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Abstract

Soiling, the process of particle deposition onto surfaces, has been studied since the 40's. Initially, it
was studied as a physical process, including types of adhesion forces, and later its effect on performance
of solar energy conversion technologies was analyzed, such as in photovoltaics and concentrated solar
power. This thesis approaches the problem from a cause-effect point of view and how it can be mitigated.
Soiling is characterized, mineral and chemically, using a Scanning Electron Microscope. Polycristalline
photovoltaic modules deposition rates are retrieved and related to environmental parameters, as well as, to
long-range Saharan desert dust transport, a non-local phenomenon. Attention is also given to Spring, where
atmospheric pollen concentration enhances soiling. The effect of soiling on the photovoltaic optimum tilt
angle, for fixed and multiple angles, is studied along with a simple economic analysis. Cleaning schedules,
for a desired system efficiency, are calculated based on annual soiling. Mirror soiling, related to concentrated
solar power technologies, is also analyzed. Soiling rates are calculated and interlinked with environmental
parameters such as air temperature, relative humidity, particulate mater concentration and vertical wind
speed. From a collaboration with the Institut de Recherche en Energie Solaire et Energies Nouvelles
Morocco, an insightful study is made comparing soiling effect between Portugal and Morocco. A passive
cleaning method, impregnated anti-soiling coating, is tested. Comparison between coated and uncoated
mirrors is done to evaluate its performance and conclude if it stands as a possible tool to reduce water

consumption in cleaning solar harvesting technologies.

Keywords: Solar Energy, Conversion Technologies, Soiling, Modeling, Mitigation
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Resumo

Sujidade em Tecnologias de Conversao de Energia
Solar: Avaliacao e Mitigacao

A sujidade, o processo de deposicdo de particulas em superficies, tem sido estudada desde os anos
40. Inicialmente, comecou a ser estudada como um processo fisico, incluindo tipos de forcas de adesao, e
mais tarde o seu efeito no desempenho de tecnologias de conversao de energia solar, como na tecnologia
fotovoltaica e e de concentracdo. Esta tese aborda este problema de um ponto de vista causa-efeito e
como pode ser mitigado. A sujidade é caracterizada, mineral e quimicamente, usando um Microscépio
Eletrénico de Varrimento. As taxas de deposicdo em médulos fotovoltaicos policristalinos sdo calculadas e
relacionadas com parametros ambientais, tal como com o transporte de longo alcance de areia do deserto
do Sahara, um fendémeno n3o local. Também é dada atencdo a Primavera, onde a concentracdo de pdlen
na atmosfera aumenta a sujidade. O efeito da sujidade no angulo de inclinac3o fotovoltaico éptimo, para
angulos fixos e maltiplos, é estudado juntamente com analises econdmicas. Calendérios de limpeza, para
uma eficiéncia de sistema desejada, sdo calculados com base em dados anuais de deposicdo de particulas. A
sujidade em espelhos, relacionada com as tecnologias de energia solar concentrada, é também analisada.
As taxas de deposicao sio calculadas e relacionadas com pardmetros ambientais, tais como temperatura
do ar, humidade relativa, concentracdo de particulas e velocidade vertical do vento. A partir de uma
colaboracdo com o Institut de Recherche en Energie Solaire et Energies Nouvelles Marrocos, fez-se um
estudo esclarecedor, comparando o efeito da sujidade entre Portugal e Marrocos. Um método passivo de
limpeza, revestimentos impregnados anti-sujidade, é testado. A comparacao entre espelhos revestidos e nao
revestidos é realizada para avaliar o seu desempenho e concluir se é um método importante para alcancar

uma reducdo no consumo de dgua na limpeza de tecnologias de energia solar.

Palavras chave: Energia Solar, Tecnologias de Convers3o, Sujidade, Modelac3o, Mitigacio
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Introduction

1.1 Historical background

Soiling, defined as particle deposition onto surfaces, reduces solar energy conversion technologies
performance through transmission, reflection and absorption losses. This thematic has been under studied
since the 40s, please see Fig. 1.1. The first known soiling study appeared in 1942, during World War Il, and
concerned solar thermal technology. Part of the list of the insightful papers and researchers (in the sense
that they realized soiling could be a problem for solar energy harvesting technologies) include: Hottel and
Woertz [9], with the study made in 1942 in Boston, where a 4.7% reduction in performance was found in
solar-thermal collectors; Dietz with his work in 1963 [10], found that glass samples could loose ~ 5% in
transmittance due to soiling; Hamberg and Tomlinson [11] conducted a study in 1971, also in U.S.A, using
artificial soiling to test the effect in solar absorptance. After these visionaries work, Garg [12] conducted the

first known soiling study in India in 1974, where the effect of soiling on glass transmittance for different tilt

1
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angles was carried out. Undoubtedly, these works are of vital importance, however there are many more
researchers in this field to be recognized. Most of the initial studies were made in U.S.A and later, due
to solar energy availability in specific regions of the globe and research investment in solar energy, soiling

studies started to become abundant in Middle East and Northern Africa (MENA) regions.
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Figure 1.1: Soiling studies evolution [1].

To give a full perspective on the evolution of soiling studies throughout time, particularly on solar-thermal
energy (STE), photovoltaic (PV) and concentrated solar power (CSP) technologies, it is necessary to explain
how these technologies evolved, the energy policies and research direction at the time, because they are

closely related to the evolution of soiling studies, as it will be shown.

Perharps, the beginning of marketable STE technology was in 1891, when Clarence Kemp's Batch
Solar Water Heater was presented [13], please see Fig. 1.2. By 1909 William Bailey invented the first
thermosyphon system, which allowed the hot water to circulate without a pump, an improvement to Kemp's
invention. This system was mostly commercialized in California and Florida [13]. During the 30s, solar
water heating was already a mature and spread technology, while PV and CSP were just giving their first
steps, as it will be shown next. In fact, it can be seen in Fig. 1.1, that the initial research on soiling was
on solar-thermal technology, from the 40s to the 70s. This is due to the fact that this was the only solar

energy conversion technology that was actually on the market. At that time, this was the more interesting
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technology to study soiling effect. After solar-thermal, the next target technology working on soiling effect
was CSP.

Climax Solar-Water Heater
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unit, had just dropped from 525 to 515,

Figure 1.2: Clarence Kemp's Batch Solar Water Heater advertisement.

The ideas behind CSP come from remote times, for example, the idea of using mirrors to concentrate
light, in particular to burn wood. Whether it is a myth or not, it is attributed to Archimedes, a greek
mathematician, in 214-212 B.C., the idea of concentrating the sun’s energy to burn an enemy fleet [14],
please see Fig. 1.3a. Two millennia later, in 1973, Dr. Loannis Sakkas proved that this could be attainable
(web.mit.edu). Using seventy bronze-coated mirrors to focus the sun's energy on a plywood silhouette of a
Roman galley attached to a rowboat about 48 meters away, it was possible to set it on fire. The Archimedes
feat is part of the ceramic panel in the Physics room of the Colégio Espirito Santo at the University of

Evora, please see Fig. 1.3b.

In 1866, August Mouchout used parabolic trough collectors (PTC) to run the first solar steam engine
ever built [15]. At the end of the XIX century, a portuguese inventor, Father Himalaya [16], worked on the
topics of solar energy concentration, producing highly original concentrators, which culminated with the
pireheliophoro, winner of the Grand Prix at St. Louis World Fair in 1904. In 1913, the first PTC plant
technology was built in Meady [17], Egypt, by Frank Schuman an American inventor and entrepreneur.
Linear Fresnel collector (LFC) technology was first designed and built by Giovanni Francia in 1963 in Genoa

[18], ltaly, however, it was only tested a year late in Lacédémone-Marseilles facility, France, due to the
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Figure 1.3: Archimedes feat representations: (a) Archimede's mirror burning roman ships. Wall painting by
Giulio Parigi, in 1600, at Uffizi Gallery, Florence; (b) Ceramic panel in the Physics room of the Colégio
Espirito Santo at the University of Evora.

cooperation with Marcel Perrot. The first solar tower power demonstrator was built in Sicily, Italy [19], in

1965. Stirling/dish systems prototypes were tested from 1982 to 1985 [20] in California.

At the beginning of the XX century the only marketable solar energy conversion technology was STE,
as referred before, which explains the fact that the first soiling papers were performed on this technology.
After STE, also CSP started to have developments and demonstrators, but it was not commercialized,
which led to a delay in the study of environmental effects, like soiling, in such technology's performance.
It should be pointed that most of the first CSP demonstrators were built in Europe and North Africa like
Schuman's demonstrator, which was unfortunately shut down in 1915 due to the beginning of World War |
and the introduction of fossil fuels, a trend followed by other plants. Actually, both World Wars, as well as,
fossil fuels implementation, reduced the investment in renewable energies research, and therefore soiling
related studies throughout the last decades. One can conjecture that if both World Wars had never happen,

experiments like Schuman’s demonstrator would not be stopped and possibly CSP could be a much more
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deployed technology today.

On the other hand, the oil embargo in the 70s from the OPEC (Organization of Petroleum Exporting
Countries), as a supposed retaliation to the western countries support of Israel [21], in the Yom Kippur
War, led to a shift in energy policies. Because of supply and demand imbalance, U.S.A, as well as other
countries, turned their attention to solar energy technologies again. However, since solar thermal systems
were supported by the federal government, abundant on the market and cheaper compared to PV systems,
PV research and subsequent manufacturing cost decrease did not happen during this period. In fact, since
there were already CSP testing platforms deployed in regions such as MENA and Asia [22], where soiling is
more concerning, studies of particle deposition effect started to be performed on this technology and not on
PV.

During the 80s, after the oil embargo ended, Ronald Reagan (advocate of nuclear energy) was elected
president of the U.S.A. There was a complete change in the energy policies again, leading to less funding for
solar energy technologies development and therefore less soiling related publications. After this renewable
energy development "embargo” due to political decisions, PV soiling studies became frequent. To understand

how this new line of research appeared, it is vital to understand how PV technology evolved.

PV technology is based on the photoelectric effect, discovered in 1839 by Edmond Becquerel [23] and
explained much later by Albert Einstein in 1905 [24], which won the Nobel prize for this work in 1921. The
first solar cell, using selenium, was created by Charles Fritts in 1883 [25], however it had low efficiency ~1%
and an expensive manufacturing process; for those reasons, it was not commerciable. Only in 1954, after
the discover of semiconductors, Bell Telephone Laboratories (Bell Labs in New Jersey, U.S.A), developed
silicon cells [26], initially with 4% and then with 6% efficiency, please see Fig. 1.4. This was a significant
achievement, since silicon was (and still is) the base for the electronic industry, however there was no way,

at that time, to compete with the low price of fossil fuels.

During the 50s and 60s, due to U.S.A. space race, there was a boost in PV cells research by the National
Aeronautics and Space Administration (NASA), as this technology was considered an important power
source for space and satellite equipments. Thus, there is no surprise in noting that this renewable energy
was initially used on space purposes and not on Earth applications. PV cells were very expensive, but this
did not matter in space applications. Indeed during this period the priority of countries like U.S.S.R and
U.S.A. was to be the first to land on the moon. Curiosly, at that time, interest on dust deposition was
substantially raised, because moon dust is significantly electrified and stick to the astronauts space suits
and equipment. Solutions to repeal dust were proposed, like the electrostatic curtains [27] that are now

being considered for solar energy systems on Earth.

During the 90s, due to market initiatives, like the "one million solar roofs” in the U.S.A. and "one
thousand roofs” in Germany and the successes of space exploration with PV introduction not only in
satellites [1], but also as a power source for rovers, and the increasing concern with climate change, a

greater interest in PV technology along with the effect of soiling on its performance has arised. It is very
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Figure 1.4: Bell Lab advertisement of PV panel with battery storage.

important to note that due to high soiling on the rovers PV system and the reasons referred before, research
on cleaning methods began to take off. During this active decade for PV technology, there was, nevertheless,
a continuation on CSP studies, since large plants were constructed during the 80s and 90s [21] (e.g. "Solar

1" and "Solar 2" facilities in the Mojave desert, California).

In the beginning of 2000, due to feed-in tariffs in European countries, and system buy-down subsidies in
countries like Japan, there was a considerable market expansion and further research in solar technologies,
specially on PV. After China started PV cells mass production, there was a considerable cost reduction and
a breakthrough occurred on PV technology. This had two consequences: PV technology achieved a mature
and low price state, resulting in market expansion; due to this expansion, investigation on soiling was urged

on how it decreases systems’ performance, as well as, development of cleaning methods to reduce operation
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costs. Unfortunately, CSP did not follow the same expansion, in terms of installed capacity compared to
PV, since cost reductions could not be achieved at the same rate, please see Fig. 1.5, a trend that is now

changing with the use of thermal energy storage [28], cheaper than electrical storage.
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Figure 1.5: Global installed solar power capacity, in Megawatts (MW), between 2000 and 2015 [2].

In summary, this section emphasizes the impact that political decisions, as well as, special events like
global armed conflicts, exert on the renewable energies development and therefore on soiling research. There

is undoubtedly a strong relation between these factors.

1.2 State of the art

In present days, soiling research, both in PV and CSP technologies, has gained a major role in solar
energy systems. However, the type and amount of studies performed for each technology is different, please
see Fig. 1.6. However, many aspects can be shared among the two, since PV modules commonly have
glass covers and CSP mirrors are surface glass based, most of the time. Besides the fact that there is more
research in PV, there is also a higher diversity among those studies, which is expected since PV research has
been growing a lot in the last two decades. On both technologies, nevertheless, there are areas where the
focus has been higher; these are: (1) dependency on climate zones, as geographic regions; (2) modeling and
simulation; (3) mitigation and cleaning. Regarding the area of interest (1), it is related to the measurement
of soiling effect and its geographic dependence, e.g. [29, 30, 31]. It should be noted that some of the
contributions presented in this thesis [32, 33] are within this area of study. These studies are usually the
first to be made, since the initial objective is to characterize the region in terms of what type of soiling
exists (size, shape and chemical analysis of deposited particles), as well as, soiling rates. This allows to
have an idea on how the environmental conditions, mainly, dry and wet periods, affect particle deposition
and therefore soiling effect. This area of interest is inherently connected to particle physical and chemical
properties. Having this type of information allows for more complex studies, like the ones within the area
of interest (2). Certainly, it is important to develop models able to forecast soiling. In this way, it would
be possible, for instance, to develop cleaning schedules for a solar plant or, in the case of PV, calculate a

corrected optimum tilt angle taking soiling into account, which will be introduced in Chapter 4. The area of
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interest (3) comes as a consequence of the other two, besides the fact that it is a research topic driven by
NASA [34]. Having an idea on the type of soiling and its annual trends, as well as, the ability to predict it,
are all factors that can contribute to a better design of a cleaning method or mitigation techniques with
the potential to reduce maintenance costs. One of these passive techniques compromises the anti-soiling
coatings, which are also part of the present work and are introduced in Chapter 5. In terms of state of the

art, these are the most interesting domains of soiling research.
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Figure 1.6: Soiling studies performed in 2016, adapted from [3]: (a) for PV; (b) for CSP.

The area of interest (1), which is the one to which more soiling studies have been dedicated and still
many are being published [35, 36]. This area is related to soiling measurements and the understanding of
soiling effects depending on the geographical area. It is known that the amount of soiling and how it is

spread on the surfaces (homogeneously or non-homogeneously) is geographycal and time dependent, which
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means soiling will vary from site to site. This fact is easily understandable, since different locations have
different climates; which implies different meteorological conditions, mainly temperature, relative humidity,
rain, wind speed and direction [37], that affect the way particles adhere to surfaces [38]. Moreover, different
locations also have different types of particles suspended in the atmosphere; which also might have a
different impact on how and to what extent the irradiance entering the panels will be reduced [39, 40].
Even neighbor locations may have different types and amounts of soiling, depending if they are or not close
to a specific source of particles, e.g. factories, airports and roads, among others [29]. Even though, most of
those studies were done in or near to desert areas (where soiling is a major problem [41] and where there is
high solar energy availability), there are other locations with considerable potential for solar energy usage
that also need attention regarding soiling; as will be shown, Portugal (Southern Europe) is one of those
cases. This country is one of the best to deploy solar energy harvesting technologies in Europe [42]; its
southern region has annual availabilities of global horizontal irradiance that can go up to approximately 1900
kWh/m? (around 2200 kWh/m? for direct normal irradiance), [43]. With such availability, it is expected
that solar energy conversion technologies, such as PV and CSP, will be very common in Portugal in the
future, which makes soiling an interesting and very important factor to be taken into account. Moreover,
according to NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) [44, 45], in 2100
this region might have higher air temperatures than at the present time and it may rain less frequently,
but with more intensity. These are negative projections regarding soiling, since if they become a reality,
there will be more time for particles to build up on the surfaces, leading to an increased soiling over time.
Moreover, if climate follows this trend, Southern Portugal and Spain will become semi-arid regions, which
can also lead to an increase of particles suspended in the atmosphere that are able to deposit, because

vegetation acts as a particle retainer and obstacle [46].
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Figure 1.7: Dust deposition factors [4].

The area of interest (2) is closely connected to power production and elaboration of cleaning schedules
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[47, 48]. If one knows how much soiling there will be in the next day or week, one may be able to manage, for
instance, battery charge/discharge strategies taking into account the soiling effect in the incident irradiance.
From a different perspective, the simulations and forecasts can be used to elaborate cleaning schedules,
because the owner knows ahead in time what energy could possibly lost. Most of the state of the art
methods, include artificial neural networks (ANN) [49, 50], since they are typically used for very complex
problems without analytic or empirical solutions. In the past few years ANNs have been applied in different
fields related to solar energy, like irradiance forecasts [51], PV plants power output prediction [52], among
others. Since atmospheric processes are very complex, due to the relation between multiple variables, and
also due to solar energy conversion technologies characteristics, please see Fig. 1.7, ANNs have been used
because of their ability to identify complex non-linear relationships. The author thinks that ANNs will be of
great help in the future, in very different areas, and will probably solve many problems that otherwise could

not be solved.
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Figure 1.8: Cleaning methods, adapted from [4].

Going now into the details of soiling mitigation, area of interest (3), cleaning is the most common
tool. In fact, manual cleaning is the more frequent method to clean soiling, whether it is from surfaces
of solar energy conversion technologies or any other surface like skyscraper's windows and indoor particle
deposition. This method is reliable, since it allows to remove any contaminant, including bird droppings

and cemented dust. However, if not done properly this method can lead to surface scratching and abrasion,
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which can therefore deteriorate the surface optical characteristics [4]. Moreover, it represents substantial

costs, depending on how many times the surfaces need to be cleaned during the year.

Self-cleaning methods are the ones, as the name implies, where there is no need for human intervention,
which reduces maintenance costs. These methods can be passive or active. Passive methods are the
ones where no energy is spend for cleaning, as well as, other tools and fluids related to cleaning. These
methods can be split in two different groups: natural cleaning (e.g. rainfall); anti-soiling coatings (e.g.
super-hydrophobic or super-hydrophilic). The most promising of these methods is the use of anti-soiling
coatings, where besides being anti-static, the dust does not adhere so much to the surface, they also have
hydrophobic or hydrophilic characteristics. Super-hydrophobicity, turns the surface water repellent, which
means that water will form almost spherical drops on the surface and then roll down, dragging soiling on
the way [4]. Super-hydrophilicity, on the other hand, makes the water spread on the surface enabling it to
go underneath the contaminants and wash them away [4, 36]. Nevertheless, it should be noted that the
referred technologies need water to achieve higher cleaning performance.

Water goes Water picks up
beneath contaminant contaminant

Contaminant , ~Water
= ~

L= Q,w

(a) (b)
Figure 1.9: Coatings mode of action: (a) Hydrophilic; (b) Hydrophobic.

Active methods are the ones where energy must be spend to perform cleaning. Static non-pressurized
systems, are simple to use and normally have a surfactant added to the water, to maximize the cleaning
efficiency. However, methods like this tend to use a reasonable amount of water, so it is not indicated for

regions where water is a scarce element, e.g. deserts, where most CSP plants are located.

Mechanical cleaning concerns all type of methods where there are moving parts, whether it is horizontal
or vertical. Cleaning robots that move over a PV string or a CSP line are within this category. They
are usually equipped with a wiper or brush and use water and/or compressed air. These methods have
revolutionized the cleaning methods. They are self-powered, usually by a dedicated PV module and storage,

they are fast and efficient.

This is a growing market, as new robotic systems are being developed and one of the most promising
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Figure 1.10: Robotic cleaning: (a) GEKKO, from Serbot AG; (b) SunPower Oasis, from SUNPOWER; (c)
HECTOR, from SENER; (d) PARIS, from SENER.

systems is the use of ultrasonic piezoelectric transducers and a very small amount of fluid, normally water,
where cavitation is induced. As a result of cavitation, which consists of bubble formation within the medium,
these implode creating micro-jets at high velocity and temperature; the micro-jets ultimately clean the
surfaces. There is one particular method, developed by TEKNIKER that was presented in SolarPACES 2017
(the article has not been published yet); it states that it consumes 600 times less water than conventional

methods and enables for a total recovery of mirror reflectance.

Another important method includes the Electrodynamic screens, which consist on a set of parallel
electrodes located on a transparent substrate, which is printed on a PV module surface [53]. The electrodes
are powered by a two or three phase system, creating a traveling wave, which transports the charged particles
to the end of the electrodes. According to [54], neutral particles will gain charge in the process due to
dielectrophoresis process within the particle or by inducted charging of conducting particles. This method
was shown to be very promising for dry deposition, with an efficiency over 90% and an energy consumption
of 1 Wh/m? per cleaning cycle and zero water consumption [55]. However, it has been reported in literature

a power loss of ~ 15% due to the following aspects: the cover is not completely transparent, ineffectiveness
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in removing small particles (<5pm) [56] and it can only be used in dry conditions.
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Figure 1.11: Electrodynamic screen schematic, adapted from [5].

1.3 Future perspectives

Currently, most of the existing soiling studies are PV related, however CSP plants deployment took off
around 2007 with Spain leading the way. As seen in Fig. 1.5, CSP installed capacity is increasing and it is
expected to increase more in the future. Nevertheless, knowledge on the effect of soiling on PV technology
is greater than it is on CSP. Considering both these projections, it is expected that, in the next few decades,

an increase in CSP soiling studies.

There is an inherent problem with cleaning, which is the use of a cleaning agent, like water. Probably,
anti-soiling coatings can increase the periods between cleanings, due to their anti-static characteristic, and
so reduce the water consumption. The development of zero water consumption methods can also be an
interesting path to follow, however the author thinks that it is impossible to achieve the same level of
cleanliness without the use of a liquid agent. The most viable option is to develop cleaning methods that
have a higher cleaning performance than the ones existing today, but with a lower water consumption.
According to the Water Resource Group projections [6], by 2040 the water demand will surpass the water
supply in several countries. For this reason, it is important to adopt different mentalities and policies. This
also means that water consumption for cleaning purposes also needs to be rethought. In Fig. 1.12, it is
represented the water stress level, which means the ratio of withdrawals to available water, projection by
country for 2040. The areas that will experience extreme high levels of water stress include Asia, Northern
Africa, Southern Europe, Australia and some regions of the American continent. In Fig. 1.13, it can be
observed the areas with highest potential for PV and CSP production. It is seen that there is a very close
connection between the regions where in the future there will be extreme water stress levels and the best
regions to deploy PV and CSP technologies. It should be noted that in some of these regions there are

already working plants, e.g. Morocco.

The author thinks, without a doubt, that surface cleaning methods will receive much more attention in
the future. Not only because it is an interesting subject by itself, but also because there is the need to
clean the solar energy conversion technologies, since they are and will be located in desert or near-desert
regions; where particle deposition is higher. More importantly, there will be the need to develop optimized

methods for cleaning, since it is expected for these areas extreme water stress levels.
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Figure 1.12: Water stress level by country using Business-As-Usual scenario [6] for 2040.

1.4 Motivation and previous work

This thesis is, in part, a continuation of the author's Master Degree work, which is based on pollution
estimations based on the atmospheric electric field measurements [57, 58, 59, 60, 61]. These previous works
have enabled the author to acquire knowledge concerning atmospheric processes and particles, which can
be consulted in Appendix B and C. These tools have enabled an easier introduction to soiling, as well as,
to provide background for particle deposition mechanisms, e.g. turbulent deposition [58]. This work can
be seen as the particle effect not on the atmosphere, but on the performance of solar energy conversion
technologies. The idea of soiling research in this region came to help future CSP and PV plants regarding
the quantitative effect of soiling on those technologies. As a matter of fact, for the author's best knowledge,
no soiling study was ever published for this location. Along with this fact, this work attends to be ahead of
time, by studying soiling effect for future plants and to be among the first to have a quantitative analysis on
soiling for agricultural regions. The study is done in Alentejo region in Southern Portugal (details are given
in the next section). The assessment part of this study is important to characterize the region in terms of
soiling and for comparison with other locations, which allows to quantify the particle deposition severity level.
However, mitigation techniques and methods are also an important part of this work. Majorly, because this
is one of the driest regions of Portugal, which implies a reasonable water consumption, namely for cleaning,
which is not a priority for water usage. Anti-soiling coatings (which are water free) and PV panel tilt angle
modification, are part of the research performed and documented in this thesis. The two major topics

covered in this work, besides the reasons invoked before, were set to account for water reduction techniques.

1.5 Thesis structure

The thesis is structured as follows: Chapter 2 includes soiling assessment research in PV, and within

this scope are presented an annual analysis and characterization (visual/chemical) of the type and effect of
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Figure 1.13: PV and CSP potential regions: (a) PV; (b) CSP. SOLARGIS is acknowledge, please consult:
https://solargis.com/maps-and-gis-data/download /world/.

soiling on PV effect, local pollen emission and long-range transport of Saharan dust to Portugal and their
respective effect on PV. Chapter 3 deals with soiling in CSP, using a TraCS (Tracking Cleanliness System)
to quantify the soiling effect on a plain mirror during an entire year, from 2017 to 2018. This Chapter
also contains a joint study between the Renewable Energies Chair (REC) and the Institut de Recherche en
Energie Solaire et Energies Nouvelles (IRESEN) to compare soiling effect among Portugal and Morocco.
In Chapter 4, mitigation techniques for PV are modeled. Anti-soiling coatings, for CSP, are tested and

presented in Chapter 5. Chapter 6 includes the discussion and conclusions about all research topics presented
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in the thesis. Both Appendices B and C, include work done in the path towards this thesis, as well as,

background knowledge obtained for the work in this thesis.

The work done led to the following publications:

Journal publications:

= R. Conceicdo, H.G. Silva, J. Mirdo, M. Gostein, L. Fialho, L. Narvarte, M. Collares-Pereira,
Saharan dust transport to Europe and its impact on photovoltaic performance: A case study of
soiling in Portugal, Sol. Energy. 160 (2018) 94-102.

= R. Conceicdo, H.G. Silva, J. Mirdo, M. Collares-Pereira, Organic Soiling: The Role of Pollen in
PV Module Performance Degradation, Energies. (2018) 1-13.

» R. Conceicdo, H.G. Silva, M. Collares-Pereira, CSP mirror soiling characterization and modeling,
Sol. Energy Mater. Sol. Cells. 185 (2018) 233-239.

= R. Conceicdo, H.G. Silva, L. Fialho, F. Lopes, M. Collares-Pereira, PV system design with the
effect of soiling on the optimum tilt angle, Renew. Energy. 133 (2019) 787-796.

= D. Lopes, R. Conceicdo, H. G. Silva, J. Mirdo, G. Pérez, E. Araanzabe, M. Collares-Pereira,
Evaluating the effect of an anti-soiling coating on the reduction of CSP mirrors dirtiness, Solar
Energy (2019). Submitted.

= R. Conceicdo, H. Silva, A. Bennett, R. Salgado, D. Bortoli, M. Costa, and M. Collares Pereira,
High-Frequency Response of the Atmospheric Electric Potential Gradient Under Strong and Dry
Boundary-Layer Convection, Boundary-Layer Meteorol. (2017) 166:69.

= H. G. Silva, F. M. Lopes, S. Pereira, K. Nicoll, S. M. Barbosa, R. Conceicdo, S. Neves, R. G.
Harrison, M. Collares Pereira, Saharan dust electrification perceived by a triangle of atmospheric

electricity stations in Southern Portugal, J. Electrostat. 84 (2016) 106-120.

Conferences:

= R. Conceicdo, A. Merrouni, D. Lopes, A. Alae, H. G. Silva, E. Bennouna, M. Collares-Pereira,
A. Ghennioui, A Comparative Study of Soiling on Solar Mirrors in Portugal and Morocco:
Preliminary Results for the Dry Season, SolarPACES, (2018). Accepted for publication. This
paper has been invited for an oral presentation, which was delivered by Dr. Ahmed Merrouni in
SolarPACES 2018.



Soiling measurements in rural
environment for PV

2.1 Introduction

Soiling on solar harvesting technologies, namely in PV systems, has been intensively studied in the
past few decades; since it induces severe performance losses on such systems by reducing the incoming
irradiance, through reflection, scattering and absorption [12, 39, 62]. This implies that the systems do
not work at their fullest capability [63]. As a consequence, frequent cleaning of the systems is required,
which represents an important slice on the cost of the electricity being produced. Moreover, soiling is
not only a local [32], but also a seasonal phenomenon and for that reason, if operational costs are to be
reduced, a proper characterization of it is needed. This has been done extensively in the literature, but
mostly focused on desert regions [64, 65, 66], which have high irradiance values and significant problems

with dust deposition, namely mineral and not organic.

17
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However, everyday new PV and CSP plants are being deployed around the world and the tendency is
to have more of them in the future, due to not only due to fossil fuels extinction, but also to decarbonize
the economy and presever the planet. Naturally PV in those also suffers from soiling, not only from local
sources but also transported from remote ones [32]. One country in Europe that certainly is going to grow
the use of solar technologies is Portugal, due to its high irradiance availability [42]. With this in mind,

studies of soiling in this region are very important for future plants.

Environmental variables, like rain and aerosol optical depth (AOD), contribute to explain the observed
soiling ratio (SR) during the period of the measuring campaign, November 2016 to October 2017, showing
how both variables shape the evolution of the SR metrics. These variables are considered of vital importance
for soiling deposition and removal, since rain is the main natural cleaning agent and AOD is used as a proxy
for particle concentration in the atmosphere. Note also that the absence of rain allows for particles to build

up on top of surfaces increasing the soiling and consequently decreasing PV module performance.

Although most soiling work considers dust to be the main soiling agent, it is restricted to mineral
particles such as desert dust [67, 68], the first part of this Chapter is focused mainly on an annual soiling
analysis for the measurement location, reported for the first time, as well as, the soiling rates that develop
during periods without rain, which are then related to the environment, through AOD, SEM imagery and
image processing and the role of organic soiling on the PV module performance. In this context, Alentejo
(where the measurements were performerd, Evora - 38°34/0.01” N; 7°54’0.00" W) is an ideal location for
this type of study, since this is the region with the highest pollen concentration in Portugal [69]. Pollen
concentration is expected to increase in the next few decades in Europe [70], and that may imply more
organic soiling in the future and this is one more reason to study its impact on PV. Besides, studies of
organic soiling are very scarce for, making it an excellent study opportunity. For organic particle deposition,
EDS cannot be used since the composition is mainly carbonic and no conclusions can be taken. For this
purpose, Elsa Caeiro, from the Portuguese Society of Aerobiology (Sociedade Portuguesa de Aerobiologia)

using the SEM images obtained, was able to identify some of the organic material deposited.

The second part of this Chapter is related to the impact of long-range Saharan dust transport. One
event happened in February and another in March 2017, and their effect on the performance of photovoltaic
flat panels is reported as a case study of soiling. Through satellite images, dust coming from North Africa
was detected, while using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT), specific
origin locations of the dust were found. Dust accumulated on glass coupons deployed in Southern Portugal,
Evora and Alter do Ch3o, was analyzed by Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS). Mass accumulation on those coupons was weekly measured with a microbalance
and related with environmental parameters, such as AOD and rain, through a proposed empirical model.
Performance measurements took place at Evora using mc-Si PV flat panels and an |-V curve tracer to get
two parameters: maximum output power and short-circuit current. It was found that the first dust event
led to decreases in the maximum output power of =~ 8% and in the short-circuit current of ~ 3%, while the

second event led to a decrease of = 3% in both parameters. A relation between PV performance and mass
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accumulation was explored.

Saharan desert dust storms are a significant source of dust, that frequently reach Portugal (around
4-5 major events per year) [71], bringing quantities of dust that significantly influence the performance of
PV systems, as will be shown. In fact, during this study a major Saharan desert dust storm took place on
20th- 24th February 2017, in which a large amount of dust was swept up into a low pressure system over
North Africa, leading to the transportation of a dust cloud over Portugal. Significant soiling was detected
and it was derived mainly not from local particles, but from the ones with very far away origin. Though
with less intensity, another dust event occurred on March 2017 from 14"-16" and it is also documented
here. This work points towards the fact that not only local environment affects soiling, but it shows instead
that long-range dust transport (from a process developed thousands of kilometers away) can also influence
soiling and the PV performance on a far away region. This work uses the mentioned Saharan desert events
as a case study to highlight the importance of these phenomena in the energy production of the region and
also the need to develop mitigation tools, e.g., proper dust storm forecasts or the use of active and passive

cleaning mechanisms.

2.2 Experiments and data

Soiling measurements took place at two rural locations in Southern Portugal (Alentejo): Evora at
Plataforma de Ensaios de Coletores Solares (PECS), from REC [72], which was used for both parts of
this Chapter, and Alter do Chao in a 200 ha olive tree property of Elaia group, which was only used for
the second part of this Chapter. These locations have the following coordinates: Evora - 38°34’0.01” N;
7°54’0.00” W and Alter do Ch3o - 39°12/3.39” N; 7°39/37.09” W. The last location is part of a larger
soiling experiment of the European project MArket uptake of an innovative irrigation Solution based on
LOW WATer-ENergy consumption (MASLOWATEN funded by Horizon 2020, contract number 640771).
The MASLOWATEN project, in which REC participates, is led by Universidad Politécnica de Madrid and its
objective is to use high power PV pumping systems for productive agriculture irrigation consuming zero

conventional electricity and achieving less water consumption.

2.2.1 Mass accumulation

SINA high transmittance solar glass coupons, from Interfloat Corporation, were left outdoors in two
experimental setups. In PECS, the experimental setup consists of 25 coupons, with 11 cm length 9 cm width
and 3.2 mm thickness at approximately 1.5 m height from the ground, with 6 samples per geographical
direction (North, East, South and West) in 15° inclination steps and one completely horizontal on the
top, following the idea in [73], as shown in Fig. 2.1a. For clarity, N6 and E6 are the designations used for
the glass coupons oriented towards North and East with 15° inclination regarding the horizontal position,

respectively. In Elaia a single glass coupon was deployed on a single-axis tracking PV system, approximately
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1.5 m above the ground, in a structure that replicates the usual PV module assembly glass-metal frame, see
Fig. 2.1b. Weekly mass measurements were done to all 25 samples at PECS and monthly SEM and EDS
measurements were done to selected coupons from PECS and Elaia. Mass was obtained using a Bosch SAE
80/200 microbalance model. The mass uncertainty, 0.17 mg, was determined from several measurements
of a clean reference glass. The objective is to study the mass accumulation density on the glass coupons
and relate it with the environmental conditions as well as to characterize the accumulated soiling. Mass
accumulation density on week ¢, m,(t), is determined by subtracting, from the measured mass at that week,

m (t), the initial mass of the clean glass, m (0), dividing it all by the sample area:

m(t) —m (0)

Ma(t) = Area

(2.1)
No cleaning is done to the glass during the experiment and only environmental action (e.g., rain) can

act towards reducing the mass accumulated on the coupons.

2.2.2 PV performance

The testing campaign, related to the evaluation of the PV performance, is depicted in Fig. 2.1c. It shows
two mc-Si PV flat panels of the same model FTS-220P, manufactured by Fluitecnik. The current-voltage
(I-V) characteristic curves were obtained with a Eurotest PV Lite MI 3109 manufactured by Metrel. On
these PV modules, one was manually cleaned before each |-V curve tracing and the other was kept unclean
since the begining of the experiment. Three |-V curves were obtained for each module. The measurements
were only performed in clear sky, near solar noon, and the tracker was always set perpendicular to the sun
when performing the measurements. When not performing measurements, the panels are set facing south
and tilted approximately 34° from the horizontal. This is done to represent what would be the approximate
position of a real fixed system, optimized for this location. This experiment is fundamentally based on
[74], with one main difference: measurements are not taken continuously, so the number of points which

contribute to the calculations is smaller.

The soiling ratio index, mathematically defined as SR, is calculated by comparison of the short-circuit
current (Isc), which is denoted SRy, and the maximum power output (Pray), denoted SRp, . of the two
photovoltaic panels. The main difference noted in [74] is the fact that when soiling is homogeneous both
metrics give similar results, but when the soiling is not homogeneous, calculating the soiling ratio based on
the short circuit current can give either an underestimated or overestimated result, comparing it what was
actually lost in power output. The reason for this is the fact that non-uniform soiling distorts the I-V curve
in such a way that in some cases it changes considerably the |-V maximum power point. In mathematical
terms, SRy and SRp,, are calculated through Eq. 2.2, Eq. 2.3 and Eq. 2.4:
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Figure 2.1: Glass coupon supports: (a) glass tree in PECS; (b) glass sample support in Elaia; (c) PECS
soiling experiment.

15!
1901 4+ a(Toon — TH)(G/Go)’

SRy, = (2.2)

where 182 is the short-circuit current of the soiled PV panel, I§gil’0 is the short-circuit current of the soiled
PV at clean condition in standard test conditions (STC), « is the short-circuit temperature correction
coefficient, Ty is the cell temperature of the soiled panel, T is the temperature at reference condition
(25°C), G is the irradiance in the PV plane and Gy the irradiance at STC conditions (1000 W/m?).

Psoil
SRPmax = soil,0 e Y (23)
Pmax’ [1 + W(Tsoil - TO)](G/GO)

where Pn‘?]gixl is the maximum power of the dirty PV panel, P;;‘;il’o is the maximum power at clean condition

and ~y is the maximum power temperature correction coefficient. For the calculation of the irradiance in the
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PV plane, the clean module is used:

G =Gy ISClcean[l + a(Terean — TO)]_l

2.4)
Tean0 ) (
Isccean

clean

where IS is the short-circuit current of the clean PV panel, Iglcean’o

is the short-circuit current at clean

condition in Standard Test Conditions (STC) and Tjeq,, is the cell temperature of the cleaned panel.

2.3 Annual Soiling Characterization

An annual series of soiling data for the region under study is reported here for the first time, with
data ranging from November 1%, 2016 to October 31%t, 2017, as presented in Fig. 2.2. Soiling rates,
mathematically defined as Sg ~ d(SR)/dt, between periods without rain are shown as red dashed lines in
this figure. To explain the observed soiling ratio and the respective soiling rates, rain is also added to the
study, see Fig. 2.3a and aerosol optical depth data, see Fig. 2.3b. Rain as the main cleaning agent is very
important, as well as the AOD, proxy of particle concentration in the atmosphere. There are five evident
cases in Fig. 2.2: two long-range desert dust transportation events, one in February (denoted in Fig. 2.2 as
F. Event) and other in March (denoted as M. Event), with both events documented in the previous section,
and three periods where the lack of rain, denoted as SPR, S; and S,, which led to a linear decrease in both

SR metrics, marked with the red dashed line.

Table 2.1: Soiling rates and statistical parameters.

SPR S; S,

Sk (%/month) 4.1 1.9 1.6

r? 097 097  0.94
RMSE 0.0013 0.0007 0.0008

During Fall and Winter, because of frequent rain, soiling cannot accumulate in significant amounts on
the glass surfaces, yielding SR metrics close to 1 as expected. The first major soiling event was in February,
F. Event, where a major quantity of Saharan dust was transported to Southern Europe, mainly Portugal and
Spain [32], leading to a decrease of ~ 8% in SRpmax. The second one was in March, M. Event, although
with less intensity led to a decrease of =~ 3% in both SR metrics. During Spring, mainly April, denoted as
SPR, there was an absence in rain, which allowed for organic material (confirmed below with complementary
measurements to be mostly pollen) to deposit on the PV glass surfaces, leading to a decrease of 4.1% in
both metrics, see Table 2.1. Note that since the soiling rates are per month, that also means that at the
end of the month the losses are the same as the loss rates, since at the beginning of every event the panels

were clean. However, heavy rain in the first part of May, was able to remove the accumulated soiling. In
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Figure 2.2: Soiling ratio and rates.

June maintenance was done