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The present work is the result of a detailed analysis of the occurrence of failure/degrada-
tion modes found in 95 solar photovoltaic modules operating in the Atacama Desert. The
data was collected using an IDCTool (Inspection Data Collection Tool) designed for desert
climate applicability. This tool gathers visual inspection, thermal imaging and the electrical
measurements of each module. Additionally, statistical data derived from a previous field
testing campaign is used as well, and results are supplemented with a theoretical analysis
based on the fundamental materials properties and interactions, from a physics perspec-
tive. With this five dimensional approach (visual, thermal, electrical, statistical, materials),
failure/degradation modes and possible mechanisms characterization was enabled, regarding
three solar module components: front cover glass, EVA encapsulant and solar cells. As a re-
sult, seven different abnormalities were detected and analyzed: Soiling, discoloration of front
cover glass, delamination of EVA encapsulant, hotspots, partial shading, cell fracture and
defective soldering. The last two failures were inferred from thermal profiles and described
on a qualitative basis - given it is not feasible to check these failures without a further, and
more detailed visual inspection - giving cause to discussion for future works and more in-
depth inspections. The most common issue detected was soiling; in different intensities and
deposition patterns, showing a correlation between dust deposition and modules geographi-
cal location. Regarding electrical measurements, the relationship between the short circuit
current and maximum power drops due to soiling becomes patent; and, for severely soiled
modules voltage is also affected. However, both soiling and partial shading (i.e. bird drops,
localized mud or dirt) cannot be correlated to excessive heating. Hotspots are also a common
issue, being present in more than 50 percent of the total sample. Severe temperature rising in
cells may relate to loss of glass transmittance, but also to internal cell failures such as shunt
paths or reduced parallel resistance. Chemical interactions between environmental agents
such as moisture, atmospheric particles or pollutants and modules can also be inferred, given
that permanent changes in front cover composition have been observed. Finally, although
there is not statistical evidence, the data analyzed in this and previous work suggest that the
excess of UV radiation, typical of desert regions does not seem to play a primary role in mod-
ules degradation, however, it may contribute as a catalyst in presence of other environmental
agents.
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En este trabajo, analizamos las ocurrencia de fallas/degradación en 95 módulos fotovoltaicos
instalados en el desierto de Atacama. La información utilizada fue recopilada mediante un
herramienta de inspección (Inspection Data Collection Tool, IDCTool en inglés) diseñada
para aplicaciones en clima desértico. Esta herramienta considera la inspección visual, imá-
genes térmicas and mediciones eléctricas de los módulos. Adicionalmente, utilizamos infor-
mación estadística derivada de una campaña previa, y los resultados son complementados
con un análisis teórico basado en ciencia de los materiales. Con este enfoque de 5 aristas, ha
sido posible caracterizar y analizar los modos de falla/degradación para tres componentes de
los módulos: la cubierta frontal de vidrio, el encapsulante de EVA, y las celdas solares. Con-
sideramos 7 anormalidades: soiling, decoloración de la cubierta de vidrio, delaminación del
encapsulante, hotspots, sombreado parcial, fractura de celda y soldadura defectuosa. Las dos
últimas fueron inferidas de los perfiles térmicos y descritos de manera cualitativa (dado que
no es posible comprobar la falla sin una inspección visual adicional), dando pie a generar dis-
cusión para trabajo futuro e inspecciones más detalladas. El problema más común detectado
fue el soiling, con diferentes intensidades y patrones de deposición, que muestran correlación
entre éstos y la ubicación de los módulos. Se evidencia la relación entre la disminución de
la corriente de cortocircuito y la potencia máxima, y en el caso de los módulos con capas de
soiling muy espesas también el voltage de circuito abierto se ve afectado. Sin embargo, tanto
el soiling como el sombreado parcial no causan excesivo calentamiento en las celdas. Los
hotspots son también un problema común, presente en más del 50% de módulos de la mues-
tra total. Aumentos severos en la temperatura de las celdas pueden estar relacionados a la
pérdida de transmitancia del vidrio, pero también a fallas internas de las celdas como shunts
o baja resistencia paralelo. Además, pueden inferirse reacciones químicas entre agentes am-
bientales como humedad, partículas atmosféricas o contaminantes y los módulos, dado que
se observan cambios en la composición de la cubierta frontal de vidrio. Finalmente, aunque
no existe evidencia estadística, el exceso de radiación UV, típico de regiones desérticas, no
parece jugar un rol fundamental en la degradación de los módulos, aunque puede contribuir
como agente catalizador en presencia de otros factores ambientales.
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Chapter 1

Introduction

Electricity comprises one of the most important aspects of modern societies, since it supports
the global technological advancements in all areas of knowledge, together with the industrial
activities and basic human needs. However, in the last decades, along with the concern of
generating enough electricity to supply humankind needs, very much of the attention has
been placed on the nature of resources we are exploiting to produce it. Although there exists
debate on whether the causes of global warming are due to natural variability of Earth’s
processes and Sun’s activity or due to human activity [12], there is general agreement about
human contribution to global warming. Moreover, a great part of global emission of green
house gas (GHG) is due to the production of electricity and transport using fossil fuels
[13]. Additionally, there is concern with the exhaustion of fossil fuel resources in the present
century. While the "peak oil" predicted in numerous studies has been extended further in
time by technological advancements, by now is placed in the first half of the century (2050 for
coal, 2040 for gas and 2020 for oil) [14]. These are two main reasons for improving technologies
based on renewable sources for generation of electricity and transport, which until now, face
several challenges (technical and economic) to fully replace fuel-based technologies [15].

Solar energy represents a feasible alternative to conventional technologies, environmen-
tally friendly, technologically mature and with decreasing costs over time. Nevertheless, and
although there exist constant improvement in solar photovoltaic (PV) technologies, their per-
formance in field, and after a long term exposure can be very different from the information
supplied by the manufacturer. This can reduce modules lifetime and consequently negatively
impact the economic projection of the investor. Moreover, the in-field performance of solar
PV systems in different locations around the world is subjected to different external vari-
ables: climate, weather, UV exposure, soiling, snow loads, moisture, etc. Different external
variables determine modules operation, but also their aging and their propensity to degrade
or fail. In the last decade, many research works concerning the outdoor performance of PV
systems around the world have been reported, allowing to characterize the behaviour of stan-
dard manufactured modules on different climatic conditions. Data acquired allows to relate
the occurrence of certain failure/degradation modes with specific features of these locations.
For the assessment of modules, there have been developed standard inspection procedures
which can be adjusted according to the specific research needs.

1



1.1 Motivation

In Chile, the climatic conditions offered by the Atacama Desert (the most arid desert on the
planet) make it an ideal place to boost the solar energy production: A large desert area of
105,000 km2, the highest irradiation levels of the world, which can reach up to 1200 W/m2

(Direct Normal Irradiance, DNI) in some locations and clear skies throughout the year are
very promissory for the development of a solar market. On the other hand, the National
Energy Policy and the National Energy Strategy 2012-2050 have as a primary objective that
the renewable generation by 2050 reaches at least 70 percent of renewable generation [16].
Given the high potential present in the north of Chile, solar energy can play a major role for
accomplishing this goal.

For an optimum exploitation of solar technologies, it is imperative to know the local needs
for developing technologies specifically adapted to the environmental conditions. Hence, it is
necessary to understand the operation of solar modules under these specific conditions, how
they degrade over time and how they can fail. Within this framework, an inspection data
collection tool (IDCTool) has been developed in previous work [3], which enables standard
inspection procedures to collect the information required. The next step, addressed in this
work, is to conduct a detailed characterization and analysis of this information, in order to
understand the issues affecting modules operation in the Atacama Desert. Particularly, the
focus is on small scale residential/farm PV power plants from urban and rural communities,
given that, unlike commercial plants, these kind of facilities usually lack of operation and
maintenance protocols oriented geared to maximize the service life of the equipment.

1.2 Research Hypothesis

With the data collected through in-field measurements, and a exstensive literature review
about the detection and diagnosis of failure/degradation modes and mechanisms (in which
more sophisticated detection tools and tests have been used), it is possible to find clues about
the internal behaviour of PV modules operating in the Atacama Desert.

With the available information, a detailed description of failure/degradation modes and
possible mechanisms is expected, using an integrated analysis based on statistical informa-
tion from previous work, visual inspection, electrical measurements, thermal imaging and a
physical analysis of materials. With this analysis, the actual impact of the Atacama Desert
specific climate conditions on solar modules could be further inferred.

1.3 Objectives

1.3.1 General Objective

The main objective of this thesis is to identify the different failure/degradation modes found
in solar photovoltaic modules operating in the Atacama Desert, considering a five dimensional
analysis based on previously collected information: On site measurements and characteriza-
tion (visual inspection, thermal imaging, I-V curve measurement), statistical data (average
operating temperatures, degradation rates of electrical parameters, optical failures observed)

2



and a physical analysis of each solar photovoltaic module components, indicating the possible
underlying physical phenomena involved in the failure/degradation modes found.

1.3.2 Specific Objectives

In order to accomplish the general objective of this thesis, another issues related to the
analysis shall also be addressed as listed below:

1. Carry out a detailed literature review on the causes and mechanisms behind the failures
found in the modules analyzed.

2. Assess the performance of the IDCTool developed in a previous study, considering the
quality of the collected data and the main parameters used in the literature to analyse
failures and degradation modes.

3. Identify of a correlation among the failures found in the modules analyzed using each
of the three aspects of the tool (visual, electrical, thermal) in order to find a cause/-
effect relationship between certain environmental/operating conditions as well as the
degradation of the most affected components in the modules.

4. Determine whether or not it is possible to diagnose (at least on a qualitatively basis)
the occurrence of failure/degradation with limited field data, enlightening the critical
aspects to perform this task, and advising, if necessary, about the additional tools that
may contribute in obtaining more accurate results.

1.4 Scope of the Thesis
This thesis work uses the information collected by a previous research, thus an independent
data collection campaigned was not conducted. The major limitation is that, the quantity and
quality of visual, thermal and electrical information does not allow to determine exactly, but
only suggests the failure/degradation modes and mechanisms that are more probably to be
causing certain electrical or thermal signatures. This is why the application of additional tests
is advised, in order to check the diagnosis conducted in this work. Additionally, the analysis
based on materials properties and behaviour is done in a purely theoretical basis. The purpose
is to generate discussion and future research in materials science to establish interdisciplinary
bonds that allow to understand the fundamental properties of underlying failure/degradation
processes detected through in-field measurements. Finally, the analysis was conducted based
in measurements of modules affected by multiple failure/degradation modes simultaneously,
hence the conclusions about the behaviour of modules that demonstrate certain issues are
not absolute.
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Chapter 2

Theoretical Background

Solar photovoltaic modules are devices that allow to collect solar radiation and convert it
to electrical energy. The fundamental mechanism of solar energy conversion lies on the gen-
eration and separation of charge carriers [17]. At present, for this aim a wide variety of
technologies based in different materials have been developed through the last decades [18].
However, due to the multiple requirements for sustainable applications to large scale energy
generation (based both on technical and economic criteria) [19], many of these technologies
still remain under research with small niche application and minimal market share. In con-
trast, mono and multi-crystalline silicon based solar cells are the most mature technology
and have achieved great stability in terms of production costs, lifetime and conversion effi-
ciency [20]. This has allowed these technologies to concentrate more than 90% of global PV
market share [21]. However, the challenges for photovoltaics to address the global energy
supply issue still require intense research in multiple disciplines. The main topics related to
improve the performance of solar photovoltaic systems are: efficiency, materials availability
and processability, durability and aging, life cycle constraints and the integration of PV to
the global energy system [22]. In particular, durability and aging issues are highly related
to materials quality, manufacturing processes and operating environment [23].

In this thesis, the analysis of failure/degradation modes found in operating modules since
2005 to 2018 is performed. All the modules are located in the city of Arica and nearby rural
zones, a coastal region of the Atacama Desert. The analysis contemplates the evaluation of
the data collected using the IDCTool designed in [3] by means of visual inspection, thermal
imaging and measurements of the I-V characteristics of 95 modules of 15 different locations.
Additionally, analysis based on materials behaviour under external stress conditions ( in
particular those found in the Atacama Desert) is performed, with the aim of generating dis-
cussion and further investigation in the areas of materials physics. This Chapter is organized
as follows: In section 2.1 the physical characterization of solar modules components is given,
in order to understand the fundamental features, at materials level that lead to certain be-
haviours and the occurrence of failures/degradations in solar cells/modules. In section 2.2
the general electrical model that characterizes the behaviour of solar cells/modules is given.
In Section 2.3 a general review of literature about the main tools and criteria to perform
detection, diagnosis and analysis of failures on fielded solar modules is given. Finally, in
Section 2.4, the main results found in previous work [3] are summarized.

4



2.1 Materials Characterization of Solar Photovoltaic Mod-
ules

A complete understanding of solar photovoltaic devices, their behaviour and failures involves
both a physics and an electrical engineering approach. As the main purpose of the Chilean
Solar Research program is the improvement of solar technologies to optimize their operation
in desert conditions, where we have our best (and world’s best) solar resource, it is necessary
to consider device details together with their operating conditions. In order to find a way to
correlate the macroscopic failures observed/measured in solar PV modules with the primary
processes involved in them, we briefly review the fundamental features of the materials that
make up the solar photovoltaic modules. Special attention is put on the specific features or
defects that can lead them to fail.

2.1.1 The Solar Cell

The basic unit that allows to generate electricity from solar radiation is the solar cell, which,
for the case of crystalline silicon solar cells (as studied in this work) consists on a p-n junction
[24]. Joining p-doped (normally boron) and n-doped (normally phosphorous) semiconductors
it is established a potential difference between the two sides. This allows to selectively conduct
the charge carriers across the junction to an external circuit. Apart from the semiconductor,
the solar cell is completed by adding printed metallic contacts on the top, which allow the
evacuation and transport of electrons out of the absorber, as shown in Figure 2.1.

Figure 2.1: Basic structure of a solar cell [4].

In solar cell design, both the proper selection and adjustment of semiconductor and metal-
lization properties are critical for technology improvements. This is mainly because, the high
resistance of the emitter (usually the n+ front side) requires the existence of a metallic path
to conduct the electrons [25]. This reduces the active area for charge carriers generation
[26], and also establishes contact resistances between the semiconductor and metal materials
[27].

The generation process begins with the arrival of photons into the solar cell. The incoming
photons transfer their energy to the electrons in the solar cell, which can now move from
the valence band to the conduction band of the crystal. In other words, this energy allows
the electrons to break free from the attraction of atomic nuclei. However, for every excited
electron in the conduction band, there remains a hole in the valence band (attached to
the crystal), bounded with each other (electrons and holes) by the Coulomb attraction.
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Physically, the separation of charge carriers occurs at the interface of the p-n junction, and
then the separated electrons and holes are conducted to their respective contacts. A schematic
of charge carriers generation and separation is shown in Figure 2.2

Figure 2.2: Schematic of charge carriers generation and separation within a solar cell .

One of the major challenges to improve solar cell performance is to improve their efficiency.
Significant effort has been done to achieve this goal, which is directly related to the mini-
mization of losses. There exist several mechanisms that lead to the loss of charge carriers,
starting from theoretical limitations of solar energy conversion [28], optical losses (reflection,
absorption, transmission), recombination mechanisms (radiative, Auger, SRH, among oth-
ers) and electrical losses (series and shunt resistance) [29]. Some of these loss mechanisms
are determined by the inherent features of the material. For example, the bandgap of single
junction materials determines the minimum absorbable incident photon energy [30]. Other
issues, such as recombination losses are highly dependent on impurities concentration derived
from manufacturing processes [31].

Impurities concentration does not only determine the loss of efficiency of a solar cell [32],
but also determines its behaviour under stress. According to [11], hotspots formation in solar
cells is directly related to high impurity contaminants concentration, particularly of transition
metals. Additionally, high impurity concentrations within the semiconductor generate large
recombination regions which lead to the generation of shunt paths [33]. Shunts are basically
internal short circuits at the p-n junction which degrade the solar cell performance [34], and
are of major concern in solar cell design, because they can degrade the device performance
in a large degree [35]. According to [36], the origin of shunts can be both processes in-
duced (during manufacturing stages, like cracks, scratches, defective contacts, improper edge
passivation or the presence of Al particles on the emitter surface, amongh other causes), or
material induced (strong recombination sites at metal decorated grain boundaries, macro-
scopic Si3N4 inclusions, or microscopic SiC precipitates accross the wafer). These issues can
be addressed by enhancing processes control during manufacturing, and by the use of better
quality materials [37] which, of course, increases production costs.

As mentioned before, metallization is another main component in solar cells. Metallization
contributes to losses as a small, but not negligible contact resistance [38]. In fact, there exist
losses associated to each component of metallization (gridlines, busbar, back contact) and
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transition regions between semiconductor and metallization [27], which gives rise to contact
potentials [39]. In solar cells, front metallization contacts are usually based on screen-printed
Ag pastes [40]. Al/Ag are used for rear contact [41]. These contacts can be considered as
almost ohmic [27] due to the surface concentration of atoms in the semiconductor (1019 and
1017 atoms/cm3 for n and p-type respectively), which is important for contact improvements
although they are considered a small portion in the total power loss of the cell [42]. Silver
pastes, the most used material for contacts, consist of heterogeneous mixtures containing
silver powders, glass frits (which performs the adherence to the semiconductor surface and
ensures the formation of contact [43]), organic binders, and optional metallic/metal oxide
additives [44]. Recently, the role of glass frits on the formation of shunts by recombination in
n-type solar cells, affecting the open circuit voltage has been investigated [45]. Finally, the
interaction between silicon and metal compounds can lead to thermal stress derived from the
difference in thermal expansion coefficients between both materials when they are subjected
to temperature cycles [46]. This situation is relevant in a desert environment, for which in
Atacama Desert thermal oscillations can reach 30°C.

2.1.2 Solar Modules Components

Solar cells are the generating units, however, they are very brittle by themselves. Additionally,
individual commercial solar cells produce very low voltages, which are not suitable for large
scale applications. In order to protect the cells from external hazards and to achieve higher
voltages, they are series connected in groups of (usually) 60-72 cells and encapsulated between
several materials into solar modules, as shown in Figure 2.3.

Figure 2.3: Solar photovoltaic module components [5].

The series connected solar cells are first sandwiched between two layers of an encapsulant,
for which the most commonly used is based on etylene-vinil acetate (EVA). The advantages
of EVA are mainly its good transmittance and adhesive properties, elasticity, low processing
temperature, and low cost. However, it has been found that EVA degrades easily under
severe environmental conditions [47]. The remaining components are the glass cover on
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the front and the backsheet on the rear side of the solar module. Finally, all the compo-
nents are attached within the aluminum frame, to isolate the internal structure and provide
mechanical stability. For glass covers, commercial soda lime glass is normally used, while
the backsheet is typically made of polymers like polyvinyl fluoride (PVF) or polyethylene
therephthalate (PET) among others. In this thesis, the main materials considered for analy-
sis of failures/degradations in solar modules are: the solar cell, the encapsulant and the glass
cover. The reason for this is that these materials are involved in the main failures found in
previous work [3]. Further, more information derived from the visual inspection, thermal
imaging and electrical measurements is available for these components. In this section, the
physical properties of front cover glass and EVA encapsulant are summarized.

Soda-lime Glass Front Cover

Soda-lime glass has been widely used as a coverage layer for solar modules because of its
good structural, thermal and optical properties. It allows the passage of light at the same
time that protects the underlying components against environmental and external mechanical
stress. Glass lacks of a crystalline structure (belongs to amorphous materials), however, it is
composed by a basic unit of one Si atom connected with four O atoms (SiO4). To form the
crystal, each O atom is bonded by two Si atoms, as shown in Figure 2.4. For soda-lime silica
glass, the network shown in Figure 2.4 (b) is interrupted by the addition of impurities (Na+,
Mg2+, Ca2+, Mg3+). These elements are added in order to modify some properties of glass,
such as softening point (temperature), toughness and durability, without affecting the glass
optical properties [48]. However, the inclusion of these network modifiers can contribute
to negative issues, such as Potential Induced Degradation (PID). PID arises as the result
of diffusion of ions through shunt paths accross the modules (cells, encapsulants and even
through the frame). These shunt paths may appear due to environmental factors (such as
humidity or temperature), the amount of network modifiers on the glass, and the quality of
the polymer and semiconductor materials [49]. A schematic of a silica network is shown in
Figure 2.5, where it can be seen that the addition of impurities (Na+ in the image) alters
the SiO2 network arrangement, generating non-bridging oxygen sites (O atoms which do not
bond between two Si atoms). Additionally, soda-lime glass is usually tempered to provide an
improved mechanical strength.

Apart from its structural features, the optical properties of soda-lime glass make it suitable
for photovoltaic applications. Its transmission spectrum ranges from the near UV (300 nm)
to the infrared (IR), with more than 80% transmittance up to approximately 2500 nm [6].
It is also a good insulator [50]. Furthermore, transmission properties can be affected by
the influence of environmental conditions, such as humidity and high room temperatures.
Research on the response of soda-lime silica glass under damp-heat accelerated tests show
that their transmittance spectrum is increased after 1000 hours exposure [51]. This can be
a positive result in terms of the optical absorption in the solar cell, however, transmission in
the UV range can be problematic since it contributes to degradation of encapsulant [52] and
solar cells [53]. The role of impurities on the optical properties of soda-lime glass has also
been studied. For example, the presence of Fe oxidation states, as a residue of raw silica,
introduces absorption in the near UV and mainly a very broad absorption band in the near
IR. This can decrease the power output of a finished module up to 10% [54].
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Figure 2.4: (a) Tetrahedral SiO4 bond. (b) Crystal lattice composed by adjacent unit cells [6].

The comprehension of the interactions between the front cover glass and the environment
are of great importance to characterize the degradation of glass, and also the other layers in
the solar module. Although glass is chemically stable, damp heat tests and in-field inspections
have shown that the mixture of water and contaminants over the glass surfaces of solar
modules can lead to weathering in the presence of high temperatures [55]. In the process
of weathering (atmospheric corrosion), several reactions can take place, triggered by the
physical and/or chemical adsorption of molecular water on the surface, which reacts with
the silica network cations or non-bridging oxygen [51]. In this process, cations are pulled
apart from the glass network (leach) to the water layer which leads to corrosion and loss of
transmittance.

EVA encapsulant

The current quality standards of solar photovoltaic systems ensure high reliability of modules
up to 20 - 30 years of service. This depends directly on the performance of its components,
which are selected considering a trade off between good quality and achievable cost. The en-
capsulant supplies the solar cells with protection against environmental effects: humidity, UV
radiation, mechanical stress, among others. The main function of polymer encapsulants is to
provide adhesion between the cells and the glass/backsheet, positioning the solar cells within
the stack during manufacturing, installation processes and operation, while maintaining an
optimum optical coupling between the glass and cells [52].

EVA is the most used polymer for encapsulation purposes, being used in about 80% of solar
modules [47]. Although in general it exhibits good properties for photovoltaic applications
(transmittance, low processing temperature, elasticity, high adhesion, etc), EVA is chosen
amongst other polymers with better properties because of its cheap cost [56]. The polymer
composition varies to improve its performance, but for PV applications typically contains 28
- 33 % by weight of vynil acetate (VA) compounded with additives like curing agents (to
improve adhesion), UV absorbers, and photo-and-thermo antioxidants [57]. Examples of the
chemical composition of these additives can be found in [52].
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Figure 2.5: Schematic representation of a silica glass amorphous network [7].

The degradation modes that affect the EVA encapsulant are corrosion, delamination and
discoloration [52]. The main triggers for these phenomena are humidity, high temperature
and UV radiation. The data provided by [3] for the analysis performed in this thesis indicates
that the only degradation mode observed in the EVA encapsulant was delamination, which
will be briefly described in this section. Delamination is the loss of adhesion between the
different interfaces that compose the solar module. In [58] it was shown that delamination is
determined primarily by humidity, but temperature plays an accelerating role of degradation
in time. Additionally, in [59] it was found that, when exposed to dry conditions, there was no
significant loss of adhesion between the glass and the polymer, in a temperature range from 23
to 85 °C. Silanes (sillicon based coupling agents) which are compounds that enhance adhesion
between interfaces [60] are sensitive to water ingress [61]. Furthermore, it is presumed that
production of acetic acid (which is directly related to encapsulant discoloration [62]) enhances
adhesion loss by acting as a catalyst for hydrolisis of bonds in the silane coupling agents [59].
Further, delamination induces corrosion of metallic components of the solar cells [63], as it
propitiates the ingress of contaminants at the interfaces.

2.2 Electrical Characterization of Solar Photovoltaic Mod-
ules

2.2.1 The Diode Model

The separation and collection of charge carriers in a solar cell, as described previously in
Section 2.1, can be represented as a diode. Several mechanisms can contribute to dissipate
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certain amounts of the generated power. For example, the recombination of carriers, the
establishment of shunt paths across the junction and other interfaces, the arising of contact
resistances and material resistances . One simple but very complete description of the be-
haviour of the solar cell is the so called equivalent circuit representation, which is based in a
single diode, and is shown in Figure 2.6. In this model, the light-generated current, which is
proportional to the incident solar radiation, is represented as a current source IL.

Figure 2.6: Representation of the solar cell with the equivalent circuit of one-diode . Image
taken from [8]

.

The diode model allows to characterize the behaviour of the generated current as a func-
tion of voltage, and thus the power output of a cell. The diode-like behaviour arises from the
depletion region established within the p-n junction. The reverse saturation current intro-
duces the diode component to the circuit ID, as shown in Figure 2.6. The series resistance
component, Rs, comprises the losses caused by:

1. The movement of charge carriers through the semiconductor,
2. the resistance on the contact between metallization and semiconductor, and
3. the resistance of metallization components. As the current across the series resistance
Rs is the same that the load current, this component should be as small as possible.

The shunt resistance Rsh, which comes from the recombination of charge carriers within
the depletion region, gives rise to shunt currents, Ish. In the ideal case no current should
flow through the depletion region, therefore these currents are needed to be as negligible as
possible. Considerably high values of Rs and low values for Rsh compromise the performance
of the cell and lowers the output power. The diode model offers an accurate description
of solar cells behaviour, which can be analysed through the current - voltage characteristic
curve, as shown in Fig 2.7 (blue curve). The I-V characteristics, shows the variation of current
at different voltages: The open-circuit voltage Voc, which is the maximum voltage the cell
can achieve at open terminals. The short circuit current Isc is the maximum current the
cell can deliver with its terminals shorted, and the maximum voltage Vmpp and current Impp

which indicate the positions of the curve for which the maximum power Pmpp = ImppVmpp is
delivered. Deviations in these parameters with respect to nominal values give information
about the inner behaviour of the solar cell.
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Figure 2.7: Current - Voltage characteristics of a solar cell. Image taken from Seaward Solar.

From this relationship between voltage and current, it is possible to characterize the power
output of the cell through the P - V characteristics (red curve of Fig 2.7). The maximum
power point Pmpp can be obtained by multiplying the maximum power point voltage Vmpp and
maximum power point current Impp. Variations on the parameters Rs, Rsh cause variations
on the shape of the curve. As in operative modules it is very difficult to measure the series
or shunt resistance of the cells, these variations are used as indicators of changes in Rs, Rsh.
This is graphically shown in Figure 2.8. Increasing values of Rs decrease the slope of the
I - V curve near Voc, while decresing values of Rsh increase the slope of the curve near Isc.
A considerable decrease in Rsh can also decrease Voc. An interactive visualization of this
situation can be found in [64].

Figure 2.8: Effects of (a) Rs and (b) Rsh on the IV curve. Image taken from pveducation.org.

Photovoltaic modules are just aggregates of solar cells connected in series to fulfill the
voltage requirements. Therefore, the I-V curve of a module is the same than that of a cell
but with different voltage. Additionally, for safety reasons, modules also contain bypass
diodes separating string of cells to limit the current dissipation in case of reverse biased cells,
as will be discussed in the next section.

The equivalent circuit representation is a simple but a very powerful tool, widely used
to model crystalline sillicon solar cell behaviour and power output with high accuracy [65].
As it can be constructed with the nominal parameters of solar cells/modules provided by
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manufacturers, it is useful to compare the real performance of the system vs the expected
performance in nominal STC operating conditions. This can help to quantify the degradation
of the electrical parameters due to extensive outdoor operation, considering basic rules of the
behaviour of the curve as enlisted below:

1. Less generation of charge carriers (either by poor irradiance, shading, loss of transmit-
tance of solar modules components, etc) impacts directly the short circuit current.

2. Shunt paths across the p-n junction or other cell/module components, as well as tem-
perature increases, contribute to decrease the open circuit voltage due to an increase
in the recombination currents due to bandgap reduction [66].

3. Increased series resistance affects the slope of the I-V curve near the open circuit voltage
[64], but does not modify its value since at Voc there is no current flow out of the cell.

4. Decreased shunt resistance affects the slope near the short circuit current in the I-V
curve, given that, the existence of alternative paths reduces the overall current that the
solar cell can deliver and also the voltage from the cell [67].

5. Activation of the bypass diode creates a step in the I-V curve. The maximum current
of each step corresponds to the current delivered by the bypassed string.

6. Isolation of part of a cell reduces the photocurrent that cell is capable of generate. This
is evidenced on the I-V curve by small steps, proportional to the active area lost [68].

2.3 Detection and Diagnosis of Failures/degradation Modes
in Solar PV Modules

The economic feasibility of solar PV installations shows an increasing trend given the reduc-
tion of the Levelized Cost of Energy (LCOE) for either domestic scale or utility scale PV
power plants [69]. This makes of solar PV projects an attractive investment, in particular
in regions with favourable irradiation conditions like Chile [70]. However, the long term
performance of PV systems depends not only on the technology, but also in the environmen-
tal conditions where they operate [71], and the application of Operation and Maintenance
(O&M) programs [72]. These factors can influence the reliability and durability of solar PV
systems [2].

2.3.1 Failure/Degradation Modes in Solar PV Modules

Failures and degradations in solar modules have been widely defined in research works, re-
ports and standards [1] [73]. According to [2], a failure can be considered as any issue which
causes a power drop on the module beyond warranty limit, while a degradation causes loss
of performance but the modules still meets the warranty requirements. In [74], a failure is
defined as a mechanism that produces a sudden decrease in the device output, while degra-
dation is a continuous output decay. Failures are directly related with reliability (probability
of the device to maintain its operative state during a defined time interval). Therefore, a re-
liable PV system is the one that has high probability of perform its intended function during
its warranty lifetime. In contrast, degradation is related to durability, which is concerned
with long-term performance, rates of performance, property loss, etc. A considerable loss of
material or product durability may lead to catastrophic failure (loss of reliability) [75].
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Failures in solar PV systems are of major concern when safety risks of operation and han-
dling are being considered, but also from an economic perspective due to the great amounts
of power that can be lost as a consequence of faulty operation. Faults in PV devices can
be studied using several approaches: According to the component affected by the failure
(cell, metallization, encapsulation, glass, junction box, etc), type of failure (delamination,
cracks, hot spots, arc faults, etc) lifetime related information (infant-failure, midlife or wear
out failure), or underlying causes (manufacturing defects, mishandling, operation, environ-
mental interactions, degradation). The visible or measurable effects of failures on the device
performance are the footprints that allow us to infer the failure causes. An important differ-
ence exists between failure modes and failure mechanisms, within a purely conceptual plane.
According to [76], on one hand, a failure mode is the recognizable electrical manifestation
by which the failure is observed. For example, open or short circuit, increased current, etc.
On the other hand, failure mechanisms are the specific microscopic physical, metallurgical,
environmental phenomena or processes that cause the device degradation or malfunction.

According to literature, three categories of failure triggers can be distinguished, as shown
in Table 2.1. Manufacturing defects can be referred to all these conditions found in cells/mod-
ules which arise from certain conditions at any stage in the production line of solar cells, that
mainly contribute to reduce the final efficiency. For example, a relationship between reduced
power output of high efficiency silicon solar cells after a few months before deployment, and
the firing temperature (temperature for metallization printing on the solar cell) at the final
stage of cells production [77] has been found. From these findings, researchers recommend
that manufacturers use the lowest temperatures at firing to reduce certain impurities that
can be related to the problem.

Another common manufacturing issue is related to the differences found in electrical char-
acteristics of nominally identical solar cells packed in the same module, or series connected
identical modules. This is important because the power output of the entire module or array
is determined by the component with lowest output [78], and the excess of power produced
by some cells is dissipated in lower performance cells in the form of heat. The uncertainty
in the power output derived of current mismatch can be evidenced by looking at the power
tolerance in module datasheets, which can range up to ± 5%. Cell mismatch in a finished
module can be measured. Manufacturers have several sorting methods which categorize solar
modules in different performance bins by, for example, maximum current (Imax), maximum
power (Pmax), current at fixed voltage or fixed Pmax. Cells belonging to the same bins are en-
capsulated together to form a module [79], which can help decrease the mismatch. According
to [80], several factors affect the power output of industrial solar cells. One example of this
is the varying concentration and type of defects in a single Si column from which different
wafers are extracted (for multi-Si based cells), or the tolerance on the diffusion processes,
which is reflected on the fluctuation of emitter’s sheet resistance up to 5%. Furthermore, the
screen printing and firing back and front contacts can also affect the contact resistance.

Apart from manufacturing defects, there exist other possible causes of failures in mod-
ules associated to handling, and certain operating conditions of the modules. According
to [1], defective clamping can cause glass breakage of frameless PV modules, allowing the
passage of water vapour and oxygen into the PV module, enhancing corrosion and loss of
performance. Additionally, glass breakage can facilitate the appearance of hotspots (warmer
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Manufacturing defects Handling/operation problems Degradation modes

Cell defects due to high firing temperature [77] Clamping Corrosion
Electrical mismatch in cells [80] Transport/installation Discoloration

Quick connector failure Delamination
Lightning Cracks

Shading mismatch

Table 2.1: Different PV module failure triggers [1].

cells or warmer zones within cells). Transport and installation issues can lead to cracks and
breakage of PV modules due to accidental falls, in-homogeneous stress distribution on PV
stacks while transport, vibrations, residual stresses from prior processing [81], etc. Cracks
in cells/modules are very difficult to detect, and in most cases they cannot be identified by
simple visual inspection, being necessary the use of tools such as electroluminescence or lock-
in thermography. Once detected, the cause of these defect is very difficult to infer, unless
data from the modules prior and immediately after install are available. This is not usually
achievable in PV plants that have been operating for several years, and even less probable to
find in small scale plants with domestic or farm applications. For these reasons, cell/mod-
ules cracking due to mishandling or unexpected transport issues are not considered here as
a failure. Another problem which arises from a poor planned installation is related to the
location of the modules, which can be shaded by plants, trees or aerial power lines. This can
permanently affect the performance of the PV systems, because shaded zones of a module or
cell remain as inactive charge carriers generation zones. In the case of a considerable shaded
area of a module the bypass diodes can activate, disconnecting the affected string with the
subsequent reduction in power output. In partially shaded cells, the remaining active zones
of the cell have to assume the entire string current, increasing the temperature and allowing
the formation of hotspots [82]. An example of this is shown in Figure 2.9 where, (a) by
visual inspection the presence of a plant shades the module in the upper corner. In (b), by
performing IR Thermography an abnormal heat distribution in the affected cells is observed.
An in-homogeneous thermal pattern is found on the shaded cells. The partial shading on
cells/strings is considered as a current mismatch failure.

After assembled, transported and installed, the PV module will spend its entire life oper-
ating somewhere in the world, subject to the environmental and climatic conditions of that
certain place. These conditions can vary widely in terms of atmospheric composition, wind,
precipitations, dust, UV radiation, moisture, etc. Degradation appears as a gradual dete-
rioration of the characteristics of a component or a system, which can affect its ability to
operate within the limits of acceptability criteria. It is caused by the operating conditions
[83], which can be related to temperature, humidity, UV irradiation, external mechanical
stresses, etc.

Degradation modes can arise over the entire PV modules lifetime. Degradation causes
reduction in the electrical output parameters of solar devices (Isc, Voc, Pmpp). Manufacturers
provide a warranty of quality which ensures that PV modules will reduce their power up
to 80% from the nominal power (Pnom) after 25 years, assuming a loss of efficiency of 0.5%
each year [84]. Degradation is quantified by means of the electric power output reduction
across time and the Fill Factor (ratio between the maximum obtainable power to the product
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Figure 2.9: Partially shaded module by the presence of a plant: (a) Visual inspection, (b) Thermal
image where the abnormal heat distribution can be observed.

of Isc and Voc), for which a value below 80% corresponds to a degraded module that needs
to be replaced. Degradation and aging is highly conditioned to the geographical place and
particular climatic features in which the modules operate [85]. Under extremely dry and
arid conditions like the Atacama desert, one of the major challenges is the high amounts of
UV radiation, which has been found to contribute to module degradation, affecting primarily
the polymeric encapsulated [86]. Different failures/degradation modes may have a common
cause. For example, gradual detachment of backsheet can be caused by moisture ingress
through backsheet or laminate edges, due to poor adhesion or polymer disintegration, just
like corrosion of cells and interconnections. Likewise, some failure/degradation modes can
cause other failure/degradation modes. For example, glass breackage is a probable cause of
hotspots, which can also can be caused by fragmentation of cells or interconnection failures,
among others.

In order to differentiate the occurrence of a failure or degradation in solar modules, we
consider that various degradation modes can lead to failure modes when are not properly
addressed during long time intervals. For example, severe delamination can lead to PV mod-
ules fault for extensive loss of light transmittance and current mismatch between the affected
cells or strings and the rest of the module. On the other hand, small/localized delamination
may not cause great decrease in the electrical parameters and power output, neither haz-
ardous temperature differences within the module. However, it can facilitate moisture and
contaminants ingress which enhance corrosion and leads to further delamination issues. For
this reason, in this work these issues that cause severe reduction in output parameters or
temperature differences are considered as failure modes, on the contrary they are degradation
modes. If detected a visual abnormality with no thermal or electrical abnormality associated,
it is considered as a purely cosmetic issue. Nonetheless, considering that long term operation
under any conditions different from those ensured by the manufacturer will possibly lead to
further degradation and further faults.

The degradation/failure modes found in this work, which will be analysed in detail in the
next chapter, are summarized in Table 2.2. Notice that soiling (accumulation of sand, dirt,
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snow or any external drop deposited on the module components) and shading (projection of
a massive object’s shadow over the module surface) are not usually considered as failures or
degradation [1], given that these are not an intrinsic issue of the system, but an environmental
cause of modules degradation/failure. However, as found in this work, these are amongst the
most common issues found in solar PV modules operating in the Atacama desert, hence they
will be studied in detail in the next Chapter. The main failure modes found in the field test
campaign are hotspots. Degradation modes found were encapsulant delamination, soiling,
and gradual electrochemical corrosion (weathering). Milky discoloration of the front glass
was also found, but for this issue has not been found a detailed description nor categorizing
in literature except by its inclusion in visual inspection forms, as will be reviewed in the next
section.

2.3.2 Analysis of Field Testing Data

To investigate on the primary causes of solar PV modules failures/degradations, as well as
the physical, chemical or electrical mechanisms that lead its components to fail/degrade, an
evaluation of the performance of modules in field is needed. In order to accomplish with
the required standards and commercial warranties, manufacturers and researchers conduct
accelerated testing under specific conditions of UV radiation, heat, humidity, electrical bias
and white light. Accelerated tests provide a quick and useful tool to estimate the life char-
acteristics of the product, by applying higher levels of stress than that of real operation but
for a short period of time, in order to induce failures that would occur in the field [2]. How-
ever, improvements in accelerated tests need to be guided by in-field information, in order
to match real measurements with laboratory induced degradations/failures [87]. For this
reason, characterization of fielded PV modules and a detailed evaluation of failure/degrada-
tion modes that occur under different climatic conditions is of great importance. The level
of detail on the evaluation and the quality of information collected are highly conditioned
by increasing costs. The simplest tool to evaluate the current state of fielded modules, and
also the cheapest is visual inspection, for which fillable forms and checklists based on inter-
national standards are available [88] [1]. With these tools, it is possible to detect issues as
soiling, delamination and discoloration of encapsulant, junction box (j-box), wires, frame or
other components abnormalities. However, other issues cannot be detected by bare eye, for
example, thermal abnormalities derived from current-dissipating defective cells, shunts, over-
heating, current mismatch between cells, etc. For these issues, more sophisticated techniques
are available, such as infrared thermal imaging (IRT), I-V curve measurement, ultrasonic
inspection, electroluminiscence imaging (EL) and laser beam current (LBIC) [84]. The use
of combined techniques allows to fully characterize fielded modules.

In this thesis, the data used for analysis were collected in a field test campaign performed
by [3] in January 2018. The inspection was performed in three steps: 1. application of a
fillable form to register information collected by visual inspection, 2. recording of thermal
images using an infrared camera, and 3. measurement of the I-V characteristics for each of
the 95 sample modules. All the modules are located in the western zone of the Atacama
desert, near to the Pacific Ocean coast.

In desert climates the major attractive to install solar PV systems are mainly the high
levels of global horizontal irradiation (GHI) and direct normal irradiation (DNI). Additionally,
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Failure/degradation
modes

Possible causes Effects Failure/degradation
mechanisms

Encapsulant delamination

High temperature + hu-
midity

Moisture ingress Photochemical reactions

Sensitivity of adhesive
bonds to UV radiation

Enhanced corrosion Chemical gradients at in-
terfaces

Poor adhesive bonds at
the interfaces during pro-
cessing

Transmission loss Thermo-mechanical fa-
tigue or severe electrical
mismatch

Contamination from
other components (Ex-
cess Na in glass or acetic
acid in encapsulant

Power drop beyond war-
ranty limit due to optical
decoupling and moisture
ingress/corrosion

Hotspots

Thermal expansion/con-
traction of interconnects
of solder bonds

Backskin burns

Shadowing Decrease in power
Faulty cell or cells in a
string

Shattered glass

Low shunt resistance
cells

Localized encapsulant
bubbling

Failure of bypass diode Localized encapsulant
discoloration
Power drop beyond war-
ranty limit

Soiling
Low tilt angle of modules
in soiling prone locations
with infrequent rainfall

Slow transmission loss Strongly adhesion and
graduel hardening of soil
layer on glass

Defective cleaning proto-
cols

Reduced current/power
output but may not af-
fect fill factor or warranty
limit
Cosmetic/visual change

Electrochemical corrosion

Moisture ingress through
backsheet or laminate
edges

Series resistance increase
and/or shunt resistance
decrease

Electrochemical corro-
sion or photoelectro-
chemical corrosion

Higher ionic conductiv-
ity of encapsulant due to
moisture

Potential induced degra-
dation

Metallization sensitivity
to moisture
Interconnect sensitivity
to moisture

Table 2.2: Failure/degradation modes studied in this work [2].

great extensions of free land (for large scale projects) and the absence of clouds contribute
to maximize the energy yield. However, desert environments also present challenges, such
as the absence of water supply for installations and cleaning. This depends on the cleaning
technique used [89], however water based techniques are the prevalent cleaning mechanisms
[90]. Another challenge arises from the high levels of thermal stress on PV modules due to
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wide range thermal cycling [91]. Moreover, high levels of UV irradiation, which is particularly
high in the Atacama desert [92] are related to EVA encapsulant degradation [93].

Soiling deposition on the surface of modules in dusty environments reduce drastically the
economic feasibility of solar PV projects [94]. Several research have investigated the effects
of soiling in different parameters of solar PV modules, such as optical transmittance, power
output, energy yield or efficiency [95] [96]. As each individual research considers different
measurement techniques, equipment and standards, it is difficult to perform a direct compar-
ison between results of different studies [97]. However, all studies report energy yield losses
due to soiling accumulation (which can vary with the PV plants specific location/climate)
[9]. The net effect of soiling on the overall power output of solar modules is a reduction of
the irradiance that reaches the cells, due to the blockage of particles on the glass surface.

Figure 2.10: Different degrees of soiling deposited on modules surfaces detected by visual inspec-
tion.

Soiling over PV modules can be detected by simple visual inspection. The effects of soiling
deposition can range from a simple aesthetic issue (without affecting any output parameter)
to a severe reduction in the energy output, so electrical measurements greatly influence the
failure diagnosis. Moreover, the response of individual affected modules/cells depends on their
inherent characteristics (materials quality, current mismatches, manufacturing issues), which
affects the energy output, but also the thermal behaviour of modules. Therefore, it can be
found that two soiled modules with similar soiling deposition patterns present very different
thermal patterns and operating temperature. This can be characterized with high accuracy
by IR Thermography. An important feature of soiling, treated as a failure/degradation mode,
is that it is reversible as the module is cleaned. However, continuous operation under severe
soiling conditions can lead to permanent degradation and damage of solar modules.

The most affected parameter on the I-V curve depends on the type of soiling deposition.
According to [9], soft shading occurs when atmospheric particles deposit on the surface of
the panels, decreasing the overall current, as shown in Figure 2.11(a). On the other hand,
hard shading occurs when localized solid drops (like bird drops or accumulated dust or dirt)
shade one or more cells in a clear and definable shape, which decreases the output voltage,
as shown in Figure 2.11(b). Hard shade can also lead to hotspot generation [98].
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Figure 2.11: (a) Short circuit current reduction due to soft shading and (b) open circuit voltage
reduction due to hard shading. Image taken from [9].

Among the different climates worldwide, in desert locations the highest degradation of
short circuit current has been reported, affecting greatly the maximum power, but not the
Fill Factor [99]. As it will be reviewed in the next Section, this is in accordance with the
results obtained in previous work. In the Atacama desert, soiling rates depends on the geo-
graphical location, being the highest in Arica (0.6%/day) followed by Iquique (0.31%/day),
while Calama and Copiapo exhibit less than 0.1%/day. However, the power loss depends
also on rainfall, being again Arica the city with highest annual energy loss (39%) [100]. In
[101], soiling composition and its effects on the transmittance of solar modules were studie.
Results show that for different desert locations there can be found different mineral com-
position, influenced both by natural environment and the presence of mining industry. The
transmittance losses have been found to reach 55% after four months of dust accumulation.

Another failure/degradation mode that can be detected by visual inspection is delamina-
tion. As shown in Figure 2.12, the visual manifestation of delamination is not unique, but
shows a characteristic whitening over cells produced by the loss of adhesion of EVA [102].
As discussed in Section 2.1.2, the optical effect of delamination is the loss of transmittance
across the EVA layer, thus decreasing the amount of light that reaches the cell in delaminated
zones. This leads to heating and eventually to hotspot generation [103]. The decrease in
transmittance also produces a drop in the short circuit current Isc of the I-V characteristics
[63].

Hotspot generation in solar cells depends not only on the causing failure, but also on
the response of each individual cell to that failure. This concerns mainly the quality of the
cell, but also the manufacturing defects or mishandling. A hotspot can be generated due
to reverse bias operation by partial cell shading, cell fracture, defective interconnections or
delamination of EVA. Despite the cause, the mechanism of generation of hotspots is a result
of reverse biasing of one or more cells, when current mismatch between the string and the
damaged cell occurs. By working at reverse voltage, the damaged cell(s) act as a power load,
dissipating the power generated by the rest of the string, and consequently increasing their
temperature. The schematic of Figure 2.13 shows the operating point of three PV devices
connected in series, where PV3 is shaded. Therefore, this cell generates less current than
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Figure 2.12: Delamination of EVA encapsulant detected by visual inspection.

its neighbors. If the string current is higher than the Isc of the shaded cell, then it becomes
reverse biased (the operating point turns to the reverse voltage region of the curve), sinking
power instead of producing it, thus generating heat [10].

Figure 2.13: Current mismatch between three cells of a single string by shading of PV3 [10].

The shunt resistance Rsh is the parameter that determines the cells behaviour under
reverse bias operation [104]. As shown in Figure 2.14, a high value of Rsh flattens the curve
and shifts the breakdown region of the cell, while higher values contribute to steep the curve.
This last results in a higher amount of dissipated power, causing breakdown and leading
to hotspots. For operating voltages that exceed breakdown voltage of the cell, irreversible
damage occur (solder melting, cell cracking) [11].

The reverse voltage at which the junction breaks down depends on the cell quality [105],
and is of major concern for bypass diode design [106]. As shown in Figure 2.14, in forward bias
the maximum voltage is very limited, but reverse voltages can be several times stronger. For
commercial PV modules, manufacturers do not normally provide information about reverse
bias characteristics of cells. It has been found that for the same module, individual cells can
show wide variations in reverse operation conditions, possibly due to differences on material
quality. In [106], mono and multi crystalline Si cells were measured individually, and poor
cells were found to reach temperatures up to 150°C at a bias voltage of -10 V and a current
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Figure 2.14: Reverse-bias I-V characteristics for three different shunt resistance values [11].

of 3 A. Usually, for multi crystalline solar cells the breakdown voltage is found to be around
-13 V [107].

It results obvious that hotspots cannot be detected by simple visual inspection. Under
operating conditions it is not possible to measure the reverse current of each cell to detect
any abnormal electrical behaviour. For this issue, Infrared Thermography (IRT) is a popular
non-destructive technique that allows to characterize thermal abnormalities in solar mod-
ules. Infrared cameras measure the IR radiation emmited by objects and then maps it to
temperature distributions [108]. Measurements correspond to the apparent temperature of
the object, and depends highly on the reflected radiation of the surroundings, transmission
and emmisivity of the object [109].

2.4 Review of Field Test Campaign in the Atacama Desert

2.4.1 Summary of Results from Previous Work

In a previous work [3], visual, electrical and thermal information related to fielded PV
modules operating in the Atacama desert was collected by means of a field test campaign.
Results were analysed using a statistical approach, and were classified following three different
approaches: by operating zone, manufacturer and deployment date.

From the collected information, 89.5% of the total amount of modules inspected showed
some visual defect (including soiling that was the most common defect found) and 4.2%
showed delamination of the EVA encapsulant, 79% showed cells with thermal abnormalities
in the range of 10-20°C higher than modules average temperature, and 56.8% above 20°C.
From electrical measurements, it was found that 95% of the inspected modules showed Pmpp

degradation rates higher than 1.0%/year. Furthermore, it was found that the occurrence of
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visual issues like soiling deposition, corrosion, chalking, can be related to location of the PV
modules, being more present in the city and valley than in coastal zones. A summary of
failures found in [3] is shown in Table 2.3. From the total of 18 failures analysed, for this
thesis work they were only selected those that could be studied with all the tools used in
the data collection campaign (visual, thermal, electrical). These were mainly those failures
concerning the front glass, encapsulant, interconnection ribbons, cells, gridlines and busbars.
Although soiling was the most dominant issue found, other visual failures like delamination of
EVA encapsulant (4 modules) were also detected, but for these cases electrical measurements
were taken under bad irradiance conditions (G< 600W/m2) which does not allow to perform
a reliable analysis of electrical parameters, and thermal images did not reveal temperature
abnormalities related to delamination. This last can be possibly due to the presence of
other failures in the same modules, of which thermal patterns predominate. A more detailed
analysis is developed in section 3.2.1.

Component Failure mode Features Number of cases

Glass Soiling Strong 39
Light 52
Weathered 2

Crazing Small 1
Milky discoloration Extensive 2

Small/localized 6
Encapsulant Delamination Over cells 4
Gridlines Discoloration Dark 1

Light 7
Interconnection ribbons Discoloration Dark 2

Light 3

Table 2.3: Failures and degradation modes found in the field test campaign performed in [3].

Regarding to the measurement of electrical parameters, degradation rates seem to be
congruent to other research conducted in desert climates [110]. In those studies, higher
degradation rates for the short circuit current (Isc) and maximum power point (Pmpp) than
those for open circuit voltage (Voc) and Fill Factor (FF ) have been found. Short circuit
current drops seems to be highly correlated to soiling deposition (which is directly related to
irradiance). Maximum power point degradation rates seem to be related to the degradation of
Isc. The known relationship between operating temperature and reductions in the open circuit
voltage [66] is not direct to infer in fielded modules because each of them can present many
failures at the same time. For example, severely reverse biased cells can yield to an altered
Voc of the module in the I-V measurements. A summary of measured electrical parameters
drop and degradation in % is shown in Table 2.4, where it can be seen that, in average, Pmpp

values are above typical degradation rates normally guaranteed by manufacturers (0.7-1.0%).
In fact, only five modules were found to be within this range.

It has also been found that modules which showed the highest drops of Voc were affected
by particular issues like activation of the bypass diode, presumably due to a complete inactive
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Deviation from nominal value (Drop) Degradation rate

V_oc[%] I_sc[%] P_mpp[%] FF[%] V_oc[%] I_sc[%] P_mpp[%] FF[%]

Min 0.02 0.13 4.41 -5.63 0.01 0.02 0.67 -1.28
Max 11.25 22.84 39.08 34.35 3.03 6.76 8.66 6.87
Average 3.19 8.80 13.19 4.58 0.88 2.30 3.55 1.34
Standard deviation 2.24 5.71 6.22 5.44 0.67 1.46 1.74 1.49

Table 2.4: Summary of electrical parameters measurements and degradation rates found in
[3].

cell/string or showed signs of PID. Drops on the short circuit current are diverse and seem
to be directly related to soiling.

Finally, with respect to the thermal characterization of modules, it was found that, in
average they operate 11.67 °C above their respective room temperature, with a maximum
of 24.45°C above room temperature. However, average temperatures are strongly influenced
by the presence of hotspots. Additionally, due to the lack of a more sophisticated technique
to obtain average temperature of the modules, they were calculated by taking the average
temperatures of selected square areas fitting as much as possible to the module geometry
(that was never perfectly rectangular because of the position of the camera with respect to
the module), as shown in Figure 2.15. With tthis method, the extension of each square
with respect to the entire module was not weigthed in the average, so a big square of low
temperature (say, 10 cells with an average temperature of 38°C) could be averaged with a
much smaller square (say, 4 cells with an average temperature of 60°C due to the presence
of a hotspot) thus distorting the real average temperature of the module. For this thesis,
when necessary, the average temperature of modules was corrected taking the average cell
by cell (considering similar areas, again not equal due to the tilt of the image). Regarding to
failures found according to known thermal patterns it was found that two modules showed
PID pattern, but the vast majority showed a patchwork pattern characteristic of short circuit
operating condition (in which all the test were carried out). Regarding to hot cells, several
cells were found to operate above 20°C with respect to the average temperature of the mod-
ules, but none of the cells was found to operate above 100°C. Although it is undoubtedly
detrimental to the overall performance of the modules, it does not represent a major safety
issue.

2.5 Methodology

In order to address the objectives of this thesis, as referred in Chapter 1, a methodological
strategy is proposed, based on the four stages shown in Figure 2.16. The first stage consists
of a theoretical characterization of solar photovoltaic modules, as developed in the present
Chapter. To perform the 5-fold analysis proposed in Chapter 1, this characterization involves
the understanding of the basic principles that govern solar energy conversion. Furthermore, a
basic understanding of the composition of PV module materials, their fundamental properties,
and their interaction with the environment is also required. This is essential to identifying
the critical aspects that can lead them to fail/degrade in outdoor operation, and how they
may affect the electrical parameters of the system. Additionally, a review of the state of
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Figure 2.15: Determination of average temperature of modules using FlirTools.

the art concerning to the identification and diagnosis of failures based on the application of
visual inspections, thermal imaging and electrical measurement procedures.

Background information is completed with a review of the main results obtained from
the field test campaign carried out in [3] from where the data used in this thesis was
extracted. Nonetheless, considering the number of modules tested (95), it becomes clear
that using a statistical approach to analyse the collected data will not offer strong or reliable
conclusions regarding the occurrence of failures and/or degradation modes of PV modules
in the Atacama Desert. Furthermore, in [3] these three inspection tools (visual, thermal,
electrical) were analysed independently. Therefore, a detailed analysis of the information,
matching the visual inspection with infrared thermography and the I-V characterization of
each module may provide additional information. This detailed analysis represents the core
of this thesis, and will be developed on Chapter 3.

As detailed in Chapter 1, with the information obtained from Stage 1, a definition and
justification of the objectives, limitations, selection criteria and the scope of the thesis are
developed in Stage 2. In stage 3, the identification and analysis of selected failures/degra-
dation modes found in solar photovoltaic modules from the Atacama Desert is conducted,
addressed through a five dimensional approach based on the tools available: Statistical in-
formation derived from [3], visual inspection, electrical measurements and thermal imaging
collected in a previous field test campaign. Finally, a theoretical analysis based on materials
science regarding failure/degradation mechanisms identified from the available field testing
data was conducted. Note that the analysis of failure/degradation modes is classified by the
affected component, and that for each failure/component the available information may vary.
For example, as discussed in Section 2.4, only four modules show delamination of the EVA
encapsulant, therefore, there is no statistical information regarding this fault. Furthermore,
due to its purely theoretical nature, the materials analysis is conducted considering individ-
ual components (materials) and their respective interaction with environment rather than
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Figure 2.16: Methodological strategy addressed in this thesis.

individual faults. Finally, in Stage 4, recommendations for the improvement of the IDCTool
developed in [3] are made, in order to identify the critical aspects to consider when devel-
oping future field test campaigns and to maximize the information that can be extracted
from the collected data. Additionally, recommendations to conduct material science related
studies are proposed in order to establish interdisciplinary bonds that may contribute to a
better understanding of the fundamental features of underlying failure/degradation processes
detected through in-field measurements.

2.6 Summary

In the present Chapter, all the information needed to fulfill the objectives of this thesis was
briefly presented. In Section 2.1 the main features that allow to characterize and measure the
performance of solar modules were discussed, from a physical approach. Composition and
working principles (if needed) of each component of solar modules were explained, together
with the critical aspects which determine the behaviour of PV modules during their lifetime.
In Section 2.2, electrical characterization of solar cells and modules was explained. The
diode mode, which accurately represents the behaviour of PV devices, together with the I-V
characteristics offer a straightforward alternative to identify variations in parameters such as
short circuit current, open circuit voltage, series and shunt resistances, and maximum power
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point. These parameters are critical to describe analyse the actual state of PV modules,
but also can help to track on the primary failure and degradation modes and corresponding
mechanisms that affect them.

In Section 2.3 a literature review on failure and degradation modes and mechanisms was
performed. The many possible causes for failures and accelerated degradation were discussed:
manufacturing issues, improper handling and installation, defective or nonexistent operation
and maintenance protocols, among others, can contribute to failure and/or degradation phe-
nomena. Moreover, general guidelines found in literature to properly analyse field testing
data are presented.

In Section 2.4 a summary of results from the previous work were briefly commented.
Limitations regarding to the methodology applied in [3] were also discussed, setting up the
methodology proposed for this thesis in Section 2.5.

27



Chapter 3

Analysis of failure/degradation modes
found in photovoltaic modules operating
in the Atacama desert

In this chapter, a detailed analysis of the sample modules is conducted, regarding the in-
formation obtained from [3] where a field test campaign was carried out. . The inspection
procedure was applied to 95 modules. According to their geographical locations, four zones
were delimited, as shown in Figure 3.1: A. coastal zone with two locations (designated by
2,3), B. city zone with 5 locations (4-8), C. inner valley zone with seven locations (9-15) and
D. inner coast with one location (1). General information about the inspected modules is
shown in Table 3.1. For the analysis, modules are referred as Fi, with i = 1, .., 95.

Figure 3.1: Distribution of inspected modules by zones (a) seashore and inner coast, (b) city
and (c) inner valley.

In this Chapter, contents are organized as follows: According to the results obtained from
previous work, summarized in Chapter 2, selected failure/degradation modes are analyzed.
The three approaches addressed in the IDCTool developed in [3] (visual inspection, infrared
thermography and electrical measurements) are used to detect characteristic fault signatures
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Manufacturer Si Technology Deployment year Number of modules Location
BP Solar multi-Si – 1 6
Luxor multi-Si 2011 6 7

SolarWorld multi-Si 2012,13 30 2, 10-14
Risen Energy multi-Si 2013,15,16 24 1, 8

ET Towards Excellence multi-Si 2015 12 3, 4
JA Solar multi-Si 2015 3 7
SUNEL multi-Si 2012-16 9 9, 14

Hanwha Solar multi-Si 2012-15 4 1
Siemens mono-Si 2005 6 5, 15

Table 3.1: General data of studied modules.

reported in the literature. Additionally, a brief physical analysis is performed for each of
the components affected by the failures found. The aim of this is to propose, theoretically,
the possible failure/degradation mechanisms involved in each mode. The analysis is based
on the information obtained from field test measurements, together with recent research and
the structural, electronic and optical properties of materials involved in solar photovoltaic
systems exposed to environmental stress. In section 3.1 issues that affect the front cover
glass are analyzed: Soiling in different degrees of deposition (section 3.1.1 to 3.1.4) and
milky discoloration of the front cover glass (3.1.5). In section 3.2 failures/degradation modes
related to the EVA encapsulant are analyzed. In section 3.3, failures related to solar cells and
finally in section 3.4, faults that were not detected by simple visual inspection but could be
inferred by thermal imaging and/or electrical measurements are mentioned. Thermal images
were taken with the Flir One pro IR camera. In order to achieve a better resolution, the
images were mapped to density plots using MATLAB. Electrical measurements were obtained
with the I-V tracer Seaward PV210.

3.1 Front Cover Glass

3.1.1 Soiling

Rigorously, soiling is not a failure or degradation mode inherent to solar modules. However,
it is one of the most common issues that affect them over their entire lifetime, particularly for
desert areas. Furthermore, severe and long-term soiling issues may contribute to trigger or
enhance the development of failure/degradation. Additionally, as soiling is detected by means
of visual inspection, its presence can contribute to cover other visual defects that may help to
detect or explain other failure/degradation processes. For this, in this first Section, a complete
characterization of soiled modules in each geographical area is conducted, in order to consider
(or discard) the presence of soiling layers in further analysis of other failure/degradation
modes and mechanisms.

From the universe of 95 modules analyzed, 4 soiling degrees on the front glass are dis-
tinguished, according to the intensity of soiling deposition: clean (2 modules), weathered
(2 modules), lightly soiled (52 modules) and heavily soiled (39 modules). Although soiling
deposition is difficult to quantify, in this study lightly soiled modules are those which present
a thin layer of dust particles, pollution particles or drops over the surface. However, the
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module is not totally covered, or features like color and metallization components can still
be distinguished. On the other hand, heavily soiled modules are highly covered by a thick
layer of particles: color and metallization are less, or not distinguishable. For this analysis,
only lightly and heavily soiled modules are considered.

A relationship between the drop in the Maximum Power Point (Pmpp) and the degree
of soiling is shown in Figure 3.2. As shown, 60% of lightly soiled modules (red) show a
Maximum Power drop below 10% from their nominal value, and 96.15% of the lightly soiled
modules show power drop below 20%. The remaining 3.85% (2 modules) show power drops
in the range 21-30% and 61-70%, which can be indicative of additional problems that will
be later studied individually. Regarding to heavily soiled modules, 53.85% show power drop
between 11-20% while 82.06% present Pmpp drop below 30% from the nominal value. As it
will be detailed below, those modules with higher power drop belong to a set affected by a
particularly thick and uniform layer of dust, which presumably prevents the generation of
photo-current in the entire modules surface.

Figure 3.2: Distribution of Pmpp drop of heavily (blue) and lightly (red) soiled modules.

Power output of the modules is determined by the Open Circuit Voltage (Voc) and Short
Circuit Current (Isc). The parameter that is most related to soiling corresponds to reductions
in Isc, given that its effect is equivalent to lower irradiation levels seen by the module (and
thus lower generation of charge carriers). As shown in Figure 3.3 (a), the vast majority
(84.62%) of lightly soiled modules present a reduction of Isc less than 10% with respect to
nominal value, and all of them present less than 20% reduction. For heavily soiled modules,
79.49% of the total sample show less than 20% Isc reduction, but 15% show values higher
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than 40%. Regarding to Voc, it is known that changes in irradiance do not affect the open
circuit voltage (as temperature does), as it can be seen in Figure 3.3 (b). All heavily soiled
modules show Voc reduction less than 10%, while for lightly soiled modules one of them shows
a very high drop (64.08%) but this is presumably not related to soiling phenomena.

Figure 3.3: Distribution of (a) Isc and (b) Voc drop of heavily (blue) and lightly (red) soiled
modules.

Regarding to the operating temperature of the soiled modules, it was found that the
average operating temperature on the surface of heavily soiled modules is 40.94°C. For lightly
soiled modules this temperature is 46.02°C. Temperatures were calculated from the IRT data,
with the same approach shown in Section 2.4, but using a greater amount of squares to fit
the desired area.

The distribution of temperatures, divided in four ranges is shown in Figure 3.4. It can be
noted that most of the heavily soiled modules remain within the range [38.39,42.69]°C, and
three modules operate with an average temperature between 46.99 and 55.59°C. In contrast,
most of lightly soiled modules (35) operate below 48.86°C but six modules operate between
55.06 and 67.46°C. This may be because severe and uniform soiling layers, can act as a screen
over the surface, preventing the generation of charge carriers and thus, the temperature rising.
When a photon of energy larger than the energy bandgap of the absorbing material (around 1.1
eV in the cells analyzed in this work) is absorbed, the excess energy is dissipated as thermal
energy across the crystal lattice. When the amounts of incident photons is decreased by
screening the active surface (in this case with a thick layer of dust), the electron-hole pairs
generation rate is also decreased, and consequently the thermal loss. This decreases the
total current of the module and consequently the temperature. Additionally, this can also
contribute to adjust the short circuit current (Isc) mismatch between the cells on the module,
avoiding to force higher currents through defective cells. This is not observed in lightly soiled
modules, considering that modules average temperature considers also cells operating at very
high temperatures (>70°C) probably due to other (and less evident) reasons, like broken cells,
uneven light transmission across encapsulant layers or high shunted cells.
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Figure 3.4: Average temperature distribution of (a) heavily and (b) lightly soiled modules.

In the next subsections, soiling over the sample of modules is described and analyzed
in detail, in order to detect common features associated to soiling that can be involved in
failure/degradation modes of the operating modules in the Atacama Desert. For this, strong
and lightly soiled, and weathered modules were classified (when possible, given the unequal
number of modules for each case) according to the specific characteristics of soiling deposition,
location and operating temperature. Notice that, however, the accumulation of dust on the
modules depends highly on the cleaning rates of each individual plant, information that was
not available for this research. Moreover, some of the modules were classified as soiled on the
survey filled in [3] but were cleaned before taking electrical I-V measurements or thermal
images, so these modules were not taken into account to analyze soiling in this work.

3.1.2 Heavily Soiled Modules

Visual Inspection

Heavily soiled modules were found in three different zones: A. Seashore, B. City and C. Inner
valley. For these different locations the deposition of soiling shows different signatures over
the surface of the modules. As shown in Figure 3.5, modules located in the coastal zone
outside the city, 3.5(a), present a groove deposition pattern, possibly related to the higher
humidity mixed with wind in this zone (pattern s1). Modules located inside the city, shown in
Fig. 3.5(b), present a more circular-like deposition pattern (s2) but with an in-homogeneous
distribution over the surface. It can also be noted soiling layers of different composition,
probably due to the presence of a greater variety of contaminants in the city than in outside
locations. For modules located in the inner valley zones, shown in Fig. 3.5(c) and 3.5(d),
soiling show an homogeneous distribution, with circular-like deposition patterns, possibly
due to the driest climatic conditions in these zones. Fig 3.5 (d) shows a very thick layer of
soiling which barely lets the light penetrate to the module surface. This phenomenon was
observed in six modules, which were measured before and after cleaning, in order to evaluate
changes in electrical parameters and thermal profiles. Patterns of images (c) and (d) will
be assigned as s3 (strong circular-shaped deposition pattern) and s4 (heavy circular-shaped
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deposition pattern), but keeping in mind that the main difference between them seems to be
just the severity of soiling deposition. The difference between s3 and s4 is that s4 pattern
completely covers the module surface.

Figure 3.5: Heavily soiled modules in (a) coastal zone, (b) coastal zone inside city, (c) and (d)
inner valley.

Infrared Thermography

Regarding to the thermal signatures of heavily soiled modules, the common feature found
in all modules was an approximately even temperature profile over the surface (temperature
variations no higher than 3°C between cells within a module). Despite individual thermal
patterns of hot cells that were more probable to be associated to other failures (like shading
by drops or objects, micro-cracks or shunts). Temperature variations < 10°C of cells within
modules correspond to patchwork thermal patterns (random distribution of cells with dif-
ferent temperatures, but no differences higher than 10°C between each other) that can be
associated to electrical current mismatch.
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Figure 3.6: Thermal images of heavily soiled modules operating in (a) coastal zone, (b) city, (c)
and (d) inner valley

Characteristic thermal images of modules located in the geographical zones described
above are shown in Figure 3.6. Similar thermal patterns were found in modules corresponding
to each area. Coastal-based modules, shown in Fig. 3.6(a) were all found to have hot cells in
the bottom part of the module, while in the upper part an even temperature was measured
with an average of 38.7°C, without any particular heat pattern on the cells. For coastal-based
modules inside the city, shown in Fig. 3.6(b), it can be seen that on the top of the modules,
soiling shades the surface, thus producing a temperature difference between shaded and non-
shaded areas of the modules. In the upper part of the module, an average temperature of
28°C was measured while in the central and lower zones the temperature raises up to 36°C
(not considering the very hot cells at the center). The clean area on the left corner shows
a temperature drop to around 32°C. For modules located in the inner valley, shown in Fig.
3.6(c) and 3.6(d), the average temperature of the modules (not considering hard hotspots)
was 41.5°C and 41.9°C respectively, and also all hot cells were located in the lower part of
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the modules. In Table 3.2 the temperature ranges found in modules of each zone, specified
by region of the module are shown.

Temperature [°C]

Zone Soiling pattern Upper Central Lower

Coast (A) s1 36.2 - 39.6 36.7 - 40.8 35.6 - 65.3
Coastal city (B) s2 22.1 - 36.8 32.7 - 49.8 32.0 - 36-0
Inner valley (C) s3 38.5 - 42.0 41.3 - 43.3 39.8 - 69.4

s4 35.9 - 40.8 34.0 - 53.1 34.7 - 60.0

Table 3.2: Variation of temperature of heavily soiled modules according to module regions
(upper, central lower) and zone (coast, coastal city, inner valley).

Figure 3.7 shows the visual images of the modules of Figure 3.6, where it can be seen that
soiling layers distribute homogeneously over the modules surface, except for the city-coastal
modules (b). These modules show higher temperature variations (around 5°C) between upper
and lower regions, probably due to the higher soiling deposition in the lower part, and the
more diffuse distribution of soiling in the upper part. Regarding to hot cells and hotspots, it
cannot be seen a direct relationship between hotter cells in the modules and the distribution
of soiling over the surface. However, in the partially clean module of Figures 3.7 and 3.6
(b) the partially clean hot cell at the center of the module shows a temperature reduction
from 45°C (dirty zone) to 42°C (clean zone), variation that can be also appreciable in the cell
immediately below (35.2 to 32.7 °C from dirty to clean zones).

While it is not possible to determine why these modules show a similar temperature distri-
bution, and hot cells distribution by geographical location, attention on transport, handling
and installation processes must be paid as a first approach. As for each location, packed
modules arrive together, stacked in a pile where they may be subjected to mechanical stress
in determined areas (the same areas for the entire pile). Moreover, mishandling and/or negli-
gent installation are commonly related to micro-fractures, which can further enhance thermal
stress and the appearance of hotpots.

Electrical Measurements

The effect of heavy soiling on the electrical parameters of the affected modules can be asso-
ciated to a reduction in Isc. This is because of the screening effect of soiling layers over the
surface of the module, which prevents the arrival of photons on the active surface. As shown
in Figure 3.8, modules of the three zones (coast, coastal city, and inner valley) are affected
by a severe reduction of Isc and a less significant reduction of Voc. Since Pmpp = ImppVmpp,
a reduction in maximum power point is significant due to the high reduction in the Short
Circuit Current. Average values of reduction on the electrical parameters are shown in Table
3.3. It can be seen that, as expected, the largest reduction of Isc and thus Pmpp was found in
the most heavily soiled modules (pattern s4) located in the inner valley. The second highest
drop was found on the other set of modules of the inner valley (pattern s3) followed by the
coastal-based modules (s1) and the less affected modules were those located in coastal city
(s2). This effect can be due to the homogeneous distribution of soiling of patterns s1, s3 and
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Figure 3.7: Visual images of heavily soiled modules operating in (a) coastal zone, (b) city, (c)
and (d) inner valley

s4, which prevents part of the incoming light to reach the semiconductor to generate charge
carriers over the entire surface of the module. However, the maximum power point Pmpp also
depends on Voc, whose reduction is not negligible and in this case happens to be the greatest
for s4 modules, followed by s2, s3 and s1.

Regarding to voltage, the relationship between the temperature of modules and the Voc

drop is known, and can be related to hard shading issues. However, in this case a correlation
between the soiling patterns, temperature and Voc is not clear. What it visible, is that the
s3 modules (inner valley, not severely soiled) show the highest temperature, probably due to
the higher average room temperature of this zone (31.8°C) with respect to coastal zones. In
contrast, s4 modules (inner valley, extremely soiled) show a lower average room temperature
(27.79°C), and also lower module average temperature probably due to the less generation of
current due to the thick uniform layer of soiling on the surface. Coastal-based modules show
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Figure 3.8: I-V characteristics of heavily soiled modules (I-Vmeas, P-Vmeas) operating in: (a)
coastal zone, (b) city, (c) and (d) inner valley (solid line) compared with nominal values at STC
(I-Vnom, P-Vnom).

lower average temperatures probably due to the lower average room temperature (25.62°C
for s1 and 29.9°C for s2 modules) .

Zone Soiling pattern Average temperature [°C] Voc Isc Pmpp

Coast (A) s1 37.94 -3.71% -15.08% -18.45%
Coastal city (B) s2 38.36 -4.69% -10.06% -14.22%
Inner valley (C) s3 47.93 -3.47% -36.53% -19.08%

s4 42.49 -4.73% -55.31% -63.16%

Table 3.3: Average variation of electrical parameters of heavily soiled modules.
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3.1.3 Heavily Soiled Modules Before and After Cleaning

A set of six modules located within the inner valley zone (Zone C, location 11 in Figure 3.1)
were found to be operating under severely soiled conditions, covered by homogeneous-thick
layers of dust. For these modules, two measurements were performed in order to quantify
the relationship between the electrical parameter variations, and thermal profiles with the
presence of heavy soiling deposition. The first measurement was performed keeping modules
as they were found (soiled), and a second measurement was performed once the modules
were cleaned. The complete inspection by visual inspection, thermal imaging and I-V/P-V
characterization is shown in Figures 3.9 and 3.10. The modules of this set are labeled as F90
to F95. A quick inspection of the visual and thermal images shows that most of the hot cells
in the modules are not the same (in location and/or temperature) before and after cleaning.
Also, the six modules show two different I-V trends on their signatures: Module F90 is shown
in Figure 3.11, and modules F91-95 are shown in Figure3.12.

Visual Inspection and Infrared Thermography

For module F90, Figure 3.9(a) shows that apart from the soiling layer, there was a plant
partially shading the left bottom corner of the module. In the thermal image shown in Fig.
3.9(b) this appears as a colder area (around 30°C), but the non-shaded areas within the
shaded region do not show notably higher temperatures than the rest of the module. This
is due to the very low current the module is generating, due to the heavy soiling layer that
covers the entire surface, so mismatches on the current delivered by differents strings are
almost unexistent.

After cleaning and removal of the plant shadow at the corner, Figure 3.9(c), shows that
after most soiling was removed, the thermal pattern of the module Fig. 3.9(d) changes
substantially. The hot cell previously detected at the second string in Fig. 3.9(b), which had
a maximum temperature of 66.7°C in the soiled module decreases to 47°C after cleaning. The
hot cell of the third string increases its temperature to 70°C and the cell immediately below
increases from 45.5 to 70.9°C. Additionally, the top left corner cell also rises its temperature
from 45.4 to 98.5°C. Apparently, the bypass diode was acting when the module was shaded
(and soiled), because of the presence of the plant, preventing the corresponding sub-string
from excessive heating. Additionally, the temperature distribution across the cell on the right
is not uniform, as shown in Fig. 3.9(b). The left half of the cell is hotter than the right half
by an average of 5.8°C, because of an additional layer of dust deposited around the edges
of the module, which contributes to cool down the cell partially. This uneven temperature
distribution disappears after cleaning.

Modules F91-F95 also present a varying thermal pattern, as shown in Figure 3.10. As
the I-V signature is similar for all modules, measurements corresponding to F91 are shown.
In Figure 3.9(b) the heavily soiled module of (a) shows a thermal pattern with three hot
cells at 52.9, 60.7, 69.9 and 72.9 °C. The rest of the module shows a relatively homogeneous
temperature over the surface of around 44°C.

After cleaning, the thermal pattern of Figure 3.10(d) shows that the hot cell of the top
left corner detected in the soiled module disappears, showing a temperature of 43.7°C on the
clean module, just like the cell of the second string. The bottom right corner cell remains hot

38



Figure 3.9: Visual and thermal images of a heavily soiled module (F90) from zone C (a), (b)
before and (c), (d) after cleaning.

at 74.9°C, 14 degrees hotter than before. At bottom of the module, two other cells appear
hot in the clean module at 86.7 and 99.4 °C. However, unlike the F90 module, which shows
an important current mismatch, F91 shows an I-V characteristics with a smooth current but
a slightly increased shunt resistance, indicative of a possible leakage current across one or
more cells.

Electrical Measurements

The I-V/P-V characteristics of modules are shown in Figures 3.11 and 3.12. Dirty and
clean modules are shown on the left and right graphs respectively. The electrical signatures
shown by modules F91 to F95 were similar in shape, so for clarity only is shown the curve
corresponding to F91 in Fig. 3.12. The detailed variations in parameters for all curves will
be shown further.
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Figure 3.10: Visual and thermal images of a heavily soiled module (F91) from zone C (a), (b)
before and (c), (d) after cleaning.

As shown in Figure 3.11(a) the Maximum Power Point (Impp,Vmpp) is located at the second
step of the solid line curve (measured values) and corresponds to 2.818[A] - 20.892[V ]. In
contrast, the maximum power point of the nominal curve is located at 8.81[A] and 37.6[V ].
The steps shown in the curve are an indicative of severe current mismatch between the strings,
with the consequent operation of the bypass diode. At Pmpp, set in the second step of the I-V
curve, some cells are forced to operate above their Isc, so hotspots can be generated under
these operating conditions.

An extremely hot cell acts as a power dissipation point but, as it can be seen in solid line
of Figure 3.11(b) there is activation of the bypass diode (the Pmpp remains at the first knee
of the curve), and the maximum is set at 7.36[A] - 20.86[V ]. However, in the bypassed string
there is still an important power dissipation through the hot cell.

The I-V characteristics of the soiled module, shown in Figure 3.12(a,) shows a severe
decrease of Isc and the Pmpp is located 3.07[A] - 31.08[V ]. It can be seen that this point is
with the cells of minimum Isc. However this does not prevent the heating of some cells to
very high temperatures.
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Figure 3.11: I-V and P-V characteristics of heavily soiled module (a) before and (b) after cleaning
(F90).

Figure 3.12: I-V and P-V characteristics of heavily soiled module (a) before and (b) after cleaning
(F91).

Although there is no intuitive explanation for the sudden changes of temperature of some
extremely hot cells when going from soiled to clean module, it is possible that those cells that
appeared hot only in the clean modules were delivering less current than their maximum,
even if this was low by other undetermined failures. The low irradiance seen by the module
because of the thick layer of soiling, can be evidenced comparing the two I-V curves of Figure
3.11. The Impp of the soiled module, around 2.8[A] in Fig. 3.11(a), which is obviously less
than that of the minimum current of the clean module Fig. 3.11(b), of 7.8[A]. In the case of
module F91 (Fig. 3.11) the bypass diode did not activate, thus forcing the damaged cells to
operate with a current higher than its Isc.
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In Table 3.4 the electrical parameters variations and average temperature of all modules
from this set are presented. For all modules, the temperature variation between the dirty/-
clean module is between 1.85 and 4.6 °C respectively, with an average variation of 2.87°C.
In average, the modules rise their temperatures after cleaned. The reason for this can be
that, when the module is partially clean, as shown in Figure 3.6(b) from Section 3.1.2, the
effect is similar to that of partial shading, thus the clean part of the cell forces the partially
shaded part to produce a current higher than it is able to deliver. In this case, the module
is completely covered by the soiling layer, then after cleaning it starts delivering a higher
current, and thus rising its temperature. Regarding to the electrical parameters deviation,
results are not very disperse in the case of Voc drop (between 0.18-1.74% in clean modules
and 3.83-5.43% in dirty modules). Therefore, there is a minor contribution of heavy soiling
layers on the open circuit voltage drop. As discussed before, the Isc drops on dirty modules
can be mainly attributed to soiling, being the values very similar (between 53.18-61.6%). For
clean modules, the Isc varies in a more wide range due to other reasons, possibly related to
the very hot cells that remain after cleaning. However, under very low irradiation conditions,
drops in Voc are unavoidable.

Temperature °C Voc Isc Pmpp FF

Module Clean Dirty ∆T Clean Dirty Clean Dirty Clean Dirty Clean Dirty

90 45.44 42.44 3 1.74% 5.46% 12.82% 58.12% 39.08% 75.31% 34.45% 42.69%
91 44.25 41.68 2.57 1.32% 5.33% 8.35% 57.27% 9.80% 61.76% 3.12% 7.75%
92 43.82 41.97 1.85 1.29% 4.91% 8.54% 61.60% 10.81% 62.80% 3.80% -0.32%
93 47 42.4 4.6 0.84% 4.81% 2.91% 53.18% 6.17% 61.10% 5.64% 14.16%
94 47.34 44.96 2.38 0.18% 3.83% 4.22% 55.17% 5.34% 60.76% 4.16% 10.03%
95 44.34 41.5 2.84 0.82% 4.05% 2.79% 56.00% 5.69% 57.23% 4.88% 17.57%

Table 3.4: Comparison of temperature and electrical parameters of heavily soiled modules
before and after cleaning.

3.1.4 Lightly Soiled Modules

Visual Inspection

Lightly soiled modules were found in zones D (inner coast, 12 modules), B (city, 17 mod-
ules) and C (inner valley, 23 modules). Light soiling vary from fine layers of dust over the
surfaces (detectable by a close inspection), to thicker layers deposited (both uniformly or
non-uniformly) over the surface of the modules. In Figure 3.13 different soiled modules are
shown according the classification by geographical zone: Fig. 3.13(a) corresponds to city
modules, Fig. 3.13(b),(c) and (d) correspond to inner valley modules and (e) to inner coast
modules. Lightly soiled modules located in the city show a very thin layer of dust. This can
also be observed in inner coast modules. Inner valley modules show thicker layers of dust on
their surfaces, similar to heavily soiled modules. However, metallization components and cell
color are not totally blocked. In particular, in Fig. 3.13(b) it is shown a module from a set
of 6 modules with a combination of light soiling and milky discoloration on the lower cells,
which will be further analyzed.

Even though it is not possible to distinguish soiling deposition pattern for lightly soiled
modules by simple visual inspection, as it was done for heavily soiled modules, for the analysis
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they will be still classified by locations (B and D for city and inner coast modules). In the case
of inner valley-based modules, they will be separated in C1 (lightly soiled modules combined
with milky discoloration), C2 (lightly soiled modules with a thin layer of dust) and C3 (lightly
soiled modules with a thicker layer of dust).

Figure 3.13: Close visual inspection of lightly soiled modules operating in (a) city zone, (b), (c),
(d) inner valley, and (e) inner coast.

Infrared Thermography

The thermal patterns of modules shown in Figure 3.13, are shown in Figures 3.14 and 3.16. In
the city, 16 modules of Risen and 1 from BP Solar manufacturers were measured. However, a
clear correlation between light soiling layers deposited on the surfaces and thermal patterns
of the modules was not found. The module shown in Figure 3.16 (a) show several hot cells
distributed at the central area of the module with temperatures ranging 38-49°C. A colder
zone at the bottom of the module ranging 34-36°C is shown, but as the soiling layer is very
thin, it is more probable that the observed patchwork pattern is due to the short circuit
conditions in which the measurements were taken. Form the total amount of modules in
zone B, 1 module, in Fig. 3.15(a) show a uniform temperature distribution, and 13 modules
show patterns with hotter cells distributed randomly across the module (Fig. 3.14a). Only
one (1) module shows a uniform temperature profile in most part of its surface, but with few
and localized strongly heated cells, as shown in Figure 3.15(b). This pattern can be most
associated to localized and severe failures, as shunts. One module, shown in Fig. 3.15(c)
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show a pattern with hotter cells in its bottom area, which can be associated with Potential
Induced Degradation (PID).

Figure 3.14: Thermal profiles of lightly soiled modules located in (a) city and (b) inner coast
zones.

Regarding to the inner coast-based modules, there were also found different thermal pat-
terns, as shown in Figure 3.14 (b). From the set of 12 modules located in D, 3 of them show
hotter cells at their top area, 6 show single/few localized hot cells mainly at the bottom of
the modules and 3 show hot cells distributed randomly across the module surface, similar to
patterns shown in Figure 3.15.

Figure 3.15: Thermal profiles of lightly soiled modules of zone B (a) uniform temperature dis-
tribution, (b) uniform temperature distribution with single/few hot cells and (c) modules with
hotter cells at the bottom.

For the modules located in the inner valley zone (C), there can be found three different
thermal distributions: Modules with uniform temperature distribution and few localized hot
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cells at the bottom, modules with few hot cells distributed randomly across the surface, and
modules with a random patchwork pattern, as shown in Figure 3.16.

Lightly soiled modules located in the city (note the difference between modules located in
the coastal areas of the city, which were analyzed as strongly soiled) are located in School and
University roofs. This location, on one hand, may help to keep them apart from some degree
of street-level pollutants. On the other hand, it is more probable that in these buildings
there exists a more sophisticated cleaning protocol than in other zones. However, in the
other geographical areas where lightly soiled modules were found, varied thermal signatures
can also be distinguished. Therefore, in general terms for this sample, as the light soiling
layers do not cause a significant disturbance on thermal profiles, it is more likely to observe
different thermal pattern associated to other failure/degradation processes.

Figure 3.16: Characteristic thermal profiles found in lightly soiled modules located in inner valley
zone.

Electrical Measurements

Severely heated cells and short circuit patterns cannot be associated to light soiling (since
there is not a visible shading effect). Therefore, the net effect of soiling on the I - V curve
is mainly a reduction of the short circuit current. In most cases, the variations on the curve
are a uniform drop of current with respect to the nominal values; in some cases with a slight
increase of the slope, indicative of a reduction of the shunt resistance, which can be due to
the presence of hot cells. I-V and P-V characteristics measured for lightly soiled modules of
zones B and D are shown in Figure 3.17. Modules located in zone C are shown in Figure 3.18.
City and inner coast-based modules show a drop of Isc around 5.09% and 6.52% respectively,
and a Voc drop of 1.76% and 3.21% respectively.

The I-V and P-V characteristics of modules located at the valley zone (C) are shown in
Figure 3.18. The average variation of electrical parameters with respect to nominal values
is shown in Table 3.5. It can be seen in Figure 3.18(a) that those modules affected by light
soiling and milky discoloration at the bottom areas (labeled as C1 in Table 3.5) show the
highest Isc drop (11.99%) but a positive average variation of Voc. This last feature may
indicate the presence of severely reverse biased cells due to high Isc mismatch inside the
modules. As light soiling does not induce a significant screening effect over the surfaces,
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Figure 3.17: I-V and P-V characteristics of lightly soiled modules located in (a) city and (b) inner
coast zones (solid line) compared with nominal values at STC (dotted line).

and localized dust concentrations or drops are not observed, this cannot be considered as a
consequence of soiling. On the other hand, as shown in Figure 3.18(c) modules with thin
layers of soiling in zone C show Isc drops similar to those found in zones B and D (6.09%) but
also the highest Voc drop of all modules (20.59%). This causes in the highest Pmpp drop of
the entire sample. Finally, modules with the thickest layer of soiling (C3 in Table 3.5) show
Isc drops slightly smaller than C1 modules (9.26%) but higher average Voc drop, as shown in
Table 3.5.

For lightly soiled modules of all geographical areas, it has been found that small amounts
of soiling does not represent a major stress factor, and despite of a thin layer of contaminants,
other failure/degradation modes can be independently detected and analyzed. For heavily
soiled modules, thicker soiling layers, which however still allow to distinguish features as the
color or metallization components, as shown in Section 3.1.2, exert a non-negligible screening
effect on the surfaces. Certain temperature variations across the surface of modules are found
in those affected by in-homogeneous soiling layers, are clearly attributable to soiling, as shown
in Figure 3.6. However, other abnormalities, like hotspots, can still be detected and not
attributable to soiling. In contrast, for those modules shown in Section 3.1.3, severe soiling
layers may contribute to cover some failure/degradation processes, like hotspots, shunted
cells, or delamination, visible defects, etc.

3.1.5 Milky Discoloration

Visual Inspection and IR Thermography

From the 95 modules inspected, two modules were found to have extensive milky discol-
oration, as shown in Figure 3.19 and 6 modules show localized milky discoloration on their
bottom cells, as shown in Figure 3.20, all of them manufactured by SolarWorld and deployed
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Figure 3.18: I-V characteristics of lightly soiled modules located in inner valley zone (solid line)
compared with nominal values at STC (dotted line).

in years 2013 and 2012 respectively. All these modules are located in zone C (inner valley).

Figure 3.19 shows that the two modules with extensive milky discoloration also present a
light soiling layer on the surface concentrated in their top area, which difficult the detection
of discoloration, added to a weathered glass surface appearance. Discoloration appears as
whitish areas, which are not removed by the cleaning of the surface, mostly distinguishable
at the bottom of the modules. In the case of module F8, shown in Figure 3.19 (a) and (b),
the temperature of cells ranges from 31.7 to 38.9 °C, with the hottest areas on the bottom of
the module. However, the module also show hot zones at the top cells, due to the presence
of in-homogeneous dust layers that shade the cells in this area. For the module F9, shown
in Figure 3.19 (c) and (d), a similar temperature distribution is found but somewhat higher
than that of module F8, ranging from 36.3 to 50.3 °C, however, only one cell reaches the
highest temperature. All the other cells show temperatures below 46°C. The temperature
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Zone Soiling type Average temperature [°C] Voc Isc Pmpp

City (B) B 41.83 -3.21% -6.52% -9.82%
Inner coast (D) D 49.15 -1.76% -5.09% - 9.71%
Inner valley (C) C1 46.80 0.20% -11.99% -9.42%

C2 42.11 -20.59% -6.09% -25.34%
C3 50.17 -4.68% -9.26% -14.26%

Table 3.5: Average temperature and percentage variation of electrical parameters of heavily
soiled modules.

Figure 3.19: (a) (c) Visual inspection and (b) (d) thermal images of extensive milky discoloration
found in two modules.

distribution appears to be in-homogeneous, however, it can be seen that the hottest cell is
notably more soiled than the rest of the module. Therefore, its temperature is probably
related to the shading effect of dust. Comparing the bottom cells shown in the IR images of
Figure 3.19, it can be seen that slight temperature variations agree with the visual detection
of milky discoloration. However, these variations are no greater than 2°C.
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Regarding to modules with small (referred to the extension of affected areas of the module)
and localized milky discoloration, they all present this abnormality on cells located at the
lowest row of the module, and a similar thermal signature, as shown in Figure 3.20. The
average temperature of these modules ranges from 38.77 to 43.35°C, with cell temperatures
ranging from 30-36.9°C to 80.9-93.8 °C. Visual inspection in Figure 3.20(a) reveals that light
soiling concurs with milky discoloration on the bottom cells which could slightly enhance the
temperature rising. In this case, the tilt of modules can also play a role on the distribution
of soiling, and the discolored areas. Milky discolored zones lead to loss of transmittance and
thus a higher current mismatch affects these cells. It it also noticeable from Figure 3.20(b)
that the rest of the module shows an approximately even temperature profile around 39°C,
apart from a drop that shades cells partially on the top of the module, causing a rise in
temperature to a maximum of 44°C.

Figure 3.20: (a) Visual inspection and (b) thermal image of a module with milky discoloration
localized in the bottom cells, combined with light homogeneous soiling.

Comparing the visual inspection and thermal image shown in Figure 3.20 (a) and (b)
respectively, it can be seen that discolored areas can influence excessive temperature rising:
the hottest cells show temperature differences over 40°C with respect to the rest of the
module. Moreover, the screening effect on these areas, caused by the discoloration may help
to trigger further defects as massive shunts and reverse biasing. Although temperature rising
up to 100°C is not considered hazardous to the cell or the EVA encapsulant, operation of
cells under these abnormal conditions may accelerate degradation and shorten the lifetime
of modules.

Electrical Measurements

The I-V/P-V characteristics of extensively and localized milky discolored modules are shown
in Figure 3.21(a) and (b) respectively. It can be seen in Fig. 3.21(a) that module F9 shows
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steps on its I-V curve. However, the current mismatch is not enough to cause activation of
the bypass diode, and also this does not affect the P-V curve, for which Pmax is still reduced
by the operation point on the I-V curve but multiple peaks of Pmax are not detected, as it
would be for hardly shaded modules. Considering the information given by the I - V curve
with visual and thermal images in Figure 3.19, upper areas of the modules are significantly
colder: under 30°C in Fig. 3.19(b) and 36°C in Fig. 3.19(d). This could indicate that certain
regions of the module are not generating, or generating considerably less current than they
should.

For localized discolored modules, labeled as F48-53, steps in the I-V curve are not observed.
However a decreased shunt resistance can be detected, as shown in Figure 3.21(b). Moreover,
for both modules it is observed an increase of Voc above the nominal value.

Figure 3.21: I-V/P-V characteristics of modules with milky discoloration (a) extensive, (b)
localized in bottom cells.

Data related to milky discolored modules is shown in Table 3.6. The electrical parameters
measurement of the six affected modules reveals that the short circuit current drop is between
7.87 and 16.15%. Considering that all of these modules also have a light soiling layer on the
surface, the Isc drop of both localized and extensive milky discolored modules are the highest
of all lightly soiled modules (compare Tables 3.5 and 3.6). Thus, it is feasible that this
particular defect plays a role on the degradation of short circuit current, possibly by the loss
of light transmittance. The open circuit voltage drop is between 0.42 and 2.50%, but two
modules show a positive variation of Voc. This may indicate the presence reverse biased cells,
also evidenced by the extremely high operating temperatures shown by the bottom cells of
modules F48-53. This can be caused by severe shunts due the circulation of reverse currents
across the affected cells. It must be noted that those modules, which show the hottest cells
(F50, F52 and F53) are not the ones that show the highest drops in Isc, Voc; but the modules
with highest drop of Isc are the ones with positive Voc variation. Regarding to operating
temperature of the modules, although the extremely high temperature of the hottest cells
of this set of modules, the rest of the modules remain at an approximately homogeneous
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temperature, so average temperature of the modules is not necessarily the highest.

General Data Electrical parameters deviation [%] Temperature
Milky Discoloration Module Year Voc Isc Pmpp FF Average T[°C] Cells temp. range [°C]

Extensive 8 2013 -2.50% -10.56% -14.72% - 5.40% 31.60 31.7-38.9
9 2013 -0.42% -12.22% -15.91% -7.01% 41.70 36.3-50.3

Small/localized

48 2012 1.95% -16.65% -10.51% 2.42% 38.77 31.7-84.4
49 2012 5.36% -14.51% -6.96% -0.53% 39.77 34-84.1
50 2012 -1.58% -10.17% -9.07% -0.35% 43.35 32-92
51 2012 -1.83% -12.07% -11.01% -0.83% 41.68 30-80.9
52 2012 -1.15% -10.67% -9.44% -0.31% 42.44 32-93.6
53 2012 -1.53% -7.87% -9.54% -2.58% 42.87 36.9-93.8

Table 3.6: Average variation of electrical parameters and temperature data of milky discolored
modules.

3.1.6 Materials Analysis of Failures Related to Front Cover Glass

As shown in previous sections, the main impact of soiling on solar modules, in all ranges of
severity and deposition patterns, is related to a reduction of the short circuit current. It is
highly probable that these reductions are due to the blocking role of the dust particles over
the glass surface, which can prevent the incoming sunlight to pass through the glass layer to
reach the semiconductor. Although, according to the results found in [3], soiling layers were
not very easy to remove, and in some cases it was strongly attached to the surface. This can
indicate that deposition (and permanence) of the particles on the glass is not only mediated
by gravity, but suggest the existence of chemical or physical adsorption processes over the
surface, which could permanently alter the electronic or optical properties of glass. Moreover,
weathered modules were found in a location belonging to the valley zone (C), which evidences
the interaction (mediated by water deposition in this case) between environmental particles
and the glass surface.

Apart from information recorded by visual inspection about the deposition of soiling on
modules, to perform material analysis further information is required, in order to understand
the behaviour of the material (glass in this case) and interactions with the environment.
For example, the composition of dust particles involved in this process. However, in [101]
it was determined that for modules operating in different locations of the Atacama Desert,
the particles size deposition tend to present in general diameters smaller than 63 µm with
spherical geometry. The elementary composition of particles is most frequently O (44%), Si
(28%) and to a lesser extent Na, Mg, Al (5-10%) and Fe, S, Cl, K, Ca (<5%). Particularly
in Arica, the mineral compounds found in the modules are mainly Quartz (SiO2), Anor-
thite (AaAlSi3O8), Cristobalite (SiO2), Halite (NaCl), Muskovite (KAl2(AlSi3O10(OH)2))
and Orthoclase (KAlSi3O8). Performing a quick inspection of these minerals, the electronic
band-structures of (crystalline) quartz compounds are well known, showing energy gaps of
about 5-6 eV [111] [112], while for sodium chloride it has been calculated as 8.4 eV [113].
The energy gap of Muskovite has been estimated around 5 eV [114]. Since all the compounds
found present wide energy gaps, so in a very rough manner it is not direct to infer that these
minerals could be interfering with the light absorption, but further analysis is recommended
to investigate the nature of the interactions. However, this can vary in the case of considering
interactions between the isolated compounds and the surface of modules, for which specific
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determinations of features associated to these interactions are recommended.

The electronic and optical properties of amorphous silicon dioxide are well known for
decades [115], and the wide transmittance spectrum of glasses makes them suitable to per-
form protective purposes on solar modules. Electronic band-structure of glass shows energy
band gaps of about 10 eV, which ensures that incident photons with energies in the range
of the optical spectrum do not interact with it. However, if deposited soiling particles in-
teract with the glass surface, they could induce additional intermediate electronic states in
the energy gap of glass, particularly in the range of silicon (around 1 eV). This may induce
absorption of useful energy on the glass surface, preventing these photons to reach the semi-
conductor surface further than just blocking the incoming light. Moreover, understanding of
the bond properties (bond strength, arrangement of atoms) linked to adsorption of molecules
or compounds over the glass surface could help to improve cleaning methods by development
of more efficient techniques or additional coatings that could prevent a strong deposition of
impurities.

Since weathered modules were found in one location (zone C), some environmental com-
pounds could be reacting with the glass cover surface in the presence of water. Glass ab-
sorption spectrum (which vary slightly from one type of glass to another) shows absorption
in the UV range [116] and transmittance up to 90% of light in the visible range. Research
on the response of soda lime glass under damp heat tests show that transmission in the UV
range increases, letting a more fraction of radiation pass through which could damage the
subsequent layers under long term exposure [51]. Additionally, in [51] it was found that
network modifiers of soda lime glass (Na, Ca, K) participate on aging processes under damp
heat and enhance corrosion [51].

Finally, concerning to the milky discoloration of the glass surface found in 8 modules
there has not been found specific information in the literature about this issue, so very few
can be said due to the lack of concrete information. However, it results evident by simple
visual inspection that milky discoloration interferes with the solar light transmission across
the glass, which is enhanced by the fact that most of the cells covered by the discolored areas
show very high temperatures, and also some of the I-V curves show signatures characteristic
of reverse biased cells. This could be due to a combination of poor transmittance of light of
the glass and poor shunt resistance in the affected cells, because not all of these cells were
found to be extremely hot (as it would be expected if the heating phenomenon was attributed
only to the loss of transmittance). In this line, to validate or reject the hypothesis raised
above, it would be necessary to perform additional tests.

3.2 EVA Encapsulant

3.2.1 Delamination

Visual Inspection

Delamination of EVA was found in 4 modules, three of them manufactured by JA Solar
labeled as F35, F36 and F37,deployed in 2015 and located in zone B (location 7), and
one by Siemens (F83) deployed in 2005, located in zone C (location 15). The electrical
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parameters of JA Solar modules were taken under bad irradiance conditions (G<600) so
they will not be analyzed due to the lack of reliability of collected data. For module F83,
the I-V characteristics shows the activation of two bypass diodes (one third of the total open
circuit voltage is measured) so this measurement was not useful to investigate delamination.

For modules of zone B, extensive delamination was found by visual inspection, affecting
wide areas of the modules. Module F35, as shown in Figure 3.22 shows delamination mainly
across the cells between two busbars, Fig. 3.22(a), and localized around the busbars, Fig.
3.22(b).

Figure 3.22: Visual inspection of module F35 showing localized delamination (a) over cells and
gridlines and (b) around busbar.

Module F37, as shown in Figure 3.23 shows extensive delamination both across the surface
of the cells or localized besides the busbars, but much more severe than modules F35.

Modules F36 and F83 are shown in Figure 3.24. F36, the remaining module of the set
located in zone B shows small and localized delamination areas in the gridlines and besides a
busbar only in three cells, being the one shown in Figure 3.24(a) the most delaminated of the
entire module. For the Siemens module F83, visual inspection shows delamination localized
besides busbars but extended for most of the cells of the module. F83 belongs to a set of 4
modules of the southern geographical location (15) of zone C, as shown in Figure 3.1, but
none of the other modules from this set show this type of failure.

It must be noted that the three JA Solar modules with delamination were detected after
just three years of outdoor operation. It has been reported that this failure normally appears
later during solar modules lifetime [102]. In the Siemens module, shown in Figure 3.24,
the very small and localized delaminated areas are found after 13 years of operation. Since
delaminated modules represent just 4% of the total sample, very few conclusions can be
reached with available information. However, it is recommended for further field campaigns
to pay special attention on manufacturer and deployment date of modules. Geographical
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Figure 3.23: Visual inspection of a module with extensive delamination (a) over cells and (b)
around busbars.

location of the modules may also be relevant because delamination can be related to humidity
and the presence of pollutants. Therefore, in modules located inside the city more factors
influencing delamination can be found than those outside the city.

Infrared Thermography

Thermal images of delaminated modules are shown in Figure 3.25. Comparison between
delaminated cells detected by visual inspection and thermal images do not show a relation-
ship between observations and thermal signatures. In fact, hotter cells do not necessarily
correspond to delaminated cells, or delamination paths. For module F35 (a) it is observed a
thermal pattern of several hot cells distributed across the entire module, with temperatures
ranging 30-36°C. Module F36 shows two hot cells in the bottom of the module up to 45 °C,
another cell near 40 °C and a cell in the upper part of the module around 38°C. The rest of
the module shows an even temperature profile around 31°C. Module F37 shows hot cells at
the bottom and top of the module ranging from 35 to 37.8°C, and F83 shows a hot cell up to
47°C in the bottom part of the module. Moreover, as found in visual inspection, thermogra-
phy does not reveal any pattern common to all delaminated cells, so temperature variations
due to delamination were not detected in this campaign. This can be due to early-stage
delamination, or a negligible effect in transmittance caused by the observed delamination.
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Figure 3.24: Visual inspection of delaminated cells of two modules around gridlines (a) and
busbars (b).

Figure 3.25: Thermal images of delaminated modules.
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3.2.2 Materials Analysis of Failures Related to EVA Encapsulant

Delamination of EVA encapsulant can be caused both by environmental triggers (prolonged
exposure to UV radiation at high temperatures or humidity) or defective manufacturing
processes (such as poor adhesive bonds in the stack during lamination) [52]. Chemically,
delamination can be induced by interaction between UV radiation and the polymer, which
can cause scission reactions in the chain and thus a loss of mechanical properties. EVA is
the most often used encapsulant in solar cells because it is practically inexpensive, but it still
lacks of ideal mechanical and thermal properties [59], apart from the well known production
of acetic acid under exposure to UV radiation and/or moisture [117].

The additive that promotes adhesion between EVA and glass/backsheet (normally silanes)
which enhances the formation of Si - O bonds between the interfaces have been found to
be susceptible to moisture ingress. This promotes bond decomposition and a reduction of
the physical adsorption forces across the interface, processes that are accelerated by high
temperatures. Additionally, due to the high diffusivity of EVA, it is difficult to prevent
moisture ingress, with the subsequent possibility of condensation and corrosion, during the
20-30 years of modules lifetime [118].

Regarding to modules inspected in Arica, from the four modules affected by delamina-
tion, three of them belong to the same manufacturer (JA Solar) and the deployment data
indicate that these modules are operating since 2015 (approximately three years when the
campaign was performed in January 2018), and one of the modules manufactured by Siemens
was deployed in 2005. JA Solar modules seem to be affected with a much more extensive
delamination that Siemens module, which in turn happened to be the only one delaminated
from its set, considering manufacturer and location. For this reasons, it is possible that
extensive delamination is related to defective manufacturing issues than environment itself.
However, extensive delaminated modules were found in zone B, which is near the coast.
Therefore, humidity (although low due to the desert environment) could be enhancing the
loss of adhesion.

3.3 Solar Cells

3.3.1 Partial Shading

In rural/residential solar photovoltaic power plants, it is very common to find objects that
project shadows on the modules surface. Due to the multiple use of the land there can be
found buildings, trees, water pumps or power lines nearby the PV facilities. Partial shading of
one or more cells in a module, or one or more modules of a series array can be detrimental to
the final power output of the PV plant and cause the risk of excessive heating of the affected
components, which may lead to safety issues. From the analyzed sample of 95 modules there
were found 2 modules partially shaded by trees or plants, 5 modules with cells shaded by
thick bird drops/mud that caused non-negligible temperature differences and 2 modules with
partially shaded cells due to localized dust deposition. Examples of these shading types are
shown in Figures 3.26 and 3.29.
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Visual Inspection

Localized dust deposition was observed in modules belonging to zone B. Note that, although
measurements were performed to modules which show cells partially covered with dust, this
is not necessarily a consequence of dust deposition itself, but it also seems to be related to
non-uniform cleaning of the modules. Anyway, the in-homogeneous distribution of soiling
over the surface of cells shows disturbances in their thermal profiles. Bird drops and mud
drops (1 case each) were found in zones A and B (coast/city), but not within the inner
zones, probably due to the major presence of birds and moisture on the coast and city zones.
Extended shading caused by objects, in this case trees, was found in zone C, in two modules,
as shown in Figures 3.9(a) and 3.29(a). This is because, in the city the modules are located at
roofs, and the absence of very high buildings in Arica prevents the projection of shadows over
the modules. Meanwhile, in the inner zones the modules are normally located at the ground
level. In this places, the terrain is normally shared with facilities for agriculture, crops and
tree plantations. Also, in one module located in zone C was found a shadow projected by an
overhead power line, but an appreciable change in temperature on the surface of the affected
module was not observed. This is possibly because of the presence of a heavy soiling layer,
which, as discussed before, contributes to lower the overall current delivered by the modules,
so it was not considered for analysis.

Figure 3.26: Visual inspection of cells with (a) localized dust deposition, (b) mud drop and (c)
bird drop.

Infrared Thermography

Thermal profiles of cells affected by localized dust deposition and drops are shown in Figure
3.27, which correspond to: (a) module F5 located in zone B7, (b) module F30 located in A3
and (c) module F39 located in A2. Module F5 shows two cells partially covered by dust,
but the thermal profile of cell shown in Figure 3.26 was not coincident with this failure but
more with a shunt, due to the pronounced temperature difference with respect to the rest
of the module (∆T = 40.6°C). Also, the location of the hottest point inside the cell, which
is inconsistent with the drop. For the other cell, which thermal profile is shown in Figure
3.27(a) the temperature distribution partially coincides with the drop, in the upper central
part of the cell with ∆T = 26.8 °C, but the hottest region of the cell, localized in the left
corner is more attributable to an edge shunt, also with a very high ∆T = 30.7°C with respect
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to the rest of the module. Thermal profile of the dropped cell of module F30, shown in
Fig3.27(b) shows a hot zone in the upper right corner of the cell, which coincides with the
mud drop shown in Fig3.26(b) with a temperature difference of 6.7 °C with respect to the rest
of the module and 3.3 °C with respect to the average temperature of the affected cell. The
drop found in module F39, in Figure 3.27(c) shows a temperature difference of 6.8 °C with
respect to the rest of the module and 4.9 °C to the average temperature of the cell. In this
module and the entire set of modules located in A2 (the nearest zone to the seashore) were
found several drops combined with dust deposition (as shown in Fig3.29) and all of these
showed temperature differences nor greater than 7 °C with respect to their average operating
temperatures.

Figure 3.27: Close up of thermal images of cells with (a) localized dust deposition, (b) mud drop
and (c) bird drop.

The thermal profile of a module affected by thick bird drops in several cells are shown in
Figure 3.28. It can be seen that the drops (localized in the top cells) do not cause extreme
temperature differences. The thermal pattern of the hot cell observed in this module does
not match with the drop distribution, as the cell surrounding colder region with temperatures
around 48 °C does (it is slightly hotter than non-dropped regions). Therefore, in this case
the severely hot regions in the cell are more attributable to a shunt, as evidenced also by the
I-V/P-V characteristics in 3.28(b) with an increased shunt resistance.

Regarding to modules with extended shading caused by trees, as shown in Figure 3.29(a),
which correspond to module F72 located in zone C9, several cells were affected. This reduces
severely the power output, and, as discussed in section 3.1.3 it can cause the activation of
bypass diode to avoid excessive heating of cells.

In the case of module F72 a light layer of soiling is observed, which, as discussed in section
3.1.4 can cause a homogeneous drop in Isc depending on the severity of soiling deposition.
The thermal profile of Figure 3.30(a) shows an important temperature difference in shaded
cells, ranging from 35°C to 52 °C because the complete current is forced in the unshaded
zones of the affected cells causing heating. This effect is similar to that found in fractured
cells with electrically isolated regions (that do not contribute to generation). This can be
checked by looking at the I-V/P-V characteristics (b) which shows steps that evidence the
Isc mismatch because of the shadow.
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Figure 3.28: (a) Thermal image and (b) I-V/P-V characteristics of a module with partial shading
caused by a thick bird drop.

Figure 3.29: Visual inspection of modules with partial shading caused by (a) a plant and (b) a
thick bird drop combined with dust deposition.

A summary of temperature variations for the inspected modules affected by partial shading
is shown in Table 3.7. They are classified by the root cause of partial shading (dust, drop,
object), and the zone where they operate. Only for ordering purposes, the affected module
tag (Fi) is also included. Additionally, the location of the drop within the module is given,
because, as it can be seen for modules affected by drops the rise in temperature for shaded
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busbars is slightly less than that of semiconductor shaded areas, but considering also the
presence of other failures. For example, modules F5 and 43, for which extreme temperature
rising dominates the thermal profiles of affected cells, causing temperature differences over
30 °C. For modules shaded by trees the temperature differences in affected cells with respect
to the module average temperature (dTmod) is varied, because the average temperature of
the rest of the module is normally higher than that of shaded cells.

Figure 3.30: (a) Thermal image and (b) I-V/P-V characteristics of partially shaded module by
a tree.

Electrical Measurements

The variation of electrical parameters with respect to nominal values and degradation rates
are shown in Table 3.8. As it can be seen, the decrease in Voc for all modules is no higher
than 7.55%. In the case of Isc, it is varied because of the strong dependence of this parameter
on the amount of soiling. Again, it is evidenced that for modules lightly soiled (F5 and F72)
the drop of Short Circuit Current is much smaller than for heavily soiled modules (all the
rest of partially shaded modules). Additionally, for module F90, which was also affected
by a thick heavy soiling layer this reduction is very large (58.12%). Considering that, in
average the reduction of Isc of the set of heavily soiled modules F90-95 (see Section 3.1.3)
was calculated around 56%, and no other modules of this set showed partial shading, the
contribution of shading to Isc reduction in % should not be very large. Although, this is not
possible to calculate this exactly with the available data. A simple way to investigate the
effect of the tree and soiling separately in Isc could be to perform the measurement in three
stages: with the module, 1. partially shaded and heavily soiled, 2. by removing the tree but
not the soiling layer and 3. after cleaning the module. This could also give an idea of the
behaviour of all other parameters in a simple way, and it can be extended to the remaining
types of shading (dust, drops).

In summary, it can be concluded from this section that localized drops deposited in indi-
vidual cells act as a small blocking object, which difficult the generation of charge carriers in
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Partial Shading Module Zone Location Type dTmod(°C) dTcell (°C)

Dust F5 B7 Busbar Dust 46.6 17.6
Semiconductor Dust 30.7 13.7

Drop

F30 A3 Busbar Mud 6.7 3.3
F39 A2 Semiconductor Bird 6.8 4.9
F40 A2 Busbar Bird 6.2 4.2
F41 B4 Semiconductor Bird 10.9 4.1
F43 B4 Semiconductor Bird 40 14.3

F42-44-45-46 B4 - Bird <3 <3

Object

F72 C9 (Multiple cells affected)

- Tree -15.3 5.8
- 0.1 8.6
- -4.2 6.9
- -10.3 4.6
- -9.2 1.2
- Tree -7.2 5.2
- -8.8 2.7

F90 (Dirty) C11 (Multiple cells affected)

- Tree 1.2 6.1
- -2.1 2.4
- -3.1 2.8
- Tree 1.9 3.9
- 0.3 4

Table 3.7: Temperature variations of partially shaded cells with respect to average module
operating temperature and average cell temperature.

Deviation Degradation

Type of shading Module Voc Isc Pmpp FF Voc Isc Pmpp FF

Dust F5 3.47% 0.78% 5.98% 3.90% 0.50% 0.11% 0.85% 0.56%

Drop

F30 4.38% 17.85% 20.75% 1.74% 1.46% 5.95% 6.92% 0.58%
F39 2.53% 22.84% 20.88% -3.46% 0.51% 4.57% 4.18% 0.69%
F40 3.18% 16.37% 19.03% 2.17% 0.64% 3.27% 3.81% 0.72%
F41 2.48% 9.01% 13.91% 4.94% 0.83% 3.00% 4.64% 1.65%
F42 4.26% 9.87% 14.41% 3.60% 1.42% 3.29% 4.80% 1.20%
F43 2.70% 10.66% 14.31% 4.58% 0.90% 3.55% 4.77% 1.53%
F44 4.36% 10.70% 15.39% 3.64% 1.45% 3.57% 5.13% 1.21%
F45 6.76% 9.83% 11.12% -3.84% 2.25% 3.28% 3.71% 1.28%
F46 7.55% 10.29% 16.16% 6.11% 2.52% 3.43% 5.39% 1.02%

Tree 72 4.16% 0.49% 9.49% 8.81% 2.08% 0.24% 4.74% 4.41%
90 5.46% 58.12% 75.31% 42.69% 1.09% 11.62% 15.06% 8.54%

Table 3.8: Variation of electrical parameters for three different types of shading detected.

the affected cells. However, the net contribution to the Isc decrease cannot be quantified with
the available data, because there exists a major contribution from soiling. Also, localized
drops contribute to heat the shaded areas but the temperature difference between blocked
regions and the average temperature of the entire cells is no larger than 7°C. With respect
to tree shading, it can be seen that the effect of shadow is inverse (temperature decreases in
the shaded areas with respect to non-shaded areas of the cell). Therefore, it can be inferred
that there is no generation of charge carriers and the total current is being forced to the
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non-shaded areas, thus heating them above the modules average temperature.

3.3.2 Hotspots

In this section, given the large amount of modules with hot cells in different temperature
ranges, and because much of them have been already commented in previous sections, the
analysis will be performed following the approach given in [3], based more on statistical
criteria than in individual analysis of hot cells/modules.

According to the information reported by [3], from the 90 modules inspected (5 were taken
out of the analysis because of bad measurement conditions), 68 modules (75%) showed hot
cells with temperatures in the range between 10 - 20 °C (H1) above the average temperature
of the module, while 50 modules (55.5%) showed hot cells with temperature differences higher
than 20°C (H2) above the modules average temperature. Except by zone A, for which all
modules showed hot cells of type H1, the presence of cells H1 in modules of the remaining
zones ranged from 66 to 83%. The presence of hot cells H2 in modules of zones B and D
was around 40% and 67% for modules in zones A and C. When sorting by manufacturer, the
most affected modules by both H1 and H2 hot cells happened to be SolarWorld (higher than
75%) followed by Risen, Sunel and ET ([78-83]% of modules affected by cells H1), and the
less affected modules were Luxor (50% for H1 and H2), Siemens (33%) and Hangwha (25%
for H1 and H2). For hot cells H2, Risen shows notably less affected modules (33%) while
Sunel and ET show 55% each. No modules from Siemens show strong hotspots. Finally,
when sorting by operating time it was found that modules most affected by H1 cells have
been operative by 5, 3 and 2 years (86, 85 and 75%) followed by 6, 7 and 13 years of exposure
(62, 50 and 25%). For cells of type H2 the decreasing order is 6 (92%), 5 (79%), 2 (50%), 3
(38%), 7 (50%) and 13 (0%) years of exposure.

From the information above, the first we can note is that in all zones more than 50% of
the total amount of modules operate with type H1 hot cells, and two zones have more than
50% of modules with cells H2. However, in zone A and C also are installed the modules with
hotter cells sorted by manufacturer (SolarWorld, ET), and in zone C there is a large number
of SolarWorld modules (24) and Sunel, which also show high amount of cells H1 and H2.

For further analysis, in this work the same sample was divided in more limited intervals.
While under thermal stress, the affected components (semiconductor, encapsulant, front
glass) normally support temperatures over 100°C before being damaged, the nature and
severity of heating can give clues about the failure modes and mechanisms involved in it.
However, something to remind is that, for in field measurements in most cases the primary
phenomenon that thermal cameras measure is the glass cover infrared radiation (which is
indeed determined by the cell thermal behaviour) but as the heat spreads over the glass
surface good spatial resolution of local heat sources in images is difficult [119]. Although, as
it has been exposed in previous sections, for failures that cause current mismatch like partial
shading the temperature rising is not so extreme (below 10°C) and temperature variations
across the cell are detectable by simple inspection, as shown in Figure 3.30. But for failures
that cause severe temperature rising (for example reverse biased cells) it is difficult to detect
the hottest point, which is presumably the source of the heat dissipation. Moreover, for
the case of reverse biased cells, heat dissipation is determined both by the reverse voltage
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magnitude and the shunt resistance of the cell. Therefore, a cell which is reverse biased by,
for example -10 [V] but has a high shunt resistance will dissipate less heat than other cell
reverse biased by 5 [V] but with a much lower Rsh. This information (both reverse voltage
and shunt resistance) is not possible to be inferred with the available information.

The amount of modules affected by hot cells and the amount of hot cells on the intervals
I1 = [10-20)°C, I2 = (20-30]°C, I3 = (30-40]°C, I4 = (40-50]°C and I5 = > 50°C is shown
in Figures 3.31-3.33 (a). The bars indicate the % of modules which show hot cells with
respect to the total amount of modules considered for each criteria (zone, manufacturer,
time). Above each bar it can be seen the number of affected modules. As it can be seen,
when sorting by geographical operating zone, the hottest cells (I5) are found only in zone C,
and cells belonging to the range inmediately below (I4) are found in the inner zones (valley
and inner coast) rather than coastal zones (A, B).

Regarding to hot cells themselves, graphical information is shown in Figures 3.31 to 3.33
(b), and is based on the temperature deviation of cells with respect to the average temperature
of the respective modules. By sorting the information in terms of operating zone, it can be
seen in Figure 3.31 (b) that the trend is similar to that of modules, but here the amount
of hot cells in the range I1 is the highest for zone C, while modules from zone C were the
less affected by hot cells in this range, shown in Figure 3.31 (a). Hence, in this zone a small
amount of modules concentrate a big amount of hot cells. The same can be observed in
zone B, which shows the second highest amount of affected cells but also the second smaller
amount of modules affected, and the inverse occurs with modules from zones A and D, where
it can be seen that the hot cells found within range I1 (30 and 28 respectively) are distributed
in (almost) all the modules of the zone sample (12 for each zone).

Sorting the information by manufacturer, the results show that modules from SolarWorld
are the only ones with cells in the range I5 (17% of the total amount of SolarWorld modules).
In the next range, there can be found, apart from SolarWorld, modules from Hangwha
(25%) and Luxor (17%). However, given that these samples were only 4 and 6 modules for
each manufacturer respectively, these results lack of statistical validation. Moreover, both
Hanwgwha and Luxor show only one and two cells in the range I4 respectively, and in the case
of Luxor (module F5, described in section 3.3.1) the thermal profile of the cells is more likely
to be related (very roughly speaking) to severe defects such as shunt paths across the cells.
Slightly hot cells (I1) were shown by all manufacturers, but this seems to be more related to
the processes of cell sorting (when modules are manufactured) for which each manufacturer
apply their own selection criteria, and normally power mismatches between cells of the same
module less than ±5% are not considered as harmful [79].

Regarding to hot cells, it can be seen in Figure 3.32 (b) that SolarWorld concentrates the
larger amount of hot cells in all ranges, followed by Risen and ET, which show hot cells up
to range I3. Here, comparing with Figure 3.32 (a) it can be seen that in the case of lower
temperature differences (ranges I1 and I2) the total amount of hot cells is distributed by
more than 50% of modules (except for Siemens) and, except for Luxor, more than 70% of
the total amount of modules of each manufacturer. In the case of higher temperature ranges,
as commented before, certain isolated modules (1 in the case of Luxor and Hangwha) show
one or two hot cells. In the case of SolarWorld, as stated before, is the only one that present
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Figure 3.31: Distribution of modules with hot cells, sorted by operating zone.

cells with temperature differences higher than 50°C than modules average temperature.

Sorting by time of exposure, as shown in Figure 3.33, it can be seen that modules of range
I5 belong to two separate sets, deployed in 2012 (6 years) and 2013 (5 years) respetively.
As discussed in previous paragraphs, these modules belong to only one manufacturer (So-
larWorld) and are located exclusively in zone C. Regarding to the remaining temperature
intervals, the trend associated to manufacturer is still evident (for I4 only Luxor, SolarWorld
and Hangwha, deployed in 2011, 2012-2013 and 2015 are found), and the only modules that
did not show temperatures higher than range I1 belong to Siemens (2005).

For cells, when sorting by time of exposure, it can be seen in Figure 3.33(b) that hot cells
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Figure 3.32: Distribution of modules with hot cells, sorted by manufacturer.

belonging to range I1 are by far more numerous (82 hot cells in total) for those modules
deployed in 2015, distributed in the 85% of modules deployed that year, comparing with
Figure 3.33 (a). For modules deployed in 2013 (5 years) 86% of them show hot cells (12
modules), and they concentrate 28 hot cells. In the second range I2 the largest amount of
hot cells is again found for 3 years old modules (21 cells in 12 modules), while for higher
temperature cells the amount of affected cells decreases for all intervals (less than 10).
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Figure 3.33: Distribution of modules with hot cells, sorted by years of exposure.

3.3.3 Materials Analysis of Failures Related to Solar Cells

The abnormalities related to solar cells (as a component of the module) analyzed in this
work correspond to phenomena triggered by thermal stress originated by different causes
(partial shading, loss of transmittance, among others). The semiconductors response is closely
linked to its specific composition (presence and amount of impurities or doping levels), which
determines the behaviour of the cells against thermal stress, derived from current mismatch
between cells within a module. As discussed in previous sections, the main sources of current
mismatch (and subsequently non-uniform temperature distribution within cells or between
cells in a module) are partial shading, the presence of in-homogeneous layers of soiling and
the localized deposition of drops (bird drops, mud, dust). From thermal measurements, it
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can be noted that these sources of light interference in general do not cause important current
mismatch and thus either cause large increase in temperature.

The measurements performed to most of severely hot cells do not show visible blockages
to the incident light neither visible cracks or fractures, with exception of the six modules
described in Section 3.1.5. However, it is possible the presence of micro-cracks that are not
detectable by simple visual inspection. This suggests that in some cases disproportionate
temperature rising of cells can be related to internal causes, such as cell quality and shunt
resistance, which depends on the semiconductor characteristics of each cell. This can be
related to the marked trend of the analyzed modules to show similar thermal behaviour
according to their manufacturer. Therefore, for example, we found the case of modules
from SolarWorld, deployed in 2012-2013 which show the highest cell temperatures (above
50°than modules average temperature). Moreover, five of these modules correspond to the
set analyzed in section 3.1.5 which show milky discoloration of the glass, particularly located
at the bottom region of the module. The remaining modules belong to the set analyzed in
section 3.1.3 with modules severely soiled.

In the case of milky discolored modules, intense heating seems to be related to a severe
current mismatch caused by a reduction of the transmittance, due to the fault added to a
layer of soiling also present in these modules. For the set of heavily soiled modules (section
3.1.3) the relationship between the rising in temperature and the fault that causes it can be
not so direct, because the distribution of hot cells changes notably (both in the location and
magnitude of the temperature rising) from dirty to clean module. However it seems to be
related with the current demanded.

The rest of the modules with hot cells show the same trends by manufacturer. However,
strong conclusions cannot be stated, because some samples were very small (< 10 modules)
and also these were located together in the same zones. For example, ET only has modules
in the coast (A, B), and Sunel only in zone C. Nevertheless, in the case of modules from
Siemens (6 modules), which were found in 2 zones (B and C) they are also the oldest (11
years of exposure). For this set, there were not found excessively hot cells, but for more precise
conclusions it is recommended to expand the sample by performing additional measurements.
Balancing the amount of data regarding time of exposure, manufacturer and operating zone
is highly required.

From a purely materials perspective, the effect of thermal stress on solar cells can lead to
detrimental effects by several causes: first, as the Si substrate is interconnected with met-
allization components, and due to the expansion behaviour of solar cells under temperature
rising, the difference in coefficients of thermal expansion between the semiconductor, glass
frit and metallic components will lead to mechanical stress that can cause cracks, power
dissipation and even complete fault of the cell [46]. On the other side, the behaviour of the
cell under reverse bias conditions determines the temperature rising for determined reverse
voltage. For cells with low shunt resistance, temperatures above 100°C can be achieved at
very low reverse voltages [106]. In the case of modules of Arica, the hottest cell was operating
at a temperature near 100°C, and such temperatures are usually associated with severe cell
fractures [68], or severe power dissipation across the affected cell.
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3.4 Other Failures

3.4.1 Faulty Soldering

In this section, failures for which identification not enough information was available, or the
quality of this information was not completely reliable to perform a concrete diagnosis are
described.

In figure 3.34 it is shown a module with several hot cells in its bottom half, but it can
be observed that one is half-heated, with a temperature difference of 4°C between the hotter
and the colder halves. This can be indicative of a faulty soldering on the cell [68]. In this
particular case, visual inspection did not give further information about the failure, because
the module was affected by a heavy layer of soiling. Moreover, the I-V curve is dominated
by the reduction in the Isc, characteristics of this last phenomenon. However, it was possible
to discard the cell fracture as a possible failure due to the shape of the curve, which does
not show steps (characteristics of isolated fractured sections of the cell). However, it can
be noticed a change in slope near Voc, which can be related to increased series resistance,
ussually associated to a faulty soldering (since the series resistance is directly related to
metallic components).

Figure 3.34: (a) Thermal image and (b) I-V/P-V characteristics of a module with one bottom
cell half heated.

3.4.2 Cell Fracture

A thermal pattern coincident with cell fracture was found in a module operating in zone C,
which was also affected by a light soiling layer and localized bird drops, as shown in Figure
3.35. The pressumed fractured cell (R1C3) shows a non-uniform temperature distribution
and a well defined temperature difference across a straight line in the right edge of about
three °C, which may indicate the presence of electrically isolated regions caused by a fracture.
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Figure 3.35: (a) visual inspection and (b) thermal image of module with a drop in cell R1C1
and a presumed fracture in cell R1C3.

A close up of the defective cells of the studied module is shown in Figure 3.36. For the
presumably fractured cell (c), it is not possible to detect the failure by visual inspection
because of a soiling layer covering the modules surface. Additionally, these type of failures
is not always detectable by bare eye. Additional tools like electroluminiscence (for fielded
modules) or microscopy (for laboratory samples) are needed. Moreover, the I-V/P-V char-
acteristics, as shown in Figure 3.37 does not evidence a characteristic plateau [68] caused by
the reduction of current delivered by the defective cell, but this also depends on the severity
of the fracture and the fraction of isolated cell. However, it can be seen both a reduction in
the shunt resistance and increase in series resistance. Nevertheless, for the characterization
of this failure mode an additional inspection and additional tools are needed.

3.5 Discussion and Recommendations for Future Work

As a result of the detailed analysis performed in the present Chapter, it has been found that
the vast majority of modules shows multiple failure/degradation modes at the same time.
This makes their analysis a manifold task, and the correct interpretation of the information
for failures diagnosis is an even more difficult challenge.

Considering the three approaches that the IDCTool contemplates (visual inspection, ther-
mal imaging and electrical measurements), an integrated analysis of each of the failure/degra-
dation modes found has been done. In principle, trends for their occurrence in field have been
discussed. However, the main limitation for this analysis was, precisely, that it was not pos-
sible to isolate each fault for a separated analysis, therefor well delimited conclusions about
each fault cannot be done. Despite this, certain phenomena exhibited by the Atacama desert
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Figure 3.36: (a), (c) visual inspection and (b), (d) thermal image of a dropped and a presumably
fractured cell.

modules could be enlightened. First of all, derived from visual inspection it can be noted
that the Pmpp reduction for both heavily and lightly soiled modules is not larger than 20%
from the nominal value, and, as expected, heavily soiled modules show higher drops in power
than lightly soiled modules, which indicates that severity of soiling deposition affects directly
the power output. Moreover, the drop in power seems to be more related to the reduction
in short circuit current than that of voltage, because soiling screens the incident light that
reaches the cells. For voltage, the relationship was not so direct. Regarding to temperature,
in general, it was found that heavily soiled modules operate with lower temperatures than
lightly soiled modules, because of the screening effect of soiling layers that prevent heating
caused by thermalization losses.

For heavily soiled modules, there were identified four different patterns of soiling deposi-
tion, and related to the location of modules and the specific environmental features of each
zone. As for most modules the distribution of soiling layers over the surface was approx-
imately homogeneous, noticeable temperature changes because of this were not detected.
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Figure 3.37: I-V/P-V characteristics of a module with a thick drop on one cell (R1C1) and a
presumably fractured cell (R1C3).

However, the drop in electrical parameters shows that modules affected by the thickest layers
of soiling also show the highest reductions in Isc. Moreover, in general, modules from inner
zones show higher decreases in Isc than coastal-based samples. The set of heavily soiled mod-
ules which were measured before and after cleaning indicate that the lack of cleaning protocols
in a desert location can lead to severe output reduction, but at the same time, soiling layers
contribute to attenuate the overheating of current-dissipating cells. This can be positive in
the sense that the materials get less stressed but at the same time, the underlying problems
can be underestimated. For lightly soiled modules, given that the effect of soiling layers is
not highly pronounced, thermal patterns cannot be directly related to this phenomenon in
particularly severely heated cells, and in most cases the only attributable effect was a slight
reduction in Isc. The only set of modules which show significant Short Circuit Current drop
was also observed to have localized milky discoloration of the glass surface in the bottom
cells, which is because of the local loss of transmittance in the discolored area and thus severe
heating by current mismatch.

Regarding to delamination of the EVA encapsulant, this was found in four modules from
the entire sample, three of them were the only modules manufactured by JA Solar and
deployed just three years before the inspection, in a location inside the city near the coast.
In a very rough manner this particular failure seems to be more attributable to manufacturer
issues, but, for concrete conclusions more information is required, as well as a bigger sample.
In thermal images, none of the delaminated modules showed thermal patterns attributable
to delamination, but this can be either due to the fact that measurements were not taken
under ideal irradiation conditions (in the case of JA Solar modules which were the most
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extensively delaminated), the extension of delaminated areas was very small and localized
as in the case of the Siemens module, or the existence of cells severely hotter in the modules
opaqued the thermal abnormalities derived particularly from delamination. In this case, for
further field inspections could be useful to take better resolution images or (due to the lack
of a more sophisticated method like real time monitoring), perform the inspection twice: one
for identifying the thermal abnormalities in a general way and the second time to focus, as
possible on isolated issues.

For issues that affected primarily isolated solar cells or groups of cells, which were partial
shading and hotspots, it was found that, none of the objects or localized drops that partially
shaded a cell or module produced severe heating in the affected regions (always less than
10°C). Moreover, the vast majority of abnormally heated cells did not show issues detectable
by visual inspection, for which (in the case of severely heated cells) processes related to
the internal functioning of the cell (like shunts or micro-cracks) were more probable to be
related to thermal patterns (excluding the set of milky discolored Solarworld modules, for
which thermal patterns are more attributtable to loss of transmittance of the glass cover).
Additionally, two thermal profiles were identified with a possible cell fracture and a faulty sol-
dering, phenomena that should be checked in future research, complemented with additional
measurements.

About the performance of the IDCTool developed by [3], there is not very much to im-
prove from a technical point of view, given that it is solidly based in international standards
and norms. The survey and methods of inspection are not very different from international
inspection procedures, which, for the scope of an IDCTool ( to collect information) meets
the expectations. However, improvements or modifications can be proposed, considering the
future research needs. In one hand, if the main objective is oriented to simply gathering
information about the general state of modules operating in the Atacama Desert consider-
ing issues related to the environment (soiling, presence of surrounding buildings, humidity,
temperature) the main efforts should be focused on the automatization of the inspection
procedure in order to optimize the inspection procedure. For this aim, mobile application
development could be useful (for the fillable form) together with the use of a tripod or mobile
platform to improve the quality of thermal images, which also affects the final results. Other
possible application of these tools could be the real time detection/diagnosis of failures, for
which the use of UAV devices to perform the visual and infrared inspection with real time
image processing to detect abnormal patterns that would require individual, additional eval-
uation. On the other hand, if research requirements concern with the detailed analysis of
failures to find further relationships with specific features of the Atacama Desert, in order
to make contributions in a scientific fashion, it is recommended to consider the use of ad-
ditional tools. For example, electroluminiscence allows to detect structural defects in solar
cells/modules in a qualitative way, which are not detectable by visual inspection like cracks
or micro-cracks. Thermal/electrical signatures of these two issues were found in this sample,
but with the available information it is impossible to conclude the presence of these failures in
the inspected modules. Another useful technique could be the lock-in thermography, which
allows to characterize more complex thermal phenomena like hotspots derived from shunts.

Finally, some recommendations to perform further investigation in materials science field
can be roughly done. From the detailed characterization and analysis of failures, performed
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in [3] and the present thesis work, it can be inferred that, local environmental conditions of
the Atacama desert seem to be affecting modules components. In particular, the front cover
glass (which is the most exposed component) but also with the underlying components. The
physicochemical interactions that mediate these processes are well documented, but relevant
information could be extracted by studying the specific effects of the local environment dust
particles and contaminants over the surfaces, which could be altering the properties and
degradation of glass, further than just deposited and blocking the incident light.
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Chapter 4

Conclusions

In this thesis work, a detailed analysis of the occurrence of failure/degradation modes found
of solar PV modules operating in the Atacama Desert has been conducted. Based on the data
collected in a previous field test campaign, the analysis considered information from visual
inspections, IR thermography, I-V curve characterization and statistical trends. Additionally,
a general supplement from a physical perspective was added to the analysis, considering
well-known features of materials, together with recent literature research. This allowed to
relate the information collected by each tool (visual, electrical, thermal) separately, to infer
or detect the presence of certain failure/degradation modes. The physical analysis allowed
to propose certain mechanisms that may be involved in these failure/degradation modes.
However, this last approach is very rough and all assumptions need to be confirmed through
formal research, which is highly encouraged in this work. The abnormalities detected and
analysed were: soiling, milky discoloration of the front glass, weathering, delamination of
EVA encapsulant, partial shading, and hotspots. Additionally, certain thermal patterns were
found to show uneven temperature distributions that may correspond to defective soldering
and cell fracture, but these were only described as possible faults and hence proposed for
further studies.

Based on the results, the most common issue found in inspected modules is soiling, which
is something expected for a desert region. Following the approach used in a previous work [3],
soiling was classified in two intensities: light soiling and heavy soiling. For further analysis,
as for the heavy soiling classification, a set of modules affected by a particularly severe
soiling layer was studied separatedly. In heavily soiled modules, different deposition patterns
were found, attributable to individual features of respective locations. For coastal-based
modules, soiling deposition seems to be influenced by humidity and wind, while city-based
modules show uneven soiling patterns (both in composition and distribution) attributable
to the presence of varied pollutants. In inland locations, the absence of water allows for
an even deposition that prevents sharp temperature variations in modules, but this zones,
in contrast, show the highest covering levels, thus producing the highest power drops. In
contrast, lightly soiled modules show less pronounced patterns, but again, modules located
in inland areas show thicker soiling layers than other locations. The parameter most affected
by soiling is short circuit current, as soiling layers act as a screen that uniformly prevents
photocurrent generation. This has a direct influence the Pmpp drop, and, as expected, lightly
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soiled modules show better performance than heavily soiled modules. The strong influence
of soiling in Isc, Pmpp can be evidenced by the immediate improvement on the electrical
performance of modules after cleaning. Additionally, voltage is also affected at very low
irradiance levels, received by the cells due to thick soiling layers. Temperature variances
were measured at different soiling degrees, as well as strong temperature variations between
dirty and clean modules. However, the presence of hotspots cannot be directly related to
soiling.

In addition to its effect on Isc, the presence of soiling layers (other than severe soiling)
does not considerably affect the detection of other abnormalities. Nonetheless, in order to
enhance the degree of success and accuracy for detecting other failure/degradation modes,
proper module cleaning is recommended for further inspection procedures.

Aside from purely gravitational deposition, dust particles seem to interact with the front
cover glass. Weathered modules and milky discoloration of the glass were found in inland
areas. Weathering may suggest that, despite the arid environment, small amounts of wa-
ter/moisture seem to be enough to produce chemical reactions on glass surfaces. Two of the
weathered modules also show extensive milky discoloration on their covers, hence chemical
reactions may be altering the optical properties of the glass, therefore severely affecting its
transmittance. Other modules showed localized milky discoloration at the bottom, where also
strong hotspots (∆T > 50°C with respect to the average temperature) were localized. The
latter may be due to severe current mismatches caused by loss of the transmittance capacity
of the front cover glass, while the remainder areas of the modules showed even temperature
profiles.

Hotspots represented extended issue in operating modules. 75 percent of the total sample
showed cells with temperatures ∆T > 10 °C hotter than the average temperature of mod-
ules, which may be attributed to small defects or slight current mismatches between cells.
On the other hand, more than half of the modules of the total sample (55 percent) showed
cells with temperatures ∆T > 20 °C hotter than the average temperature of modules. Broad
temperature range differences are less probable to be caused by current mismatches, owever
other failures may be involved, such as shunts, reverse bias operation, cracks or low shunt
resistance. Nonetheless, cell temperatures above 100°C were not found. Therefore, although
thess temperatures still carries safety concerns, these does not represent a catastrophic haz-
ard (EVA melting is around 150°C). Temperature variations due to other failures suchas
delamination, partial shading, cell fracture and defective soldering could not be determined.

As for the primary objective of this thesis, it has been possible to describe and analyse
failure/degradation modes found in PV modules operating in the Atacama Desert, by using
the information recorded in previous works. As overview and, in order to generate discussion
about the failures found and their possible causes, the information available enabled the
obtaining of satisfactory results. It was possible to identify (at least qualitatively) seven
(7) different abnormalities. Upon the analysis, based on the theoretical and experimental
results found in literature, it is expected this lays the groundwork for future developments in
detecting and diagnosing failures/degradation modes of solar modules. The performance of
the IDCTool developed in a previous work shows satisfactory results from a technical point
of view, since it is based in well tested standards and regulations. However, researches and
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developments based on local standards may contribute to improve future results [120].

As for the specific conditions of the Atacama Desert, mainly the aridity and high UV ra-
diation , these does not show to be excessively harmful (given the current state of modules)
for the studied sample. According to literature, the most detrimental climate for solar mod-
ules is the hot and humid climate. The aridity of Atacama Desert, and its moderate room
temperatures seem to placate the negative effects that can derive from rough environmental
operating conditions. Although there is no statistical evidence, inspected modules did not
show degradation/failures with more frequency/potency associated to UV radiation (and, in
general to any environmental factor). This could be an indicative that UV by itself does
not play a major role as a degradation trigger, but otherwise as a catalyst in presence of
other agents. Nevertheless, all the modules inspected are fielded near the coast (the farthest
inner-based modules are located 25 km away from the seashore) and at the sea level. These
locations are characterized by more presence of clouds and lower UV radiation levels than
those of more elevated terrain such as the Andean plateau [92]. Therefore, a complete char-
acterization of the influence of the Atacama Desert climatic conditions on the occurrence of
failure/degradation modes in solar photovoltaic modules should also involve the application
of field inspection campaigns in power plants with different geographical altitude.
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