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Abstract

The environmental concerns about greenhouse gases and the consequent climate change urge
the transition towards cleaner, renewable energy sources. Solar energy applications are
promising to play an important role in energy transition, especially photovoltaics (PV) and
concentrated solar power (CSP) technologies. CSP plants are of interest, particularly solar tower
plants, thanks to the possibility of reaching high temperatures, and thus more important
efficiencies. The Algerian Sahara has a high potential to host solar projects in general and CSP
ones in particular thanks to its high annual levels of incident, direct solar irradiance, and there
already are pilot projects to assess this potential, however, the environmental hostility of the
Sahara requires the prior evaluation of the possible optical losses suffered by solar mirrors due
to the presence of high aerosols’ loads and dust particles. Such particles would attenuate
considerably the incident solar energy, either by atmospheric extinction due to suspended

particles, or due to the deposition of these soiling particles on the surfaces of solar mirrors.

In the present thesis, we make a first step towards the evaluation of reflectivity losses of solar
tower’s heliostats under Saharan climate (since this issue has never been studied in Algeria),
and this through the first outdoor heliostats’ soiling campaign at a CSP-suitable site in the
province of Laghouat, we also explore soiling mitigation approaches that are water-economic
such as coatings. To do so, we used an experimental setup to expose several solar mirrors to
outdoor arid climate conditions of Laghouat city. The trends of the measured reflectivity are
consistent with the theoretical and bibliographic background. Also, the physical and chemical
properties of dust particles -deposited on the mirrors- are investigated through the
characterization by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), and X-rays diffraction (XRD), the desired properties were investigated in
the Technical Platform for Physical and Chemical Analysis (CRAPC-PTAPC) located in
Laghouat as well, next to where the experimental setup was installed. Another important
contribution of the present thesis is publishing the first paper to review the literature of dust-
related problems for CSP, unlike photovoltaic technology which benefited from multiple
reviews. In our future work, we plan to geographically extend the present study for the purpose
of assessing the potential of different Algerian regions to host concentrated solar power plants

in general, and solar tower projects in particular.

Key words: Aerosols, Concentrated solar power (CSP), Extinction, Reflectivity loss, Soiling,

Atmospheric turbidity.
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“Over every knowledgeable person is One who knows.”

Holy Quran, 12:76.
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INTRODUCTION

Research motivation

Critical environmental impacts of global climate change urge the transition towards cleaner
renewable energy sources, especially after the reported 1% increase -reflecting the historical record
of 37.5 billion tones- in global carbon dioxide emissions (CO2) following the unexpected decrease
imposed by the COVID-19 pandemic. In fact, these numbers announced by scientists at the United
Nations Climate Change Conference of the Parties 2022 (COP27) in Sharm El-Sheikh, Egypt, are
due to, among other factors, the increased European consumption of coal in an attempt to fix their
energy shortage, consequent to the geopolitical situation in Ukraine. Another contributing factor is
the spike in oil consumption caused by the resumption of air traffic after the lift of governmental
travel restrictions (Tollefson, 2022). The 2015 Paris Agreement aimed to limit the climate change
by keeping the global warming below 2 °C in comparison to pre-industrial levels, and this as a first
step towards the ideal -yet still possible- goal of limiting the global warming to 1.5 °C by reaching
net-zero and, furthermore, net-negative CO; emissions; the deployment of sustainable power plants
that use renewable energy resources is required to achieve needed global warming limits (Park and

Kug, 2022; Slamersak et al., 2022).

Solar energy is the most available renewable energy resource, and solar technologies and systems
are being investigated, deployed, and improved in order to lighten the increasing environmental
concerns; photovoltaic (PV) and Concentrating Solar Power (CSP) technologies are among the
promising solar applications (Behar et al., 2013; Hachicha et al., 2019; Yettou et al., 2014). CSP
technologies are based on the intense concentration of solar radiation by large fields of different
configurations of reflectors (more details in the next section), which allows the conversion of the
radiative energy of sunlight into thermal energy, and thus replace the process of hydro carburants’
combustion (Avilat-Marin, 2011; Pérez-Burgos et al., 2017), up to 2021, CSP technologies lowered
CO; emissions by 12 Mt/year (Shahabuddin et al., 2021). Among CSP technologies, solar tower
(or central receiver) plants are the most promising and of particular interest due to the possibility
of reaching high temperatures of the working fluid as a result of the punctual concentration of the
beam solar radiation, commonly known as Direct Normal Irradiance (DNI, Roldan et al., 2016;

Shahabuddin et al., 2021).

Algeria has an immense potential for harvesting solar energy projects thanks to its important solar

resources, mainly in the southern region of Algeria according to recent research that studied sites’
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suitability to host CSP projects in Algeria basing on multiple criteria such as the intensity of DNI
and proximity (access) to the electricity grid (Haddad et al., 2021). However, the Saharan desert of
Algeria does not host only high insolation levels, but also high aerosols and dust loads, which
would often result in the occurrence of sand storms, not to mention soiling problems and the rare
precipitations thus the rarity of natural cleaning (Benkaciali et al., 2018; Boudghene Stambouli,
2011; Memiche et al., 2020). These soiling issues (generally accompanying high insolation, not
only in Algeria but also worldwide as will be discussed in Chapter III) are of serious concerns to
solar energy projects, especially CSP technologies which suffer more serious losses in the yielded

energy when compared to photovoltaics (Bellmann et al., 2020; Hachicha et al., 2019).

Even though the expected negative consequences of soiling on photovoltaic panels in Algeria were
evaluated and confirmed by many previously published studies (such as: Memiche et al., 2020;
Mostefaoui et al., 2019), no work that studies dusting issues and consequences on CSP (let alone

solar tower) systems figures in the literature.

In this context, we try in the present PhD thesis to present an evaluation of the optical losses
suffered by solar heliostats due to soiling and dust deposition. The present study is, to our
knowledge, the first assessment of solar mirrors’ soiling under Algerian climate conditions. Please
note that since the optical mechanisms of reflection and solar reflectors’ soiling are the same for
all four CSP technologies (Arnaoutakis and Katsaprakakis, 2021), the present study is applicable
also to the other three technologies (the description of all CSP systems is presented hereafter). Also,
due to the similarity of dust deposition process on CSP mirrors and PV modules (Sarver et al. 2013),
the results of the evaluation of dust deposition on solar reflectors’ surfaces -that will be reported in

the present work- are valid for solar panels as well.
Research objectives

The attenuation of solar radiation by atmospheric aerosols and the deposition of dust causes
serious losses to all solar energy applications, however, it can be realized that the scientific

literature has not given much attention to soiling problems of CSP when compared to PV.

An evident proof of that is the fewer number of papers studying optical losses suffered by CSP
technologies comparing to the much richer and more extended research data of PV soiling (Costa

et al., 2018). Consequently to this unbalance, many papers reviewed soiling-related issues for PV
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systems (such as Figgis et al., 2017 and Maghami et al., 2016), while no literature review was
dedicated to CSP soiling. Similarly, there are multiple studies evaluating soiling effect on PV in

Algeria, while no research papers studied this problem for CSP.

In the light of these constatations, the focus of the research work done in the context of our thesis

will be on the following objectives:

1) Providing a detailed literature review dedicated to dusting-related issues for CSP
technologies.

2) Evaluating the optical losses suffered by solar reflectors in general (and heliostats in
particular) due to dust deposition under climatic conditions of Algerian Sahara, and this
through outdoor exposure of solar mirrors at an arid CSP-candidate site.

3) Assessing economic soiling mitigation in remote arid sites, the chosen approach is the dry
mitigation through the application of an anti-soiling coating to the reflective surface of

selected exposed mirrors.
Thesis outline

The present thesis is structured as follows:

In Chapter I, a brief background is presented to explain, concisely, notions needed to understand

the context of our thesis.

After the general notions, we provide in Chapter II the basic theory explaining major physical
phenomena taking place, namely optical losses due to the deposition of dust on solar reflectors and
atmospheric extinction of incident solar irradiance through scattering and absorption. These

theoretical concepts will be necessary for the understanding of the chapters to follow.

The essence of the first literature review of dust impact on concentrated solar power will be
presented in Chapter I11. Both sources of optical losses will be covered, which are dusting of solar
mirrors resulting in reflectivity losses and atmospheric extinction of solar irradiance due to the

presence of -suspended- aerosols’ particles.

In Chapter 1V, the methodology of our work is detailed, starting with the climatologic and geologic
description of the exposure site (Laghouat city), as well as the description of the experimental set-

up on which the mirrors are mounted for outdoor exposure. After that, the protocol followed to
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evaluate, quantify, and characterize the optical losses (and related parameters) through multiple

measurements is explained.

In Chapter V, we present the results of the first soiling campaign under Algerian climate. The
effects of two factors on the intensity of dust deposition on solar mirrors are discussed, namely the
inclination angle of solar mirrors and coating their reflective surfaces as a mitigation approach.
Also, we provide the physical and chemical properties of Laghouat’s soil, obtained after random
collection of dust particles and their characterization through X-ray diffraction and scanning

electron microscopy.

Last but not least, the conclusions and the future perspectives of the work are presented.
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I. 1. Concentrating solar power technologies

Among CSP systems, there are four configurations that have the most techno-economic
maturity, which are distinguished according to the type of reflectors (mobile/static) and receptor
(punctual/linear) into (Arnaoutakis and Katsaprakakis, 2021; Gonzalo et al., 2019; Zhang et al.,
2013):

e Solar Tower (ST): Hundreds of reflective mirrors, called heliostats, concentrate the
reflected DNI onto a single punctual receiver.

e Parabolic Dish (PD): Parabolic-shaped large mirrors are used to focus the beam
radiation onto a single point of reception and power generation, the whole system has
the possibility of double-axis-sun-tracking, and heat transfer fluids aren’t required. This
technology is the least mature one, and is still not competitive with the other ones yet,
mainly due to the following reasons: low compatibility with thermal storage systems,
most expensive cost, and low power generation capacities of individual parabolic
dishes, which implies the need of large plants, similarly to other more economically
feasible CSP systems.

e Linear Fresnel (LF): linearly-arranged plane mirrors focus the DNI onto linear receivers.
When compared to the other three technologies, the main advantage of LF technology
is the very reduced costs and required investments due to their much simpler design,
and fix receivers that enable steam generation directly and thus eliminate the need of
heat exchangers and heat transfer fluids. However, this advantage is constrained with
an equally important disadvantage, which is the reduced efficiency of this technology,
the lowest among all four technologies.

e Parabolic Trough (PT): most mature CSP commercial application, parabolic trough
reflectors are used to concentrate beam radiation onto a linear absorber placed within
the focal line of the parabola, this system has the possibility of single-axis-sun-tracking
which allows reaching temperatures higher than those obtained through LF technology.
The linear absorber is composed of a glass-enveloped metal tube. For the sake of
minimizing thermal losses, a selective coating is applied to the absorber, the coating is
highly absorbent of DNI and has reduced thermal remittance; also, the glass envelop is
either filled with air or voided from it.
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As can be seen in Figure 1.1, in terms of reflectors’ mobility, ST & LF technologies have static
reflectors, while PD & PT technologies have mobile ones; as to the receiver’s type, ST & PD

have punctual receivers, and LF & PT have linear ones, as clarified in Table. 1.1.

Table 1.1: Classification of CSP technologies.

Shap Mobility Fix Mobile
Punctual ST PD
Linear LF PT

Typically, CSP plants are composed of the following main components: i) the solar field
including reflectors and receivers where the heat is either transferred directly to the power
block, or via a heat transfer fluid, generally steam or molten salts, which receives the
concentrated heat by the mean of heat exchangers; ii) the power block (which converts the
collected heat into electrical power), and iii) the optional thermal storage system (Li et al., 2016;
Zhang et al., 2013).

Figure 1.1: The four most mature CSP technologies.

One of the main characteristics of CSP plants is the concentration ratio which is the ratio of the
area of the integrity of the reflectors to the area of the receiver (Equationl. 1.):
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A
¢, = refS/ A (1),

this factor is proportional to the reachable temperature of the heat transfer fluid, higher
concentration ratios of the punctual-receiver systems (greater than 1000) result in working
temperatures higher than 1000 °C, while lower concentration ratios of the linear-receiver
systems (60 to 100) result in temperatures up to 500 °C; these temperatures result in the
following typical efficiencies: 25 to 28% for ST, 30% for PD, 12% for LF, 18% for PT. As for
the typical capacity, it’s around 10 to 200 MW for ST, 0.010 to 0.025 MW for PD, 10 to 200
MW for LF, and 10 to 300 MW for PT (Arnaoutakis and Katsaprakakis, 2021; Duffie and
Beckman, 2013; Shahabuddin et al., 2021).

To conclude this section, when compared to other renewable energy technologies candidates
for a sustainable development, CSP have multiple advantages such as: optional thermal storage
which results in higher overall efficiency (by insuring heat supply during nighttime/ cloudy
passages, or by backing up during periods of shortage between the energy supply and demand),
integrability with fossil fuel power plants (by hybridization, thus offering the possibility of
gradual transition towards zero-emission), the relatively low cost of operation which would
lower more the already competitive cost of per-unit electricity production (Khamlich et al.,
2021; Shahabuddin et al., 2021). Among the different CSP technologies, central receiver system
(ST) is the most promising one thanks to the high reachable temperatures and its important
potential for cost reduction and efficiency improvements (Behar et al., 2013; Roldan et al.,
2016).

I. 2. Solar tower technology

l. 2. 1. Generalities

Similarly to other CSP technologies, a solar tower plant (or central receiver solar plant,
Figure 1.2) is composed mainly of the reflectors’ field (heliostats in this case), the receiver (a
central punctual one, on top of the tower), and the power conversion system. The receivers are
usually made up of materials that can resist intense radiative energy density and important
changes of temperature (e.g., ceramic). According to their geometry and function, three types
of receivers can be distinguished, namely cavity receivers, volumetric receivers, and particle
receivers. The beam radiation reflected by heliostats and absorbed afterwards by the receiver is
transferred to the working fluid, the heat transfer fluids that are generally used in solar tower

plants are steam and molten salts, the right association of receiver and working fluid can boost
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the heat transfer by minimizing thermal losses, thus even higher working temperatures are
reached (Behar et al., 2013).

Even though heliostats were basically conceptualized as static reflectors, one of the main
improvements that were applied to solar tower is the individual smart double-axis sun-tracking
by each of the heliostats, thus allowing to increase furthermore more the concentration of the
beam radiation; another advantage of solar tower technology, besides tracking and high
reachable temperatures, is the economic feasibility thanks to the easily manufactured heliostats,
which are plane reflectors, simpler to produce and to improve in terms of reflective materials’
development, unlike the currently most mature CSP technology of trough collectors which has
such manufacturing limitations due to the parabolic shape of the solar reflectors (Behar et al.,
2013; Malwad and Tungikar, 2021).

R e

Figure 1.2: Solar tower plants PS10 (foreground) and PS20 (background) in Sevilla, Spain
(Behar et al., 2013).

l. 2. 2. Reflective materials

The proper selection of the reflective material for solar mirrors is crucial for the
economic feasibility of CSP plants, it has decisive impacts on the optical efficiency (thus the
overall efficiency), the lifetime, and the operation and management costs of the solar field

(Azouzoute et al., 2019). Four main classes of solar mirrors can be found in the literature,
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namely silvered-glass reflectors, silvered-polymer reflectors, aluminum reflectors, and

stainless-steel reflectors (Malwad and Tungikar, 2021):

Glass reflectors: silvered glass -as a reflective material- answers to the conditions of good
optical performance for CSP technologies, however, if longer lifetime is desired, the
manufacturing cost increases, which limits the economic feasibility of glass mirrors for CSP
plants, this limitation is essentially due to the low resistance of glass to degradation consequent
to outdoor exposure, mainly under some weather conditions (e.g., sandstorms). Still, glass
remains a popular reflector, thanks to its compatibility with protective coatings. Also, because
it’s hard to shape, glass suits better CSP technologies which have plane reflectors (solar tower
(heliostats) and linear Fresnel) more than those with curved reflectors (parabolic trough and
parabolic dish, Malwad and Tungikar, 2021).

Polymer reflectors: compared to glass, silver-coated polymer mirrors are light in weight, and -
furthermore- are much more flexible in design. However, despite the good resistance to outdoor
conditions, polymer reflectors have shorter lifetime, and some of them have poor adhesion with
the silver coat after being exposed to water which indicates their poor washability. The
development of adequate materials to be added as a protective film of polymer reflectors could
promote the durability of polymer reflectors (Malwad and Tungikar, 2021; Qi and Zhang,
2019).

Aluminum reflectors: aluminum is the frequently exploited solar reflector in CSP industry.
Without a suitable treatment, the reflectivity of aluminum reflectors drops rather rapidly
because of environmental conditions. The treatment usually applied consists of multilayer
coatings. The research and development of aluminum reflectors considerably contributed to the
reduction of their cost and to the enhancement of their durability, not to mention that among
metals, aluminum is the most abundant, and is considerably inexpensive (Malwad and
Tungikar, 2021; Mishra et al., 2016).

Stainless-steel reflectors: stainless-steel does not require high thickness thanks to its rigidity,
however, its low reflectance makes it less attractive for CSP technologies when compared with
other reflective materials. Attempts to enhance the reflectivity of stainless-steel failed to make
it competitive within CSP markets. The good resistance of stainless-steel and the much higher
reflectivity of the aluminum lead to the combination of the two advantages through aluminum-
on-steel materials which showed excellent outdoor durability (Hussain et al., 2017; Malwad
and Tungikar, 2021).
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I. 3. Chemical nature of aerosols

Aerosols are fundamental components of the atmosphere and have crucial impact on the
climate, energy balance of earth, and public health. An aerosol is usually perceived, in
atmospheric knowledge, as a suspension of particles (whether solid or liquid) in a gas, with
their diameter in the range of 10 to 102 um. In scientific literature, the appellation Particulate
Matter “PM” relates to aerodynamic equivalent diameters less than or equal to 1 micron (PM1),
2 microns (PM2), or 10 microns (PM10, Hinds, 1999; Seinfeld and Pandis, 1998; Poschl, 2005),
while ultrafine particles (or nanoparticles) are particles with an aerodynamic equivalent
diameter less than or equal to 0.1 micron (Shao et al., 2022). Many parameters determine the
impact of aerosols on the environment, climate, and public health, such as size, chemical
composition, mass and number concentration, as well as structure. In the troposphere (lower
atmosphere), the concentrations of the mass and number of particles range from 1 to 100 pg.m-
3 and from 102 to 10° particle per cm?® respectively (Poschl, 2005). Aerosols vary extensively in

terms of composition due to the diversity in their origin (natural and anthropogenic):

Carbonaceous aerosols consist of black carbon and organic carbon. Organic carbon is resulted
from biomass scorching (such as forest fires) and transport of biological materials (eg: waste of
animals & plants). Black -inorganic- carbon (also known as elemental carbon) results
principally from the combustion of fossil fuels (Poschl, 2005). Also, Sulfur is a result -as well
as an indication- of industrial activity and the combustion of hydrocarbons, it’s the consequence
of the transport and conversion to secondary particulate sulfur (secondary particles are the result
of gas-to-particle atmospheric conversion, in contrast to direct primary particles, EIminir et al.,
2006; Poschl, 2005)

Dust -as a specie of atmospheric aerosols- is frequently given due consideration when
simulating atmospheric attenuation (eg: Hanrieder et al., 2019; Singh et al., 2005), the existence
of atmospheric dust particles results in the attenuation of the incident solar energy and the
reduction of CSP plants’ efficiency (Carra et al., 2020; Yadav et al., 2014). Desert dust is
principally composed of quartz -rich in silicon- and calcite -rich in calcium- (eg: Egypt, EIminir
et al., 2006; Morocco, Alami Merrouni et al., 2015), the presence of silicon is because of the
disturbed desert soil either by human activity (e.g., agriculture) or by windy weather, while
calcium comes from building and/or industrial activeness (such as cement plants, EIminir et al.,
2006; Shao et al., 2022).
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The very dynamic nature of aerosols due to the continuous variations in size, composition and
concentration requires multiple technologies in order to characterize it (Moorchilot et al., 2022).
Usually, atmospheric aerosols are characterized by means of the techniques to follow (among
others, for further details please refer to: Poschl, 2005; Shao et al., 2022): scanning/transmission
electron microscopy, inertial separation, Mie’s light scattering, nephelometry for absorption
and scattering coefficients, photoacoustic spectroscopy differential mobility analysis, and
spectrophotometry.

In our thesis, we are interested in solar irradiance attenuation -especially the direct component-

by natural aerosols (cited also as soiling or -rural- dust).
l. 4. Summary

In the present chapter, we provided the background of the research work that will be
conducted in our thesis. Concentrated solar power technologies, especially solar tower which
we highlighted, are promising and could play a significant role in energy transition towards
renewable, cleaner sources. However, regions blessed with important potential of solar
irradiance -such as Algeria- also host significant loads of aerosols, it was highlighted that the
consequent optical losses should be evaluated in order to avoid the overestimation of the yielded
energy. For this purpose, multiple parameters that need to be taken into consideration -among
others- were underlined, such as the reflective materials of the solar mirror and the chemical

nature of dust particles at the hosting site.

In the next chapter, we present the basic theory that rules the different physical phenomena of
soiling of the reflective surfaces of solar mirrors, as well as the different formalisms of

atmospheric turbidity due to aerosols.
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Il. 1. General concepts

One can use the quasi-steady form of the radiative transfer equation to model the spatial
difference in radiative intensity among the direction of incidence, reflectors, and a receiver during
the atmospheric transfer of radiation. The quasi-steady form of the radiative transfer equation is
the following (equation 2.1, Azad and Modest, 1981; Lie et al., 2016; Modest, 2013):

4

- - o - -
+BLGEAS) = kbR + 75 | LA, 8, 8)d0, @1
02;=0

dI(1,2,5)
ds

Where I, (I, ;) is the spectral (blackbody) intensity of solar radiation, 2 is the wavelength, 7 is the
position, and $ the direction of incidence. Also, k; and o ; are, respectively, the coefficients of
spectral absorption and scattering, of which the sum gives £;, the spectral extinction coefficient;
@, is the phase function for scattering of radiation from direction of incidence $; to direction $, and

0;is the solid angle.

The use of the quasi-steady form of the radiative transfer equation is appropriate due to the short
characteristic time of the propagation of radiation, which takes for the radiation to spread across

the length-scales of solar thermal systems (Lie et al., 2016).

The spectral intensity of solar radiation that comes from a direction § on a particular area element

dA which has a normal 7 and is situated at a position 7 is (Lie et al., 2016):

dQs(r, 1,5, ¢t)
|71. $|dAdAddt

L7 2,80 = (2.2)

Where dQ,(7, 4,8, t) is the radiative solar energy received by the area element dA within the
elemental interval of wavelength dA around the wavelength A.
By introducing the radiative solar power d (s, equation (2.2) becomes:

dQ.S(F) A) §I t)

hs@ 250 =2 Sdadian

(2.3)

Based on the preceding equation, the spectral flux of solar radiation is:
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The considerations made to obtain equations 2.1-4 are the following (Lie et al., 2016; Modest,
2013):

e The air mass AM = 1.5 spectral distribution is typically used as spectrum of reference for
optical spectral models in CSP projects (please refer to subsection 11.3.1 for more
information on the air mass), locally modified parameters should be introduced when
needed.

e Sun is considered a black body at an effective temperature of 5780 K for the solar spectral
distribution.

e The solar disk is at solid and half-cone angles of 6.79 x 1075 sr and 4.65 mrad (0.27°)
respectively due to the sun-earth geometry. Apart from the sun-earth geometry, the
directional distribution of the incident solar irradiation is also consequent to the sunshape
effect, which is the observed (from earth) distribution of solar radiation within solar disk

and the circumsolar aureole.
For solar mirrors, the spectral bi-directional reflection function is (Lie et al., 2016):

dl(r,2,5;,8,)
L(r, A, 8)|7. §;|d;

Pamir (F' A' §i' §r) = (25)

Subscripts i and r are for incidence and reflection respectively.

The total radiative power arriving on the aperture of the receiver is (equation 2.6, same previous

reference):
oo 27T
Gee@® = [ [ | BrecGi29) 1510 dA (26)
A=0 Apec £2=0

Where I, .. (7, 4, §) is the spectral intensity of the solar radiation intercepted by the receiver.

Optical performance metrics:
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The performance of concentrated solar power plants can be assessed according to two categories
of performance metrics: optical metrics, and thermodynamic metrics which are beyond the scope
of the present work.

The main usually considered metrics of optical performance in CSP are (Lie et al., 2016):

e Optical efficiency: the overall optical efficiency is expressed as the ratio of the total

received radiative energy to the maximal reflected radiative energy (equation 2.7):

_ fAt Qrecdt
Tovt = DNI % A, oo X At

2.7)

The overall optical efficiency accounts for multiple efficiencies according to the source of
optical losses, namely efficiency losses due to: reflection, atmospherics attenuation,
blockage, cosine, shading, and spillage (equation 2.8):
Nopt = Mreft X Natm X Nbtock X Ncos X Nshad X Nspitt (2.8)

In our thesis, we are interested in the optical losses due to reflection losses and atmospheric
attenuation, as these losses result from the environmental conditions surrounding CSP
plants. The first optical parameter is of particular interest (since it can be mitigated) and
will be evaluated following an experimental campaign as will be explained in Chapters 1V
and V.

e Concentration ratio: Another important parameter, it indicates the potential reachable

temperature and differs from one CSP technology to another. The concentration ratio has
two forms: the geometric form and the energetic one. The geometric concentration ratio is
defined as the ratio of the total area of solar mirrors A,,;,rors t0 the area of the receiver A,...
(equation 2.9). While the energetic (area-averaged flux) concentration ratio is the ratio of
area-averaged incident flux of radiation intercepted by the receiver’s aperture to the one
intercepted by the totality of solar mirrors’ area (equation 2.10):

Ca — Ar:lirrors (2.9)
rec
_ Qrec
Cr =
DNI % Amirrors

(2.10)

Note that since Q,.. is the instantaneous area-averaged received power, the time-averaged

energetic concentration ratio equals to the optical efficiency (C—f = Nopt)-
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I1. 2. Process of soiling and consequent reflectivity losses

As can be seen in equation (2.8), the reflection efficiency is an optical loss factor,
furthermore a major one that needs to be continuously assessed because it is consequent to
environmental conditions of soiling, unlike most of other factors which are due to the design of the
power plant and nothing can be done about them once the plant is installed (Zereg et al., 2022).
Soiling of solar mirrors is a complicated process that depends on numerous factors which we will

try to provide hereafter:
I1. 2. 1. Dust deposition on solar mirrors

The first step of soiling is the dry deposition of dust particles on the reflective surfaces of
solar mirrors; since wet deposition is simultaneous to precipitations which result in cleaning the

reflectors much more than soiling them (Mejia and Kleissl, 2013).

The most characteristic parameter of the dry deposition of airborne dust (aerosols) particles is the

dust deposition flux F (in pg/m?/s, equation 2.11):
F - Cd X vd (211)

Where C, and v, are, respectively, the concentration and deposition velocity of dust (in pg/m3 and
m/s). F speaks for the quantity of dust that vertically falls in the direction of the reflectors (Picotti
etal., 2018).

Note that for 8-tilted surfaces:
F=C4Xv; XcosO (2.12)

For the sake of the development to follow, dust particles will be considered as rigid (non-

deformable), homogenous spheres that are made of silica of which the density is p, =

2000 kg/m3. The dynamic viscosity u,;-and density p,;, of air are considered under ambient
conditions and equal to their standard values. Under these assumptions, the dust deposition velocity

is assumed to be the sum of two components according to the driving physical phenomena: v, the

velocity of deposition due to gravity and drag, and v, the velocity of deposition due to turbulence
and Brownian motion (equation 2.13, Seinfeld and Pandis, 1998; Zhang et al., 2001):

Vg = Vg + Ut (2.13)
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Determination of Vg

For particles larger than few microns, the settling velocity v, is the most important term in equation
2.13. The gravitational settling is assured by a balance between the gravitational pull F; and

aerodynamic drag F, forces applied on dust particles immersed in air, according to the law of

Newtonian dynamics:

dv
M—2Z=F

-2 =F+F, (2.14)

The gravitational force is equal to:

1
Fy = = 9pymD; (2.15)

Where M is the mass of dust particles, g the acceleration of gravity, and D,, is the dust particle

diameter.

As for the aerodynamic drag F, force, its formulation depends on the assumptions made to solve
the equations that rule the behavior of the air, the fluid in which the particles are immersed, in other

words the continuity and Navier-Stokes equations.

Let 4, be the mean free path, which is the mean distance that a molecule travels between two
successive collisions (Agir = 0.065 um), if the dust particle is greater than the mean free path of
the gas (D, = A,), the latter behaves as a continuum with regards to the suspended particles. For
the other case (D, < 4,,), the (Kinetic) regime of the free molecule is applied (Seinfeld and Pandis,
1998).

The Knudsen number (Kn, equation 2.16) is the key dimensionless group to determine the nature
of particles, when Kn — 0, the medium is considered as a continuum, for Kn > 0, this

consideration cannot be applied and the medium is a non-continuum (Picotti et al., 2018).

K 24 2.16

Another required dimensionless group is the Reynolds number (Re , equation 2.17), which

compares the inertial and viscous forces acting on a body during its motion in a fluid.
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_ paierp
Hair

Re (2.17)

Where v is the fluid-body relative velocity.

Depending on Knudsen number and Reynolds number, the force of aerodynamic drag is as follows
(Picotti et al., 2018):

e Kn — 0 (continuum) and Re « 1: Stokes regime for a rigid sphere is applied to get Stokes’
law (equation 2.18):
Fq = 3mgirDpvy (2.18)
e Kn — 0 (continuum) and Re > 1: The drag coefficient Cp is introduced to consider the
effects of regimes of higher velocities, because Stokes’ law neglects the effects of inertial

forces in Navier-Stokes equation.

1o
Fq = ECD”Tpairvg (2.19)

e Kn > 0: The assumption of non-slip cannot be strictly applied and a slip correction factor

C. must be introduced to take into consideration non-continuum effects.

3
Fy = C_”llaierVg (2.20)
C

For the drag coefficient C, and the slip correction factor C,, please refer to equations 12-
16 in (Picotti et al., 2018).

And thus, the determination of the velocity of deposition due to gravity and drag v, comes down
to the resolution of a fist order differential equation, which -depending on the formulation of the
aerodynamic drag force- is non-linear when combining equations 2.14, 2.15, and 2.19, and linear
in the two other cases (equations 2.18 and 2.20 instead of 2.19). It should be noted that the former

non-linear equation is a Bernoulli equation that can be linearized.
Determination of v,:

In order to determine the velocity of deposition due to turbulence and Brownian motion v, it is

expressed through the electric analogy of the deposition velocity as the inverse of the sum of two
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resistances (equation 2.21, figure 2.1), representative of the effects of atmospheric turbulence

(aerodynamic resistance, r,;) and diffusion and impaction (quasi-laminar boundary resistance, 73).

1
= 2.21
vt Ta + Ty ( )

Airborne Dust

>
Q"‘i
Turbulence

>

-
Inertia
Surface

Boundary
Layer

Aerodynamic Drag

Deposited Dust
Figure 2.1: Electric analogy of the deposition velocity (Picotti et al., 2018).

The aerodynamic resistance r, is expressed as follows:

1

B CDm UW

T (2.22)

Where Cp,, = is the drag coefficient for momentum and Uy, is the undisturbed wind

e
In2(%/z,)
velocity. Cp,, is a function of Von Karman constant K, the reference height z, and the (usually
tabulated) surface roughness z,, which is the height above which the logarithmic wind speed
profile extrapolates to zero. In equation (2.22), the product Cp,,, Uy, expresses the wind’s capacity

to pass on its kinetic energy to the particles of dust (Jacobson, 2005).
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Brownian diffusion and inertial impaction are the processes of predominance in the surface
boundary layer at lower altitudes. The expression of the quasi-laminar boundary resistance is
(Zhang et al., 2001):

1
B u*(Ebr + Eimp)SOCS

r (2.23)

Where u, is the velocity of friction, &, an empirical constant, C; a correction factor for sticking
particles, E;,,,, and Ej, two factors accounting for the effects of inertial impaction and Brownian

diffusion, respectively.

The Brownian diffusion factor is an exponential function of the Schmidt number (equations 2.24

and 2.25 respectively):

2
E,, =Sc3 (2.24)
19air
Sc = (2.25)
Diss

Where d,;,- and D;¢¢ are respectively the kinematic viscosity of the air and the diffusivity, the latter

is expressed as following:

B Tair Cc

D = —m— 2.26
ur 377-.uaier ( )

Where B is the constant of Boltzmann and T,;, is the temperature of the air (Picotti et al., 2018).

The inertial impaction factor is dependent upon the Stokes number as will follow in equation 2.27,
the Stokes number expresses the ratio of stop distance (crossed by a dragged particle) to the length
that characterizes the flow (Seinfeld and Pandis, 1998):

E. = St” 2.27

imp 400 + St2 (2.27)

St Uy (2.28)
19airg .

The friction velocity u, expresses the change in the horizontal component of air’s velocity with the

height consequently to the effects of the near-wall shear stress. The friction velocity w, is defined
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by the equation 2.29 (in which t,,,;; is the wall shear stress), and is evaluated by different
approximation with different levels of precision, as we have followed the model of (Picotti et al.,

2018), the chosen approximation of u, will be the following equation 2.30:

T
u, = / wall (2.29)
Pair
KU
U =— ~ (2.30)
In (Z)
Of which all terms have already been named.
Finally:
=y, + ! 2.31
Va = Vg T, + 1 (2:31)

I1. 2. 2. Adhesion of dust particles to solar mirrors

The major forces that cause the adhesion of dust particles to the reflective surfaces of solar
mirrors are van der Waals, capillary, and electrostatic forces. Electrostatic forces are related only
to highly charged particles, while capillary forces depend on the wetting of the surface and require
high levels of humidity, usually correlated with the formation of superficial water layers that have
removal consequences more than adhesive ones, especially for tilted surfaces. Thus, the only
adhesive force that will be considered is van der Waals interactions, being always present whenever

an object (particles in our case) gets close to a surface (Hinds, 1999; Picotti et al., 2018).

The expression of the adhesive force F, 4, as a function of the adhesion work W, 4, and the particle

diameter D,, is then:

3
Wadh = ZT[Fathp (232)

The adhesion work W, is the free change in energy to detach unit areas of two media (with
subscripts i and j) from juxtaposition to infinity in vacuum. Its expression, per unit of surface, is

the following:
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W gp = Ay (2.33)
adh = 1 21d?2 '
Where 4;; is the constant of Hamaker and d; is the minimum distance of separation in vacuum.
In vacuum A;; = /A;;A;;, while across a medium A;,; = (JAii — Azz) (JAj; — \JAzz), Yet, as
the fluid in which dust particles are immersed is air, the approximation of A;,; with A;; is possible.
The phenomena of our interest involve two materials: quartz (dust) and glass (mirrors), for which

the respective values of Hamaker constant are Agyqre; = 8.5 X 1072%J and Agiass = 6.5 X

10729 ], While the distance of separation is assumed to be equal to its common value of d; =
0.4 nm (Ahmadi, 2004, Lefevre and Jolivet, 2009; Picotti et al., 2018).

The detachment of dust particles off the surfaces of tilted mirrors is possible when the following
condition is satisfied (Picotti et al., 2018):

. Dy
Fysind |(-—1) = (F,cos0 — Fagp)rs (2.34)

1. IS the radius of contact at separation, which is the radius of the particle area flattened by the

superficial contact right before the particle’s detachment. The formulation of 73 can be found in
(Ahmadi and Guo, 2007; Picotti et al., 2018).

I1. 2. 3. Reflectivity losses due to soiling of solar mirrors

The reflectivity of the soiled mirror is expressed as:

(2.35)

Pc

_ Aclean _ Amirror B Asoil _ Asoil
p=p A

c
Amirror Amirror mirror

Where p and p, are the reflectivity values of the mirror in its soiled and clean states respectively,
Anirror 1S the total area of the mirror, A,;; is the area covered by dust, and A4, IS the remaining

area.

Under the assumptions that deposited dust particles do not collide with each other, and that their
deposition forms a monolayer of dust, the soiled mirror area can be expressed as in equation 2.36
(Picotti et al., 2018):

30



CHAPTER 1] BAsIC THEORY AND PHYSICS

2 _ z y _ z 3M
soil — i soil,i — iZPpD

i
p,i

(2.36)

M;is the mass of every single dust particle, the latter is indicated by the subscript i.

For deeper analysis, the total non-reflective area A, of the solar mirror can be considered as the
sum of two components according to the mechanism of optical losses, namely blocking Ap;ocx @and
shading Agp.q- Shading is a consequence of the opacity of dust particles, while blocking occurs
when DNI is not perpendicular to the surface of the mirror (Al-Hasan and Ghonaim, 2005; Al-
Hasan, 1998).

3Mtan(¢p)
Aplock = 20D, (2.37)
pYp
3M
Ashaa = 5 (2.38)
2p, D, cos(p)

Where ¢ is the angle between the incident beam radiation (DNI) and the normal of the reflective
surface. It can be noticed that Ap;,.x(¢ = 0) = 0, which is logical since when the DNI hit
perpendicularly the surface, and consequently the particles, no blocking occurs and the only cause
of non-reflectance is the opacity of the particles. At the same angle, it is also remarked that
Agnaa(@ = 0) = Ag,i, Which is the area obtained after the projection of a spherical particle. The
last two mathematical consequences are an assurance of the validity of the model. For the detailed

assumptions and geometrical analysis, the reader is referred to (Picotti et al., 2018).

Then, the total non-reflective area is:

Apr =

3M (1 + sin(<p)) (2.39)
p

2p,D cos(¢p)
Finally, the reflectivity of the soiled mirror is as in the following equation 2.40:

A, —A
P = MNref1 = .DcM (2.40)

Amirror
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I1. 3. Atmospheric extinction of solar irradiance

After penetrating the atmosphere, the solar irradiance suffers multiple losses due to various
phenomena, a part of the irradiance is absorbed, another scattered either towards the earth (diffuse
irradiance) or towards the outer space, and a part reaches directly the terrestrial surface arriving
from the solar disk. At any altitude or height, the DNI is expressed as a function of the DNI at top
of the atmosphere DNI;,4 (before penetrating it), the optical depth T (sometimes confused with
transmittance), the solar zenith angle Z, and the height h (Molineaux et al., 1995; Sengupta and
Wagner, 2012):

—T(h))

DNI(h) = DNI X (
(h) ToA X €XP coS7

(2.41)

It is possible to express the DNI between two heights, or at the borders of an atmospheric layer,

dependently on the optical depth of that atmospheric layer as follows:

—(Th1 — Th2)

cosZ

DNI(h;) = DNI(h;) X exp( cosZ

) = DNI(h,) X exp <ﬂ> (2.42)

Where t,, is the optical depth of that atmospheric layer.

Similarly, at the surface:

—\T

DNIys. = DNy, X exp< C(O SA;)> (2.43)
DNIsfc _(TAh)

— e 2.44

Which gives the possibility of determining the optical depth at a particular location by means oof
two pyrheliometers installed at different heights, in addition to other required devices (Tahboob et
al., 2014).

I1. 3. 1. Formalisms of extinction due to aerosols

To determine the attenuation by extinction due to atmospheric aerosols, multiple attempts
can be found in the literature, the most famous, developed, and -relatively- practical are Angstrom’s
formalism (Angstrom, 1929) and Linke’s one (Linke, 1922).

32



CHAPTER 1] BAsIC THEORY AND PHYSICS

Il. 3. 1. a. Formalism of Angstrom

Angstrom proposed to express the optical depth characterizing the attenuation due to
atmospheric aerosols through the Aerosols’ Optical Depth (AOD) as in equation 2.45 (Angstrom,
1929):

Taer = AOD = B (2.45)

Where a and g are respectively Angstrom’s exponent and coefficient. The coefficient of Angstrom
B represents the quantity of aerosols’ particles that are present in the atmospheric column (vertical
atmospheric direction), usually, B variates within the range [0; 0.5] and for values greater than 2.5
(B > 2.5) itis reasonable to consider the atmosphere as hazy. The exponent of Angstrom a has an
inverse proportionality to the particle size of aerosols. The habitual value of a for most normal
atmospheres is @ = 1.3 £+ 0.2 and its range of variation is @ € [0; 4]. For values greater than 2.5
of Angstrom’s exponent, the presence of more small particles than large ones is confirmed (Khalil

and Shaffie, 2016).

The major drawback to the formalism of Angstrom is the obtention of precise experimental

evaluation of Angstrom’s exponent and coefficient.
1. 3. 1. b. Formalism of Linke

In his formalism, Linke expresses the total atmospheric optical depth (called
interchangeably optical thickness) as the product of two terms: the optical depth of the clean dry
atmosphere 8.p4 (Which is mainly due to Rayleigh scattering and accounts for the gaseous
components except for ozone), and the well-known Linke’s turbidity factor T} (accounting for
scattering and absorption due to aerosols and precipitations, Linke, 1922). In equation 2.46, the
term of the relative air mass AM (accounting for ozone) is almost equivalent to the inverse of the
cosine of the zenith angle in equation 2.41, more precise formula for AM(Z) are available in the
literature, such as the frequently used Kasten’s formula that will be provided by the end of this
subsection (Kasten, 1965). The formalism of Linke is the following:

DNISfC = IO X eXp(—5CDA X TL X AM) (24’6)
DNI,
Natm =~ = exp(—8cpa X T, X AM) (2.47)
0
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I, 1s the normal incident extraterrestrial irradiance, function of the solar constant I,:

360N;
Iy = Iy (1 + 0.033 x cos( 365 )) (2.48)

The factor by which is multiplied I,¢ accounts for the ellipticity of earth’s orbit around the sun (N;

is the Julian day).

The physical interpretation of T is that it represents the number of the clean dry atmospheres that
reproduce the same atmospheric attenuation as a turbid atmosphere, it variates within the range
1 < T, < 6. Itissaid that Linke validated his formalism in a Swiss site with extremely clear and
dry sky, but no actual records prove it (Igbal, 1983).

The essential drawback of Line’s turbidity factor T;, is its dependence upon the relative air mass,
thus it varies at constant turbidities. The usual solution to bypass this difficulty is to normalize T},
for relative air mass value of 2. Most parameters, be it in Angstrom’s formulation or Linke’s one,
generally need to be correlated basing on intensive measurements campaign. It is useful to note
that Angstrom’s coefficient 8 is a spectral parameter, while Line’s turbidity factor T; is a

broadband one.

The relative air mass is the ratio between the atmospheric mass penetrated by the DNI at any time

and the one it penetrates at solar noon with sun at zenith. At sea level with sun at zenith, AM = 1.

The optical mass, or in other words the mass of a substance in a column of unitary cross-section,
is defined as (Igbal, 1983):

m= f Patmdl (2.49)
0

dl is the element of the path [ traversed through the atmosphere by the DNI until reaching the
surface of reception. As refraction depends upon the wavelength, so does the path, and thus the
aforementioned equation is applied to monochromatic radiation. When sun is at zenith, dl becomes

dz, which is the unitary vertical distance, the relative air mass is then:

Iy Parmdl

AM = —%
fo patmdz

(2.50)
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To solve this equation, one needs an actual variation in the atmosphere’s density, which is an
information that, apart from a standard atmosphere, is not available. According to (Igbal, 1983;
Kasten, 1965), after taking consideration of the curvature of earth, and the atmospheric non-

homogeneity and refractiveness, equation 2.50 can be written as:

1 ‘ Rz \? /mp\2
AM = — 1—( )— in’Z | pd 2.51
oze < R, + 2, (n) sin )p z (2.51)
0

Where z, is the height of homogenous atmosphere of which the density is pg, the latter parameter
is the density on the ground. Ry is the mean earth radius, n the refraction index at a height z, n,

the refraction index at a height z, < z.

Kasten solved equation (2.51) from ground wide-range experimental data and provided the
following formulation (Kasten, 1965):

AM = (cosZ + 0.15(93.885 — 7)~1.253)-1 (2.52)

At sea level, for the standard pressure condition of 1013.25 mbar, the absolute air mass m is:

P

P is the local pressure.
I1. 3. 2. Optical phenomena of scattering and absorption

Scattering and absorption are complicated phenomena that take place within the atmosphere,

dependently on the diameter of the particles D,, and the wavelength 4 of the incident radiation, the

assumptions and consequently the theories that govern these phenomena differ (n being the index
of refraction, Igbal, 1983):

o If % < 07'1—6, then the governing theory is Rayleigh’s scattering theory (the particles are too

small to absorb radiation). In this mode, the scattering is identical in both directions, i.e.,
forwards and backwards. The assumptions here are that particles are of spherical shape and

independently scatter.
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o |If OT < % < 5, then the governing theory is Mie’s particle theory which studies the
scattering and continuous absorption by aerosols. In this case, the scattering is more intense
in the forward direction. The complication of this theory is the high variability in

atmospheric dust particles’ size, shape, and distribution.

e 5< %, if particles are big enough to satisfy this condition, the light is reflected.

Il. 4. Summary

In the present chapter, we have discussed physics behind the various phenomena of our

interest, as well as the corresponding mathematical basis.

We hope that this chapter would be a starting point for students and researchers of soiling
mechanisms of CSP fields’ mirrors, photovoltaic panels, and dust deposition on flat surfaces in
general, since the principles of dusting in the preceding cases are common Ghazi et al., 2014; Zereg
etal., 2022).

It can be deduced that the theoretical -exact or approximate- prediction of the intensity of soiling
is very delicate, this is due to the complicated theory and the numerous highly-variable included
parameters, not to mention the not-so-real assumed simplifications often made (such as the
spherical shape of dust particles, which is not always the case as will be clear in Chapter V), which
would require multiple high-tech devices to obtain a detailed evaluation of soiling and turbidity

levels.

Thus, the more usual trend in this research axis is to evaluate the intensity of soiling through in-
situ outdoor measurements campaigns (Zereg et al., 2022), which is the approach that we will

follow in our work.

Previous studies that investigated some aspects of the issue treated in our thesis are reviewed in the
chapter to follow, it is the essential and an update of our recently published review paper (Zereg et
al., 2022), which was the first paper to review the literature of dust-related issues and different

approaches used for mitigation (unlike PV soiling which has beneficiated from many reviews).
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I11. 1. Optical losses due to soiling of solar mirrors

I11. 1. 1. Correlations between deposited dust’s weight and the corresponding losses

Some studies were interested in the relationship between the deposited dust’s weight,

and the consequent reflectance drop:

(Wu et al., 2020) evaluated the cleanliness of a parabolic trough collector in China, the
material of the collector is the same as that used in CSP plants. The dust samples were
collected from different tilt angles, and the reflectivity was evaluated with a
spectrophotometer, the chemical properties were also determined. The results suggest that
after a month of exposure, 1 g of deposited dust caused a decrease by 10% of the average
reflectivity, as for the effect of the tilt angle on the soiling rate, it was found that the bottom
edge of the collector was more soiled and lost more reflectivity than the top edge, the
reflectivity dropped by 15% of the initial value, which was higher by 3% than the soiling rate
of the top edge, also, 1.03 g was collected from the bottom edge, compared to 0.83 g from the
top edge, in general, the reflectivity loss is in the range of 12-15%.

(Zhao et al., 2020) studied the soiling of Fresnel linear reflectors in China, the field is of
north-south orientation and east-west tracking, with mirrors of 1820x300 mm? dimensions.
After an exposure period of 48 days, a dust density of 2.5 g/m? caused 9.4% loss in average
relative reflectivity. The soiling (average relative reflectivity loss) was maximal for the
horizontal position (9.19%) and minimal for the vertical one (0.72%). the average increase in
dust density was 0.16 g/m? every 3 days. A model for the cleanliness factor was developed
with about 1% standard deviation.

More severe losses were reported in Morocco by (Azouzoute et al., 2020), an outdoor mirrors’
exposure was performed for 3 months during the dry season, very precise meteorological
station was available at the exposure site for records of various weather factors. The highest
soiling loss rate was observed after two weeks of no-cleaning (the cleaning was done on a
weekly basis), the dusting loss reached 39%, another high weekly value of 35% was

measured. The corresponding deposition densities are respectively 0.8 g/m? and 1 g/m?.
I11. 1. 2. Effect of tilt angle on the optical losses

Factors such as the tilt angles of solar reflectors or their exposure direction have an
impact on the intensity of the soiling.
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(Griffith et al., 2014) assessed the intensity of soiling at a candidate CSP site in South Africa
using a custom-made reflectometer. The soiling of horizontal mirrors was twice the +45° ones
and the mean rate of reflectivity loss was 0.5% per day. The authors noted that the monitoring
of Aerosols Optical Depth (AOD) around CSP sites should be done to assess soiling risk,
especially for plants near industrial zones (AOD is proportional to the soiling rate of solar
mirrors as noted by (Raillani et al., 2019)). The used reflectometer was based on a digital
camera attached to a stainless-steel baseplate, along with a LED light with a collimating lens

to simulate solar DNI.

Recently, (Wiesinger et al., 2021) investigated for one year the effect of both height and
orientation of solar mirrors on their erosion under Moroccan climate. The variation of the
height was between 1.2, 2.4, and 3.6 m (figure 3.1) for each of the four cardinal directions.
The dimensions of the mirrors were 10x10 cm?, the mirrors were inclined at angles of 45°,
90°, and 180° (ground facing). The apparatus used to measure the reflectance was the D&S
15R-USB portable reflectometer, widely used for this kind of studies. The erosion intensity
(and consequently reflectance drop) decreased with increasing height and increased with the
increasing tilt angle. Also, short, strong wind events caused more intense erosion than the
more frequent, moderate events; and mirrors facing the dominant wind direction were

damaged more than the rest.
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Figure 3.1. Experimental setup used by (Wiesinger et al., 2021).

(Matal et al., 2020) developed an experimental methodology for the sake of the
experimentations of erosion simulations, with the different samples being homogeneously
exposed to a uniform mass of sand. The loss in reflectivity increased with increasing velocity
of airflow, the same trend was observed for the increasing tilt angle; indeed, at a
perpendicular tilt, the reflectivity loss due to erosion was much more important than that at a
45° tilt, as an example, the respective decrease in reflectivity was 11.03% and 5.31% for 25

m/s.

(Alami Merrouni et al., 2015) evaluated soiling of different materials of solar reflectors during
spring. The monthly cleanliness drops of the horizontal mirrors were 45%, while for +45°

mirrors the drop was 14%, the 0° (vertical) and -45° (ground-facing) mirrors remained clean

43



CHAPTER llI LITERATURE REVIEW

(3% drop). An important soiling factor highlighted by the authors was the wind direction. The
authors conducted X-ray diffraction analysis and found that the collected soil was composed
mainly of quartz and calcite.

After an exposure of eight months in Morocco, (Karim et al., 2015) reported that mirrors at
impact angle of 90° presented the lowest value of reflectivity (suffered the most intense
erosion). Low wind speeds caused cracks that were ring-shaped, while high wind speeds
caused normal cracks accompanied by the removal of materials. Furthermore, at an impact
angle of 90° and wind speeds of 6.33 m/s the reflectivity loss was 1.7% in the ocean site and
1.5% in the desert sites. In desert sites, the wind speed was lower and the sand particles are
harder and smoother, while in ocean sites, the wind speed was higher and the sand particles

are smoother and sharper.
I11. 1. 3. Coating application as a mitigation for soiling

Desert sites are very good for the installation of solar energy project, however, the
usual scarcity of water in such regions, and the need to replace the mostly used water-based
methods such as washing, pushed the research towards water-saving mitigation approaches
such as anti-soiling coatings and Electrodynamic Screens (EDS); coatings are a very
interesting water-saving solution for mirrors’ dusting problems since less washing frequencies
are used and coated mirrors usually restore their reflectance better (Wette et al., 2019b). The
idea of using coatings to protect solar reflectors is older and more mature than that of using
EDS (see for example (Bieg and Wischmann, 1980)).

(Dahlioui et al., 2022) studied the benefit of coating solar mirrors for soiling mitigation
through one year of outdoor exposure in Morocco. The used coating was a hydrophilic one,
applied on half of the exposed at three heights of 0.5 (S1), 1 (S2), and 1.5 m (S3, the first two
heights are the same as the values used in our work, please see section 1V.2), the application
of the coating did not reduce significantly the initial reflectance of the coated mirrors.
Monthly measurements of sample mirrors’ cleanliness factor were taken, during one of the
periods, strong winds and dust storms resulted in cleanliness values of 62% and 75% for the
respective uncoated and coated mirrors exposed at 0.5 m height. The effect of coating
reflectors for soiling mitigation was reported to be positive for all samples during the whole
exposure period (figure 3.2), the maximum obtained average gain of cleanliness was as much

as 7%, and a maximum soiling rate of 2.54%/day was reported for uncoated reflectors.
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Figure 3.2. Gain in optical performance for coated mirrors (Dahlioui et al., 2022)
(Polizos et al., 2014) performed durability tests on anti-soiling coatings (spray) composed
from multifunctional silica particles and polymeric binders, which are hydrophobic coatings
with low surface energy and a high contact angle. The initial reflectivity was higher than 90%,
and the accelerated aging showed that anti-soiling spray could maintain its performances for a

period of 18 months to two years.

Similar investigations were conducted by (Hunter et al., 2014) and reported better results:
99% of initial solar weighted reflectance, and a range of two to three years of outdoor

durability.

While most anti-soiling coatings are hydrophobic, (Aranzabe et al., 2018) tested a titania-
based hydrophilic coating for CSP anti-soiling purposes in Spain for 43 months. Hydrophilic
coatings have a high surface energy and a low contact angle, with a totally wet surface being
the extreme case. The mirrors that were coated showed a higher average reflectance
difference of 3.3% when compared to the uncoated ones, moreover, the highest reflectance
difference was 9.5%. (Lorenz et al., 2014) studied the economic feasibility of a hydrophilic
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coating with photo-catalytical functions, a 3% yearly energy yield gain is expected if the

coating is applied.

(Wiesinger et al., 2018b) tested different anti-reflective coatings for the purpose of mitigating
erosion; the coatings improved the optical performance of the tested glass by around 4.9%;
however, if the CSP site often suffers extreme weather conditions, anti-reflective coatings
would cause faster optical losses. Even though adding a hydrophobic coating to an anti-
reflective one slightly reduced optical performance, it was reported to be very effective

against sand erosion.

Since 2019, more recent papers reported innovative methods of water-saving mitigation by

coatings:

(Wette et al., 2019a) tested a new hydrophilic coating under real outdoor conditions in PSA,
Spain during 22 months; the effect of the coating was positive, lower soiling rates and higher
cleanliness were observed for the coated mirrors in contrast to the uncoated ones. The optical
properties and durability of this coating was studied by (Fernandez-Garcia et al., 2019), the
coating did not cause significant change in the initial reflectance (-0.001 £0.003). The
assessment of the durability of the coating was done via accelerated aging tests and outdoor
exposure, the same previous negligible values were observed, which denotes the expected
durability of the anti-soiling coating and its reasonable applicability to reflectors in CSP
plants.

(Matal and Naamane, 2020) conducted accelerated erosion tests of two types of coated solar
reflectors: one with a hard coating, the other with an anti-soiling coating; the results suggest
that the hard coating is better in terms of optical performance and resistance to mechanical

stress.

(Wette et al., 2019b) conducted 6 years of outdoor exposure, as well as laboratory abrasion
test, to evaluate anti-soiling coatings. One of the tested coatings improved the initial
reflectance while the other one did not change much the sample’s initial reflectance; this
advantageous behavior diminishes for biweekly-cleaned coatings (2 years) faster than the
monthly-cleaned ones (4 years), which confirms that coatings are water saving. Coated
mirrors are more vulnerable to mechanical stress than uncoated ones as suggested by abrasion

tests.
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(Lopes et al., 2019) studied horizontal and tilted coated mirrors in Portugal. The coatings’
effect was positive, especially for the tilted samples, while the horizontal ones presented

almost similar soiling rates, coated or not.

(Pescheux et al., 2020) performed five extreme accelerated aging tests on different types of
coatings (including a commercialized one), the tests simulated extreme conditions of
salination, humidity, temperature, UV radiations and solar radiation. Hydrophobic SiO>
nanoparticles-based coatings performed better than the other ones, including the commercial

one.

(Sutter et al., 2020) studied the impact of dust on tube receivers of the parabolic trough
technology for 5 years in Morocco and Spain. Anti-reflective coatings reduced the impact of
dust to only -0.014 transmittance loss in Spain, while in Morocco, severe dust events resulted
in a transmittance loss of 0.05; accelerated aging tests were also conducted and the highest
degradation rate was -0.041. (Wette et al., 2020) tested two newly developed anti-soiling
coatings during 2 years of exposure in Spain, the coatings were cleaned with pressurized
water and a brush; the results suggest that the coatings perform differently and dependently on
the cleaning technique: for one type, the pressurized water resulted in a cleanliness gain, for

the other type it was vice-versa (poor washability).

(Yilbas et al., 2021) presented a comprehensive analysis of dust characterization techniques,
soiling mechanisms, and dust mitigation by hydrophobic surfaces for solar energy

applications.
I11. 1. 4. Effect of climate on soiling intensity

The severity of dust deposition does not only vary with the solar mirror’s material

type, but also with the different climates and regions hosting the CSP plants:

(Sansom et al., 2017) studied and compared the deposition of airborne dust on CSP mirrors in
different arid regions, namely: Algeria, Libya and Iran. They reported that the only aerosols to
adhere to the surface of mirrors and cause reflectance loss were the ones smaller than 250 um
(maybe because much smaller particles aren’t heavy enough to settle on the mirrors, and
larger ones do not adhere due to rebounding or gravity), dust particles up to 1 mm or even
more can be lifted by strong wind (up to 20 m/s) and damage the mirrors, thus, particles larger

than 250 microns should also be used in laboratory simulations of glass mirrors erosion by
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airborne sand (unlike the usual research trend of using only particles smaller than 250

microns).

(Guerguer et al., 2017) compared soiling between seaside and desert sites (Morocco, 3 years):
mirrors exposed in the seaside were more soiled than those in the desert. The reflectivity
losses were up to 80% (August) for seaside site and 23% (March) for desert site. More than
80% of the deposited particles were smaller than 30 microns. One of the main reasons that
caused higher dusting in the seaside site in comparison to the desert one is the higher
humidity recorded in the former (figure 3.3.a), since it enhances the adhesion of dust particles
to the reflective surfaces of the mirrors. As for the effect of wind speed (which had similar
behavior in both sites) on the intensity of soiling, a proportional correlation was confirmed,
especially in the seaside site where stronger wind increased the salinity of the deposited

particles, especially starting from 2.5 m/s (figure 3.3.b).

Desert site — Seaside site b
a. 100 (]

o

90 -
3 80 . b
X N
=70 E4 (] ¢ Mirrorl
5 <

60 -
£ 3 W Mirror2
3 50 ¥ 3 .
2 - ¢
© 40 2 A Mirror3
g 39 E 2 i (]

T " X Mirord
20 ‘2 a A Mirror
1 #
10 ] 0
0 0 -

0 05 1 48 2 25 @3 35
Wind speed (m/s)

01/03/2013
01/05/2013
01/07/2013
01/09/2013
01/11/2013
01/01/2014
01/03/2014 -
01/05/2014
01/07/2014
01/09/2014
01/11/2014

Figure 3.3. (a) Comparison of the relative humidity between the two sites. (b) Effect of wind

speed on the salinity of particles in the seaside site (Guerguer et al., 2017).

In a similar coast/desert comparison, (Endaya et al., 2019) simulated -by accelerated tests- the
impact of dust on a CSP reflector in Libya. The fine coastal dust caused more optical losses
than the desert’s one: the reflectivity losses were 8% and 4% respectively. The coastal dust
had more silica than the desertic sand, however, the later was richer in calcium, which gave it
more hardness. Since the reflectivity losses due to the coastal sand were double the desertic
one, it can be safe to say that the effect of humidity, as a soiling factor, is more important the

hardness of dust particles.
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Long-range aerosols-transport can also cause soiling,(Conceicao et al., 2019) compared
soiling of mirrors in Portugal and Morocco during five months of the dry season, the daily
dirtiness rates were 0.013 in Morocco and 0.004 in Portugal, this was due to the Saharan dust
presence with higher quantities in Morocco in comparison with Portugal, for the later, the
presence of dust is due to long-range transport phenomena, the general trend was that dirtiness
in Morocco was higher than that of Portugal by factor of 3. Red rain in Morocco caused
reflectance drop by 19.7% in one day. the mirrors dirtiness is measured with a Tracking
Cleanliness Sensor (called TraCS), which components are a rotating mirror and 2
pyrheliometers, one is directed towards the sun and measures the solar irradiance, and the

other measures the irradiance reflected from the mirror.

Similarly, (Alami Merrouni et al., 2020) reported, after about six months of exposure, higher
soiling rates of 10 to 21% in Morocco compared to 3 to 7% in Portugal. An intense dust event
caused severe cleanliness loss in Morocco by 39%, the long-range transport of the
phenomenon reached Portugal and caused less severe but still important cleanliness loss of
18%.

In a wider comparison, (Wiesinger et al., 2020) run one year of outdoor exposure at six CSP
potential sites in Spain, Morocco and Chile. In order to study mirrors’ erosion, their
reflectivity was measured first by taking images by 10-fold magnification objective after
exposure, and comparing them with a new reflector of the same type, the difference in pattern
is used to evaluated the reflectivity loss; this method is compared to measurements of a
reflectometer. Also, for the purpose of reproducing outdoor exposure aging, laboratory
accelerated aging experiments were conducted with an open-loop setup for better control of
experiment conditions. Erosion potential risk matrix is proposed and validated in 5 CSP
candidate sites to study erosion factors, the matrix has 6 meteorological and geological

parameters as inputs.

Likewise, (Wiesinger et al., 2018a) studied the erosion risk of sandstorms on CSP reflectors,
the experiments were carried out at two sites in Morocco for 25 months, as well as additional
experiments in Kuwait. Glass was used as a reflecting material, soil samples were collected
from two arid sites which are favorable for hosting CSP plants, the diameter of the collected
sand range from 0.25 to 1200 um, however, only particles of diameter up to 31 um were kept
in order to keep sampling accuracy, different meteorological (wind speed, Rh) parameters
were also measured at sampling sites. The maximum loss of specular reflectance of glass
mirrors exposed in Kuwait was 42.5% in just 9 months, however in Morocco, the maximum
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specular reflectance loss was 5.9% in 25 months. The authors noted that an estimation of
potential damage in a site can be done by artificial erosion setup, using the site’s soil at

different test velocities.

(Matal et al., 2020) performed erosion simulations, with the different samples being
homogeneously exposed to a uniform mass of sand mass. The reflectivity loss is proportional
to air velocity and tilt angle, the reflectivity loss due to erosion at an angle of 90° -for
example- was much higher for an air velocity of 25 m/s (11.03%) than for velocities of 10 m/s
and 5 m/s (about 3% and 0.9% respectively). The effect of particles shape was studied as well,
sharp sand particles are more likely to stick to the mirrors’ surfaces and/or cause more

erosion.
I11. 1. 5. Soiling effect on different types of mirrors

(Bouaddi et al., 2017) analyzed soiling’s effect on different types of CSP mirrors;
glass reflectors recover perfectly their reflectivity after rain, better than aluminum ones;
however, glass mirrors tend to lose their reflectivity faster. Also, clean mirrors were soiled
faster than unclean ones, especially for humid areas, as low humidity boosts the cleanliness by
weakening adhesion between dust and mirrors’ surfaces. The highest soiling rate was
recorded for glass mirrors in August: -2.3% per day, by the summer’s end, the mirrors lose up

to 73% of cleanliness.

A similar study was done by (Wiesinger et al., 2017) through an exposure of two years at two
sites in Morocco, and the average losses in the reflectance of the mirrors were 36.9% for
aluminum and 10.8% for glass. Single Particle Momentum Distribution -which connects the
speed of wind to the concentration of particle- was used for the sake of assessing the risks of

erosion. In addition, the authors conducted indoor, laboratory investigations of accelerated
aging.

(Azouzoute et al., 2019a) evaluated the effect of soiling on different solar mirrors, namely
glass and aluminum, in Morocco during 18 weeks. The reflectivity of different mirrors is
measured with the widely used portable specular reflectometer (D&S, 15R-USB, see figure
3.4). Aluminum mirrors were found to be less affected by dust than glass mirrors, their
maximum soiling rate was 25% in comparison with 35% for glass mirrors. The authors
recommended and noted that aluminum mirrors might be more suitable for CSP plants,
especially if the plant project is in an arid region and is dedicated for industrial procedures

with low temperature needs.
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Figure 3.4. D&S 15R-USB Reflectometer used to measure reflectivity (Azouzoute et al.,
2019a).

(Bouaddi and Ihlal, 2016) studied dusting of glass and aluminum solar mirrors in Morocco
during 4 months of outdoor exposure, the average relative humidity and wind speed were 79%
and 3.5 m/s respectively. Similarly to most reviewed studies, the authors reported that glass
CSP mirrors are more susceptible to soiling than aluminum ones. However, raining events
were reported to have a more efficient cleaning effect on glass mirrors, manual washing is
expected to have a similar effect, and it could be concluded thus that aluminum mirrors
encourage water saving and/or that it would be of benefit to use such type of mirrors for

regions with water scarcity.
I11. 1. 6. Modeling soiling losses in CSP

An efficient way to bypass the aforementioned experimental studies is by developing

models -on physical bases- that evaluate the soiling of CSP reflectors.

(Picotti et al., 2018) developed a physical model to evaluate the soiling rate of CSP solar
mirrors, the model was validated using 4 months of experimental data in Brisbane, Australia.
The model takes into account dry dust deposition rate, gravity, diffusion and turbulence,
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Brownian motion, aerodynamic drag and van der Waals forces, the model considers in
addition to dust deposition, dust shading and blockage effects; model details can be found in
(Picotti et al., 2018). The input parameters of the model are: aerosols concentration and size
distribution, solar mirrors’ position, wind speed and ambient air temperature. To validate the
model, mirrors at different tilt angles were exposed and had their reflectivity measured by a
15R-USB D&S reflectometer, dust concentration was measured by the mean of an E-sampler
dust-monitor, and a weather station provided meteorological parameters. The average relative
error is reported to be 15% for 45° tilt angles which reflects a good agreement between
modeled and measured data. Furthermore, the model was used to evaluate different scenarios

in 3 candidate sites in order to display trends of reflectivity loss under variable conditions.

(Heimsath and Nitz, 2019) developed an optical model that evaluates incidence angles’
impact on the reflectance and attenuation of solar radiation by dust. the model was developed
and validated using laboratory experiments with both artificial and desert dust types.
Incidence angle variated between 8° and 80°. The results showed that the reflectance of soiled
mirrors depends upon light incidence angle, the same observation was made for light
scattering. The model showed proportionality between incidence angles and the intensity of
scattering by aerosols, and inverse proportionality to specular reflectivity, which indicates that
CSP optical models should take into account irradiance angle. When applying this model to
simulations, it was found that the optical efficiency of parabolic trough reflectors in southern
Spain was overestimated by 1.5%. Similarly, (Wu et al., 2020) proposed a model to predict
dust characteristics and tilt angles’ influence on the soiling rate. The model was validated,
with less than 3% standard deviation, by the measured cleanliness of a parabolic trough

collector in China.

Similarly, (Heimsath et al., 2020) proposed a model that considers the effects of variable
reflectance angles and soiling rates. They suggest that the reduction of the optical efficiency
of second glass silvered solar mirrors occurs via two optical phenomena: shading and
blockage (figure 3.5). For the former, the deposition of dust particles on the surface of the
glass layer blocks the solar irradiation and prevents it from being reflected by the silver layer
as can be seen in figure 3.5 hereafter. A for blockage, the light that escapes shading by some
particles and gets reflected afterwards by the silver layer might be blocked by other deposited
particles, the losses due to blockage are either by scattering or absorption. The intensity of the
optical losses is proportional to incidence angles (relatively to the normal). It would be good

to note that this consideration simplifies real-life conditions, as in reality the two phenomena
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overlap, furthermore, the deposition of soil particles and their size distribution are more likely
to be inhomogeneous, adding that to the fact that the considered round shape of particles, the
proposed model is significantly simplifying but still useful, as a try in this research axis at

least.

Glass

Silver
Paint Layers

Figure 3.5. Consideration of the optical losses caused by dust particles via shading (left) and
blockage (right) (Heimsath et al., 2020).

(Bouaddi et al., 2015) modeled the cleanliness of CSP reflectors with Dynamic Linear
Models, then compared it with that of exposed 45° tilted mirrors. The dust distribution was
homogenous (since there’s one row of mirrors, this confirms that fist row mirrors are soiled
uniformly as noted also by (G. Singh et al., 2015; Z. Guan et al., 2015)). The lowest measured
cleanliness was around 20% after 3 months. The local linear trend described most accurately
the cleanliness factor, intervention variables should be included to account for rain episodes

or cleaning operations.

(Sansom et al., 2015) conducted experimental simulations of reflective surfaces’ erosion in a
laboratory erosion rig, using dust samples collected from Libya and climate conditions
recorded in Egypt near a CSP project. They reported that sandstorm would be characterized
by 4 g of airborne sand particles at a speed of 10m/s. A computational prediction of the sand’s

impact on the reflectivity was developed basely on meteorological data in CSP sites. The
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reflectance loss was due to the adhesion of fine particles rather than surface damage, the loss

was up to 23%.

(Deffenbaugh et al., 1986) proposed, after one year of outdoor exposure in the United States,
a model to simulate soiling through combination of different data sets and models, the model
considers real-world degradations of parabolic trough collectors. Optimal washing
frequencies were predicted and found to be 20 and 45 days, in New Mexico and Texas
respectively. The maximum measurements of the soiling rate were in the range between 1.3%
and 0.7%.

Recently, (EI-Boujdaini et al., 2022) studied the outdoor soiling of a sample solar mirror for
six months in Morocco, the selected experimental data included soiling rate (measured with a
TraCS setup), global, diffuse, and direct solar irradiance, precipitations, ambient temperature,
relative humidity, wind speed and direction, all recorded by a meteorological station. The
highest soiling rate was 63% resulting from 20 days without natural nor manual cleaning, then
it fluctuated due to occasional precipitations. The optical performance was modeled by the
mean of neural network approaches, the best neural network model -which showed very low
root mean square error- depended upon wind speed, relative humidity, temperature, and
Aerosols’ Optical Depth (please refer to subsections 11.3.1.a and 11.3.1.b for more details
about the later parameter and its impact on optical losses). Authors noted that heavy rain
served as natural cleaning, while light rain enhanced soiling because of the coagulation it

caused.
I11. 1. 7. Soiling effect on the energy yield of a CSP plant

To assess the impact of dust deposition on the CSP plant’s energy output, (Alami
Merrouni et al., 2020) used Ebsilon software to simulate energy yield with and without
consideration of mirrors’ soiling. Without taking soiling into account, the energy yield in
Morocco and Portugal was 1.4 GWeh and 1.3 GWeh respectively, but with consideration of
soiling losses, both sites produce comparable electricity supply of 1.25 GWeh during the
exposure period, this is expected given the higher soiling in Morocco compared to Portugal
(Conceigéo et al., 2019).

(Azouzoute et al., 2019b) evaluated the impact of soiling on energy production of a 5 MW
plant. The cleanliness index was measured by TracCS system and dropped by up to 30% in
just 8 days. In addition to evaluating the cleanliness of the mirrors, different meteorological

parameters were measured throughout the year, the data were then implanted in System

54



CHAPTER llI LITERATURE REVIEW

Advisor Model (SAM) software used to predict the effect of dust on a linear Fresnel plant, the
consequent impact of two weeks without cleaning was a daily production loss of 22% in

average.

While (Hachicha et al., 2019) investigated the impact of soiling on CSP optical and thermal
performance in UAE through 5 months of outdoor experimentation. After 3 months of
exposure, the reflectivity dropped by 63% and led to 36% decrease in thermal efficiency of
parabolic trough collectors. Dust deposition was reported to cause more loss in performance
of CSP than PV by a factor of 3 to 5, the deposition rate was correlated to wind speed and

direction parameters.

(Bellmann et al., 2020) investigated soiling losses in Portugal during 9 weeks, through
studying cleanliness using samples mounted on a solar tracker (figure 3.6), as well as solar
mirrors of various directions and tilts (0° to 90°). Soiling rate of CSP was reported to be 8 to
14 times higher than that of PV for an identical quantity of soiling. Based on Mie-scattering
and the wide-range incidence angle measurements, authors developed a model that evaluates
the optical losses due to soiling for both CSP and PV, the model has for inputs: the
gravimetric density (g/m?), refraction’s complex index, size distribution and spectral and
acceptance angle responses. For mitigation, monthly cleaning frequency ensured reflectivity
of -at least- about 90%.
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Figure 3.6. Solar Tracker (Bellmann et al., 2020).

To evaluate the impact of dust on solar tower plants, (Singh et al., 2015) investigated the
soiling of heliostats and Open Volumetric Air Receivers (OVAR), the tests were done with
single and double heliostat set-ups, the heliostats were inclined at 25° and the inlet velocity
was 16 m/s. Dust blocked 20% of the OVAR’s pores, which caused reduction of the
convective heat transfer and the overall efficiency. For the single heliostat and the first one of
the double-heliostat set-ups, the deposition of dust was uniform, for the second heliostat, the
deposition was localized due to the turbulent flow generated by the presence of the first
heliostat.

(Niknia et al., 2012) developed a method to evaluate dust deposition effect on parabolic
trough collectors, the measured effect of soiling was 44% and 60% reduction of reflectance
after 44 days and two months without cleaning, respectively; while 1 g/m? and 1.5 g/m? of
dust caused 45% and 60% reduction consecutively. The custom-made instrument (figure 3.7)
consists of a bottomless black box divided by a black separating wall into two partitions, in
one partition there is a laser light source, in the other a reflectometer, the role of the black

separation is preventing scattered light from noising the reflectometer’s measurements, the
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mirror is placed under the bottomless box and is opposite to the devices. The authors gave the
following empirical loss correlation as a function of the deposited dust thickness “y”, in a

parabolic trough power plant in Iran:

AQ/Q = 0.367 * Iny + 0.7249 3.1).
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Figure 3.7. The proposed method for reflectivity measurement (Niknia et al., 2012): (a) Top
view. (b) Right-side view. (c) Bottom view.

Recently, (Abraim et al., 2022) evaluated the techno-economic impact of soiling on solar
power applications (CSP and PV). Used data included one year of meteorological, soiling,

and dust quantity measurements under semi-arid Moroccan climate, using respectively a
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meteorological station, a TraCS system, and DustIQ soiling sensor (technical details on setups
and devices can be found in the aforementioned study). Optical losses for CSP were reported
to be five to six times more important when compared to PV, with a daily average of
1.21%/day 0.24%/day respectively over the studied year between March 2018 and March
2019. With these measured values as inputs, the simulated yearly energy losses were -
logically- higher for Fresnel linear 1MWe plant (17.76%) in contrast to the 1MWe PV panels
plant, these losses were obtained considering a monthly cleaning frequency. As for the
economic impact of cleaning frequencies, the analysis concluded that the optimal cleaning
would be at a three-weeks-frequency for both technologies, with an annual economic gain of
230.16 x103$ for CSP and 278.51 x10%$. The simulations were performed with EBSILON
software and the economic assessment with the Levelized Cost of Energy, commonly used for

such studies.

I11. 1. 8. Soiling mitigation by washing solar mirrors

The usual mitigation of solar mirrors’ soiling is by washing their reflective surfaces,

even though this mitigation approach is not water economic (Wette et al., 2019b).

(Niknia et al., 2012) studied and presented tabulation of the impact of cleaning frequencies’
programs on the yielded energy of parabolic troughs in Iran. The extremums of cleaning
frequencies were 7 and 42 days, which resulted in consuming 398.9 and 69.0 m®/year of water
and losing 11% and 38%/year of the mirrors’ optical efficiency, respectively. While the
monthly cleaning resulted in yearly efficiency losses of 27% and the consequent water

consumption was 99.7 m®/year.

(Ashley et al., 2019) used a heuristic approach to determine a solar field’s cleaning sub-
routing that optimizes a solar tower plant’s optical performance. It was highlighted that the
true profit of this approach would be during planning and design of CSP plants. The authors
concluded that for cleaning schedules, regular cleaning approach appears to be the most

optimal.

For precise simulations of soiling losses of frequently cleaned plants, (Bouaddi et al. 2018)
proposed the application of Markov switching regime that allows to consider different soiling
regimes instead of constant soiling rate, and this through the inclusion of site-dependent

climatic variables.

(Fernandez-Garcia et al., 2014) assessed a diversity of washing techniques for two years at a

semi-desertic site, the most efficient technique was the association of a brush with
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demineralized water, which resulted in an excellent restoration of optical performances
(average reflectivity of 98.8%), while detergents’ addition didn’t result in considerable
profits. The use of a steam device along with a soft issue wasn’t enough as reported by the
study.

(Conceicéo et al., 2020) studied soiling’s economic impact on solar tower in semi-arid
climates, during rainy periods (November to May) washing operations are not economic nor
efficient. As for the methodology followed to obtain the reported results, TraCS system
recorded 18 months of reflectivity, and different data were inputs for simulations of the
energy yield, then the plant profitability was plotted versus cleaning price of various

frequencies.

(Picotti et al., 2020) studied the optimization of cleaning schedules in solar tower plants. The
authors established a model to compute the economic feasibility of different schedules. The
model was developed according to the theoretical attitude of dusting of reflectors and is tested
on solar tower plants in UAE and Australia, the reports suggest potential economic profit of

total cleaning that can be up to 15%.

(Bourdan et al., 2020) suggested water-economic mitigation for dusting issues of CSP plants.
The authors proposed dust-barriers that were able to stop 47% of particles of sizes larger than
25 microns; an economic portable dusting detector was also developed, and this in order to
perform cleaning operations only when needed. An ultrasonic equipment was tested as well, it

resulted in an up-t0-99% cleanliness factor.

IIIL. 1. 9. Electrodynamic screens’ potential for soiling mitigation

Electrodynamic screens (EDS, Mazumder et al., 2005) are an emerging mitigation to
prevent CSP mirrors’ soiling, EDS consist of a transparent dielectric film in which alternated
electrodes are deposed, when activated with phased voltage pulses, the electrodynamic field
prevents dust particles from depositing on solar mirrors and removes the already deposed
ones, by charging the particles, lifting them, and propelling them off the reflector (Mazumder
et al., 2013). (Mazumder et al., 2014) reported high EDS dust removal efficiency and

highlighted its high potential as a low-cost self-cleaning method for CSP reflectors.

(Stark et al., 2014) conducted experimental and numerical investigation of the efficiency of
EDS in preventing CSP mirrors’ soiling, it was reported that even though EDS application
caused initial reflectivity loss of 3%, EDS integrated mirrors kept specular reflectivity >90%

without any cleaning operation. (Mazumder et al., 2019) reported similar experimental results
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and highlighted the low energy consumption and cost of EDS, namely 0.2 Wh and $0.005 per
m? per cleaning cycle respectively.

(Chan et al., 2019) proposed a model of a new EDS configuration to study the usability of
EDS for parabolic trough collectors, the model was validated by comparison to published
experiments under similar conditions; they noted that the new EDS configuration offered

improved cleaning.

After 3 years of study (2017-2020), (Mazumder et al., 2020) reported that EDS’ dust removal
efficiency and specular reflectivity restauration are both higher than 90%, it was proved that
EDS can operate under all solar fields’ temperatures and for relative humidity between 20%
to 95%; the authors concluded after economic analysis that EDS technology is in a

commercial level.

I11. 2. Optical losses due to atmospheric extinction

I11. 2. 1. Relationship between Aerosols’ Optical Depth (AOD) and reflectivity losses

The optical losses in CSP plants is the outcome of the overlapped cumulus of two
attenuative phenomena: in addition to drops in reflectance due to solar reflectors’ soiling,
another factor that should be considered is the attenuation of solar irradiance due to suspended
aerosols particles, the suspension of aerosols particles generally originates from wind lifting
up particles of dust, while the deposition of soiling on solar mirrors is the consequence of the
settlement of aerosols particles. The overlapping of these two soiling factors implies that the
atmospheric attenuation of solar irradiance at CSP sites ought to be put into consideration as

we have recommended in our review paper (Zereg et al., 2022).

Even though this is not the general trend in CSP mirrors’ soiling papers, the results reported
by few studies confirm the relationship (simultaneity/causations?) of Aerosols’ Optical Depth
(AOD) trends and drops in reflectance, this is the case of the conference paper of (Raillani et
al., 2019) who confirmed the inverse proportionality between AOD and reflectance, through
measurements of one year of meteorological data by the mean of a weather station, in addition
to reflectivity drop measurements. Besides the inverse proportionality, and after studying the
volume distribution of aerosols, the authors concluded also that the coarse particles are much

more responsible for the attenuation than other particles.
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These findings confirm what (Griffith et al., 2014) remarked: supervising AOD and wind
speed and direction near CSP plants is necessary to evaluate dusting risks, this is particularly

mandatory for sites around active industrial zones/mines.

I11. 2. 2. Importance of AOD assessment for the evaluation of extinction in solar tower
plants

Precise modeling and prediction of the incident DNI is essential for CSP plants in
general and solar tower plants in particular, the precision of this prediction depends greatly
upon the assessment of the atmospheric extinction and attenuation of solar irradiance, one of

the key parameters for this assessment is AOD.

(Polo et al., 2016) proposed a model for the evaluation of the atmospheric extinction in solar
tower plants, the model outputs the attenuation (in %) as a third order polynomial dependance
upon the plant’s slant range, furthermore, the coefficients of the polynomial are a third order
linear dependence upon the AOD as well. This model was improved using two years of
atmospheric extinction data measured -at PS Almeria, Spain- by CIEMAT system for
measuring extinction levels in solar tower plants, using two cameras with high-resolution, the
cameras are 742 m apart, which is a distance representative of solar tower plants range
(generally inferior to 1 km). The improved model (Polo et al., 2020) was validated by
comparing the measured extinction with the simulations based on AOD data of the nearby
AERONET station, which resulted in 6.1% of Root Mean Square Error (RMSE) in
comparison to 10.9% for the original model.

For the same purpose of predicting precisely the attenuation levels between the heliostats and
receiver in solar tower plants, (Carra et al., 2020) used one year of extinction data measured
by the before-mentioned CIEMAT system to validate the “extinction atmospheric optical
thickness model” anteriorly developed by the authors (Carra et al., 2018), the measured data
were also used to validate the datasets of AERONET, MERRAZ2, as well as MODIS Aqua and
Terra satellites. As for the extinction levels recorded by the four datasets compared to that of
CIEMAT, it can be observed that the four datasets underestimated the mean extinction levels
and overestimated the minimum ones. While for the maximum extinction levels, the datasets
obtained from the satellites overestimated the extinction levels, unlike the other datasets. At
PSA, the mean, maximum, and minimum extinction levels measured by CIEMAT system are:
5.80%, 13.20%, and 1.50% respectively.
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(Hanrieder et al., 2019) evaluated the attenuation in solar tower plants too, they used a dataset
of 35 months recorded in Morocco and Spain to validate their model (Hanrieder et al., 2016)
for a plant’s slant range of one kilometer. Three different approaches were used to estimate
aerosols’ quantities: The Boundary Layer Height (Berrisford et al., 2011), the Homogenous
distribution, and finally the Vertical aerosols profiles of LIVAS database (Amiridis et al.,
2015). For the Spanish site (PSA), the mean level of the broadband transmittance was 89%,
while for the Moroccan sites, it was 87%, and 86%. The model had less than 5% of Mean
Bias Error (MBE) and less than 8% of RMSE, which is a reflection of the good precision of

the model.

(Singh et al., 2005) measured the levels of extinction of solar energy due to aerosols in India,
the measured parameters were AOD and Global Horizontal Irradiance (GHI) using,
respectively, a solar light spectrometer (MICROTOPS I1) and a Kipp & Zonen CM-21
pyranometer, for the spectrometer, the measurements were taken at 340, 500, 675, 870, and
1020 nm. The authors reported that the high content of aerosols resulted in hazy skies, and as
a consequence, extremely high values of AOD were measured during the period between
April and June, the mean measured AOD was as high as 1.17 £0.65 and the highest daily
AOD was 3.08 £0.55 which denotes the intense turbidity at the region during the study. The
low corresponding values of Angstrém exponent (average a was around 0.328) indicate that
coarse particles were responsible for the haziness of the sky more than fine particles, the
lowest o was -0.06 (negative values of a are correlated with the existence of particles that are
water-insoluble). The average extinction level was about -13.6 W/m? for each 0.1 increase in
AOQOD.

(Papadimas et al., 2012) evaluated numerically the effect of aerosols on solar energy over the
Mediterranean basin using seven years dataset, the data were obtained from different
databases. It was reported that, under clear sky, the surface reception of solar energy was
reduced by a yearly average of 22.9 W/m? and by a monthly average of 31.7 W/m? for July.
The main parameter characterizing the attenuation is AOD, aerosols’ radiative impact is
reported to be most important for clear skies, it’s strongly dominated by a latitudinal gradient,
and its seasonal variation is mainly due to the seasonal variation of solar irradiance reaching
Earth, since the radiative summer/winter loss ratio is 4.8 while the AOD summer/winter ratio
is 1.8. The Middle Eastern and North African region seems to present an important amount of
absorption by aerosols > 30-40 W/m?, AOD in desert areas is very high and up to 0.4
(compared to 0.25 in Europe).
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(Cardemil et al., 2014) evaluated the use of three clear sky irradiance models for the sizing of
a solar tower plant in Brazil, while “Pitman & Vant-Hull” model was in agreement with
“Sengupta & Wagner”, DELSOL didn’t agree with both (as shown in figure 3.8), the Power
Tower Generator (PTGen) program that was used for the sizing and optimization of the plant
is based on -besides Fortran code- DELSOL3 code, which resulted in the underestimation by
4% of the irradiance attenuation between the receiver and the heliostats field due to the
presence of aerosols and water vapor, as a consequence, the heliostats field should be 4%
larger in order to avoid significant long-term losses. In fact, DELSOL model was developed
for the specific elevation of 0.7 km of Barstow, California, USA and thus, necessary

corrections should be introduced to the model before applying it to sites with different
elevations.
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Figure 3.8. Atmospheric attenuation from the heliostat to the receiver over the slant range for

the three models (Cardemil et al., 2014): clear day (left), hazy day (right).

I11. 2. 3. Turbidity parameters for the prediction of direct normal irradiance

In addition to AOD, there are other turbidity parameters that are primordial to
prediction of the incident solar radiation, namely: the Turbidity factor of Linke T, Angstrém
exponent o, and Angstrom coefficient B. An accurate estimation of the solar radiation would
give good energy yield assessment for solar energy applications such as concentrating

systems and photovoltaic ones (Pérez-Burgos et al., 2017; Zereg et al., 2022).
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For the purpose of improving numerical prediction of DNI in sites where no turbidity
measurements are available, (Pérez-Burgos et al., 2017) compared eight solar direct irradiance
models using 32-years-data of measured meteorological parameters at Madrid, Spain. An
accuracy improvement of 4% can be achieved when the models’ parameters are adapted to the
local site. The best performing models in Madrid were: Louche (Louche et al., 1991),
European Solar Radiation Atlas “ESRA” 2, and Robledo-Soler (Robledo and Soler, 2000),
unlike the other two models, the T-dependent model ESRA 2 did not need any empirical
coefficient to be adjusted to the site, and the accurate data of T were sufficient to obtain
precise results. The authors reported also that models that depend upon the solar altitude angle
as the solely input variable can be very efficient when adapted to the site through locally-
adjusted coefficients, this is the case of the Robledo-Soler model. As for Louche model, it

was selected because it is a widely used model that depends upon clearness index.

Atmospheric turbidity parameters -namely T, AOD, a, and - were found to have the most
important impact on the accuracy of numerical simulations of solar irradiance according to
(Benkaciali et al., 2018) who studied the performance of 18 clear sky irradiance models under
two years of Algerian climate, the measurements were taken in two sites: one is Algiers with
its moderate Mediterranean climate and the other one is Ghardaia with semi-arid desert
climate. The best performing models were: ESRA, Dogniaux, MAC and Yang. Formulations
of the different parameters as well as models were given by the authors. Apparently, simple
models over-estimated dramatically the DNI, while others underestimated it. Moreover,
SMARTS code (which is commonly used as a comparison reference) was used to evaluate
models, after it was compared -and in agreement- with the measured data, ESRA again, in
addition to Dogniaux model, were found to provide good consistency with the SMARTS

code.

(Behar et al., 2019) proposed a simplified methodology to estimate solar irradiance and
atmospheric turbidity derived from ambient temperature and relative humidity. They also
proposed a simple and accurate expression for precipitated water with a Mean Bias Error
(MBE) of 4.19%, better than the 8.06% MBE of REST2v5 model (which is the fifth version
of Reference Evaluation of Solar Transmittance). The proposed expression for the
precipitated water depends upon the dew point temperature, which is a function of relative
humidity and ambient temperature. The methodology is validated through one-year data of
one-minute time step, measured in Atacama Desert in Chile, the recorded data include DNI,

RH and ambient temperature, while Pw was retrieved from NASA’s Modern-Era
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Retrospective-analysis for Research and Applications (MERRA). The MBE of DNI, T and
Pw are respectively: 0.91%, 1.31% and 4.19% which show the accuracy of the model despite

its simplicity.

(Marif et al., 2019) studied the atmospheric turbidity in Algeria, using Linke turbidity factor
and Angstrom coefficient as main inputs for the purpose of developing a CSI model that is
based on 31 months of radiometric and meteorological measured data. The authors confirmed
that T and B are highly dependent upon wind speed, ambient temperature and relative
humidity. Seasonal dependence of aerosols presence was reported, with aerosols’ load being
high in summer and low in winter. The highest T and 3 were 5.07 and 0.159, respectively,
from data measured during July 2014. Capdero’s formula for Linke turbidity factor

(Capderou, 1987) was validated in this study and reported to be suitable for low altitudes.

(Ineichen and Perez, 2002) provided an air-mass independent formulation for T, so that the
main disadvantage of the widely used T, -which is its dependence upon solar geometry- is
bypassed. Previously to this work, the most used solution was the normalization of T for an
air mass value of 2. The authors developed an empirical formulation of Ty that’s independent
of the altitude and the air mass, yet still coherent with the previous studies for AM=2,
formulations for Global Horizontal Irradiance (GHI) and DNI are given as well, the T

formulation is:

T, = (11.1 * In(b * I,/DNI) /AM) + 1 (3.2),

where lo is the solar constant, b is a multiplicative factor and AM=2.

(Mikofski et al., 2017) used data of DNI, AOD, temperature, relative humidity, and
precipitated water measured for ten years in USA (Seven locations) to compare the precision
of three models, namely Bird, simplified Solis (sSolis), and Ineichen-Perez; the last model
takes T. as an input, unlike the other two which depend directly upon AOD and
precipitations. No accuracy improvement was reported after using real-time AOD and Pw
measurements as inputs. Ineichen-Perez model had the lowest errors for DNI, closely
followed by sSolis. The highest T was 4.8, derived from measurements at Bondville, IL
(altitude: 213 m).

(Paulescu and Schlett, 2003) (Romania, three years of measurements) suggested a simple yet
accurate model which performed better than ESRA and Yang’s hybrid model. The model

needs only surface meteorological data. Angstrém’s coefficient and exponent in particular,
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and turbidity factors in general, were reported to have a major impact on the model’s

accuracy.

(Molineaux et al., 1995) proposed an empirical formulation for T, using the method of least
squares fitting of measured one-year data at two sites in Switzerland and USA. The authors
also presented a comparison of T and B (Angstrém’s coefficient), physically speaking, p
speaks for the amount of aerosols contained in a vertical atmospheric column, it generally
varies in the range between 0.01 and 0.5 (the lowest value stands for clear skies, while the
second one stands for an extremely turbid atmosphere or a long traveled optical path near the
northern and southern poles), while Linke’s turbidity factor, proposed by (Linke, 1922), is an
expression of the number of the clear skies needed to reproduce an extinction equal to the
turbid sky. Ti is a broadband parameter, while B is a spectral one and is derived in from the
visibility. More details in regard to the theory of physics behind extinction can be found in

section I1. 3.

I11. 2. 4. Clear sky irradiance models

(Tahboub et al., 2014) derived from ground measurements a model that evaluates
irradiance attenuation between heliostats and solar tower receiver in UAE. Four
pyrheliometers at different altitudes ranging from 340 m to more than 1000 m recorded data
during one year at a resolution of 10 min, then the obtained data were filtered, the reasons of
selection were: night data, relative error higher than the mean absolute error, cloud passages
(nonclear-sky) and shading of pyrheliometers by the surrounding landscape of the Hafeet
mountain (highest in UAE) on which measurements took place. 55.8% of the recorded data
were selected, the model is based on the Beer-Lambert equation and the attenuation of the

irradiance is as follows:

DNI, = DNI, xexp (—X * d) (3.3)
DNIn is measured by stations 1, 2, or 3, “X” and “d” are, respectively, the extinction
coefficient and distance between station n and 4 (figure 3.9). This model is similar to the one
proposed by (Sengupta and Wagner, 2012) although the later hadn’t been validated at a
specific location according to the authors.
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Figure 3.9. Representative scheme of placement of the four pyrheliometers on Jabal Hafeet
(Tahboub et al., 2014).

(Rathore et al., 2019) generated a solar map of India under clear-sky conditions, they
validated the r.sun model -which was developed in a C program- by comparison to eight years
of measured data. The solar global, direct and diffuse radiation components were calculated
with low MBE values, under the recommendation of £10% MBE given by (Badescu et al.,
2012), which makes the r.sun model qualified to compute irradiation in India for very hazy

atmospheres. The T, values were up to 5.8.

(Bright et al., 2020) suggested a new global clear sky detection model (Bright-Sun) and
validated it with three years of meteorological data recorded at five Baseline Surface
Radiation Network (BSRN) sites. The model performed well under five different climatic
zones, it was tested at zones with each of the following characteristics: frequent, high dust
loads (Tamanrasset), severe cloudiness, high rainfall (tropics), high solar zenith angles (low
sun at the southern pole), as well as a reference zone. The Bright-Sun model overcame the
limitations observed in other models, namely: poor performance under high zenith angles,
short/long-term false positive/negative; the authors determined such limitations after testing
22 widely used models at the same five zones. The model is freely available and coded in
Matlab.
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(Ineichen, 2016) conducted a validation of seven CSI models over eight years at 22 locations
in Europe, Mediterranean basin and south-east of Africa. They highlighted that atmospheric
parameters other than AOD and precipitated water have minor effects on irradiation, so AOD
and precipitations are the main input variables, precipitations were obtained from ground
measurements of temperature and relative humidity (RH), AOD was obtained from MACC-1I
project, AERONET network, or by retrofit of DNI measurements. The three best models with
low biases are: Solis, REST2 and McClear, furthermore, Solis is the only model that did not
show any kind of inconsistencies. All models underestimated high DNI values, their
performance did not present a seasonal dependence, and the biases of CSI predictions
decreases with AOD for all models and at every location. The wide spatial-temporal range of
measurements (22 sites, 8 years) and the restrictive selection of data ensured the clarity and

stability of the kept clear-sky data and resulted in reasonable, acceptable biases.

(Engerer and Mills, 2015) validated nine CSI models with wide spatial and temporal range of
data at high temporal resolution of 1 minute, ten years of data were measured at 14 sites in
Australia which are representative for the different climatic regions of Australia. The
meteorological input data included: solar zenith angle, Linke’s T, Angstrém’s B, atmospheric
content of water vapor, ozone, and nitrogen. The best performing model was ESRA, followed
by REST2.

(YYang et al., 2001) with the help of two years of data at 16 meteorological stations in Japan,
proposed a hybrid model to incorporate the direct and diffuse components for the sake of
estimating the global solar radiation, the model is simple and takes into account different

physical processes that affect the radiation.

(Alam, 2006) compared four CSI models, namely REST, Yang, Multi-Layer-Weighted
Transmittance model, version 2 (MLWT2), and the Code for Physical Computation of
Radiation, two bands (CPCR2). The models were compared using solar radiation data at four
sites in India during eight years. Results suggested that REST model outperformed other
models under Indian climate. The data used for the validation of REST model are comprised
of monthly mean hourly global and diffuse solar radiation, recorded by a thermoelectric
pyranometer with and without a shade ring for diffuse and global radiation respectively.
Monsoon months are not considered since Angstrém exponent o was considered constant and
equal to 1.3, and during monsoon months Angstrom exponent differs from this value either
due to larger particles’ size or due to aerosols being washed which means much smaller
particles’ size.
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In a similar study, (Antonanzas-Torres et al., 2016) compared three models (sSolis, REST2,
and ESRA) using six months of meteorological data in Canary Islands. The data were
obtained from BSRN and AERONET networks at Tenerife Canary Islands (2373 m of
elevation and 14 km away from the ocean). The authors studied the effect of elevation on the
precision of the models too, this was done by comparison to a 156 m-high station which is
only 11.5 km away from the first site. At the higher station, and using the data provided by the
previously mentioned networks, sSolis model performed better than REST2 and ESRA, at the
lower station however, ESRA performed better than the other, maybe thanks to its simplicity,
despite the fact that all studied models overestimated solar radiation in the site with the lower
altitude.

(Badescu et al., 2013) compared, using one year of data in Romania, 54 clear sky solar
radiation models. The data were obtained from various sources, and were either measured at
meteorological stations or derived from satellite data. The data included -but weren’t limited
to- solar irradiance (including DNI), ambient temperature, wind speed, ozone column,
precipitable water, surface albedo. The statical parameters that were used in the evaluation are
the widely used MBE and RMSE. Models that had |[MBE| < 5% and RMSE < 15% were
considered “good models”. The best performing models -equally- were: ESRA3, METSAT,
REST2v5, and Ineichen.

I11. 3. Summary

The literature of studies in the focus of our thesis has been reviewed in the present
chapter, in the first part, we highlighted the experimental and numerical papers that studied
the different parameters affecting the deposition of dust on solar mirrors, the consequent loss
in energy output, and coatings as a mitigation approach.

The deposition of dust on solar reflectors is mainly due to gravity more than diffusion
(Griffith et al., 2014). Since AOD is proportional to the soiling rate of solar mirrors (Raillani
et al., 2019), monitoring AOD in the surroundings of CSP plants ought to be done, in order to
gauge the risk of soiling (Griffith et al., 2014). Intense, rare soiling events cause much more
important reflectivity drops than the frequent, moderate dust deposition (Wiesinger et al.,
2021; Conceigéo et al., 2019).

The tilt angle and material of solar reflectors have a crucial impact on the soiling rate:
horizontal mirrors are always more soiled than tilted ones, thus a tilt angle, no matter how

slight it is, can reduce the deposition of dust; also, glass mirrors are soiled faster than
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aluminum ones, and restore their reflectivity faster and better after being washed (Alami
Merrouni et al., 2015; Griffith et al., 2014). Soiling rates can reach high values (-2.3% per day
(Bouaddi et al., 2017)), it would be of benefit to keep the factors controlling dust deposition
under observation; other than the exposure direction, multiple meteorological factors are
directly related to soiling events, namely: wind speed and direction, relative humidity and
atmospheric pressure; low pressure is associated with rainy days, while high relative humidity
values intensify dust deposition (Griffith et al., 2014), the effect of humidity, as a soiling
factor, is more important the hardness of dust particles (Endaya et al., 2019). Monitoring these

factors would help program efficient cleaning operations.

Many authors developed and validated soiling models for CSP applications (eg: (Heimsath et
al., 2020; Wu et al., 2020)). The consideration of soiling when modeling the performance of
CSP plants resulted in considerable losses of the yielded energy (Alami Merrouni et al.,
2020). The weight of the deposited dust can also be used to develop correlations for
assessment of optical -reflectivity- losses (Azouzoute et al., 2020; Zhao et al., 2020; Wu et al.,
2020).

Other than the deposition of dust on the reflective surfaces, the optical losses are also caused
by the erosion of the solar reflectors, mainly due to sandstorms (Matal et al., 2020; Wiesinger
et al., 2021, 2018a). Erosion intensity varies from site to site, as a result of the variation of
particles’ composition and shapes that cause different microscopic cracks. The erosion’s
intensity is affected by the shape of particles more than their hardness (Sansom et al., 2017;
Endaya et al., 2019; Guerguer et al., 2017). The general trend of erosion simulations is to use
particles smaller than 250 microns, but larger particles should also be used to avoid erosion

underestimation (Sansom et al., 2017).

Coatings of solar mirrors enhance water saving since less cleaning frequencies are required;
the coated reflectors restore their reflectance better than the uncoated ones (Wette et al.,
2019b). Furthermore, the coatings’ anti-soiling effect will be more significant when the
soiling is more intense (Wette et al., 2019a). Coatings can be associated with cleaning
methods to enhance the optical performance of the reflectors; however, this association of
mitigation approaches must be done dependently on the type of coating, different anti-soiling
coatings perform differently for cleaning methods, the wrong association can lead to losses in

the mirrors’ reflectance instead of restoring it (Wette et al., 2020).
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The amounts and composition of dust -and the consequent losses- relate to the geography and
climate of each region in the world, thus the appropriate mitigation approaches are site-
dependent, this explains the recent R&D trends of evaluating experimentally the factors
controlling soiling losses in different regions of the world rather than standardizing those
losses. The evaluation of the amount of dust is very important to assess the cost of cleaning
tasks, and thus assess the viability of CSP projects around the world. The cost of cleaning
solar fields must be optimized by adapting the cleaning method to the factors governing the
deposition of dust at the plant’s site, the careful association of different mitigation approaches
can lead to more efficient cleaning operations. The usual scarcity of water in areas with high

DNI potential urges the necessity of more research on water-economic solutions.

In the second part, the presented literature review indicates that the aerosols radiative effect
must be accurately assessed for a better long-term thermal solar energy exploitation,
furthermore, no model performs globally better than others, inter-models’ differences -when
estimating DNI- are high and spatially broad (Ruiz-Arias and Gueymard, 2018). To consider
the particularities of sites, it is better to build models for sites potentially suitable to host CSP
projects (eg: (Wu et al., 2020)). The performance of models shows spatial variations, as a
result, adequate corrections are to be necessarily introduced for better precision (as noted by
many authors such as (Cardemil et al., 2014)).

The major parameter characterizing the attenuation of solar radiation is Aerosols’ Optical
Depth (AOD) (Papadimas et al., 2012), it is found to be the particular input with the most
crucial effect on CSI models predictions (Benkaciali et al., 2018; Ineichen, 2016; Ruiz-Arias
and Gueymard, 2018). High AOD values are correlated with low Angstrém exponent o (Liu
etal., 2011; Singh et al., 2005), which means that very hazy atmospheres are a result of the

presence of large aerosols particles.

Generally, models underestimate high DNI and present a poor performance for low solar
zenith, this should be considered when developing or applying CSI models to areas with
either of those climate conditions, in addition, due to the propagation of errors, complex
models are not always a guaranty for accuracy and precision when compared to simple
models (Ruiz-Arias and Gueymard, 2018). All these factors ought to be considered to

minimize DNI estimation errors, especially when planning CSP projects.
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To finalize this chapter, aerosols and soiling problems still remain in need for further
research. The resulted decrease in the solar power plant’s overall performance might increase

the cost of cleaning operations and therefore increasing the cost of the produced kWh.

In Chapter IV, the description and data records of the climatology of the exposure site will be
provided, as well as the detailed description of the experimental setup used to study the soling
of solar mirrors, also, the followed methodology of measuring reflectivity loss and dust

weight will be explained.
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IV. 1. Site description
IV. 1. 1. Climatologic description

The solar mirrors were exposed at Laghouat city (33°47°50.118” N, 2°52°9.863” E,
figure 4.1), which is the capital of the province of Laghout that hosts Hassi R’mel Gas Field,
tenth largest Africa natural gas reserve, as well as the first hybrid solar-gas power plant in
Algeria and a candidate site for future CSP projects (Khaldi, 2012).
e
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Figure 4.1. Location of Laghouat city (Source: ©Google maps).

The mean DNI received in summer can be as high as 930 W/m?, with the variation range of
the temperature being between 21 °C and 50 °C during summer and between -10 °C and 20
°C during winter; the highest temperatures were recorded during July, the monthly mean:
minimum, maximum, and daily temperatures are respectively 22.6 °C, 38.8 °C, and 31.5 °C,
while the lowest values were recorded during January: 3.4 °C, 14.9 °C, and 9.0 °C
respectively. with respect to the yearly DNI and the mean 9.5 hours of daylight, the province
receives 7140 Wh/m?/day of DNI (Houyou et al., 2016; Khaldi, 2012). The site where the
outdoor exposure is carried out is at an altitude of 750 m (Gourine et al., 2010). According to
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(Houyou et al., 2016) who recorded the meteorological data of wind speed, relative humidity,
and precipitations near Laghouat city for two and a half years, the variation of the mean daily
wind speed is within the range of 2-12.5 m/s, it exceeded 6 m/s and 7 m/s during less than 5%
and 2% of the recording period respectively. While the daily maximum 15-min values were
over 6 m/s, 7 m/s, and 10 m/s during the respective percentage of 49%, 35% and 13% of the
recorded days, without exceeding the value of 17.6 m/s according to the study. As for wind
direction, two dominant directions were determined: southwest and northwest during 24% and
49% of the recording period respectively, which would be a problem for fix solar energy
applications in general and CSP ones in particular, because their preferable exposure direction
is south in the northern hemisphere, and southwestern wind (second dominant direction)
would increase critically soiling and erosion risks. As for the Relative Humidity (RH), it was
reported to be lowest during the space of time from June to August (monthly value in the
range of 20 to 30%) and highest during the period from December to March (monthly value
about 45-55%). The mean annual precipitations were 140 mm with a monthly-averaged value
of 12 mm, as for the extremums during the measurements campaign, the wettest month was
September with a value of 93.5 mm of precipitations, and the driest one was October with a
monthly value of 1 mm; the authors highlighted the absence of any clear seasonally trend in
rainfall for the period of record at Laghouat as can observed in figure 4 in the

beforementioned reference.

Previous measurements of weather parameters at a time resolution of one hour during summer
and their daily-averaged values are presented in figures 4.2 and 4.3, namely Global Horizontal
Irradiance (GHI), wind speed, and relative humidity. In figure 4.2, the daily-averaged data can
be visualized: 66.67% and 93.33% of the daily mean GHI exceeded 570 and 500 Wh/m?
respectively (figure 4.2-a), the maximum daily GHI was on June 14" reaching up to 8193
Wh/m?/day. In figure 4.3-a, the hourly GHI of the representative day -of which the daily value
is the closest to the monthly averaged one- is provided, the daily GHI was around 7767
Wh/m?/day and the hourly values were superior to 500 Wh/m? during 8 of the 11 daylight
hours, which denotes the important potential of the exposure site for hosting solar projects in

general and CSP ones in particular.
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Figure 4.2. Daily global horizontal irradiance (a), wind speed, and relative humidity (b) at the
exposure site during June 2017.

As for wind speed, the values rose above 6 m/s for 23.33% and 25% of the daily data (figure
4.2-b) and the hourly data of the representative day (June 13" figure 4.3-b) respectively,
which is an indication for potential erosion risks of solar mirrors and/or their protective
coatings. The monthly averaged relative humidity was 32.29% which is expected given the
dry period of the year, the daily values did not exceed 40% except for 5 days (16.67 % of
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data) and the highest daily relative humidity was 54.08% (June 4™, the daily behavior of the
relative humidity can be observed in figure 4.2-b. The humidity was more important during
nighttime and early morning, which maximizes soiling risk in this span of a day, especially
that it coincides with strong wind as can be seen from the hourly data of the representative

days in figure 4.3-b.
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Figure 4.3. Hourly measurements for the representative day of: global horizontal irradiance
(June 21%, a), wind speed and relative humidity (June 13" & 2" respectively, b).
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IV. 1. 2. Geologic description

Laghouat is 400 km away from the Mediterranean coast, situated at the limits between
the Saharan region and the high steppe plateaus, and extending over 400 km? of land
(Benkouider et al., 2019), thus, its geographical structure is composed of the Saharan Atlas
(north, primarily limestones and sandstones) and the Saharan Platform (south, mainly Hamada
sand ergs), which causes the topography of the region to considerably vary, going -
respectively- from abrupt reliefs to sub-plain surfaces, and from elevation and slopes of 1000
to 1700 m, and 12.5 to 25 %, to values ranging between 700 to 1000 m and 0 to 3 % (Saadoud
et al., 2017), who reported that large surfaces of the province of Lagouat present an extremely
important wind-erosion profile, which is a condition where wind erosion is enhanced by poor
vegetal coverage and bare soils sensitive to wind-erosion, the site of our study is included in
this high wind-erosion class. This high risk of erosion in the site of concern is consequent to
the overlap of multiple factors: for the topographic factor, the city is characterized by a gentle
slope, making it exposable to wind, and highly affected by strong winds; another factor is the
weak vegetal coverage and the dominant presence of sand and sandy soils. According to the
topographic study of wind erosion in Laghouat province by (Saadoud et al., 2017) -in which
they use data regarding remote sensing, vegetal cover, and soil analysis, as well as other
climatic and topographic data to generate a regional wind-erosion risk map for the province of
Laghouat-, wide areas of this province are identified with high to very high erosion risks, and
these risks do not concern only the province of Laghouat, but could also affect its surrounding

provinces because of its easily erodible sand particles.

The landscape of the province of Laghouat, its important solar potential, and the concentration
of the population in three major urban zones, namely the cities of Laghouat, Hassi R’mel, and
Aflou, leave wide areas which are appropriate for CSP plants as well as hybrid solar-gas
power plants, thanks to the important reserves of Laghouat in terms of natural gas, the best
example of the latter type of plants is the first Algerian integrated solar combined cycle power
plant of Hassi R’mel of 150 MW with 20 MW of solar parabolic trough concentrators, where
the solar field starts the concentration of solar irradiance as DNI is greater than 300 W/m?,
and operates so that the heat transfer fluid would keep a mass flow rate of 90 to 450 kg/s and
an outlet-inlet temperature difference of 100 °C (Abdelhafidi et al., 2020). The results of our
thesis could be useful to evaluate the losses for this plant (and the appropriate mitigation

approach), since the principles of optical losses are the same for all CSP technologies.
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V. 2. Experimental set-up description

Gravity is the major force that is responsible for the deposition of aerosols and dust
particles on the reflective surfaces of mirrors in the solar field, and the particles’ attraction
and attachment to the surface of the reflective mirror are owed to Van der Waals, capillary,
and electrostatic forces. The intensity of the three phenomena -deposition, attraction, and
attachment of soil- is directly and majorly affected by the tilt angle of the mirrors and their
surfaces’ state, because for inclined mirrors, the tangent component of gravity participates in

the removal of particles (Zereg et al., 2022).

In order to study the optical losses due to the cumulative dust deposition on solar reflectors,
eight 20x25 cm? mirror samples were south-exposed on a structure that we conceived,
fabricated, and mounted (figure 4.4), and which is composed of two superposed rows with 50
cm of height difference and 1 m of height for the upper row (figure 4.4-a, sixteen mirrors in
total, half of them were used in this study), the exposure setup is mounted next to the
technical platform for physical and chemical analyzes within the campus of the University of
Laghouat. To assess the effect of the variation of inclination angle, the lower four mirrors
were fixed at inclinations of 0°, 15°, 30°, and 45° relatively to the horizontal plane on a
rotation axis of east-west direction, since -as it is well known- the suitable exposure direction
for fixed solar energy applications (i.e., in the absence of solar tracking systems) is south in
the northern hemisphere and north in the southern one. The chosen inclinations are commonly
found in the literature of CSP soiling issues (especially the horizontal (0°) and 45°
inclinations), and have been investigated by many previous studies (such as: Alami Merrouni
et al., 2015; Bouaddi et al., 2015; Griffith et al., 2014; Matal et al., 2020; Picotti et al., 2018).
As for the upper four mirrors, two of them were fixed at the horizontal and the other two
mirrors at 30°, a mirror of each inclination was coated and the other left uncoated to assess the
benefit of coating solar reflectors as a mitigation for soiling. Also, the 50 cm difference in
height between the upper row and lower one (figure 4.4-b, 4.5) provides an indication on the
impact of this factor on soiling intensity and the resulted optical losses for the mirrors of
similar tilt and state of surface, in other words, the mirrors which are uncoated and at

inclinations of 0° and 30°.

The duration of the cumulative soiling campaign was 74 days of the dry season of the year
(summer 2021), during which no operation of cleaning was performed for the aim of
evaluating soiling in remote CSP locations where it is hard to clean solar reflectors (either due

to scarcity of water or expensive cost of labor). By continuously checking local
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meteorological predictions, the outdoor exposure campaign begun immediately after the last
heavily rainy day in early summer and ended just before another similar meteorological event,
providing 74 days with no cleaning, be it natural or manual. Light rainfalls occurred but did
not clean the reflective surfaces and -instead- enhanced the soiling of mirrors, thus, it is safe
to say that the present study is a very realistic outdoor simulation of dusting of solar mirrors in
remote sites in the Algerian Sahara, as the solar mirrors were not subject to any kind of
cleaning and the soiling campaign was conducted during summer which is the season with the
most important solar potential, making this study very useful for decision makers to assess the
benefit of CSP plants in particular and solar technologies in general, since the principle of
dust deposition is similar for all surfaces, even though the consequent losses differs, with CSP
technologies being the mostly affected as the needed component of solar radiation is the DNI,

unlike PV -for example- which uses even the diffuse component.

IV. 3. Soiling rate measurements

The portable light meter VA8050 model from Environmental Instrument (figure 4.6)
with 4% accuracy was used to measure the reflectivity. This device has a wide range of
measurements of 0-30000 lux, and is able to operate under temperature conditions of 0-50 °C
and relative humidity conditions of 0-80%. First of all, the illuminances of the sunlight and
the light reflected by each mirror were measured, afterwards, the basic optical parameter
needed for our study: the reflectivity “p”’ was determined from the ratio of the reflected
luminosity divided by the luminosity of sunlight. This experimental protocol is similar to the
commonly used dusting tracking system known as tracking cleanliness sensor (TraCS), which
comprises of measuring the dusting of reflectors that are mounted on a solar tracker (in the
present study the reflectors are immobile) by two pyrheliometers, one of them is directed
towards the sky in order to measure the solar irradiance and the other one is directed towards
the reflector for the aim of measuring the irradiance reflected from the dusted reflector, this
procedure has been followed in many previously published papers, such as (Alami Merrouni
et al., 2020; Bellmann et al., 2020).

Since the reflectivity can be derived either from solar irradiance or solar illuminance (the two
parameters are related through the constant conversion factor: the luminous efficacy, Michael
et al., 2020; Molineaux et al., 1995; Vartiainen, 2000), we chose to go with the latter option
because the lux meter instrument available for us (figure 4.6) is not only portable but also
light, which makes it advantageous when it comes to in-situ measurements at different

locations and environments.
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Figure 4.4. The experimental setup used in the study (a), Schematic of the setup: side view
(b), 3D view (c).
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Figure 4.5. Close side view of the setup.
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To show better the impact of soiling on the optical efficiency, the Cleanliness Index (CI) is
more appropriate, the Cl presents a comparison between the reflectivity of the mirror in its
soiled -dusted- condition (ps) to its clean -initial- state (pc) in the light of the equation 4.1
(Alami Merrouni et al., 2020):

cr="/, (@4

The initial reflectivity of the non-coated, clean reflector is of 96.61%, while that of the coated,
clean reflector is of 96.01%, this denotes that coating the mirror had slenderly lowered the

initial reflectivity, as one would logically predict.

In order to get a better grasp of the impact of the site’s climatic condition (arid in this study)
on the magnitude of dusting during the period of exposure, the Soiling Rate parameter (SR in
%/day) ought to be used (Alami Merrouni et al., 2020). The SR speaks for the mirrors’

cleanliness variation during the exposure time At (equation 4.2):

SR

_ CI(t + At) = CI(t) /s 4.2)

It should be highlighted that the sign of SR is usually negative, unless cleaning operation has
been performed (CI(t+At) greater than CI(t)).
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Figure 4.6.; The VA8050 light fneter from Environmental Instrumet.

V. 4. Dust weight measurements
The weight was measured with the Precision Balance OHAUS EX223 Explorer which

has a precision of 10 pg (figure 4.7). First, we measured the weight of a clean wipe, in order
to get more precision, we weighted a single wipe and compared the weight to that of ten
wipes divided by ten; after confirming the weight of the wipe, we weighted the tissue one
more time following the cleaning of the dusted reflector, the obtained difference in weight is
the dust weight (M). The division of this later by the reflector’s area (A) yields the dust
density (in g/m?), which, divided by the exposure time (At), gives the Dust Deposition Rate
(DDR, in g/m?/day) as clarified in equation 4.3:

DDR=M/, . (43).
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Figure 4.7. OHAUS EX223 Explorer Precision Balance used to measure the weight of the
wipes.
IV. 5. Dust characterization

For the sake of enhancing our understanding of the optical losses due the deposition of
soil on reflective mirrors, the physical and chemical properties of dust are characterized at
Laghouat University by Scanning Electron Microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), and X-Rays Diffraction (XRD).

Two high technologies are used for the characterization: the first device is the “Ultra versatile
high resolution scanning electron microscope” from Quatro© company (figure 4.8), which
associates different high techniques of imaging and analysis (including EDS) to permit the in-
situ study of the samples in their natural state. This modern SEM uses a field emission gun
and associates it with environmental mode (ESEM) to guarantee excellent imaging resolution;
also, the low-vacuum allows charge-free characterization of non-conductive and/or hydrated
specimens. Not to mention the wide coverage of information and the excellent abilities of
analysis thanks to the simultaneous imaging by up to three EDX detectors. The temperature

range of the in-situ analysis covers from -165 °C to 1400 °C.
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T

Figure 4.8. Thermos Scientific ™ Quatro SEM.
The second used technology is the “Third generation Empyrean intelligent diffractometer”
from Malvern Panalytical© (figure 4.9), with an X-ray generator of 4 kW (max 60 kV, max
100 mA). The maximum usable range of 2theta (theta is the angle of incidence) is between -
111° and 168°, and the smallest step is about 0.0001°. X-ray diffraction determines the
structure, composition, as well as other properties of materials by the emission of X-ray
beams and the measurement of angles and intensities of beams’ diffraction by the studied

material.
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Figure 4.9. Empyrean intelligent diffractometer from Malvern Panalytical.

V. 6. Summary

The methodology of the experimental work -first one in Algeria- done in our thesis has
been clarified in this chapter, such kind of studies is very site-dependent (Alami Merrouni et
al., 2020), thus the motivation to conduct the outdoor soiling exposure campaign described

here.

Previous meteorological data recorded during summer (period of interest) have been
displayed, the data include hourly and daily-averaged values of: global horizontal irradiance,
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wind speed, as well as relative humidity. The important amplitude of the recoded data of the
global horizontal irradiance strongly suggests the high potential of the selected location
(Lagouat city in particular, and Laghouat province in general) for solar energy projects,
especially CSP plants. However, the analysis of the behavior of wind speed implies the high
risks of soiling and erosion of solar reflectors and/or their protective coatings in case they are
coated, especially that some strong wind events are preceded or coincide with high values of
relative humidity, which means the surfaces of the mirrors are wetter and more susceptible to

soiling, thus the necessity of in-situ studies.

The experimental setup supporting the exposed mirrors was described as well, two soiling
factors were studied: inclination angle of the exposed mirrors and coating their reflective
surfaces. For the first factor, the inclination values ranged from 0° to 45° by a step of 15°, for
the second factor, the mirrors were fixed at two inclinations: 0° and 30°, and a mirror was
coated at each inclination. The 50 cm of height difference between the upper and lower rows
and the presence of mirrors of identical inclination and state of reflective surface (uncoated) at
each inclination allows also the study of a third soiling factor which is the height difference,

even though this was not a targeted factor in the present study.

The step-by-step calculations of the two characteristic quantities is detailed as well, namely:

the soiling rate and the dust deposition rate.

In the last chapter, Results and Discussion, the optical losses and the corresponding dust
quantities that resulted from the long-term uninterrupted soiling campaign (74 days with no
precipitations nor manual or automated cleaning) are presented and discussed. Two factors
affecting the intensity of soiling were studied, namely: tilting solar mirrors and coating their

reflective surfaces.
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V. 1. Effect of tilt angle

Due to the arid, dry, and hazy weather of the chosen site during the long-term exposure,
the soiling intensity and patterns’ variations with different inclination angles are clear from the
visual inspection of the mirrors: the soiling is most intense for the horizontal position and
decreases with increasing inclination, and the bidimensional distribution of dust deposition is -
generally- homogenous as can be observed in Figure 5.1.a. The outdoor soiling campaign started
after the last heavy rain event in early summer and ended right before the following one, resulting
in 74 days without any type of cleaning (natural, manual, or automated), on the day of
measurements of cumulus soiling, the daily values of GHI, WS, and RH are respectively 388.86
Wh/m?, 3.13 m/s, and 33.33%. Even though the main raison behind optical losses is the
deposition of dust on the reflective surfaces, another contributing factor is bird droppings which
were observed on one of the exposed mirrors (Figure 5.1.b), compared to soiling, bird droppings

is much more localized and would cause more severe optical losses.

The resulting optical losses and the respective dust quantities of the outdoor exposure are
presented in Figure 5.2, the dust deposition and soiling rates are calculated using equations 4.3
and 4.2 respectively. As expected, and in accordance with the literature, dust deposition rate and
tilt angle are inversely proportional, while the latter is proportional to soiling rate; since the
negative sign of SR stands for the losses in optical performances, the intensity of soiling rate is
inversely proportional to tilt angles, similarly to DDR.

Indeed, the horizontal mirror position is characterized by the maximum dust deposition rate (8.65
1072 g/m?/day), which is logical given the absence of the tangent component of the gravity that
would contribute to the removal of dust particles for tilted mirrors, as this contribution increases
with increasing inclination, the minimal DDR is 2.16 102 g/m?/day characterizing the maximum
tilt of 45°. Since more dust deposition reduces more the reflected DNI via scattering, absorption,
and shadowing, the cleanliness drop is maximal for the horizontal tilt (-0.99%/day) and minimal
for 45° tilt (-0.90%/day). The large difference observed in SR and DDR between the horizontal
position and tilted ones leads to the recommendation of sloping solar mirrors at an angle, no

matter how slight it is, in order to avoid maximal soiling.

102



CHAPTER V RESULTS AND DISCUSSION

Figure 5.1. (a) Differently tilted mirrors in soiled state, (b) bird drops on an exposed mirror.
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Figure 5.2. Effect of tilt angle on the long-term soiling and dust deposition rates of solar mirrors.

The variation of the cleanliness -which compares the reflectivity of the soiled mirror to its clean
state- as function of the tilt angle is presented in Figure 5.3, losing 0.99% of its cleanliness per
day, the horizontal mirror’s cleanliness was as low as 26.6% after 74 days, while the soiling rate
of -0.90%/day of the 45° mirror resulted in 33.18% cleanliness, these low cleanliness values were
consequent to dust densities of 6.4 and 1.6 g/m? for the horizontal and 45° mirrors respectively
(Figure 5.4), thus, the quantity of dust that soiled the horizontal mirror is four times the one that
soiled the 45° one, and comparing the former to the 15° tilted mirror, a factor of 2.29 can be
deduced, in other words, the deposition of dust on the horizontal mirror is at least double the less
tilted mirror, which confirms that stowing mobile reflectors can be an efficient mitigation for

dusting problems in CSP plants.

Since dust deposition mechanisms on CSP mirrors and PV modules are similar (Sarver et al.,

2013), the reported DDRs are also valid for solar panels under similar climatic conditions.
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Figure 5.4. Dust density variation for different inclinations.
V. 2. Effect of coating application

Coating as a -sustainable and economic- mitigation for soiling issues of solar mirrors has
been tested to evaluate its protective role, especially that the conventional mitigation for dusting
problems in CSP plants is washing the mirrors, water, however, is usually a scarce resource in

arid regions and should be preserved for local consumption. In addition, cleaning operations -
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whether manual or automated- can be costly in remote sites, which makes coatings as a passive

mitigation both a sustainable and an economic solution for solar reflectors’ dusting problems.

A commercial coating has been used to protect the surfaces of two mirrors at tilts of 0° and 30°,
which were exposed next to two uncoated mirrors at the same inclinations (Figure 5.5). The
coating is acrylic based with supposed resistance to scratch, UV radiations, and weather
parameters. 1 | of this coating would give approximatively 12 m? of 50 um thick dry layer

according to its technical note.

Figure 5.5. Mirrors exposed to study soiling mitigation by coating.

In Figure 5.6, we provide the dust deposition and soiling rates of the coated and uncoated mirrors
after 74 days. It can be deduced that the coating’s diminution of the intensity of dusting and the
consequent cleanliness losses is more pronounced for the tilted mirrors than the horizontal ones.
Certainly, the coating’s application to the 30° tilted mirror resulted in a lesser soiling rate (-
0.85%/day) than the uncoated identically tilted mirror (-0.93%/day), that is the equivalent of
0.08% cleanliness gain per day. This is expected since coating the reflective surfaces weakened
the adhesion of dust particles to them, and the DDR diminution for the coated mirror was 1.62
102 g/m?/day compared to the uncoated one, which is an important gain in optical performances
(0.54 and 2.16 102 g/m?/day of DDR for the coated and uncoated mirrors respectively). Whereas
for the horizontal mirrors, coating one of them resulted in a slight 0.28 102 g/m?/day DDR
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diminution and consequently a 0.02%/day gain in SR, the coating is thus still of benefit even if
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Figure 5.6. Effect of coating on the long-term soiling and dust deposition rates of solar mirrors.
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The cleanliness index and dust density values for the different mirrors are displayed in Figures
5.7 and 5.8 respectively. After 74 days, the cleanliness index of the 30° coated mirror was
37.98% compared to 31.12% cleanliness for the 30° uncoated one, while for the horizontal
position the values were 29.68% and 28.25% for the coated and uncoated mirrors respectively.
Similarly, the dust density diminution was much more important for the tilted mirrors compared
to the non-tilted ones: 1.2 and 0.2 g/m? respective differences between coated and uncoated
mirrors. Physically speaking, this difference in optical behavior might be due to the fact that the
soiling of horizontal mirrors is mainly due to gravity force (deposition of particles) much more
than adhesive forces (attraction and attachment of particles), while for tilted mirrors, coating
weakens the adhesive forces and the tangent component of gravity contributes to the removal as

well.
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Figure 5.8. Comparison of dust density for coated and uncoated mirrors.
V. 3. Effect of height difference

Very few works have studied this soiling factor (Wiesinger et al., 2021). As can be seen in
Figure 4.4 of the experimental setup, the upper row was used to study the effect of coating and
the lower row to study the effect of inclination, the height difference between the rows is 50 cm
and thus it is expected that the upper row would accumulate less dust which is truly the case of

the compared uncoated mirrors as shown in Figure 5.9. For the horizontal mirrors the DDR of the
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bottom mirror was 8.65 against 5.41 102 g/m?/day of the top one, while for the 30° tilted mirrors
the DDR of the bottom and top mirrors were 3.51 and 2.16 102 g/m?/day respectively. In regard
to optical performance, the bottom horizontal mirror lost more cleanliness as a consequence of
the more deposited dust on it, for the tilted mirrors however, the bottom mirror’s cleanliness was
slightly better than the top mirror’s, this could be due to some unevenness in the distribution of
dust particles which tend to pileup on the lower edge of tilted mirrors. The impact of height
difference on soiling was not a principal objective of the present study, still, the expected greater
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accumulation of dust on the lower mirrors was confirmed.
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Figure 5.9. Effect of height on soiling and dust deposition rates (B: Bottom, T: Top).
V. 4. Physical and chemical properties of deposited dust

In this section, the size, morphology, and chemical composition of random deposited dust
particles obtained through characterization by scanning electron microscopy, energy dispersive
X-ray spectroscopy, and X-rays diffraction are presented and analyzed.

Regarding dust particles’ size, scanning electron microscopy images at scales of 350x, 1200x,
and 6500x are shown in Figure 5.10. The range of the particles’ diameter was smaller than 120
microns, this supports previous studies which reported that particles smaller than 200 microns

should be used in laboratory soiling simulations since only particles in this range are found on
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reflectors’ surfaces, and confirms that particles bigger than 500 um are lifted only by strong wind

and rarely become airborne (Sansom et al., 2017; Wu et al., 2020).

As for the morphology of particles, angular, sharp particles are more numerous and bigger than
round ones, which explains the considerable optical losses after 74 days, as sharper particles of
Saharan dust would cause more damage to the reflective surface of solar mirrors than blunter,
rounder particles. This confirms that the sharpness of particles has more negative impact than
their hardness on the optical performances of solar mirrors as reported by previous studies such
as (Endaya et al., 2019).

The results of the chemical composition analysis of the deposited dust by energy dispersive X-ray
spectroscopy, and X-rays diffraction are provided in Figures 5.11, 5.12, and Table 5.1, the
dominant elements are oxygen (O), carbon (C), silicon (Si), iron (Fe), calcium (Ca), and
potassium (K), which indicates that the origin of dust is both natural and anthropogenic, that is
expected given the exposure site is situated in the outskirts of Laghouat city (anthropogenic

origin) near its surrounding mountains (natural origin).
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Figure 5.11. Energy-dispersive X-ray spectroscopy of dust.
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Figure 5.12. X-ray diffraction spectrum of dust.
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Table 5.1: Chemical composition of Laghouat city’s dust.

Element Weight % Atomic %
OK 50.39 53.13
CK 25.15 35.32
Fe K 7.47 2.26
Si K 4.69 2.82
CaK 3.37 1.42
Al K 3.31 2.07
KK 1.61 0.69
Ne K 151 1.26
Mg K 1.11 0.77
BalL 0.84 0.10
CoK 0.50 0.14
Ti K 0.06 0.02

V. 5. Summary

The results of the first outdoor study of solar mirrors’ dusting under Algerian Sahara and
factors affecting the intensity of soiling and dust deposition were presented and discussed in this
chapter. Soiling of solar mirrors was pointed out as a confirmed source of reflectivity losses in

Algerian Sahara, especially in remote sites.

The first studied factor was the tilt angle of solar mirrors, the widely reported inverse
proportionality between soiling rate (as well as dust deposition rate) and inclination angles is
confirmed. The range of reflective mirrors’ soiling rate was between -0.90 and -0.99 %/day, the
maximum value was recorded for the horizontal position and resulted in the lowest cleanliness
(26.6 %) after 74 days without cleaning during the dry period of the year. The corresponding dust
quantities were weighted as well and the dust deposition rate was in the range of 2.16 (45° tilt) to
8.65 (0° tilt) 10 g/m?/day. The maximum optical loss and dust deposition on the horizontal

reflectors led to the recommendation of tilting or stowing solar mirrors to avoid maximum soiling.

In order to assess water-economic, passive soiling mitigation, the second studied factor was
coating reflective surfaces of mirrors. Coating as a preventive mitigation approach was proved to
be of positive effect, especially for tilted mirrors for which coating resulted in gains of

0.08 %/day and 1.62 102 g/m?/day in soiling rate and dust deposition rate respectively after 74
days, this makes coating application to solar reflectors both a sustainable and economic solution

for dusting issues, especially in remote sites.
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The physical and chemical properties of the collected dust were analyzed using scanning electron
microscopy, energy dispersive X-ray spectroscopy, and X-rays diffraction. The particles were
found to be sharp, smaller than 120 microns, and dominated by elements of both natural and

anthropogenic origin.

The effect of height difference on the intensity of soiling was discussed as well and the
deposition of dust (and the consequent cleanliness drop) was inversely proportional to height, as

expected.

The achieved results are expected to be the subject of an eventual publication.
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The following research objectives were aimed: a) the publication of a literature review
dedicated to the effects of dust on the performance of concentrated solar power plants, including
solar tower plants; b) evaluation of optical losses in solar tower plants due to the deposition of
dust, which was done through outdoor exposition of flat mirrors (assimilating heliostats),
followed by in-situ measurements of the consequent optical losses and quantitative dust
deposition; ¢) assessment of economic mitigation approach in the image of anti-soiling coating,

very suitable for desertic sites with water scarcity.

The first chapter of the thesis’ manuscript precised the motivation of our research, and introduced

the reader to some basic notions required to grasp the essential of the work.

In Chapter 11, we provided a comprehensive theoretical background of reflectivity losses due to
soiling and extinction due to atmospheric turbidity, which are the two main sources of optical
losses consequent to the presence of aerosols. This chapter is not limited to the context of the
thesis and can be extended to the mechanisms of soiling of flat surfaces in general, as well as -in
its second part- climatologic turbidity-related phenomena. The reason why the theoretical
background preceded the literature review, which might seem unusual, is the necessity of the
introduction of various parameters and phenomena which are mandatory to the understanding of
the comprehensive literature review, which is why the reader was asked to refer to Chapter 11

multiple times in the literature review.

As already mentioned, the Chapter 111 consists of a literature review, presenting the essential of
our previously published in-depth review of the studies related to dust and aerosols issues in
concentrated solar power plants, the review paper is the first to review such issues for CSP
technologies, and to the moment of the redaction of this chapter, it is the only one, and has been

sited seven times.

The chapter to follow explained the methodology used to obtain the experimental evaluation of
dust effect on solar mirrors, it includes climatologic and geologic description of the exposure site,
the characterization of the experimental setup, as well as pursued methodology to measure the

optical losses and the correlated dust quantities.

In Chapter V, the results of the first outdoor solar mirrors’ soiling measurements’ campaign in

Algeria were presented and discussed. The effect of the inclination on the intensity of soiling and
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the density of dust was assessed, as expected theoretically -and as reported by numerous
previously published papers- the intensity of soiling is inversely proportional to tilt angle (with
regards to the horizon), indeed, this is due to the fact that the main driving force of soiling is the
perpendicular component of gravity, which is maximum at the horizontal position, thus the
maximum soiling intensity characterizing this position. The application of an anti-soiling coating
as mitigation to dusting issues was assessed, this dry mitigation method is promising, for that it is
economic both in effort and water resources, which makes it suitable to desertic sites, especially
remote ones. Even though it was not a primary object, the effect of height difference on soiling
intensity was assessed as well, and the intensity of soiling is inversely proportional to height. The
physical and chemical characterization of collected dust particles was performed as well, by
means of scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-rays

diffraction. The obtained results are expected to be the subject of an eventual research paper.

We believe that the present thesis entitled “Evaluation of aerosols’ effect on the efficiency ofsolar
tower power plants in Algeria” achieved its aimed purposes, especially in the light of theabsence
of support in terms of experimental means, which obliged the PhD candidate to resort tohis own
means for most of the time. Not to mention that coronavirus (COVID19) pandemic andthe
consequent lockdown took place shortly after the beginning of the thesis, which resulted inthe

delay of the conducted -outdoor- experimental part of the thesis.

Future work is expected to be about the establishment of the first cartography of aerosols content
in Algeria, as well as the assessment of the benefit of electrodynamic screens in mitigating-under
Algerian Saharan climate- the intensity of soiling and, consequently, improving the optical

efficiency of solar mirrors.
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