valence electrons (acceptors), like
boron. Here a place in the covalent bonding stays free which is positively charged and can
easily capture electrons. In such p-type semiconductors, holes are the majority carriers. The
acceptors’ N4 energy levels lie a bit above the valence band and the Fermi energy is lowered
(see Fig. 2.2b). So the gap is calculated to be:

N
E, — Ep = kTln <NA) (2.8)

v

conduction band conduction band

T donor levels
E Eq
Ep ¢
l _L acceptor levels
EAT * — ‘ _ ‘ S ‘ ‘ EF
(a) N-type semiconductor with donors’ energy levels. (b) P-type semiconductor with acceptors’ energy levels.

Figure 2.2: Band structure of doped semiconductor, modified from [17].

Does the imbalance of majority carriers in doped semiconductors effect their electric charge?
No, because due to the doping with acceptors also less positive charged nuclei exist. So overall
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the semiconductor is neutral. The same accounts for n-type semiconductors, which have more
positive charged nuclei to compensate the additional electrons [19].

2.1.2 Generation and Recombination

A constitutional principle of semiconductors is the Electron-Hole Pair (EHP) generation. In
a thermal equilibrium the generation of EHPs is equal to their recombination, so the carrier
density stays the same: np = n?. The possible generation and recombination processes will be
discussed in the following. In solar cells, the semiconductor is under illumination, which is a
non-equilibrium state. This special process will be discussed in Section 2.1.5.

Generation Processes

Different processes can generate electrons which are then moved into the conduction band, where
they can act as free carriers. Thermal generation was already discussed and happens at all tem-
peratures above 0 K. Here the energy for the transition of the electron comes from phonons
interacting with the host atom. Besides phonons also incoming photons can generate EHPs,
which is called photogeneration. It is the main mechanism in solar cells. An incoming photon
transfers its energy to an electron and moves it to the conduction band if this energy is higher
than the bandgap. The principle behind is the photoelectric effect [18].

The photoelectric effect describes that an absorbed photon gives its total energy to an elec-
tron of the absorbing material. The achieved kinetic energy of the electron only depends on
the frequency of the photon v and not on the intensity of the incoming light. It is described
by Ei4* = h-v — W,. With the Planck constant h and the work function W,, which is the
work needed to separate an electron from a metal (or semiconductor) where it was bonded. In
semiconductor technology, it explains why only light above a certain frequency can move elec-
trons into the conduction band. The intensity of the incoming light only influences the number

of electrons transferred into the conduction band [17].

The transition to the conduction band (through photons or phonons) can either happen
over the whole bandgap or with the help of impurities, which is then called impurity-mediated
generation. As impurities have energy states within the bandgap, the energy needed for the
transition is lower than for pure semiconductors [18].

Recombination Processes

Recombination of charges is the opposite process of generation and is important to keep the
thermal equilibrium. Again different processes are possible (see Fig. 2.3): The first one is radia-
tive recombination, where an EHP recombines over the whole bandgap which leads to photon
emission with a frequency corresponding to the bandgap’s energy. It is the ultimate physical
limit of the efficiency of solar cells for direct-bandgap semiconductors. In reality (and also for
indirect semiconductors) other recombination effects limit this efficiency. This is mostly the
non-radiative (Shockley-Read-Hall) recombination. Due to impurities (intentionally from dop-
ing or unintentionally) so-called trap-states for both electrons and holes develop in the middle
of the bandgap. There they can recombine and the energy is emitted through a phonon. Es-
pecially at surface areas or at boundaries many of these traps exist due to unpassivated bonds.
In indirect semiconductors also Auger recombination is typical [18]. Here two electrons collide
in the conduction band, which leads to one electron recombining with a hole and the other one
gaining more kinetic energy from the collision. This kinetic energy is emitted through phonons
and the electron returns to the border of the conduction band [18].

10
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Figure 2.3: Recombination processes: (a) radiative recombination over the whole bandgap; (b)
Auger recombination; (c) non-radiated (Shockley-Read-Hall) recombination [18].

2.1.3 Carrier Transport in Semiconductors

In a pure semiconductor charged carriers (electrons or holes) experience a force when an electric
field FE is applied. The free electrons in the conduction band drift to the positive electrode
(anti-parallel to the electric field). Even the electrons in the valence band can drift if holes (free
places) are available which can be used by the electrons. This can be interpreted as a drift
of the holes parallel to the electrical field. Both parts lead to a drift current with the current

density 3 = o - E, with the electrical conductivity o, of the semiconductor. It depends on
. Tn

*
n

the charge density n - g or p- ¢ (with the electron charge ¢) and the mobility u, = g or

q-Tp
Hp m

respectively. Here 7,, 7, is the average time between two collisions of electrons in the

conduction or valence band [17]. As the electrons in the valence band only have p holes where
they can move to, their mobility is much lower than the one for the electrons in the nearly empty
conduction band. The total conductivity is temperature dependent because the carrier density
increases exponentially with rising temperature (because more electrons move to the conduction
band). The slight mobility decrease due to a shorter scattering time 7, , does not have a large
effect. Overall, the drift current can be expressed as:

. ) . q- q-

Jarist = Jn+Jp=(n-q-pn+p-q-pp)E=(n-q=—=+p-q-—F)E. (2.9)
n P

In doped semiconductors, the carrier density n (n-type) or p (p-type) is higher. This also in-

fluences the conductivity and is called impurity conduction. It occurs already at lower energies

because the donor electrons move to the conduction band before the electrons from the valence

band do [17, 18].

Moreover, diffusion current occurs in a semiconductor when a concentration gradient of
carriers exist (which we will see later). Due to the random thermal motion, particles will always
move to regions with lower concentrations. This is explained by Fick’s First Law of Diffusion,
which is true for any kind of mass flux. If the particles are charge carriers (like the electrons
and holes) their diffusion results in a diffusion current:

jdiff =Jn+ jp =qDpVn — quvP (2'10)

It states that the diffusion current jg; s is proportional to the concentration gradient Vn and

11
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Vp. D, and D, are the diffusion coefficients which are related to the mobility according to the
Einstein relationship: D, ), = ,un?pl%T [18].
2.1.4 PN-Junctions

The functionality of a solar cell, and also many other semiconductor applications, is based on
the presence of a pn-junction. Here an n-type semiconductor is brought in contact with a p-
type semiconductor of the same lattice material. In the contact area, a large carrier imbalance
emerges. In the n-type region, more electrons exist than in the p-type region, so they move to
the area with lower concentrations. The same happens with holes in the other direction. This
leaves uncompensated ionised donors on the n-side and acceptors on the p-side, which lead to a
fixed charge on both sides in the so-called space charge region (or depletion region Wy,). This
charge generates an electric field and consequently a drift current of the charge carriers. The
drift current compensates the diffusion current and leads to an equilibrium [18].

Figure 2.4 presents the band diagram of a pn-junction. The Fermi level needs to be equal
on both sides, so the conduction band and the valence band bend in the space charge region
and form a potential barrier. It is denoted as V,, (and also called built-in voltage) and can be
calculated as the energy difference of the bandgap reduced by that of the gap to the Fermi level
on the n-side E. — Er and p-side Er — E,:

(2.11)

N.N,
qv;m:Eg—(Ec—EF)—(EF—Ev)zEg—szn( c ”)

NaNp

using Equation 2.7 and 2.8. Moreover, Equation 2.3 can be used to write the voltage with the
donor, acceptor and intrinsic density:

KT ([ NaN
V,m:ln< A2D>. (2.12)

q n;

)

Equation 2.12 shows that the built-in voltage V},, depends on the donor and acceptor density
[18, 19].

: Depletion:
‘@ © O region |

RPICICISIS) ‘ conduction band

-------------- (n)
EFz'

S ¢ b ‘valence band

de
Figure 2.4: PN-junction with the aligned Fermi level [20].

An external voltage V, applied on the pn-junction modifies the built-in voltage. If the
positive pole is connected to the p-side, the built-in voltage is reduced: V,,, —V,. It is assumed
that the whole voltage applied drops in the space charge region, and the area beyond is quasi
neutral. The built-in electric field does not change, nor does the drift current. But a high

12
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diffusion current starts because more majority carriers can negotiate the potential barrier. This
leads to an exponential increase of the current [18, 19].

If the voltage is applied to the n-side, the potential barrier increases. This eliminates the diffusion
current and only minority carriers can contribute with a low drift current. This leads to a typical
diode current characteristic presented in Figure 2.5a. If an ideal pn-junction is assumed, with
quasi-neutrality (all voltage is dropped across the junction) and no mobile carriers present inside
the depletion region, the applied voltage only changes the minority carrier distribution. So from
the minority carrier diffusion equation (2.10) the ideal diode equation can be derived using an
exponential ansatz (see [18, 19]):

D D
(V) = an2 | _Dn | (VT ) — i (paVIRT
SV = [NALTL * NDLP] (¢ 1) = o (e 1) (2.13)

This equation describes the ideal current-voltage characteristic with the saturation current den-
sity jo.difs depending on the diffusion length L, , (the average path length of a charge carrier
before recombination). In reality, not all assumptions made are valid for solar cells, so a more
complex equation is necessary to describe the current-voltage behaviour of solar cells (which can
be found in [18, 19]).

v
Vv
X ’ ¢ -
Jo,diff : / a
Jph
~j/100 t

(a) Ideal diode characteristic with the small negative  (b) Part of the diode characteristic of an irradiated diode.
saturation current —joqifs in the reversed biased
part.

Figure 2.5: Diode characteristics, modified from [17].

2.1.5 Solar Cells

A solar cell is a pn-junction with a large surface area. In the practice, the n-type semiconductor
often faces the sun and the p-type layer is located on the backside. If the solar cell is irradiated by
the sun, photons are absorbed. As described in Section 2.1.2, an absorbed photon with enough
energy can move an electron into the conduction band and generate an electron-hole pair. So
the density of holes in the valence band and of electrons in the conduction band increases which
changes the built-in voltage on the pn-junction and reduces the potential barrier. The electricity
production in the solar cell can be explained by the photovoltaic effect. If an EHP is generated
in the space charge region, the electron is moved to the n-side and the hole to the p-side due
to the internal electrical field. The same happens for the minority carriers if they are generated
near the space charge region and diffuse to the border of this region. The majority carriers,
however, are rejected by the internal field and the electrons stay at the n-side and holes at the
p-side. This leads to the fact that the n-side gets negatively charged and the p-side positively,
so an external electric field arises compensating the internal field. The external field can never
become higher than the internal one, so the maximum voltage achievable by a solar cell (the open
circuit voltage) is equal to the built-in voltage V,,. If the n-side and the p-side are connected
over a resistor, the carriers move over the external circuit and a current flows. This is called the

13
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photocurrent I,;, which reduces the diode current (see Fig. 2.5b). The diode equation (2.13) for
the current density, j changes to:

= jodifs (qu/kT _ 1) — Jph- (2.14)

For an optimal function of the solar cell, the resistance must be chosen such, that the power
becomes maximal. In the official electrical notation, the current of the solar cell is negative
because it is produced by the cell and delivers energy into the circuit (see Fig. 2.5b). In the
solar cell community however, the IV curve is plotted with a positive current [17, 21].

2.2 Spectroscopy

To characterise the chemical stability of the coating material on the backsheets, vibrational spec-
troscopic methods were used. These methods are common in the chemical analysis of polymers
either for material identification or to detect material degradation. Hence, they are also applied
in the PV sector for a detailed analysis of the polymer components of PV modules in product
development, for quality assurance in the manufacturing process or for failure detection. This
section will give an overview of the physical principles of vibrational spectroscopy. Then it will
stress out the differences between infrared (IR), near-infrared (NIR), and Raman spectroscopy
and the respective devices, as they were all used in this thesis.

2.2.1 Physical Principles

The basic principle of spectroscopy relies on the interaction between electromagnetic waves and
matter. The relevant part of the electromagnetic spectrum extends from the long-wavelengths,
low-energy radio waves to y-rays with short wavelengths and consequently high energy (see Fig.
2.6). Depending on the wavelength of the incoming wave it interacts with different levels of
the radiated matter. Of the various interactions, we are here interested in the structures of
organic/polymer molecules which can be identified by their molecular vibrations. These can be
exited and hence detected by light in the infrared range [22, 23].

The fundamental principle of matter-wave interactions is that a photon (with frequency v)
that is absorbed by an atom or molecule can put this atom/molecule in a higher energy state
E; if the energy conservation law is fulfilled: E; — Ey, = h - v;.. Here h is the Planck-constant.
This shows that only specific frequencies can be absorbed by a specific atom or molecule which
can be detected and recorded in a spectrum. However, not all the frequencies which are possible
due to the energy conversion law are allowed, so further relations have to be considered for
the absorption process. Besides the energy, also the conservation of the angular momentum and
principles of symmetry need to be fulfilled. These rules give the conditions for the selection rules
to a higher energy state. They can be derived from the time dependent Schrodinger equation
which is beyond the scope of my thesis but can be found in [17]. Here only the selection rules
for the molecular vibrations will be considered in the following [17, 23].

To aid intuition, let us go back to classic mechanics. The vibration of a simple molecule
consisting of two atoms can be explained by the model of a harmonic oscillator. In a classic
mechanic’s model, the atoms having the masses mj, mo are linked via a spring. During the oscil-
lation, potential and kinetic energy are constantly transferred into each other. The frequency of

1
this oscillation can be derived from a differential equation to v = or i with the reduced mass
Ty p

= % of the two atoms and the strength of the bond f. This shows already how the
mi mo
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Figure 2.6: Correspondence of quantum transitions with parts of the electromagnetic spectrum
[24].

vibrational frequency depends on the atoms’ masses and their bonding force of the investigated
molecules and makes clear that they can give unique information about these structures [23].

For a more exact explanation of the motion of a molecule, a quantum mechanical explanation
is required. Again the harmonic oscillator describes the system at the start. Hence, now the
Schrédinger equation is used:

L

2m dx?
with the reduced Planck-constant A, the harmonic potential V' (z) and the wave function ¢. Now
the energy levels of the harmonic oscillator can be derived to [17]

+ V(z) = By (2.15)

E:hw<v+;>:hu<v+;). (2.16)
Here the vibrational quantum number v is an integer and the energy levels are equidistant. For
a transition into a higher energy level the selection rule for the vibrational quantum number
of Av = +1 appertains. For a complex organic molecule, the description with a harmonic
oscillator is not fitting except for small deflections, because the attractive force in a molecule is
not proportional to the distance between the atoms. When the atoms are getting too close to
each other, repulsive forces have an effect and, thus, have to be taken into account. Additionally,
when the atoms are too far away and over a certain spatial limit (the dissociation energy Ep)
the bond breaks. Hence, the potential energy is better described by a Morse potential (see
Fig. 2.7), although it is still not fitting perfectly. The advantage is, that again the Schrodinger
equation can be solved and the energy of the vibrational levels calculated to

1 h2w? 1\?
FEy = - = -] . 2.1
anlv) = (04 5 ) = o v+ 3 (2.17)
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The differences between the energy levels are now no longer equidistant but decrease with increas-
ing quantum numbers. Moreover, the selection rules change, and in an anharmonic oscillator
transitions also to higher energy states are possible: Av = +1,2,3,... . These vibrations to
higher levels are called overtones of the corresponding ground transitions [17, 23].

Dissociation Energ

1T

Energy

’,
Internuclear Separation (r)

Figure 2.7: Morse potential of a two atomic molecule in comparison with the harmonic potential
and their respective energy states [25].

Molecules are not only vibrating but also rotating. So the rotation has an impact on the
vibrational energy levels too. In a first step, this motion is explained by a rigid rotator. The
rotational energy is Eox = %I w? with the angular velocity w, the moment of inertia I = myr? +

mars = ur?. Again the energy eigenvalues can be derived from the Schrédinger equation to:
h?
Erot = EJ(J +1) (2.18)

with the rotational quantum number J. For the transitions to a different energy level the selec-
tion rule is AJ = (0), £1 (here J = 0 to J = 0 is not permitted). For a rotation only (without
vibration), this transition requires energy with wavelength in the micrometer range [17, 23].

A molecule can now be explained as a rotating oscillator because it is rotating and vibrating
at the same time. The vibration frequency is higher than the rotation frequency, so during
one rotation, the molecule is vibrating 10-100 times. Hence, the atoms’ distance depends on
the vibration state which is therefore influencing the moment of inertia and the energy levels.
Hence, new selection rules pertain: AJ = (0),+1 and Av = £0,1,2,3, ... [23].

A molecule with more than two atoms can execute several vibrations. Every atom has three
degrees of freedom. In total, the molecule (with N atoms) has 3N-6 vibrational degrees of freedom
(normal modes) because three are substituted for the translation and three for the rotation of
the molecule. An exception are linear molecules because they only have two possibilities for
rotation so 3N-5 are left for the vibration. The normal modes can be used as a coordinate
system, where the coordinate ); gives the deflection of the atoms into the direction of the i-th
normal vibration. In a quantum mechanic model, the single normal modes can be explained
as vibrations in a harmonic oscillator. This is of course only true for small deflections because
around the minimum the anharmonic potential corresponds to the harmonic potential (visible

in Fig. 2.7). This simplifies the overall vibrational energy to Eyi, = >, hw; (vi + %) with
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the vibrational quantum number of the i-th normal mode v; and the degree of degeneracy d;
originating from vibrations with the same vibrational frequencies. When considering polymers
consisting of many atoms, a lot of vibrations should be possible. However, as in the polymer
structure several groups are repeating, this leads to a redundancy of vibrations. Hence, the
spectra of polymers are not overcrowded with bands [22, 23].

The basic principles of vibrational spectroscopy are the same for all different techniques but still,
considerable differences can be found in the excitation process, spectra range, and the setup of
the used instruments. These differences will be explained in the following.

2.2.2 Infrared Spectroscopy

Infrared (IR) spectroscopy is based on the absorption of electromagnetic radiation in the mid IR
region by matter (molecules). Each bonding between two atoms in a molecule makes a unique
potential depending on the masses of the atoms and their distance. Moreover, the atoms are
always oscillating (in the ground level) which can result in the movement of electrical charge if
the atoms’ charge is not distributed symmetrically or gets asymmetrically through the oscilla-
tion. This charge movement results in a dipole moment [23].

If IR radiation is interacting with the molecule of interest, vibrations that fit certain fre-
quencies can be exited. This means the affected molecule parts are put into a higher vibrational
energy level. However, for IR radiation this is only possible if the dipole moment pg; is chang-
apel
0Q
transition in the normal coordinates of a molecule ). Therefore, IR spectroscopy is sensitive to
asymmetric vibrations of polar groups in a molecule [17, 22].

ing through this absorption process. Which results in the condition =# 0 for a possible

This condition and the selection rules derived in the section before, result in a unique in-
frared spectrum for each material. The material is irradiated with the whole mid-infrared range
from 2.5 - 25 pum wavelength (4000 - 400 cm ™! wavenumber) with a suitable light source. At the
frequencies/wavelengths where a transition is possible, light gets absorbed. Functional groups
in molecules often have characteristic vibrations in a certain range of the IR spectra. So these
functional groups can easily be detected [22].

Normally, the spectra are measured in transmission mode, T = %, meaning the ratio of
the transmitted light through the material I and the incident light Iy. The x-axis’ unit of the
spectra is often given in wavenumber v = % = 7 because it is proportional to the frequency
and hence also to the energy of the electromagnetic wave. Besides the qualitative analysis
of an IR spectrum, also quantitative analyses are possible due to Lambert-Beer’s law [23]:
I = Iye W with the sample thickness | and the absorption coefficient o which depends on
the frequency and the concentration of the material. It can also be written with the decadic
logarithm log(I) —log(Iy) = —a-c-l with a concentration-independent decadic absorption coeffi-
cient of the species a and the concentration c¢. For quantitative spectra analysis, the absorbance
A= —log(%) = a-c-1lis given on the y-axis because A is direct proportional to the concen-
tration. In a material with several absorbing species at the same frequency/wavenumber, the
concentration of one species can be determined if the other concentrations are known [23].

For IR measurements in transmission mode, the sample needs to be prepared manually as
a thin layer 20 - 50 pm (=bulk measurement). To avoid time-consuming sample preparation,
alternatively, the attenuated total reflection (ATR) technique is often used in practice. Here the
probe consists of a crystal with a high refraction index. If it is brought in close contact with the
sample surface, which has a lower refraction index, the radiation reflects on the interface due
to internal total reflection. However, an evanescent wave penetrates some wavelengths into the
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CHAPTER 2. THEORY

sample. Because the intensity of the radiation decreases exponentially in the optically thinner
medium (the sample), this automatically provides a sample thickness of 0.5 - 3.0 um (=surface
sensitive measurement) [22, 23].

IR Spectrometer

A spectrometer is composed of the main parts: (i) IR source, (ii) wavelength selector, (iii)
the sample cell, (iv) a detector, and (v) a data analysis tool. Nowadays, mostly Fourier-
transformation infrared (FTIR) spectrometers with a Michelson interferometer are on the mar-
ket. Figure 2.8 presents the most important parts of an FTIR spectrometer. A thermal radiation
source is used which can be of different materials depending on the IR region. For mid-infrared
mostly a globar made of silicon carbide (SiC) is utilized [23].

Then a semi-transparent mirror splits the polychromatic beam. The first part is reflected by
a stationary mirror and the second one by a moving mirror. Depending on the distance of the
second mirror specific wavelengths undergo constructive interference. As the mirror moves, all
wavelengths get scanned. The recombined beam is sent through the sample, often several times
when mirror optics are used [23].

The detector transfers the beam into a time-depending signal, which is proportional to the
interference intensity. Thermal detectors using the pyroelectrical effect are common, for example
deuterated triglycine sulfate detectors (DTSD). Another possibility are photo detectors. They
work on the same principle described for solar cells in Section 2.1. In the mid IR range mercury
cadmium telluride (MCT) detectors are used because their bandgap fits the IR range [23].

In a computer, Fourier-Transformation is applied to transform the signal into the emitted
spectrum. This is then set into relation to a reference spectrum (background) to give the
absorption of the sample [23].
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Figure 2.8: Sketch of a FTIR spectrometer and its most important parts [26].

2.2.3 Near-Infrared Spectroscopy

The basic principles of near-infrared (NIR) spectroscopy are the same as described in the IR
section as it is also an absorption technique using a polychromatic light source. Though a differ-
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CHAPTER 2. THEORY

ent source is used which emits light in the NIR range. The biggest difference to mid-IR is that
overtones of fundamental vibrations (i.e. transitions into higher energy states) or combination
bands correspond to wavelengths in the NIR region (0.8 - 25 pm wavelength or 4000 - 12 500 cm ™!
wavenumber). Besides the condition for the dipole moment %erl # 0, the oscillator describing
the bonding vibration needs to be mechanical anharmonic for a high intensity of the absorption
bands. So the two masses of the participating atoms should be different. This pertains also in
the mid-IR region, but is more important for the overtones because they have weaker intensity.
Hence, mostly overtones coming from C-H, N-H, or O-H stretching vibrations are detectable.
The bands are often overlapping and as they are mostly referring to only a number of bonds
they cannot be used for detailed material specification. Still, identification is possible, if the NIR
spectra are compared (automatically) to a database, where many spectra of different materials
are stored. Also, quantitative analysis of complex molecules or a chemical intermixture is possi-
ble even though the bands are overlapping. This can be done with a multivariate chemometric
analysis using a statistical model [22, 23].

It also has to be taken into account that the intensity of an overtone absorption band is a
factor 10 weaker than the fundamental vibration. This can be an advantage because thicker
samples can be measured and no detailed sample preparation is needed. The NIR spectra can
be measured in transmission mode or in reflection mode. In reflection mode the beam enters the
sample and only gets reflected by a material that is opaque in the NIR region, like e.g. a metal
or a Si-wafer. It passes the sample two times and gets absorbed on the way. This can be used
to investigate several layers of polymers without separating them (which would be necessary for
the ATR IR technique) [22, 23].

NIR Spectrometer

A NIR spectrometer consists of the same parts as an IR spectrometer, but some principles work
differently: (i) the polychromatic light source in the NIR range is often a tungsten halogen lamp.
(ii) As wavelength selector monochromators are common. (iii) The sample cell is only needed
for the transmission mode. (iv) To detect the wavelengths often line array detectors are used,
which can be equipped with lead sulfide photo diodes which transform the electromagnetic wave
into an electrical signal [23].

Although FT spectrometers can be found in the NIR range, dispersive spectrometers are more
common, where the wavelengths are separated by a monochromator. It exists of two narrow
slits, where the polychromatic beam is sent through at the beginning and the end. In between
an optical system to guide the beam and the dispersive element are located. The dispersive
element can either be a diffraction grating or a linear variable filter, which both separate the
wavelengths spatially. A linear variable filter relies on the interference principle of thin dielectric
layers, which eliminate all wavelengths except a small bandgap. The layers vary in thickness
and therefore reflect the different wavelengths dependent on the axis of the filter [23].

2.2.4 Raman Spectroscopy

Raman spectroscopy is a scattering technique so it works differently than IR and NIR. If a
molecule is irradiated with a monochromatic laser, it is excited into a high virtual energy state
from where different relaxation pathways can happen. A part of the radiation is scattered elasti-
cally with the incident frequency (Rayleigh scattering) when the molecule relaxes back into the
ground state. However, inelastic scattering (Raman scattering) is also possible if the molecule
relaxes back to the first vibrational energy level and emits a lower frequency than the incident
radiation. The frequency difference to the incident radiation corresponds to the energy gap of
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CHAPTER 2. THEORY

rotational-vibration energy states of the molecule. Hence, the molecule’s vibrations can be mon-
itored in the Raman spectrum as the so-called Stokes lines. Anti-Stokes lines are also detected
(but less probable) if the molecule is in a higher vibrational energy state before interacting with
the incoming radiation and relaxes to the ground state (see Fig. 2.9). As the Raman scattering
is more unlikely than the elastic Rayleigh scattering, the Raman lines have less intensity and
the Rayleigh line has to be filtered out to make spectral analysis possible. The x-axis of the
Raman spectra is mostly given as a difference between the wavenumber of the incident and the
scattered radiation, which means that 0 corresponds to the wavenumber of the laser [17, 22, 23].

If the energy of the laser is high enough to excite electrons of a molecule into a higher en-
ergy level, part of the radiation can be absorbed by the molecule. The excited electrons emit
fluorescence radiation when they stepwise fall back to their ground level. This fluorescence has
a much higher intensity than the Raman peaks and gives broad unspecific signals. Thus, the
fluorescence overlaps with the specific Raman bands and makes their detection more difficult.
Therefore, the energy of the laser should be smaller than the energy gap of the involved elec-
trons. However, already small amounts of impurities or additives with fluorophoric groups can
make fluorescence that overlaps the Raman lines. A solution would be the use of a laser with
less energy, for example with wavelengths in the NIR range instead of the visible spectra. But
as for the intensity of the Raman lines pertains: Iruman ~ ¥4 with the incoming frequency v
a compromise has to be found between prevented fluorescence and the less scattering efficiency
and therefore less intensity of the spectrum [22, 23].
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Figure 2.9: Comparison of different excitation effects: IR, Rayleigh scattering, Raman scattering
(Stokes and anti-Stokes) and fluorescence. Figure modified from [27].

Raman spectra often differ significantly from IR spectra of the same molecules, although the
same vibrations refer to the same wavenumbers in both spectra (see Fig. 2.10). This is due to
different selection rules that Raman spectroscopy obeys. It can be explained classically with
the fact that an incoming wave induces an electrical dipole moment that is proportional to the
electrical field E of the wave and added to the permanent dipole moment pgl of the molecule:

pa=pY+a E (2.19)

with the polarisability tensor &. The electrical dipole moment and the polarisation can be
developed in a Taylor series in the directions of the normal modes of the molecular vibrations Q).
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CHAPTER 2. THEORY

For small deflections we can use the approximation of harmonic oscillations and write the n —th
normal mode as Q(t) = Qno - cos(wyt). If everything is inserted in (2.19), the time dependent
electrical dipole becomes:

Ey

Ope N 0w ;
Pel = sz + Z <0€2:L)0Qn0 cos wyt + a(0) Ey cos wt + (Z <agi>0Qno cos (w :l:wn)t>

(2.20)

Here the first term is the permanent dipole moment of the molecule, the second one is oscillat-
ing with the molecule vibration (responsible for the IR spectra), and the rest are the induced
molecular dipole terms from the incoming wave. The oscillating dipole is radiating light in three
different frequencies, the Rayleigh frequency (the third part in (2.20)), the Stokes (w — wy)
and the anti-Stokes (w + wy,) frequencies. It shows that the amplitude of these outgoing waves
depends on the polarisation in the directions of the normal modes, which means that they are

0 if (ggz ) = (0. Hence, in the Raman spectra, only such vibrations are visible in which the
polarisation is modulated. Contrary to the IR spectrum, symmetric vibrations can be detected
with high intensity in the Raman spectrum, but asymmetric ones often not, if the polarisation
does not change. This emphasises that both techniques are complementary and can be used

together to identify a molecular structure in detail [17, 22].
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(a) Mid-infrared (MIR) spectrum in Absorbance and Raman (b) NIR spectrum

spectrum.

Figure 2.10: Comparison of the spectrum of different spectroscopic methods of a TPT (Tedlar©)
backsheet.'All spectra show different bands of the same material.

Raman Spectrometer

A Raman spectrometer consists of the following parts: (i) a monochromatic laser; (ii) an optical
system to guide the beam to the sample and focus it there; (iii) the sample cell; (iv) a dispersive
spectral separator often with a diffraction grating; (v) a multichannel detector, mostly charge-
coupled devices (CCD) and (vi) a computer to transform the electrical signal in a spectrum (see
Fig. 2.11) [23].

In the Raman spectrometer the laser used for the excitation of the sample can have its wave-
length either in the visible (400 - 800 nm) or in the near-infrared range (e.g. 1064nm). The

!This graph and all graphs in the following were done in Origin [28] by myself.
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optimum wavelength for excitation depends on the sample type and the problem of interest.
For lasers in the NIR range also Fourier-transformation-Raman spectrometers exist, which work
similar like the FTIR spectrometers. For lasers in the visible range dispersive multichannel
Raman spectrometers are used. Here a diffraction grating splits the laser beam according to its
wavelength. This makes an image on a focal plane, where a multichannel detector is suited. For
that nowadays charge-coupled devices (CCD) are in use, which are based on a photosensitive
semiconductor (mostly silicon). Each wavelength hits a dedicated pixel and is transformed into
an electrical signal which gives the Raman spectrum [23, 29].

A large advantage of Raman spectroscopy compared to IR is that the laser signal can be
transported through quartz light fibres to the sample and back which could be longer than
100 m. Moreover, direct contact of the probe with the sample material is not necessary as the
spectrum is recorded in the focal point of the laser allowing measurements behind a transparent
glass or film [29].

optical beam splitter and notch filter
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Figure 2.11: Sketch of a dispersive Raman spectrometer and its most important parts [30].
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Chapter 3

PV Test Site

The PV test site under investigation is located on the foot of Bisamberg on the northern border
of Vienna. Twelve PV modules are mounted on the roof of a small house, tilted by 6 degrees
from the horizontal and orientated about 36 degrees away from the south to the west.

Originally, these modules had been part of a PV park in Ahlburg, Germany, where they
were installed from 2012 to June 2021. Because the backsheets of the modules showed cracks,
they were dismounted and replaced. 24 modules were chosen for repair tests within the research
project PVRe?, as described in Chapter 1. For the outdoor monitoring in the field, twelve mod-
ules without any hotspots 2 were selected for the repair process. The test site modules have the
number 69Tx with x from 1-12 which will be called Module 1-12 from now on.

The modules were coated in the beginning of July 2021 and mounted on the roof shortly
afterwards. Figure 3.1 shows a picture of the test site mounted on the roof. Furthermore,
Figure 3.2 outlines the module assignment, their respective coating as well as the place of the
pyranometer (P) and the temperature sensors (which will be described in Section 4.1).

Figure 3.1: PV test site with the twelve coated modules mounted on the roof.

2A hotspot occurs if the short circuit current of one single cell is lower than the operating current of the
module. Then the power generated in the other cells is transformed into heat by the affected cell [31].
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Figure 3.2: Arrangement of the modules on the test site with the two coatings (Remsolar and
Dowsil) on the backsheet and the placement of the inverter, the pyranometer (P) and the five
temperature sensors (T1-4 module temperature and T-A ambient temperature).

3.1 Modules

The modules are of the type Schott Power”™ Poly 240 [32]. Each module consists of 60 poly-
crystalline solar cells (15.6 cm x 15.6 cm) with three busbars each and a junction box IP65 with
three bypass diodes. The modules initially had an efficiency of n = 14.7%. The produced power
at the maximum power point (Py/pp) has a temperature coefficient of —0.45 % /K. An ethylene-
vinyl acetate copolymer (EVA) encapsulant protects the solar cells on both sides. Solar glass on
the front side and a polyamide polymer backsheet on the backside provide further protection and
stability. The frame is made of aluminium with a total dimension of 165.2cm x 99 cm x 3.5 cm
[32]. Table 3.1 lists the module’s electrical characteristics.

Table 3.1: Electrical characteristics (power Pyrpp, voltage Uprpp and current In;pp at the
maximum power point; open-circuit voltage Upc and short-circuit current Ig¢) of the modules
according to the type label.

Pypp | 2240W
Uypp | 298V

Uoc 37.2V
Ivpp 8.1A
Isc 8.59 A

3.1.1 Polyamide Backsheet

The main focus of this project lies on the polymer backsheet of these modules because of the
detected failure (cracks) and the repair methods developed for this purpose. The backsheet
used was a polyamide backsheet Icosolar AAA 3554 made by Isovoltaic with a thickness of
(0.35 4+ 0.05) mm [33]. The co-extruded backsheet is built of three layers which all consist of
polyamide-12 (PA12). Figure 3.3b shows the chemical structure of PA12. The core layer is
modified with polypropylene (PP) and contains a silica filler (glass fiber) for better mechanical
properties. Furthermore, the outer and inner layers contain a TiOs filler, which is added to
achieve protection against UV light [34]. Figure 3.3a shows a microscopic picture of a cross-
section of the backsheet as part of a PV module. Also the EVA encapsulant of the module is
visible on the upper part.

Although PA12 is more robust against temperature and humidity changes than other polyamide
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(a) Light microscope image of cross- (b) Chemical structure of polyamide 12 [35].

section of the three layers of a PA back-
sheet as part of a PV-module [10].

Figure 3.3: Polyamide backsheet information.

structures, ageing-induced changes can be detected, if the PA backsheet is exposed to strong
environmental stresses in the field for several years or artificial weathering tests [10]. Besides
the visible cracks in the backsheet which will be discussed in detail in Section 5.2.1, especially
photo-oxidative degradation and chalking on the surface were detected. The exposure of the
surface of the PA12 backsheet to high doses of irradiance in the presence of oxygen can trigger
breakage of the polyamide chains, which is called photo-oxidation degradation. This surface ef-
fect can be detected by infrared spectroscopy, as photo-oxidation causes a carbonylband (C=0)
at 1710cm ™! to increase in intensity with increasing ageing [10].

The chalking is related to the TiOg particles. Although, they should protect the backsheet
against UV light they can also form radicals under the impact of UV irradiation which can
accelerate the polyamide degradation. Often chalking is a pre-sign for worse degradation effects
like cracking [34].

Furthermore, cyclic amid oligomers may form crystalline deposits on the surface of the PA
backsheets in accelerated ageing tests under damp heat conditions. During the building process
of polyamide these cyclic oligomers develop. These structures are not fixed in the long PA
polymer chains but can move freely in the material. Therefore, under extreme temperature
and humidity conditions, they migrate to the surface, where they can be detected with the
microscope [36, 37, 38].

3.2 Coating of the Modules

The method for repairing modules with cracked backsheets was developed within the project
PVRe? [12, 15], where it was learned that the optimal repair process was to dismount the mod-
ules and apply the repair solutions on the backside of the flat-lying modules. For this project’s
test site, the modules were transported from Ahlburg to Vienna where they were coated in the
laboratory. The first step of the repair procedure is to clean the backsheet mechanically with a
slightly humid towel [12]. Here it is important that the towel is not too wet, because, otherwise
water could enter through the cracks into the module. After letting the backsheet dry for a
minimum of 24 hours, the coating can be started.

Regarding the coating, the proper layer thickness is decisive. On the one hand, the goal is
to use a minimum amount of material to reduce the cost of the repair solution. On the other
hand, it is mandatory to completely fill the cracks and provide a protective layer of minimum
50 pm on the whole backsheet. This protects the backsheet against further degradation of the
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polyamide and stops the oligomers from migrating to the surface. In the developing phase of
the different coatings, a detailed microscopic analysis of cross-sections was done to see whether
the cracks were completely filled with the coating. To do this, parts of the coated modules with
deep cracks were cut out, embedded in an epoxy resin, polished and the cross-section was then
analysed with a light microscope (see Figure 3.4) [12, 15]. Doing so, the coating thickness could
also be measured and checked if it is sufficient.
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(a) Remsolar coating [16]. (b) Silicone coating [15].

Figure 3.4: Light microscope images of cross-sections of coated modules with deep cracks.

The example cross-section in Figure 3.4a shows that the crack is filled but the cover layer is
not sufficient. The layer had a thickness of 16-61 pm [12] which is too thin on some parts, as for
instance on the edge of the cracks, as degradation of the backsheet could take place again. To
achieve a satisfactory thickness on the whole backsheet the needed amount of coating material
for each module can be calculated. For that it is assumed that the cracks are rather small
on the backsheet (which was the case for the considered modules) and not a big percentage
of the coating goes into the cracks but forms an even layer. With a module backsheet area of
A = 1.59m? and a desirable average coating thickness of 75 pm, the coating volume is 122.5 cm?.
Given the different material densities of the different coating solutions, the needed material can
be calculated in grams, so it can easily be weighed before the coating. The coating processes
with two different types of repair materials will be described separately in the following.

3.2.1 Remsolar Polyurethane Coating

For Modules 1-6 a polyurethane based coating PU 2K Remsolar developed by Rembrandtin
Coatings GmbH was used. It was applied in two layers: first, a transparent crack filler and,
secondly, a white (because it contains a filler) cover coating. Both of them are composed of a
two-component system, a resin and a hardener (442). All materials are based on polyurethane
but contain different amounts of solvent that evaporates a short time after the coating. In the
first step of the coating process, the crack filler was mixed with the hardener and applied with a
paintbrush on top of the cracks. All deep cracks have to be entirely closed so the cover coating
can form an even layer. The cover coating was applied with a squeegee after letting the crack
filler dry for around 15 minutes (see Fig. 3.5a).

To calculate the average coating layer several things have to be taken into account. First,
the relative density of the two-component solutions has to be calculated, with the percentage
mixing ratio. Furthermore, the solvent share must be considered, which reduces the amount
of material on the backsheet when it evaporates. It is assumed that already the crack filler
forms an even cover layer because not a big percentage goes into the cracks. Then both layers’
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thicknesses d can be calculated by:

Vv m

== p_A (3.1)

Table 3.2 gives the values to calculate each layer thickness when initially 150 g for each layer
were used. In total, the average coating layer is dio; = dfi + deoper = 58.0 + 50.1 = 108.1 pm.
However, it must be mentioned that the layer thickness is only an average value because although,
the squeegee was found to be the best tool for evenly coating it is still quite difficult to form a
steady layer.

Table 3.2: Material characteristics of Remsolar coating, information taken from [39, 40, 41].
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crack filler hardener ‘ cover coating hardener
material density 1.1g/cm? 1.16 g/cm3 1.45g/cm® 1.16 g/cm?
mixing ratio 100 : 14.1 100 : 7.7
percentage of material 87,6% 12.4% 92.9% 71%
relative density 1.11g/cm3 1.43g/cm3
material used 150 ¢g 150 g
solvent share 36.2% (47.59¢ ) - 25.8% (35.93 g) -
remaining material m 102.41¢ 114.07¢
layer thickness d 58.0 pm 50.1 pm
oW oH
H-C-H H-C-H H-C-H H-C-H
R I./O\ [./O\ |./O\ |l/o
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(a) Picture of distributing the (b) Chemical structure of Polyurethane
Remsolar cover coating. [42].

(¢) Chemical structure of PDMS [15].

Figure 3.5: Coating procedure (a) and chemical structures of coating materials (b,c).

3.2.2 Dowsil Silicone Coating

Modules 7-12 were coated with Dowsil’™ 7094 flowable sealant developed by the Dow Chemical
Company [43]. In contrast to the Remsolar product, it was applied only in one layer. It contains
no evaporating solvent, and also only a single component that cures when exposed to ambient
moisture. It consists of a polydimethylsiloxane (PDMS) polymer mixed with a filler (calcium
carbonate particles). Figure 3.5¢ shows the chemical structure of PDMS with the Si-O-Si-O...
backbone and the CHs groups bonded to the silicon. Because of the special type of PDMS, it is
a flowable silicone that can be poured onto the backsheet of the flat module and spread evenly
with a squeegee [15].

For each module 160g of the Dowsil coating was used. With the density of the coating of
p = 1.3g/cm? [43] the thickness of the coating can be calculated again using Equation 3.1 to:

160 g

3.2
1.3g/cm? - 15919 cm? (32)

dsiy = = 77.3m.
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3.3 Inverter

Figure 3.2 displays that all the modules are connected serially as a string to one inverter, a
Fronius Symo 3.0-3-M [44]. The three-phase inverter is located inside the building beneath the
PV modules. It has a DC input voltage range from 150 - 1000 V, a maximum input current of
16 A and a maximum PV generator power of 6 kWp. The efficiency depends on the operation
point and can vary between 79.8% and 98%. The Fronius Symo also provides a Modbus TCP
SunSpec interface, which will be used later in the project for the continuous data monitoring of
the modules’ produced power and energy [44].
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Chapter 4

Monitoring Setup

The purpose of the work is to gather information about the test site’s electrical performance as
well as to analyse the long-term stability of the developed repair solutions for the backsheets
of the PV modules. On the one hand, a monitoring system was developed to analyse how the
coating was affecting the electrical performance of the modules. We measured

o the electrical characteristics of the modules

e the temperature

e the incident irradiance
at the site to allow for calculating the nominal power. This was complemented with measure-
ments of the insulation resistance and the I-V curve of the modules.

On the other hand, the material stability of the coatings on the modules was monitored. For
this purpose we did

o adhesion testing

o Raman spectroscopy

o infrared (IR) spectroscopy

o near infrared (NIR) spectroscopy

e microscopic measurements
All measurements were done on one representative module for each coating, i.e. Module 1 for
the Remsolar and Module 7 for the Dowsil coating. Figure 3.2 shows that both are on the border
of the test site and therefore best accessible from the edge of the roof.

4.1 Electrical Setup

The goal is to continuously gather information on the performance of the test site and the meteo-
rological conditions at the place. Therefore, we installed temperature sensors and a pyranometer
and connected them to a Raspberry Pi 4. The data was gathered using the programming tool
Node-RED and stored in a local InfluxDB database. In Grafana, the data was visualised and
could be downloaded in a customised way for further analysis. The electrical data of the modules
themselves was directly gathered from the inverter via a Modbus TCP protocol and also sent to
the database with Node-RED. Furthermore, the data was sent to a publicly open database with
a Message Queuing Telemetry Transport (MQTT) broker system, to grant other project partners
access. Since February 2022 the data is and will be continuously collected.

4.1.1 Raspberry Pi

We decided to gather the data with a Raspberry Pi 4 Model B (RPI). It is a single-board
computer with 4GB RAM. With a screen, a mouse, and a keyboard connected, it can be
operated like a normal computer. It also has a general-purpose input/output (GPIO) header
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CHAPTER 4. MONITORING SETUP

containing 40 metal pins for different purposes. These can be used to connect external sensors
to the RPL. Any pin can be used as an input or output pin. Figure 4.1 shows the different
functions of the pins [45].

For the setup of the RPI, the operating system Raspberry Pi OS (which is based on Debian
Linux) was installed on an SD card using Raspberry Pi Imager. After inserting the SD card
into the RPI, the system could be set up. Then the needed programmes Node-RED, InfluxDB,
Grafana, and the MQTT broker were installed and set up.

3V3 power

GPIO 2 (SDA) o

GPIO 3 (SCL)

GPIO 4 (GPCLKO) o

Ground

GPIO 17

GPIO 27

GPIO 22

3V3 power o

GPIO 10 (MOSI) o
GPIO 9 (MISO)

GPIO 11 (SCLK) o

Ground o

GPIO 0 (ID_SD) o

GPIO 5

GPIO 6 o

GPIO 13 (PWM1)

GPIO 19 (PCM_FS)

5V power

5V power
Ground

GPIO 14 (TXD)
GPIO 15 (RXD)
GPIO 18 (PCM_CLK)
Ground

GPIO 23

GPIO 24

Ground

GPIO 25

GPIO 8 (CEQ)
GPIO 7 (CE1)
GPIO 1 (ID_SC)
Ground

GPIO 12 (PWMO)
Ground

GPIO 16

GPIO 26
Ground o

GPID 20 (PCM_DIN)
GPIO 21 (PCM_DOUT)

Figure 4.1: Raspberry Pi 4: GPIO header pin assignment [46].

Node-RED

For programming the data gathering by the RPI we used the tool Node-RED [47]. It works on
flow-based programming, with JavaScript as a programming language. The single nodes work
like so-called "black-boxes" which change given data in a specific way and send it to the next
node via a message. Some important nodes are already pre-installed. A wide set of additional
nodes are available for installation [47].

I installed Node-RED on the RPI and configured it to automatically restart on boot. This
is important so the measurement will continue automatically, even if the RPI is rebooted by
hand or after a blackout. Via the browser of the Raspberry Pi, Node-RED can then be accessed
on the address: http://localhost:1880. Here all the programming was done. The gathered
data, which will be described in the following sections is processed and then sent to InfluxDB.
Furthermore, the data is published on an open server (opendata.technikum-wien.at) using an
MQTT broker.

InfluxDB

InfluxDB is a time-series database that is suitable for time-stamped data originating from var-
ious sensors. Because the Raspberry Pi has only a 32-bit system, the InfluxDB version 1.8
had to be used. After the installation it was also configured to automatically restart on boot.
Then the Database testanlage was created. The data is stored directly on the RPI in the folder
Jvar/lib/influxdb/data. This was done in Node-RED using the node InfluxDB out, where each
measurement gets an identifying name. When setting up the node for the first time the server
had to be initialised. There the InfluxDB version, the host and port http://localhost:8086
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and the desired database (testanlage in this case) had to be selected.

To avoid unnecessarily huge log files, the influzd.conf file needed to be adapted to handle
the numerous measurements taken at ever 10 seconds. In the default setting, every entry in the
database is logged with a line in the syslog file of the RPI. Therefore, the syslog file can get
very big. To avoid such a situation, suppress-write-log = true was set inside the influzd.conf
file under the http section. The writing is no longer logged, only error messages are. The syslog
file stays therefore much smaller.

Grafana

Grafana is an open-source application to query and subsequently visualise data of different data
sources. Raw data can be accessed easily, analysed with simple statistics, and then visualised
in many different ways. In the project, it makes the data stored in InfluxDB accessible and
understandable [48]. After Grafana was installed on the RPI and autostart enabled it could
be accessed on the address: http://localhost:3000. Then, an account was created and a
dashboard set up where all the data is presented. To connect to the InfluxDB database it
needed to be added as a data source. After InfluxDB was selected as database type, the URL
was set to http://localhost:8086 and the database name testanlage was entered as well as user
information of the RPI. With these pre-settings done, queries could be added to the dashboard
with all different measurements gathered by InfluxDB. Besides the graphic presentation, data
can also be downloaded as a csv-file for further analysis, which will be described in Section 5.1.

Message Queing Telemetry Transport (MQTT)

To make the data gathered on the RPI also available for all project partners, it is sent to
a publicly accessible MQTT broker system (opendata.technikum-wien.at). Mosquitto was
installed and enabled on the RPI, so the RPI can publish data on the broker. I programmed
the publishing in Node-RED with a mqtt out node. In the beginning, the appropriate server
was selected, the port set to 8883, and a new topic was initialised to PVRe2Bisamberg. Every
measurement was then assigned a subtopic which was added with a slash behind the topic. So
each measurements got its own mqtt out node next to the InfluxDB out node (see Figures
4.3-4.8). Every client who is subscribed to the correct topic receives the data from the broker
in real-time.

4.1.2 Temperature Sensors

The temperature of the modules had to be monitored, because the power of PV modules is tem-
perature dependent and the modules heat up during operation, especially at high irradiance. As
a direct measurement at the operating cells is not possible, the most accurate temperature can
be obtained via a sensor on the backside of the modules. The module temperature is of special
interest in this project, because it gives us also the temperature of the coating. Therefore, five
temperature sensors were mounted at the test site. One monitors the ambient air temperature
and the others measure the backsheet temperature of two modules with different coating (Mod-
ule 1 and Module 7). On each module two sensors were mounted, one in the middle and one on
the corner of the backsheet.

DS18B20 digital thermometers are used because they communicate over a 1-wire bus which
is suitable for the Raspberry Pi. They have an accuracy of +0.5°C in a temperature range
between —10°C and 85°C. Because the sensors per se are not waterproof but they are expected
to be in operation outside for several years, they had to be made waterproof (encapsulated).
The detailed preparation and mounting of the sensors as well as the connection to the RPI is
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described in follow up work [49].

Figure 4.2 shows the sensors mounted on Module 1 and Module 7 for the module temperature
and Sensor 5 for the ambient temperature. As adhesive tape is not sticking on silicone wooden
sticks press the sensors against the coated backsheet of Module 7.

(a) Sensor 4 mounted on the corner (b) Sensor 1 mounted on the corner (c) Sensor 5 measuring the ambient
of Module 1 (Remsolar). of Module 7 (Dowsil). temperature.

Figure 4.2: Three of the five temperature sensors mounted on the testsite.

Node-RED Programme

To continuously measure the temperature of each sensor a programme in Node-RED was written.
Figure 4.3 shows an overview of the used nodes. First, the specific sensor 1D, which every sensor
has from the manufacturer, was assigned in a sensor-ds18b20 node. In this node the periodicity
of the data gathering was set to 10 seconds. Next a switch node working like an if loop filters
the gathered values. It processes only values smaller than 85 and deletes the value 85 (because
this is the default response value) and undefined expressions. Then a join node combines the
data of all five sensors so they can be written in a common measurement in the database. To save
data storage space, a filter node only forwards the values if they change. Besides the InfluxDB
and the open MQTT broker, the temperature values are sent to the debug sidebar (with the debug
node), where a direct check on the values is possible. In the influxdb out node the server was
set to the settings described in Section 4.1.1 and a new measurement temperatur was created.
The same was done for the mqtt out node, where the topic was set to PVRe2Bisamberg/temp.

Temperature
o sensort [ switon 8stundeined
HiREE | : )
d ;a Sensor2 g— 1 switch 85/undefined

switch Sa/undefined

[v1.x] testaniage temperatur

| maqtt out fh temp

annectad

swatch Sa/undefined

Fros—— | . .
o [ Sensor 5 [~ swich 85undefined

Figure 4.3: Node-RED flow for the temperature measurement.
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4.1.3 Plane-of-array Irradiance Measurement

A pyranometer LP PYRA 03 [50] measures the irradiance (direct and diffuse) using a thermopile
sensor at the test site. Figure 4.4 shows that the pyranometer is mounted directly next to Module
1 in the plane-of-array. The sensor consists of a matt black thermopile sensitive surface and a
glass dome around it. Absorbed radiant energy is heating up the center of the thermopile,
creating a temperature difference to the body of the pyranometer. This results in a potential
difference (Seebeck effect) that can be measured. The sensitivity of the sensor is defined by
the manufacturer to be Spyrq = 15.54nV Wt m? Hence, the measured voltages (U) can be
transformed into the incident irradiance (E,)
U

E. = g (4.1)
The pyranometer has a measuring range of 0 - 2000 W/m? and a spectral range between 300
and 2800 nm. According to ISO 9060:2018 it is inside the spectral flat class C [50].

Figure 4.4: LP PYRA 03 pyranometer mounted next to Module 1, parallel to the module plane
(plane-of-array irradiance), with the test site in the background.

A precise calibration was done with the pyranometer before it was set up [49], which resulted
in an uncertainty of the sensitivity of op, = 3.11%.

The LP PYRA 03 has a 4-pole connector from where the cable leads to the Raspberry Pi.
Because it is a passive element, it does not need a power supply [50]. However, the RPI only has
digital input pins so it cannot read the generated voltage of the pyranometer directly. There-
fore, an analogue-digital converter (ADC) has to convert the signal. Here a Texas Instruments
ADS1115 [51] was used. It has a resolution of 16 Bits and a programmable gain amplifier (PGA),
so low (as needed for the pyranometer) voltages can be converted. The ADC was connected to
the RPI and a python script was written to read the irradiance from the pyranometer using the
ADSI1115 (see detailed description in [49]).
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Then the continuous data gathering was done in Node-RED (see Figure 4.5). In the flow an
inject node is triggering an exec node every ten seconds, which executes the command python3
adc1115_pyranometer.py. With the command, the Python programme, which calculates the
irradiance from the measured voltage, is executed. Then a function node is changing the string
into a number so it can be sent to the output nodes. Here the measurement of the InfluxDB
was set to Finstrahlung and the MQTT subtopic to /irradiance.

lradiance

[v1.x] testanlage Einstrahlung

maqtt out fhserver irr

Figure 4.5: Node-RED flow for the irradiance measurement.

4.1.4 Modbus TCP

The electrical characteristics of the PV modules installed in the test site are the main data
gathered and analysed. The Fronius Symo inverter used at the test site supports the Modbus
TCP protocol with Sunspec profile [52, 53]. Therefore, many different characterisation data can
be received and saved. All data is measured by an internal measuring device of the inverter with
an accuracy of 3% [54]. The Modbus protocol is working with a master-slave communication.
Here the inverter is the slave and the RPI the master. The data transfer works via an IP address
because both systems are registered in the same WI-FI network [52]. The data of interest can be
requested by a specific register address, which is defined by the SunSpec Alliance and available
in the Modbus register - SunSpec Maps, which can be downloaded on the Fronius Homepage
[55]. In this project only the Inverter _register_map_ float is used. Various electrical data of
the test site is available in different data types: unsigned integer in 16, 32, and 64 bit format as
well as floating point 32 bit.
We decided to gather the following data of the test site:

o generated power of the modules [W] in DC (before conversion);

 generated power of the modules [W] in AC (after the inverter);

o produced energy per day [Wh;

o total AC current [A] after inverting (only the current and no total voltage is available);

o DC voltage [V] at maximum power point (MPP);

o DC current [A] at MPP.
In the following, the programmed flows are described in detail.

Node-Red Flows

To read the Modbus TCP data, the node-red-contrib-modbus package was installed. For each
data of interest, a Modbus-Read node reads the data from the specified address. Because the
register address is saved in an array and the first entry is the [0] element of the array, all address
values entered in Node-Red are the address value stated in the Inverter register map_ float
(and in this section) minus 1. Furthermore, the function code was set to Read Holding Registers
and the poll rate to 10 seconds. To get the data from the inverter, the Fronius Symo was selected
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as a server and initialized with its IP Address and the right port.

First, the total power of the test site (Address 500) is read. The values are directly given
in Watts so no transformation or scaling is necessary. Because the Modbus-Read node sends an
array with the data stored in the elements, a function node reads the zeroth entry. This is
then only forwarded by a filter node if it changes. Then the value is sent to the InfluxDB
measurement leistung and the MQTT subtopic /powertot.

Figure 4.6 shows that the setup to record the produced energy per day (Address 502) is
similar. It is also given directly in [W/h]. However, here the poll rate is set to once per hour
because this value is only slowly increasing during the day and is not needed for precise calcu-
lations later on. The rest of the flow is the same as above but with the InfluxDB measurement
Energietag and the MQTT subtopic /energyday.

Fronius Symo powerfenergy

il ;:%.' Total_Power . R array to number biack until change { leistung
i I mugit out fhiserver powertot
I n
E::}:] Energy Day Wh o 2. elem von array - block until change £ energy day
mgtt out fhserver energyday
o -

Figure 4.6: Node-RED flow for the total power and energy production of the test site.

The DC power of the test site (Address 40108) is of interest because it gives more precise
information of the exact power of the modules without the inverter losses. However, according
to the register map, it is not available in unsigned integer but in floating point 32 bit. Because
a Modbus holding register stores all values in 16 bit, a 32 bit value is stored in two registers.
Therefore, after setting the address, the quantity needs to be set to 2. Furthermore, the Modbus
read node sends the values in a data array but also in a buffer (as raw values in hexadecimal
notation). To read other data types than unsigned integers, the raw values need to be read,
which is done with the second output of the node. Here the Modbus response value (buffer)
is sent first. To read the floating point value, in the function node the buffer is changed to a
decimal number as in the following:

const buf = Buffer.from(msg.payload.buffer);
const value = buf.readFloatBE();

msg.payload value;

return msg;

Now this number can be processed like above with a filter node and sent to the InfluxDB
measurement and MQTT subtopic which are both called DCpower (Fig. 4.7). The data type of
the AC total current value (Address 40072) also is a floating point 32 so it is processed exactly
the same way and sent to ACtotCurrent (InfluxDB) and /ACtotcurrent (MQTT).
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e function i block until change o [vl.x] testanlage ACtotCurrent

mgtt out fhserver ACtofcurrent

e | e :;'., i ol black until change :T [wl.x] testanlage DCpawer

mgtt out thserver DCpower

Figure 4.7: Node-RED flow for the DC produced power by the test site, and the AC total current
value.

The remaining values of interest are voltage and current at the MPP. The unsigned integer
values can not be directly used. They need to be multiplied with a scale factor, which is also
readable from a specific address. First, the DC voltage (Address 40284) is read, where the
function node only needs to select the zeroth entry of the data array. Then another Modbus
read node reads the voltage scale factor (Address 40267). This is given in the data type sunssf
which is a 16 bit two’s complement integer [53]. Therefore, in the function node the buffer is
read and then the scale factor (which is the exponent of 10) changed to a multiplier (sf):

const buf = Buffer.from(msg.payload.buffer);

2> const value = buf.readIntl6BE() ;

sf = Math.pow (10, value);

1+ msg.payload = sf;
5 return msg;

Both values are then joined in an array, so they can be used for common calculations in another
function node, where they are addressed and multiplied. The correct voltage value is now
again blocked until it changes and sent to the S7_DCV measurement and the MQTT subtopic
/DCvoltage.

Exactly the same procedure is applied for the DC current value at the MPP (Address 40283),

where the current scale factor (Address 40266) is applied. The assigned measurement in InfluxDB
is called DC-current-s1 and the subtopic in MQTT /DCecurrent (see Fig. 4.8).
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Figure 4.8: Node-RED flow for reading the voltage and current at the maximum power point
(MPP).

4.1.5 Electrical Characterisation

The backsheet of the module has several functions, as giving mechanical stability and protec-
tion against environmental impact and it should be an electrical isolation between the active PV
elements (silicon cells, connecting wires) and the environment. On the one hand, it keeps the ac-
tive elements mechanically protected and moisture-safe, so they are not corroding. On the other
hand, it protects the outside (people, animals) against an electric shock by the voltage produced
in the solar cells. One of the biggest problems of the PV modules with cracked backsheets is the
failure in the wet leakage test (IEC 61215-2 norm module quality test (MQT) 15 [14]). For the
test, the modules are brought in wet environment. Then the positive terminal of a DC voltage
source is connected to the shorted output terminals of the module and the negative one with
the water. After the DC voltage supply applies 500 V for two minutes, the insulation resistance
is measured. To pass the test, the measured insulation resistance R;so must be bigger than
40MQm? [14]. For the test site modules (A = 1.635m?) this results in a insulation resistance
bigger than 24.5 MQ per module. If the modules are mounted, the test can also be done with
only wet backsheets.

Another parameter of interest is the I-V curve of the coated modules. If the test site is in
operation, the inverter is automatically tracking the MPP, so the modules generate the maximum
power. Therefore, it is only possible to request data via Modbus TCP at the MPP, such as the
power (Pyrpp), voltage (Unpp), and current (Ipspp). As a consequence, the I-V curve can only
be measured when the modules are disconnected from the inverter. The instrument used, PV-
Engineering PVPM 1040C [56], can automatically measure an I-V curve of one module or several
modules connected to a string. From the measuring points it calculates the characteristic data
with an accuracy of +1%. The device presents the Pypp, Unpp, Inppe, Uoc, Isc, fill factor
F'F as well as the internal series resistance Rg and internal parallel resistance Rp, which are also
stored for later use. Also the peak power Py is available with a accuracy of +5%. To make the
values comparable, they can be calculated under Standard Test Conditions (STC): irradiance
Ey = 1000 W/m?, module temperature Ty = 25°C, and spectrum AM=1.5. Therefore, the
device includes a Pt1000 temperature sensor. For the irradiance, an external solar radiation
sensor SOZ-03 (accuracy of £5%) which consists of a silicon reference solar cell is used. The
accuracy of the I-V curve measurement gets the better, the higher the irradiance is, hence the
measurements are preferentially done during summer months [56].
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4.2 Material-stability Setup of the Coating

The second main part of this project is dealing with the characterisation of the stability /ageing
behaviour of the coating on the backsheets. First, the adhesion of the coating to the weathered
backsheet was tested with a specific tape. Moreover, visual inspection with the naked eye and a
light microscope was done on a two-monthly basis. Additionally, spectroscopic measurements of
IR, NIR, and Raman spectra were performed on a two-monthly basis with portable spectrome-
ters. The advantage of portable devices is that all measurements can be done non-destructively
and directly at the test site. The spectra are taken to recognise degradation effects on the
coating material.

Section 2.2 describes the theory of the different spectroscopic methods. For comparison, the
spectroscopic measurements were also performed on an uncoated reference module of the same
PV park (65T2), which will be called Reference module in the following. Moreover, the original
state of the coating on an aluminium foil and the original state of the backsheet material were
measured for comparison. In the following sections, all measurement methods and devices used
will be explained in detail. The measurement analysis, as well as the respective results, are
presented in Section 5.2.

4.2.1 Adhesion Check-up

To test the adhesion of the coatings on the modules, Tesa Tape 4651 was stuck on the coatings
in strips, 15cm long and 2.5 cm wide. After pressing them there with the ball of the hand and
waiting for three minutes, the strips were slowly removed. Finally, the strips were inspected to
see whether parts of the coatings had been chipped off. This was not the case. For Remsolar-
coated modules we can state that the adhesion of the coating is good. For Dowsil-coated modules
the outcome is not so informative, as we observed earlier that adhesive tapes do not stick well
to silicone materials.

4.2.2 Visual Inspection

When visiting the test site, the first step was a visual examination of the coated backsides of
the modules with the naked eye. Pictures were taken with a camera to record changes in the
surface morphology of the coating over time. To investigate the surface in more detail, pictures
were also taken with a portable light microscope. Here a PCE-MM 800 digital microscope was
used (see Fig. 4.9a). It is directly connected to a laptop via the USB-port and pictures can be
taken with the associated software Measurement. The microscope can be used with a 20x or
200x magnification. For most pictures, the smaller magnification (20x) was used. Table 4.1
gives an overview of the sample measurements.
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Table 4.1: Light microscopic images

Date Module Material Measuring point

Reference measurements

original state coating on aluminium foil Remsolar distributed places
original state coating on aluminium foil Dowsil distributed places
original state backsheet PA distributed places

PA backsheet
Remsolar

13.01.2022 uncoated ref. Module
03.03.2022 fresh coated ref. Module 65T6

busbar /cell
busbar/ cell

Measurements at the test site
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10.11.2021 Module 1 Remsolar busbar/cell
10.11.2021 Module 7 Dowsil busbar/cell
14.01.2022 Module 1 Remsolar busbar /cell
14.01.2022 Module 7 Dowsil busbar /cell
23.02.2022 Module 1 Remsolar cell
10.03.2022 Module 7 Dowsil busbar

4.2.3 Infrared Spectroscopy

The infrared measurements were done with a handheld Fourier transform infrared (FTIR) spec-
trometer, Ay Technologies EXOSCAN [57] (see Fig. 4.9b). A diamond ATR-~crystal is brought in
direct contact with the sample surface (in this case the backsheet or the coating). The ATR (at-
tenuated total reflection) technique is a surface sensitive method, where only the top 1.5-2.5 pm
of the sample are investigated. As a detector a DTSD is used. All techniques are explained in
Section 2.2.2.

(a) Measurement with the light microscope on the (b) Measurement with the EXOSCAN FTIR-
Remsolar-coated backsheet of Module 1. spectrometer on the Dowsil-coated backsheet of
Module 7.

Figure 4.9: Measurement devices at the test site

For the measurement, the Exoscan instrument was connected to a laptop with the programme
MicroLab PC. A method PVRe2 Testanlage was created with a measurement range of 650 -
4000cm ™! and a spectral resolution of 8cm™!. Moreover, the number of scans was set to 12
and the valid time for a background scan to one minute. Before each measurement, the crystal

was cleaned and a background spectrum collected, with the crystal being not in contact with
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the sample. Table 4.2 gives a summary of the FTIR measurements performed.

Table 4.2: FTIR measurements

Date Module ‘ Material Measuring point

Reference measurements

original state coating on aluminium foil Dowsil distributed places

original state coating on aluminium foil Remsolar distributed places

original state backsheet PA distributed places
14.01.2022 uncoated ref. Module PA backsheet | hotspot/crack (busbar)/cell
03.03.2022 fresh coated ref. Module 65T6 Remsolar over cell

Measurements at the test site

10.11.2021 Module 1 Remsolar over cell
10.11.2021 Module 7 Dowsil over cell
14.01.2022 Module 1 Remsolar over cell
14.01.2022 Module 7 Dowsil over cell
10.03.2022 | Module 65T6 (1 week in the field) | Remsolar PU over cell
10.03.2022 Module 1 Remsolar over cell
10.03.2022 Module 7 Dowsil over cell

4.2.4 Raman Spectroscopy

The Raman spectroscopic measurements were done with a portable B&WTEK i-Raman Plus
[58]. The model BWS465-532S excites the Raman signal with a laser at 532nm. The spec-
trometer range is 65 - 4200 cm™! with a resolution of 4cm™' at 614nm. As a detector, a high
quantum efficiency CCD array is used. Figure 4.10 shows the probe connected to the laser with
a specific fibre-optic cable. Hence, the Raman device can be 1-2m away from the sample. In
contrast to the ATR technique of the FTIR (which needs direct contact), the maximum Raman
signal occurs in the focal point of the laser probe (~ 1cm distance to sample surface). So when
different spacers are used, also layers beneath transparent material can be measured. For ex-
ample, the encapsulant of the PV module under the front glass can be inspected, as shown in
Figure 4.10b.

For the measurement, the corresponding software BWSpec was used. When the Raman
device is turned on, the laser intensity, the integration time and the multiplier can be set. This
specifies how long and with which intensity the excitation of the sample is done for the spectrum.
In order to make the spectra taken after increasing natural weathering comparable, the setting
should stay the same. However, this is sometimes not possible because high fluorescence requires
lower intensity or measuring time. Table 4.3 states the measurement dates but also specifies
the integration times used. In all measurements, the multiplier was 5 and the laser intensity is
100%. A dark scan was necessary before the measurement. Because the Raman instrument did
not work on the general measurement date in January, spectra were instead taken in February.
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CHAPTER 4. MONITORING SETUP

Table 4.3: Raman measurements with a laser intensity of 100% and a time multiplier of 5.

Date ‘ Module ‘ Material ‘ Measuring point ‘ Integ. Time

Reference measurements

original state coating on aluminium foil Dowsil distributed places 3 sec
original state coating on aluminium foil Remsolar distributed places 3 sec
original state backsheet PA distributed places 3 sec
13.01.2022 uncoated ref. Module PA backsheet | under label - busbar/cell 5 sec
13.01.2022 uncoated ref. Module PA backsheet | weathered - busbar/cell 2 sec
03.03.2022 | fresh coated ref. Module 65T6 Remsolar over cell 3 sec

Measurements at the test site

10.11.2021 Module 1 Remsolar over cell 3 sec
10.11.2021 Module 7 Dowsil over cell 3 sec
23.02.2022 Module 1 Remsolar over cell 3 sec
23.02.2022 Module 7 Dowsil over cell 3 sec
23.02.2022 Module 1 encapsulant over cell 5 sec

(a) Raman laser and laptop running the measurement (b) Laser probe measuring the encapsulant of the mod-
software BWSpec. ules using a specially designed spacer.

Figure 4.10: Measurement with the Raman laser at the test site.

4.2.5 Near Infrared Spectroscopy

The NIR spectroscopic analysis of the coating was performed using a trinamiX near-infrared
(NIR) spectrometer (Model SYS-IR-R-P) [59]. Figure 4.11 shows that the device is rather small
and measuring in the field is convenient. The spectral range is 1400 - 2500 nm which corre-
sponds to 4000 - 7143 cm ™!, the resolution is 1% of the wavelength. An especially by trinamiX
created miniaturised infrared detector Herzstiick?™ detects the reflected light, which is then
transformed into an electrical signal. Because of the long wavelengths involved, not only surface
material can be inspected but the light can enter the material deeper until it is reflected by
opaque material e.g. the Si-cell. For additional comparison, spectra were therefore taken of the
EVA encapsulant of the modules.

The measurement operates with a mobile device using the trinamiX Software App. The
spectrometer was connected via Bluetooth and, after calibration with a dark measurement and
a reflectivity standard, is ready for use on the sample. Table 4.4 gives a summery of all NIR
measurements. Of each measurement place and material (backsheet, coating, encapsulant), ten
spectra each were collected for better accuracy.
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CHAPTER 4. MONITORING SETUP

Table 4.4: NIR measurements

Date

Module ‘

Material

Measuring point

Reference measurements

original state coating on aluminium foil Dowsil

original state coating on aluminium foil Remsolar

original state backsheet PA
13.01.2022 uncoated ref. Module PA backsheet cracks/hotspots
13.01.2022 uncoated ref. Module PA backsheet busbar
03.03.2022 fresh coated ref. Module 65T6 Remsolar thick & thin coating layer

Measurements at the test site

10.11.2021 Module 1 Remsolar
10.11.2021 Module 7 Dowsil
14.01.2022 Module 1 Remsolar
14.01.2022 Module 7 Dowsil
14.01.2022 Module 1 EVA encapsulant front side - cell
14.01.2022 Module 7 EVA encapsulant front side - cell
10.03.2022 | Module 65T6 (1 week in the field) Remsolar thick & thin coating layer
10.03.2022 Module 1 Remsolar
10.03.2022 Module 7 Dowsil
10.03.2022 Module 1 EVA encapsulant front side/ cell
10.03.2022 Module 7 EVA encapsulant front side/ cell

Figure 4.11: Measurement with the NIR-spectrometer on the Remsolar-coated Module 1.
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Chapter 5

Measurement Results and
Interpretation

This chapter deals with the analysis of the measurement results and their interpretation. First,
we discuss the electrical measurements of the whole test site and then, second, the ageing
behaviour of the coating on the backsheets of the modules.

5.1 Analysis of the Electrical Characterisation

The analysis starts with the initial electrical measurements of the test site, the wet leakage
test and the I-V curves. Then some representative days and times were chosen to analyse the
continuously recorded data.

5.1.1 Wet Leakage Test

Regaining the electrical insulation properties was the foremost aim for the coating of the cracked
backsheets. Tests on reference modules with cracked backsheets of the very same PV park in
Germany done in the PVRe? project had shown that the insulation resistance is often 0 or 0.1 Q.

Each reference module was tested in a tank with 9 litres of water according to the MQT
15 test [14]. After coating Modules 1-12 and installing them at the test site, the MQT 15 test
was repeated. As we did the test in the morning at the end of November the coated backsheets
were wet by dew. This was sufficient for the test, so no water tank was necessary and the
mounted modules could directly be tested. The representative modules Module 1 (Remsolar)
and Module 7 (Dowsil) showed more than 200 MQ insulation resistance, which was the upper
detection limit of the used measuring device and sufficient by far to pass the test (> 24.5 MQ for
A =1.653m?). We also measured the whole string of all twelve modules two times and recorded
an insulation resistance of 84 MQ and 112MQ. Here > 2.0MQ for Asprq = 19.62m? would
have been sufficient to pass the test. Therefore, it can be stated that both coatings restored the
insulation resistance of the modules.

5.1.2 I-V Curve

Directly after the modules had been mounted at the test site in July 2021, I-V Curve measure-
ments were done with the setup described in Section 4.1.5. Table 5.1 presents the measured
and calculated data of the whole string of all 12 modules as well as Module 1 and Module 7
separately. All values have an uncertainty of +1%, except for the irradiance with +5%.
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Table 5.1: Characteristic electric data of the coated modules as derived from the I-V Curves

| String (all 12 modules) | Module 1, M1 | Module 1, M2 | Module 7, M1 | Module 7 M2

E.ff [W/m? 797 771 794 775 770
Trnod [°C) 50.2 51.8 52.1 50.8 51.2
Pyrpp[W] 1875.1 151.8 155.7 154.7 153.3
Unipp[V] 306.0 25.3 25.3 25.5 25.5
InrpplA] 6.13 6.00 6.16 6.07 6.00

Uoc[V] 389.1 32.4 32.5 32.6 32.6
Isc[A] 6.79 6.52 6.71 6.56 6.51
FF [%) 73.33 73.63 73.50 73.84 73.89
Rs [Q] 6.26 0.53 0.53 0.52 0.53
Rp [Q] 3548 345 342 311 336
P, [W/m?] 2618.4 220.6 220.1 222.9 222.4
n (%) 13.3 13.5 13.5 13.6 13.6

From the measured Py pp at specific meteorological conditions (given in Table 5.1) the
nominal power F,, at STC conditions could be calculated by the following equation:

Ey
Eeyy

P, = Pypp - 1+ kmpp - (To — Tinod)] (5.1)

with the irradiance Ey = 1000 W/m?, the temperature Ty = 25°C and the relevant temperature
coefficient sy pp = —0.0045 K~!. The results are presented in the bottom row of Table 5.1.
Compared to the initial values for each module (Ppjnitiqr = 240 W), the nominal power of a
single module was reduced only by 8.4% (after nine years in the field and the repair process).
The remaining efficiency of a module was calculated by dividing the nominal power through the

p
A-Ey

module area (A = 1.635m?) and the standard irradiance: n =

Besides the characteristic data also all data points of the I-V curves of the modules were
available. For each curve, 100 data pairs were recorded. Figure 5.1 shows the curves as taken in
July 2021. In follow up work the curves are compared to I-V curves of the uncoated reference
modules at standard test conditions [49].

Moreover, the I-V curves were measured in July 2021 because high irradiance is necessary.
To analyse how the coating of the backsheets is influencing the module performance not only
at the MPP but along the whole I-V curve, measurements should be repeated at least once
per year.? For continuous analysis, the data gathered every ten seconds at the MPP was used
because it is available all around the year.

3The I-V measurement was repeated one year later in July 2022. Comparison at STC showed no changes of
the electrical parameters beyond the measurement uncertainty, see [49].
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Figure 5.1: I-V curve measurements of Module 1 (Remsolar) and Module 7 (Dowsil) in July
2021 at the meteorological conditions stated in Table 5.1.

5.1.3 Analysis of the Continuously Gathered Data

As described in Section 4.1 characteristic data of the test site and the meteorological conditions
were measured every 10 seconds and stored in the InfluxDB database. For further analysis,
the data can be visualised, averaged, and downloaded as a csv-file from Grafana. To analyse
the performance of the test site over one day in detail, 21.03.2022 between 06:00 and 18:00 was
chosen as a representative day. To smooth statistical fluctuations, the median over one minute
was calculated by Grafana for all gathered data. These values were downloaded in a csv-file and
used for further calculations with Excel.

Temperature and Irradiance

First, the temperature sensors at the backsheet were checked. The graph of all five sensors over
the whole day was analysed (Fig. 5.2). Sensor 1 shows a temperature line more similar to the
ambient temperature than to the other backsheet temperatures. Therefore, it was concluded
that the sensor had fallen down on the roof. Sensor 4 recorded a temperature a bit lower than
the other backsheet-mounted sensors and followed some ambient-temperature changes and was
rather noisy. One interpretation could be that the sensor was sticking to the coated backsheet
but there was still a small gap was in between the sensor and the coating.

Therefore, only the output of Sensors 2 (Module 7) and 3 (Module 1) was used for further
calculations. The largest difference between ambient temperature and average module temper-
ature was 10.75°C at 12:53. This difference, however, can get much larger in summer when the
irradiance is higher.

It can be said that the temperature measurement with the DS18B20 T-sensors works well.
However, a better construction should be found for the sensors measuring the Dowsil-coated
modules to achieve continuous data. Furthermore, the sensors should be checked at least monthly
whether they still stick to the coating properly.
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Figure 5.2: Temperature profile of all five temperature sensors (Sensor 1 and 2 on Module 7;
Sensor 3 and 4 on Module 1) on 21.03.2022.

Figure 5.3 shows the irradiance on that day. It was compared to open source data of two
different pyranometer. Data by ZAMG (Zentralanstalt fiir Meteorologie und Geodynamik) was
used because averaged data over 10 minutes is available open source [60]. The nearest measuring
station (Stammerdorf) is only 1.2km away from the test site, which makes the data well compa-
rable. Nevertheless, the data can only be compared on days with a clear sky (which 21.03.2022
was), because otherwise the clouds passing over the sky would corrupt the data. The second
pyranometer is from another ZAMG station in Vienna (Hohe Warte - 6.6 km away). The small
negative peak at 16:50 in the irradiance of the test site originates from the tall, thin chimney
next to the test site, which throws a shadow on the pyranometer for around 15 minutes every
day. Otherwise, the measured irradiance of the test site lies in between the graphs of the two
official measuring stations and the error bar (3.11%) is sufficient. This shows that the data gath-
ering with the pyranometer LP PYRA 03 and the analogue-digital-converter ADS1115 works
well. Therefore, it can be used for further calculations without any doubts. Figure 5.4 shows
the measured irradiance in comparison with the generated power; the maximum value at that
day was 731 W/m? at 12:11.
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Figure 5.3: Irradiance at the test site in comparison to two ZAMG monitoring stations on
21.03.2022.

Generated Power of the Test Site

The first step was to compare the generated power before (DC) and after (AC) the conversion
at the inverter (see Figure 5.4). The loss factor of the conversion is the efficiency of the inverter.
According to the datasheet of the inverter [44], the efficiency depends on the generated power.
Between 1000 and 2000 W generated power the efficiency should be between 95.5% and 96.5%.
With less generated power, the efficiency decreases abruptly. This feature could be observed
when analysing the data during the whole day. The relative difference between DC and AC
power was calculated by

DC - AC AC
The mean was calculated to 0.0451 for the time between 10:00 and 15:30 because the power
was between 1000 and 2000 W in this time intervall (see Fig. 5.4). This results in an efficiency of
the inverter of 95.49%, which fits quite well to the datasheet values. When the test site produces
only around 100 W DC power, the efficiency of the inverter is only around 66.3%. Figure 5.5

shows the progression of the efficiency over the whole day, with the abrupt decrease visible.

As for the calculation of the efficiency similar numbers (DC, AC) are subtracted the uncer-
tainty of these values cannot be ignored. Hence the uncertainty of the inverter measurement of
3% for the DC and AC power should be used for error propagation of Equation 5.2:

1\?2 AC \?

In the time interval (10:00 - 15:30) the uncertainty of the calculated mean was derived to be
0.042. Here the error of the mean was calculated with the square route of the mean of the
variance of the single data points plus the variance of the mean:

m
J ~ 7 —0.042. 5.4
+D (5.4)
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This point out that the uncertainty is as large as the value itself, so the efficiency of the inverter
needs to be looked at with caution. However, Figure 5.5 shows that the calculation of the mean
seems reasonable. It can be assumed that the uncertainty of 3% is rated rather large and that
the actual values are more precise than given.
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Figure 5.4: Comparison of the generated power before (DC) and after (AC) conversion of the
inverter. The comparison with the irradiance shows the power that could have been produced
without any shading.
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Figure 5.5: Efficiency of the Fronius inverter dependent on the generated power.

Partial Shading of the Test Site - Loss of Produced Energy

Another noticeable effect in Figure 5.4 is that the test site produces less power in the morning
hours than in the afternoon. This originates in the partly shading of the test site by a tree in
the east of the test site. As the pyranometer is not shaded, it shows how much power could
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have been generated in these hours. To calculate the energy loss due to the shadow, the irra-
diance was multiplied with a factor so the AC power and the irradiance curve overlap in the
early afternoon. For 21.03.22 this factor was determined to be 2.75. Then Origin was used to
calculate the produced energy according to the AC power curve and the irradiance curve. With
the available peak analysis tool in Origin, the integral of both curves was calculated between
6:00 and 18:00. The integral of the AC power curve was 11.41kWh. This coincides almost
perfectly with the energy per day value (11.4kW h) read from the Modbus protocol. However,
the integral of the irradiance curve was 14.29 kW h, which is quite a big difference. These values
are only estimations, but it can be stated that due to the shadow quite a lot of energy (~ 20%
on 21.03.2022) is not produced during each day. The amount changes during the year, so the
difference should also be calculated during other times of the year. Especially because the tree
was still without leaves on 21.03.2022.

Therefore, a comparison was made with a winter day. The first really sunny day since the
installation of the data gathering was 13.02.2022. According to the energy per day value, the gen-
erated energy on this day was 6.87 kW h. The integral of the AC curve gave the value 6.88 kW h
and the one of the converted irradiance curve (this time with a factor of 2.9) 8.25kW h. So even
in winter about 1.37kWh (16.6%) were not produced. The same should be done in summer
when the tree is full of leaves and the irradiance and the sun hours per day are higher.

In general, it is evident that the shadow on the test site is a problem for optimum energy
yield. Moreover, the fact that the data in the mornings is corrupted affects the evaluation of
the daily performance of the coated modules. Thus, this shading has to be considered for all
further calculations and estimations.

Calculation of the Nominal Power

Additionally, the nominal power of the test site on 21.03.2022 was calculated to the minute.
The produced power of the modules (DC) Pypp, the measured irradiance E.r¢, and the av-
erage module temperature of Sensors 2 and 3 (7},,q) were inserted in Equation 5.1. Then the
uncertainty of the nominal power could be calculated with error propagation by the following
equation:

2
OPp OPp \? OPp \?
_ |42 2 2
opp = \lgpmpp <8pmpp> + Ohesy <8Eeff) + OTmod (8Tm0d) (5:5)
2
Ey
= {U%’mpp : [Eeﬁ” (1 + Bpp (To — Tmod))}
2 241/2
EO EO
+ U%ff ) lpmpp ) (‘UETH (1 + Bmpp (To — Tinod)) | + U%mod ) lpmpp E 4 ’ ’fmpp] } :
e €

The uncertainties of the used values are oppypy = 3%, ogesr = 3.11% and o7pmeq = 0.5°C.
Shortly after sunrise and before sunset, when the incidence angle of the sun onto the modules
was quite flat, the power production of the modules was low. However, the pyranometer could
still detect irradiance at these angles. Therefore, in these hours the calculation of the nominal
power was not reasonable. For 21.03.2022, calculations were therefore only done between 07:30
and 16:30. Figure 5.6 shows the calculated values in this time interval. Without any losses,
the nominal power should always result in the same value and the plot should be a straight
line. Because of the smaller efficiency of the inverter at lower generated power, this maximum
value cannot be achieved at smaller irradiance. Moreover, also the modules have less efficiency
in these cases (97% of the normal efficiency at 200 Wm~2 [32]). The partly shading of the test
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site in the morning again has the greatest influence. This is the reason why the nominal power
in the morning is much lower than in the afternoon, despite the same solar altitude. How the
graph would look without the shading effect is drawn with a trend line in Figure 5.6.

The maximum DC power generated on this day was 2120 + 64 W at 12:33, with the nominal
power at STC of 2925 + 127 W. As the uncertainty can get quite large, and also Figure 5.6 shows
that the data has some outliers, it is more reasonable to calculate the mean in the time where
the power /time plot has its plateau. Between 12:00 and 15:00 the mean was 2852 + 133 W. Here
the error of the mean was calculated like explained in Equation 5.4 to:

- —\2
oy = Z UTIZDJ' T Z ( Pi — p) = /15236 + 2333 = 133 W. (5.6)

J=1 J=1

Calculating the nominal power is a good way to compare the efficiency of the test site
over time. Comparing the calculated value at a day x to the one from the measurement at the
installation day in July 2021 (Table 5.1) shows that the power did not decrease over time. It even
had a lower value then, which can be attributed to the different and less accurate measurement
procedure in July. To follow the efficiency of the test site, this procedure should be done on
a regular basis. Therefore, also a Node-Red Flow should be programmed to automatically
calculate the result, for example, once per day.
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Figure 5.6: Calculated nominal power for every minute on 21.03.2021 between 07:30 and 16:30.
The trend line presents how the data would look without the shading.

5.2 Analysis of the Coating-stability Measurements

As described in Section 4.2, various characterisation measurements were done on the uncoated
and coated backsheets of the test modules to analyse the stability of the coating materials

50



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

CHAPTER 5. MEASUREMENT RESULTS AND INTERPRETATION

and their long-term reliability. Visual changes were documented and analysed with a light
microscope, and chemical degradation was monitored with three different spectroscopic methods,
NIR, IR, and Raman. For all of them, several spectra of each coating were taken on each
measurement date, from which one representative spectrum was chosen for further analysis. For
the data treatment, the Perkin Elmer Spectrum software [61] and Origin [28] were used.

5.2.1 Backsheet of the Uncoated Reference Module

As a reference, the backsheet of an uncoated but identically weathered reference module (65T2)
taken from the same solar park was also characterised. The reference module was mounted close
to the repaired modules in the solar park, therefore, it had the same age, induced stress on the
module and bill of materials (described in Section 3).

Visual Inspection

The weathered (nine years in the field) polyamide (PA) backsheet showed visible degradation
effects, like chalking, deep longitudinal cracks along the busbars and microcracks in between,
comparable to [10]. Furthermore, there were even some areas with severe electrical defects
detectable, called hotspots in the following. A hotspot occurs if the short circuit current of
one single cell is lower than the operating current of the module. Then the power generated
in the other cells is transformed into heat by the affected cell [31]. Chalking occurs because
of the enrichment of the TiOs filler in the surface layer as the polymer has decomposed upon
photodegradation [10, 34]. Figure 5.7 shows the different crack types recorded with the light
microscope.
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Figure 5.7: Uncoated reference module: light microscopic images of different crack types of the
weathered PA backsheet.

Analysis of Raman Spectra

Table 4.3 shows the Raman spectra collected on the reference module. Because the label of the
aged PV module was still sticking on the backsheet, it could be removed and an unweathered
surface was exposed for reference measurements to analyse any weathering-induced differences.
This area of the backsheet undergoes the same temperature stresses in the field but no irradiance
can touch this small part of the backsheet. So if the spectrum of the surface under the label
differs from the one on the irradiated backsheet, these material changes are due to the impact
of the indirect sunlight. Figure 5.8 shows these spectra in comparison with measurements done
on an unaged original PA backsheet.
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Figure 5.8: Raman spectra of the uncoated PA backsheet of the reference module weathered
(red) and under the label (green) in comparison with the original PA backsheet (black).

The first noticeable difference visible in the spectra of the reference module backsheet com-
pared to the original spectrum was the high overall fluorescence. This is typical for aged back-
sheets in the field because degraded polymers (backsheet and encapsulant) develop fluorophores
[62]. This leads to a broad absorption resulting in a highly bent baseline (see Section 2.2).
As depicted in Figure 5.8, the spectrum of the weathered backsheet has the most fluorescence,
followed by the spectrum taken under the label. The unaged original backsheet though only has
little fluorescence. Also the laser intensity has an effect because the fluorescence depends on the
laser intensity and integration time applied as bleaching may take place.

To make the single bands better comparable, the first analysis step of the Raman spectra
was a baseline correction (to remove the fluorescence). With all three available spectra analysis
programmes, the Raman software BWspec, the Perkin Elmer Spectrum software, and Origin
baseline correction can be performed and were compared. In the end, the best solution for a
reliable baseline correction was obtained with the Perkin Elmer Spectrum software. In this way,
the baseline could be fitted best without manipulating the data. Then, the spectra were nor-
malised on the CH band (2882cm™!) for better comparison (see Fig.5.9a) and then the peaks
analysed in Origin.

The second step of the analysis was the comparison of the visible bands. The TiOs peaks
at 441 cm™! and 606 cm™! can only be analysed with Raman spectroscopy, because they are
outside of the measurable IR range (see Section 4.2.3). To find out whether the amount of TiOq
in the backsheet surface changed (which is assumed because of the chalking) the area and height
of the peaks were compared to the CH peak at 2882 cm~! [63]. This was done with the peak
analysis tool in Origin (see Fig. 5.9b). Only the ratio of the peak area and height were compared
on the different samples, because of the different spectra intensity. Table 5.2 shows that both,
area and height ratio, increase from the unaged original backsheet (three different samples) to
the shielded backsheet under the label and even more to the weathered backsheet (cell and
busbar/crack). This means that the amount of TiO2 in the surface near region decreases. This
is the case because the chalk powder (mostly TiOs particles as described in Section 3.1.1) on
the surface was washed away (or wiped off) so less TiO2 remained in the material. Because the
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(a) Normalised Raman spectra, baseline corrected. (b) Peaks integrated in Origin.

Figure 5.9: Raman spectra analysis to compare the amount of TiOs in the backsheets.

chalking is linked with the crack formation in the backsheet this is a strong sign for a beginning
degradation of the backsheet [34]. Also the CH peaks at 1293cm~! and at 1435cm ™! were
integrated in Origin and compared to the TiOy peaks. As the CH peaks originate from the
PA-polymer, the same trend of decreasing TiOs was observed, but with less intensity.

Table 5.2: Analysis of the amount of TiO2 in the backsheets (surface near region).

Measurement Place Ratio Area | Ratio Height

A(CHQSSZ) H(CHQSSZ)

A(Ti0,) H(TiO,)
BSorigina B2a 0.65 0.96
BSoriginat B2b 0.68 1.00
BSorigina B20b 0.66 0.98
Refmodule label-busl 0.87 1.26
Refmodule label-bus2 0.79 1.16
Refmodule_label-cell 0.81 1.17
Refmodule weathered-crackl 1.22 1.63
Refmodule  weathered-crack?2 1.21 1.69
Refmodule weathered-cell 1.08 1.63

In conclusion, it can be stated that Raman spectra are suitable for early degradation de-
tection of weathered PA backsheets. The analysis of the amount of chalking on the backsheet
works well and can be a pre-sign for crack formation. This could help to start a preventive repair
process of affected modules which would give better repair results. Furthermore, the impact of
the indirect irradiance on the degradation process is shown by analysing the shielded backsheet
area under the label. This proves that not only temperature changes but also the irradiance has
a significant impact on the degradation of the PA backsheet.

Analysis of Infrared Spectra

Also, infrared spectra of the uncoated but aged backsheet of the reference module were recorded
and analysed. Here measurements were taken over the busbars (cracks), the hotspots, and the
cells (see Tab. 4.2). These spectra are first compared visually. As described in Section 2.2
peaks of the polar C=0 and N-H groups of the polyamide have higher relative intensity in the
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IR spectrum than in the Raman spectrum. Therefore, IR spectroscopy can be used better to
identify the polyamide or special additives as well as their chemical degradation. Figure 5.10
shows the characteristic bands of the PA backsheet visible in the IR spectrum. They can be
associated with specific parts of the polyamide structure (see Table 5.3 [36, 63]).

To analyse how the PA backsheet changed after nine years in the field, the spectra of the back-
sheet were compared to a measurement of an unaged original backsheet. Because the intensity
of the absorption bands can vary in dependence of the size of the contact area of the ATR-
crystal on the backsheet surface, it is not possible to directly compare these spectra without
normalisation. Unfortunately, for the spectra of the hotspot area the intensity of the peaks was
much weaker than in the other spectra (see Fig. 5.10) as a small hole is burnt into the backsheet
and, thus, it is not possible to attach the whole ATR-crystal flat on the backsheet.
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Figure 5.10: Infrared spectra of different sample positions of the uncoated but aged PA backsheet
of the reference module compared to the original unaged PA backsheet (black).

Table 5.3: Assignment of the IR peaks of the PA backsheet [36][63].

Wavenumber [cm ™! ‘ Functional groups
1466 CH absorption
1553 amide II (NH stretching)
1635 amide I (C=O0 stretching)
1740 C=O0 carbonyl from additive in backsheet
2850 CHj, streching
2917 CHs and CH streching
3280 NH streching

To analyse in detail the ageing-induced spectral changes of PA, especially in the crack area,
these spectra were compared to a spectrum of the unaged original backsheet. Therefore, first the
spectra were normalised to the amide I band at 1635cm ™" to 60% transmission. This band was
chosen because the amide I normally does not change upon weathering. The upper part in Fig-
ure 5.11 shows the differences in the spectra of the backsheet already more clearly. To get more
detailed information a difference spectrum was calculated of the two normalised spectra. In this
case, the crack spectrum was subtracted from the original one (see the lower part of Figure 5.11).
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Figure 5.11: Difference spectrum of the infrared spectra in the crack area of the aged reference
module’s backsheet and the original unaged backsheet.

The difference spectrum shows an additional peak at 1710 cm™! which is attributed to a
carbonyl band (C=O0 stretching) that emerges by photo-oxidative degradation of polyamide, as
described in Section 3.1.1 [10]. Moreover, the degradation causes some relative intensity changes,
as the NH band at 3280 cm ™! or the CHs stretching bands.

In conclusion, the analysis of the infrared spectra allows for the detection of chemical changes
in the polar groups. With the detection of additional bands, like the carbonyl band, chemical
degradation of the backsheet material can be proven. Difference spectra are an important tool
in making such small changes visible.

Analysis of Near Infrared Spectra

As the last step, the NIR spectra of the unaged and aged backsheets were analysed. Because
of the longer wavelength of the light in the NIR range (Section 2.2), the NIR spectrum also
shows information from deeper layers inside the module (the whole backsheet and encapsulant).
However, as only overtones and combination bands of specific bands lie in the NIR range no
sharp peaks are visible so specific band assignment is difficult.

The spectrum of the uncoated but aged backsheet was compared with the unaged original
backsheet (see Fig. 5.12). The original backsheet was not measured as a part of a module but
as single component lying on top of a solar cell, to reflect the NIR light. Therefore, the influence
of the bands of the EVA encapsulant on the spectra of the weathered backsheet (as part of
the reference module) had to be analysed. As shown in Figure 5.12 the spectrum of the aged
backsheet does not differ from the one of the unaged original backsheet. Therefore, it can be
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safely assumed that the influence of the EVA is negligible.
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Figure 5.12: NIR spectra of the aged PA backsheet in comparison with spectra of the unaged
original backsheet and the EVA encapsulant.

5.2.2 Analysis of the Remsolar Polyurethane Coating on the Backsheet
Visual Inspection

The first step in the material analysis of the Remsolar coating was the visual inspection of the
coated backsheets. Module 1 of the test site was chosen as representative for all Remsolar-
coated modules because it is easy to access on the edge of the roof. The whole backsheet area
was checked with the naked eye for any abnormalities on a two-monthly basis. Additionally,
we took light-microscopic images over the busbars and the cell (between the busbars)(see Table
4.1). Until mid January (six months after coating and installation at the test site) the coating
did not show any visible changes. However, at the next inspection in the middle of February, at
the coating on Module 1 some bubbles were detected, which looked like small black craters and
could easily be detected with the naked eye and with a standard camera.

Further visual investigations of the whole test site showed that all Remsolar-coated mod-
ules exhibited such bubbles spread over the whole backsheet with different occurrence densities.
To analyse the structure of the bubbles in more detail, light microscopic images were taken
one week after the first detection. Figure 5.13 shows the light microscope images on the three
analysis dates (in November, January, and February). Here in the two images on the left the
coating looks rather intact although some small black dots were already visible. Therefore,
it can be assumed that the bubbles started to grow already earlier, but were too small to be
detected by the naked eye or were first mistaken for dirt particles in the light microscopic images.
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(a) Module 1 over busbar - 10.11.2021 (b) Module 1 over busbar - 13.01.2022 (c) Picture of crater (open bubble) -
(four months after coating) (six months after coating) 23.02.2022 (seven months after coat-

ing)

Figure 5.13: Representative light microscopic images (20x magnification) of the Remsolar coat-
ing on the different measurement dates.

To get a better overview of the development of the dark spots, images of examples of many
different sizes and growing states on different modules were taken with the 200x magnification
of the microscope. Figure 5.14 shows a selection. A comparison with light microscopic images
of the original coating on aluminium foil, where a thick coating layer (~ 0.8 — 1 mm) was ap-
plied for specific measurements, (Fig. 5.15a) shows similarities with some bubbles formed in the
beginning state at the coated backsheet (Fig. 5.14a). Therefore, we conjectured that bubbles
inside the coating develop because of the solvent share in the coating, which could not evapo-
rate completely, directly after the coating process when thick layers were applied. When these
bubbles open on the surface they create a crater.

As there where several frost days in January 2022, we concluded that the tempertaures below
freezing had favoured the bursting of the bubbles. Because of the outside environment of the
test site, dirt can stick to the developed craters and create the black areas inside. Moreover,
some of the bubbles even show a network of threads. This led us to the suggestion that some
living organisms started to develop there, attracted by the warm and humid environment of the
increased module temperature (Figure 5.14c).

0,1 mm

(a) Beginning state of bubble (still (b) Open bubble with dirt stuck in- (c) Crater with net of threads
clean) side

Figure 5.14: Light microscopic images (with 200x magnification) of different dark failure spots
on the different Remsolar-coated modules.

For clarification, the coating manufacturer decided to analyse the bubbles in more detail
in the laboratory to get insight into their origin and how they can be avoided in the future.
Therefore, we dismantled Module 6 of the test site from which some squares of 10cm x 10 cm
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with some significant failure dots were cut out and sent for analysis to the laboratory of Rem-
brantin. In a detailed internal material analysis, Rembrantin proved that the black spots inside
the craters came from biological material and some inorganic particles.

To replace the dismantled Module 6 at the test site, we inserted an aged module 65T6 of the
same solar park in Germany. We coated it freshly in the laboratory at the beginning of March
with the same coating components and the same procedure as described in Section 3.2 for the
other modules in July 2021. A module without any hotspots, but deeper longitudinal cracks
was chosen. Even though all cracks are filled with coating, some deeper cracks were still visible
after the coating procedure and a slight indentation was sensible. Still, Figure 5.15¢ shows that
these cracks are completely sealed with the coating material. Nevertheless, some open bubbles
could be detected in the cover coating right after the coating process (see Fig. 5.15b). Because
the crack filler is transparent, the light microscope can still detect microcracks on the backsheet
surface, although they are sealed with the crack filler and only the cover coating is missing.
Therefore, we concluded that the backsheet of the module is completely repaired with Remsolar
coating and the mounting on the test site could be done without any doubts.

(a) Crater on coated aluminium foil (b) Failure on coated Module 65T6 (c) Sealed longitudinal crack on Mod-
ule 65T6

Figure 5.15: Light microscopic images (with 200x magnification) of the original state of the
Remsolar coating on an aluminium foil (a) and the aged but freshly coated Module 65T6 (b,c).

As a conclusion, it can be said that eight months after coating the sealing of the cracks is
still warranted, which was the purpose of the coating. However, the developed craters represent
a risk to the coating. Hence the material should be further developed into a solvent-reduced
or solvent-free version. Furthermore, the cleaning process before the coating has to be done
carefully to avoid dirt particles left on the aged backsheet, which could also be a starting point
of the failure dots. It is also suggested to test the coating material with higher temperature
changes including degrees below zero to analyse in detail the effect when the coating material
is freezing.

Analysis of Infrared Spectra

Potential ageing-induced chemical changes in the coating were analysed by spectroscopic meth-
ods. First, the measured infrared spectra (Tab. 4.2) were examined. For identification of
the type of polyurethane (PU) used for the coating the significant bands were compared with
known spectral library data [22, 64]. Table 5.4 shows the attribution of the peaks in Figure
5.16. Because of the presence of peaks at 1240 cm™! and 1729 cm™!, which are typical for an
ester group, the coating could be identified as polyesterurethane. However, there is also a quite
significant peak at 1100 cm™! which is significant for an ether group. So the Remsolar coating
is a polyether-ester-urethan and has both, ether and ester groups in between the PU groups (R;
and Rg in Fig. 3.5b).
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Table 5.4: Significant IR bands of the Remsolar polyurethane coating [22, 63].

Wavenumber [em™!] ‘ Functional group
1100 C-O-C symmetric stretching (ether)
1240 C-O-C asymmetric stretching (ester)
1460 asymmetric CH3 deformation
1526 N-H bending
1690 C=O0 stretching (urethane group)
1729 C=0 stretching (ester group)

2830 - 3010 CHs and CHjy stretching

3340 NH stretching

Moreover, the changes in the spectra over weathering time were analysed. Unfortunately,
there were no spectra available of the freshly coated modules for comparison. Therefore, the
first idea was to compare the weathered coating with the freshly coated reference module 6516
before it was mounted on the test site. However, when comparing the spectra of the freshly
coated module one day after the coating (and also after one week mounted on the test site) the
spectra were not identical to the ones of the previously coated Modules 1-6. With 65T6, there
was still a peak visible typical for the unreached hardener at 2274 cm™! which had disappeared
in the other coatings already after some days (post-curing). Therefore, it was assumed that the
composition of the coating used on this module must have been slightly different with respect
to the hardener content due to evaporated solvent. Hence, the IR spectrum of the coating on
aluminium foil was used as the original reference, because there the very same coating at the
same coating time (July 2021) had been used.
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Figure 5.16: IR spectra taken in November 21, January 22 and March 22 of the Remsolar-coated
Module 1, in comparison with the original unaged coating on an aluminium foil.

To make a direct comparison possible, the spectra were normalised by setting the peak at
the band 1460 cm ™! of all the spectra to 50% transmission.

Some peaks in the spectra shown in Figure 5.16 show some slight changes. For example, the
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ratio of the height of the two C=0 (1690 and 1729 cm ™) peaks varies in some spectra of different
dates. How significant are these variations? Before suspecting chemical changes in the coating
between the different measuring dates, one must compare the ratio of the two C=0 bands in
the spectra taken on one single day. Figure 5.17 shows that even five measurements taken on
different sample positions on Module 1 on the same day in November show some deviation
despite normalisation. Especially, the ratio between the two C=0 peaks varies. Therefore, it
can be assumed that the slight changes in the spectra are not indicative for chemical changes of
the coating meaning that the Remsolar coating did not undergo any chemical degradation until
March 2022 (eight months after coating).
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Figure 5.17: Comparison of five IR spectra (a-e) recorded on various measurement areas on the
coated backsheet of Module 1 in November 2021 (red) and the original coating on an aluminium
foil (black).

Analysis of Raman Spectra

Raman spectra were taken in the field and compared with those of the original state of the
Remsolar coating on an aluminium foil. The spectra of the coated backsheets in the field ex-
hibit strong fluorescence (Fig. 5.18). This stems from fluorophores formed upon ageing in the
weathered coating [62]. Because of the broad fluorescence smaller peaks are not well resolved.
Only the two high bands at 448 cm™! and 610 cm ™! are well visible and show that the Remsolar
coating has a TiO4 filler, like the polyamide backsheet. In comparison, the original spectrum
nearly has no florescences; hence all bands are better resolved. Because the intensities of all
spectra are quite different, they cannot be compared without further data treatment.

To make the bands of the spectra comparable, several processes had to be done with the
Perkin Elmer Spectrum Software. The first step was a baseline correction. As this often leads
to rather noisy spectra with small prongs suddenly enlarged, it is hard to distinguish them from
real peaks. Therefore, it was followed by a smoothing step. As the last step, the spectra were
normalised (to the highest peak in the spectrum at 610cm~!). Figure 5.19 shows the resulting
spectra of these analysis steps, where some smaller peaks are now also visible in the spectra of
the coated Module 1.

Quite interesting is the peak at 3558 cm™! because it is only visible in the spectrum taken
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Figure 5.18: Raman spectra on the Remsolar-coated Module 1 in November 21 and February
22 in comparison with the original coating on aluminium foil.

in November. Comparison with the other spectra of this date showed that all of them have this
peak so it is not a measurement error. Because of the shape and wavenumber, it was assigned to
a free OH group [63]. On this date, the backsheets of the modules were all quite wet by morning
dew and had to be dried before spectra could be taken. Probably some water remained on the
coating and caused the peak. The other peaks fit to the poly(ester/ether)urethane spectrum and
originate from the CHy and CHj stretching (2850-3030 cm™!), the Urethane group (1611 cm™1)
and the CHy deformation (1447 cm™!) vibration.
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Figure 5.19: Baseline-corrected Raman spectra of the Remsolar coated Module 1 and the original
coating (black).

Besides the OH peak in the November spectra, no big changes can be identified in the
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different Raman spectra. Therefore, the conjecture made after the IR analysis, that the coating
did not undergo any chemical degradation, can be reinforced. Increased fluorescence, however,
is an indication for ongoing ageing processes in the polymer.

Analysis of Near Infrared Spectra

The final spectroscopic analysis step of the Remsolar coating was the near infrared (NIR) spec-
tra interpretation. Figure 5.20 shows the NIR spectra of Module 1. Again, one representative
spectrum was chosen from, in this case ten measurements done on different sample positions.
The spectra of the Remsolar coating on Module 1 on the different dates were again compared
with the original coating on an aluminium foil. Moreover, they were compared with the spec-
trum of the uncoated aged backsheet of the reference module, because NIR can detect deeper
layers. The first item observable was that the spectra of the coating on Module 1 did not change
between November and March. Also, it can be stated that the contribution by the backsheet
to the NIR spectra of Module 1 is rather small compared to that of the coating. Still small
changes can be found compared to the original coating on the aluminium foil. For example,
the small absorption around 5700 cm~! (CH-overtones) originates from the backsheet. Also the
band at 4890 cm ™! has a higher intensity than in the spectra of the coating on aluminium foil
and originates from the backsheet.

This leads to the assumption that the TiOs-filled Remsolar coating is, as the polyamide
backsheet, rather opaque in the NIR range compared to other materials. Otherwise, it can be
concluded that no hint for ageing-induced changes of the coating on the backsheet of Module 1
could be found eight months after coating.
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Figure 5.20: NIR spectra of the Remsolar coated backsheet in Module 1 in comparison with the
aged backsheet of the reference module (pink) and the original coating on an aluminium foil.

5.2.3 Analysis of the Dowsil Silicone Coating

The same analysis process as described for the Remsolar coating was also applied to the Dowsil-
coated modules. Here Module 7 was chosen as a representative because of its easy accessibility.
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Visual Inspection

The first step again was the visual examination, which was verified with light-microscopic images
of certain sample positions. In November (four months after coating) no changes or physical
degradation effects were visible on the coating. However, we monitored a lot of dirt particles on
the surface because of the sticky appearance of the silicone. These were of course also visible in
the light-microscopic images. Furthermore, it was possible to detect the outlines of some longi-
tudinal cracks under the coating because the silicone is slightly transparent, which was already
shown in earlier work [15]. Figure 5.21 shows that the coating above is stable and not affected
by the crack.

L]
/

—_— —_— —_—
1,0 mm 1,0 mm [ 1,0 mm

(a) 10.11.2021 - outline of filled crack (b) 14.01.2022 - outline of a microc- (c¢) 10.03.2022 - filled crack along a
under the coating. rack under the coating. busbar.

Figure 5.21: Light microscopic images of the Dowsil-coated Module 7, with outlines of filled
backsheet cracks underneath the slightly transparent silicone coating (Dowsil). No ageing in-
duced changes are visible in the coating as the small black dots are only dirt particles sticking
on the surface.

However, in January (six months after coating) several small cracks in the coating along the
busbars were visible with the naked eye on the examined Module 7 on that part of the module
which protruded over the edge of the roof. This area is particularly exposed to the weather
(wind, indirect irradiance, etc.), more than all other modules. Visual examination of all the
other Dowsil-coated modules showed that only one other module (Module 9) was affected and
there was only one single small crack. This indicates that the pronounced weather exposure
made a difference in the probability of crack formation in the coating. Of the whole test site an
area of less than 5% of the Dowsil coated backsheets is affected from small cracks. Fortunately,
light microscopic images of the small cracks displayed that the backsheet cracks were still filled
with coating, so the sealing of the backsheet was still guaranteed (see Figure 5.22). On the last
examination day in March (eight months after coating)?®, the propagation of the small cracks
had not continued and the backsheet cracks were still filled with coating.

For further development of the coating and its reliability, it is important to continue the
examination whether the cracks in the coating are either growing in size or deepness over time.
Moreover, the effect of temperature below freezing should be studied in more detail because
the cracks in the coating started to grow only in the winter months. If the coating is used
on PV modules installed in the field, the higher wind load on the backsheets also needs to be
considered, as the cracks only grew in the exposed area of the test site.

4 Also later investigations in July 2022 (one year after the coating process) showed that the backsheet cracks
are still filled.
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Figure 5.22: Light microscopic images of examples of small cracks on the part of the Dowsil-
coated Module 7, which protrudes over the roof and is particularly exposed to weather. All the
identified cracks are still filled with coating so the backsheet’s sealing is still guaranteed.

Analysis of Infrared Spectra

The visual examination is followed by spectroscopic analysis of potential chemical changes of the
coating. First, the IR spectra of the Dowsil coating (see Table 4.2) are used again to characterise
the chemical structure of the coating: all peaks could be attributed to silicone (polydimethyl-
siloxane = PDMS) and CaCOs as filler. Table 5.5 shows the dedicated functional groups to the
significant peaks of the spectra depicted in Figure 5.23.

Table 5.5: Significant IR bands of the Dowsil silicone coating [63, 65].

Wavenumber [cm ™! ‘ Functional group

787 Si-(CH3)2
873 -CO3
1010-1080 Si-O-Si
1259 Si-CHj;
1449 -CO3
2966 C-H in CH;3

Then, the spectra of the coated backsheet recorded after increasing weathering time were
compared to the spectrum of the original coating on an aluminium foil. To make comparison
possible, Perkin Elmer Spectrum Software was used to normalise the spectra for the peak at
1259cm~! to be 35% of transmission. After normalisation (Figure 5.23) only small differences,
especially in the relative intensity of the CaCO3 peaks at 873 cm ™! and 1449 cm™~! were observed.
As these differences are also visible in spectra measured on the same day on different sample
positions of the modules backside, they were attributed to a inhomogeneous distribution of the
filler particles in the coating with no relation to ageing.

Hence it can be stated that no evidence for chemical degradation was detected in the IR spectra
of the Dowsil coating eight months after coating.
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Figure 5.23: Infrared spectra of the Dowsil-coated Module 7 in November 21, January 22 and
March 22 in comparison to the original Dowsil coating on an aluminium foil (black).

Analysis of Raman Spectra

Figure 5.24 shows the comparison of the Raman spectra recorded of the Dowsil coating on Mod-
ule 7 in November 2021 and February 2022 with the original coating on an aluminium foil. Again
fluorescence plays a major role in the spectra of the weathered coating making it difficult to com-
pare the different peaks in detail. For better analysis, Perkin Elmer Spectrum Software was used
for baseline correction and smoothing of the spectra. Figure 5.25 shows the resulting spectra
with differences in the region of 446 cm ™! and 610cm™'. These bands were not visible in the
spectrum of the original coating but are quite prominent in both, the November and February
measurement of the coated backsheet. Comparison with the Raman spectra of the polyamide
backsheet without coating (Fig. 5.8) shows that these are the very positions of the TiO2 bands.
This means that the Dowsil coating is transparent for the used Raman laser and absorption
of the material beneath the coating (the backsheet) can also be detected. This is due to the
fact that the portable Raman spectrometer with the external probe does not allow for highly
confocal measurements, as e.g. a Raman microscope. Therefore, also layers above and below
the focal point may contribute to the spectrum. Also the shoulder at 2850 cm™! is attributed
to the CH band and the second peak at 1440 cm~! to the CH bending vibration of the backsheet.

Furthermore, a peak at 3560 cm ™! is only visible in the spectrum measured in November.
This is comparable to the results of the Remsolar coating (see Section 5.2.2 Raman) and is
assigned to free OH-bands from water molecules from the wet coating surface.

The remaining of the peaks in Figure 5.25 originate from the Dowsil coating and did not
change significantly over time in the field and compared to the original condition. The peak at
489 cm~! comes from the Si-O stretching, the ones at 2907 cm™! and 2967 cm ™! from the CHz
stretching. The CaCOjy filler absorbs at 710cm~! and 1088 cm ™ [63].

In conclusion, fluorescence plays an important role in the Raman spectra of the Dowsil coated
backsheet. Partly, this effect can be explained by the impact of the polyamide backsheet on the
spectra. But also the coating itself developed higher fluorescence with increasing weathering
time. Otherwise, no chemical degradation of the Silicone coating could be detected eight months
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Figure 5.24: Raman spectra of the Dowsil-coated Module 7 in November 21 and February 22 in
comparison with the original Dowsil coating on an aluminium foil.
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Figure 5.25: Baseline corrected, smoothed and normalised Raman spectra of the Dowsil coating
on Module 1 and on the aluminium foil.

Analysis of Near Infrared Spectra

As a final step, the NIR spectra of the Downsil coated backsheet of Module 7 were analysed. As
stated before compared to the surface-sensitive measurements with ATR in the mid-IR region,
also deeper layers contribute to the NIR spectra. One representative spectrum was chosen from
each measurement day and sample for presentation. Figure 5.26 shows the spectra of the coated
Module 7 in comparison to the NIR spectra of the original coating (on aluminium foil) and the
uncoated backsheet of the reference Module. The spectra recorded in November, January, and
March did not show any spectral difference. The contribution of the underlying backsheet to the
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three spectra recorded of the coating is quite strong. The main spectral features in the spectrum
of the PA backsheet are also detectable in the NIR spectra of the coated backsheet of Module
7. This shows that the Dowsil coating is quite transparent in the NIR range.
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Figure 5.26: NIR spectra of the Dowsil coating in comparison with the uncoated backsheet of
the reference module (pink) and the original coating on an aluminium foil (black).
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Chapter 6

Conclusion and Outlook

Electricity production from photovoltaics will play a key role in the energy transition of the
near future. Although the production and installation of PV modules started to rise already
significantly in the last years, still some problems are pending concerning the reliability of some
components used in the PV modules. Regarding the repairability of PV modules, especially of
cracked backsheets, the R&D project PVRe? played an important role in developing possible
repair solutions. The main focus lay on modules with polyamide backsheets as they are most
affected of cracks. Due to the cracks the backsheets do no longer act as an electrical insulator
which presents a safety risk. The insulation should therefore be regained by the coating. As
backsheet repair with a coating directly applied in the field is a rather new idea, long-term
reliability monitoring of the repaired modules is required. Previous research has identified two
suitable coating systems, a polyurethane-based (Remsolar) and a silicone-based (Dowsil) coat-
ing. The coatings seal the backsheet cracks completely and form an even cover layer over the
whole backsheet to protect it from further degradation. Though, only long-term analysis in the
field can give the required feedback for further optimisation steps.

With the monitoring system built up and programmed within this thesis, the two coating
types applied to the modules at the test site could be investigated electrically and material wise
on a eighth-month basis.

The first part of the work concerned the monitoring of the electrical performance. At our
pre-tests we could observed, that by closing the deep cracks in the backsheet with the coating,
the electrical insulation had been regained, which was an important first step and necessary to
safely use the modules at the test site. Two more question remained to be answered:

e Is the coating affecting the electrical power and insulation resistance of the modules?

e How does the electrical performance of the modules change over time?

With the help of a detailed analysis of the power output, which could be done using the mon-
itored environmental conditions in the field (irradiance, module and ambient temperature), it
could be stated that the coating was not influencing the electrical performance directly after the
coating process or until eight months in operation. After the deep longitudinal cracks had been
completely sealed, the degradation of the backsheet stopped and the seal prevented the mod-
ule from further degradation, which in a next step could have affected the electrical performance.

The second question can only be answered partly. Testing done directly after the coating,
revealed a nominal power decrease of the modules of only 8.4% compared to the initial value
(label), which fits a normal power loss of modules nine years in the field. However, for long-term
analysis, the measurements should be continued for several years to allow for the calculation of
annual degradation rates. Moreover, an automatic measurement of the generated power of the
whole test site gives a continuous update of the performance.
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CHAPTER 6. CONCLUSION AND OUTLOOK

In the second part, the coating stability was monitored and analysed in detail. Here the
following questions were posed:

o After what time in the field is the coating changing visually?

e Is the coating chemically stable over time or does it change, and if so, how?

e Does the adhesion of the coating on the backsheet material change over time?

Both coatings applied on the backsheet of the modules were very stable and all cracks could
be sealed completely, which was proved by microscopic images. Only in small parts of the
coating visual changes were discovered. The Remsolar coating developed some bubbles after
seven months in the field, after some cold weeks with degrees below zero. The coating fulfils
its purpose as the cracks in the backsheet are still sealed, despite the visible change. However,
product development of the coating to wardo a solvent-free solution is recommended. This could
not only prevent the start of some bubbles, but is also desirable due to environmental reasons
and health standards for the coating workers. Moreover, an improved coating has to be tested
again in climate chambers with higher temperature changes including degrees below zero for
better mimicking the real influences in the outside environment. The same testing procedure
should be applied to the Dowsil coating, where no bubbles occurred but on one module small
cracks developed six months after coating, also in the winter. As they could only be detected
in areas not protected by the roof, this should especially be considered for field installations of
PV modules. For further monitoring of the test site, it is important to follow up on these small
cracks in detail and ensure that the cracks in the backsheet remain sealed. Otherwise, most
parts of the silicone-coated backsheets did not change visually, apart from dirt particles sticking
to the surface of the coating.

After eight months in the field, the chemical structure neither of the Remsolar coating nor
of the Dowsil coating had changed (=high stability). This was concluded from a detailed anal-
ysis of the IR, Raman, and NIR spectra taken at various stages after the repair process. The
only degradation effect visible was increasing fluorescence that could be detected in the Raman
spectra, partly overlapping with the measured bands. As this is already happening with small
impurities only and is a normal issue of backsheets in the field, it should not influence the chem-
ical stability of the coating in the future.

Concerning the third question, it can be said that the adhesion of the coatings on the
polyamide backsheet is good and stays unchanged over eight months of outdoor weathering.
This was already tested in detailed pretests before, as part of the material development, as
described in the introduction. Tests done as part of this master thesis emphasised this result.

The big question to be answered is:
e How long can the operating time of a module with a cracked backsheet be extended by
the repair coating?

This is the most important question and the reason why this master thesis was initiated. As the
modules with deep longitudinal cracks would have had to be disposed of due to safety reasons,
the prolonged operating time only depends on how long the coating is stable, seals the cracks
and, thus the insulation properties are fulfilled. Until now it can only be said, that these condi-
tions are still fulfilled after eight months outdoors. The goal is to prolong this time to ten years
which can be investigated with the built monitoring system within this master thesis. Hence, it
is proposed to continue the detailed monitoring of the chemical stability on a two-monthly basis
and the continuous data gathering of the electrical performance of the modules.

To conclude, the first important step was achieved by the outdoor analysis of the modules
repaired with the developed coatings within this thesis. Based on the first results, it is proposed
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CHAPTER 6. CONCLUSION AND OUTLOOK

that the electrical performance should be monitored and analysed continuously either with an
automatic calculation of the nominal power or with continuous calculations of the performance
ratio of the test site. Of interest could also be a comparison with uncoated and hence unrepaired
modules to get direct results on repair-induced performance differences. This can only be done
at a fenced-off test site because the modules with the cracked backsheets have to be out of reach
for uninformed persons due to safety risks. Moreover, in the future coating solutions should
be developed not only for cracked polyamide backsheets but also for other backsheet materials.
Although they are less affected, many backsheet materials can develop failures, as discussed
in the introduction. Repair solutions for backsheet cracks of different materials prolong the
operating time of PV modules in general and confirm the trust in the reliability of the electricity
production through photovoltaics.
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