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Abstract. During the life-time of Concentrated Solar Power (CSP) plants, optical
performance of solar mirrors are affected by soiling phenomenon and surface degradations,
especially in desert and oceanic environments such as those prevailing in North Africa. This
optical loss results from the deposition of dust particles, salts, organic materials or any other
contaminants present in the solar field or around the CSP installation sites. This phenomenon
depends on the different exposure sites with every location having its own meteorological and
geological characteristics. Moroccan CSP sites are planned in many locations with different
environmental conditions: arid, semi-arid and Saharan, with or without oceanic influence. These
environmental factors can have an aggressive impact on the CSP mirrors. Indeed, large particles
will tend to degrade the mirror by scratching or breaking the glass surface, while small particles
have more chance to deposit on solar mirrors and thus create a soiling layer. These particles are
generated from many sources (sand storm, pollution, vehicular movements, etc.) and are
transported through the air. This mode of transport is determined as a function of mineral, size,
shape and hardness. In this paper, we present a simple methodology for analyzing the chemical
and physical characteristics of the sand particles, characterization techniques, and their
appropriate laboratory equipment. All the factors previously mentioned could be critical for the
CSP mirrors. That is why analyzing these data may be a key point for the industry to understand
the effects of soiling and degradation on the CSP mirrors in order to increase the global
economic profitability of their solar plants.

1. Introduction

Solar energy is a renewable and carbon dioxide-free energy source to produce other forms of energy. Several
technologies, such as photovoltaic (PV), concentrated photovoltaic (CPV) and concentrated solar power (CSP)
systems, have been developed to create an alternative clean energy over the past decades. In CSP plants, sunlight is
concentrated by solar reflectors on absorber tubes to heat a transfer fluid. This pressurized fluid can be used to
directly drive a turbine to produce power or be combined with a heat exchanger to generate steam. This technology
requires a high level of direct normal radiation (DNI) to be efficient. For many decades, the Deutsches Zentrum fur
Luft- und Raumfahrt (DLR) have made an inventory of operational, under construction or projected CSP plants
thanks to several main parameters: a DNI higher than 2000 kwh/m?/year, a large open area as flat as possible, no
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property nearby, but the presence of a power Higion network and a great supply of water (Fig.AQcording to
the Kdppen-Geiger climate classification [1], thesnsuitable locations to install a solar powentdas generally
an arid region or an area near the sea [2].

FIGURE 1. Map of potential locations for CSP plants [2]

However, desert and oceanic environments are gebjéo aggressive stress factors: sunlight, higiptzature,
humidity, saline mist, wind, sand storms, etc. 4§B]. The more they are aggressive and repetititie, faster
exposed materials can degrade. Therefore, the ilityadd CSP components, is a key factor for thencentrated
solar power. Indeed, if reflectors are degradeel efficiency of the CSP plant could be seriousfeeed, whereas
the lifetime of the solar mirrors is estimated pprximately 25 to 30 years [6][7].

The goal for the industry is also to minimize thastcof maintenance and the environmental impactoddr
materials [8]. That is why solar mirrors must rettieir optical properties during the life of tham, and therefore,
it is necessary to predict the risk of deteriomatif the materials, before there is too much damageather
conditions can affect mirror surface and createoss |of their optical performances. According toirthe
aggressiveness, these stress factors can generatgssdamages: degradation of the different lagatscoatings of
the mirrors [9][10], chemical degradations as oti@aor corrosion [11], physical degradation cagsonacks and
erosion of the glass surface [12], etc. The airbgrarticles combined with light rains or strong dgrcould also
create an important soiling layer on the glassamerfand degrade initial optical performances ofsthiar reflectors
[13].

Geographical location of a CSP site determinestitare of degradation and soiling effects on redliec[14].
To lead a relevant study, the choice of the expgosites must be representative of the actual enesitditions. This
study concerns North Africa, and particularly Mazoc which has a large economic development in tesis
renewable energy for the last several years. Segefar plants are already operational while othemes under
construction or projected for future constructidhoreover, this country is characterized by a compibmate
impacted by three main natural factors: the mouoiz frame, the opening to the Atlantic Ocean ar®hlaaran
position.

Furthermore, the Saharan region and particularlyddoo have a high level of fine particles (PMin the air
which is clearly shown by satellite measuremen{[[lg and simulation [17]. PM, also called fine particulate
matter, are airborne particles of 2.5 micrometeress in diameter, which could be hazardous tdtthead volatile
enough to deposit on the CSP mirror surface. Fig@urepresents a satellite map of the Earth withabherage
concentration of fine aerosol particles. The congoar of both maps (Fig. 1 and Fig. 2) shows clegbt the



10

15

attractive sites for CSP are often plagued by R{t2.5, especially for Sahara’s sites. Therefores itecessary to
assess this risk in a more detailed way in additicihe sand analysis.

FIGURE 2. Global satellite-derived map of Pldlaveraged over 2001-2006 [15]

Five Moroccan locations have been considered ferstiudy because of their different climate andtgypphy of
areas: Boujdour, Ladyoune, Ouarzazate, Skoura enfia (Fig. 3).

FIGURE 3. Moroccan locations of the different collected saathples on the DNI map [18]

The goal of this work is to analyze the sand ofedédnt sites in Morocco with a simple methodology t
determine the potential risk of soiling and degtades on the CSP mirrors. Knowledge of the charésttes of
sands (particle distribution, morphology and conitpms) is necessary to have an idea of their immarcteflectors
in operational plants and allows to improve all itgtallations around the site. These previous kmpnd analyses
could also be made on other sands around the \aodctould be a key point for the industry to kntw best place
to build future solar power plants, in order torgase the global economic profitability of the alletd plants.



10

15

2. Presentation of the sites

Table 1 lists the main meteorological data of ikie §elected Moroccan sites. Boujdour [19] and loagne [20]
are both Saharan coastal places far from abouk@0®@ith an estimated DNI of approximately 2150 kWiklyear.
Rainfall in this region is low but the relative higity of these sites is quite high all year rourd70%) because of
the coastal climate. Winds come from NNE and NEdaions with an average velocity of 7 m/s but tbay reach a
maximum speed of about 16 m/s. Temara [22] is danfit coastal site in the North of Morocco wittosver DNI
of 1720 kWh/m?/year. The relative humidity of tlsise is higher than 80% because of the coastalatdirand the
heavy rainfall. Winds come from ENE and WSW direct with an average velocity of 6 m/s and a maximum
speed of about 13 m/s. The two last sites, Ouated2a] and Skoura [22], are both arid or semi-atates located
in the Moroccan desert, far from about 50 km. T Df the sites are respectively of 2636 kWh/mzfyaad 2128
kWh/mz2/year. These areas are characterized byulaegainfall and therefore a low relative humidiBrevailing
winds come from ENE and WSW directions with an agervelocity of 3 m/s and a maximum speed of ahbut
m/s.

DNI :
2127 kKWh/mz2/year

Relative Humidity :
~70 %

BOUJDOUR

Wind speed (max) :
~15.6 m/s

DNI :
2150 kWh/mz2/year

Relative Humidity :
~75%

LAAYOUNE

Wind speed (max) :
~15.6 m/s

DNI :
2636 kWh/mz/year

Relative Humidity :
10-70%

OUARZAZATE

Wind speed (max) :
~10.0 m/s




DNI :
2128 kWh/mz2/year

Relative Humidity :
25-65 %

SKOURA

Wind speed (max) :
~10.0 m/s

DNI :
1720 kWh/m2/year

Relative Humidity :
~80 %

TEMARA

Wind speed (max) :
~12.6 m/s

TABLE 1. Meteorological data from the five Moroccan locae- Meteonorm database [22]

3. Experimental
5 3.1. Sample Preparation

For this study, five different sands have beeneotdid from the ground of Moroccan CSP plants oeroth
potential sites. About 500g of each sand were saghplanually by scraping the ground and avoidingblesh
These sands look different in terms of their cotbeir texture or their particle size (Fig. 4). 8asamples are
previously placed in a crystallizer (or possiblyaitarge beaker), itself placed in a heating charab&00°C for 24h

10 to remove any trace of humidity in the samples. $tie@ment errors due to water molecules must belastaduring
the analyses, so it is hecessary to store theaaag from humidity.

Boujdoul Ladyoun: Ouarzazal Skour Temar:

FIGURE 4. Pictures of the five collected sands
15
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3.2. Characterization and Analysis

Currently, there are many different methods forrabgerizing sand and other particles. In this stwdy have
been looking mainly at the particle size distribatithe particle morphology and the mineralogicahposition of
sand samples. Only a few characterizations have lieed during this study, but the goal is to uraderta
preliminary soil survey in a simple way.

3.2.1. Particle Size Distribution

The first step after drying the sand samples islitain their particle size distribution (in wt %y Isieving
method according to the standard AFNOR EN-933-3. [Rbreover, this characterization also allows éparate
sand particles from other contaminants. For thigstseveral sieves with different mesh diamet@&s0(pm, @100
pm, @200 pm, @400 pm, @600 um and P800 pm) arkestaand placed on a vibrating table. The literature
suggests that particles smaller than 63 pm have lwance to deposit on the mirror surface to craatling layer
because they are transported more easily in theHaiwever, larger particles can also adhere diffidyeto the
mirror depending on the local climatic conditiomsiidity, rainfall, wind speed and direction, etar)d the mirror
exposure conditions (tilt angle, direction of expes etc.) [13][24].

3.2.2. Sand Particle Morphology

The second step is to determine the morphologhetsand particles, as sphericity and roundnes®rigfil is a
measure of the degree to which a particle appraesnthe shape of a sphere. Roundness is the meafstire
sharpness of a particle’s edges and corners. jilgeaind roundness are ratios and, therefore, diilnaless
numbers [26]. These two morphological parametezsaurdied by image processing with a Zeiss AxiogenaA.2m
optical microscope. Thanks to a distinct contragtiffect, the shape of the particles seems muatpsharom the
pictures obtained by optical microscopy and theialishart of the morphology of minerals [27], squadticles of
various size can be classified depending on tloeindness and their sphericity, that are accordindir smooth or
angular surface, and according to their round @l shape (Fig. 5). In the real CSP plant life andoading to the
impact velocity, the well-rounded particles coultstj cause slight damages (conical cracks) wheteasngular
particles could create severe degradations (laasichradial cracks) on the glass surface [28][29].

= =

@) (b) (c)

FIGURE 5. Classification process of sand particles accortbripe Chart of the morphology of minerals [27]
(a) optical microscope image X20, (b) image treaix20, (c) sphericity and roundness map

3.2.3. Mineralogical Composition

The third step is to identify the mineralogical quosition of the sand samples. Mineralogical contfmsiof
sand is determined, at first by Fourier Transfonfrdred (FTIR) spectroscopy by means of a Briikensoe 27
spectrophotometer with an Attenuated Total Reflema(ATR) module. This qualitative analysis allowse
identification of the main sand compounds due topbaks situated between 4500%camd 250 cm on the spectra.
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Then, this analysis is fully completed by X-Rayfiittion (XRD) by means of a Brilker D8 Advance equént, in
the Bragg-Brentano-2 configuration. Powder diffraction allows a quidjyalitative and non-destructive analysis
of the sample. In this analysis, scans are parainetebetween an initial angle at10° and a final angle ati=75°,
with an angle interval of 0.025° and a speed of diBterval. The obtained spectra are then analyrdg
mineralogical databases.

4. RESULTS
4.1. Particle Size Distribution

Granulometric distribution of the five sand sampteiected manually by scraping the ground is tHated in
Figure 6. As a reminder, this analysis was madeé@dg of sands by sieving method with six differemtsh
diameters. Therefore, seven fractions were obtaperdsample and were grouped according to theg. ditial
observations show that the size distributions effthe collected sands look very coarse. Indeedp900% of the
samples contain large particles (diameter >100 [Hepbles, granules and coarse sand (diameter uB0)Care
important fractions for three Moroccan sites: Oaaete (64%), Skoura (54%) and Boujdour (40%). Tipestcles
are in smaller quantities (~20%) for the two otbiées. The particles larger than 600um are siganitily influenced
by the sampling process. These ones are not togedaus because they are heavy and the wind isialany
enough to carried them to the mirrors. Moreovere fsand and medium sand fractions with an avereaia gize
between 100 um and 600 um are largely predomimafémara (76.3%), Ladyoune (71.5%) and Boujdou5&s3.
The smallest particles (diameter < 100 um) resolinfthe normal erosion of bigger stones and rock¢he sites.
They have been found in very small quantities (%§.éspecially in Boujdour and Ladyoune samples.

FIGURE 6. Particle size distribution of the Moroccan colestsands

4.2. Sand Particle Morphology

The analysis was made on the different size frastiof each sample. However, particles larger tHz0ué
might not be of any interest for the subject beeahgy can be considered as “not dangerous” foC®le mirrors.
For each sand, all the size fractions are neadnptidal in terms of roundness and sphericity. Tdmults of this
analysis are illustrated in Figure 7. Thanks to @tert of the morphology of minerals [27], samphesve been
classified according to their sphericity and theiundness. The combination of these two paramdetesmines the
shape of the sand patrticle and its potential efbecthe mirror surface. At first sight, the sandtigle morphology
of the five samples looks generally similar wittsghericity index of 0.7 to 0.9. This index showattparticles
approximate overall the shape of a sphere andmoval form.
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Roundness is the parameter which differentiatesnbrphology of all these samples. Indeed, theytdmve
the same roundness index, i.e. the same sharphesges and corners. Sand particles of LadyouneBangtour
are rather curved and smooth with a roundness infi&x5 to 0.9. This kind of particles could cas$ight scratches
on the surface of the mirror. Sand grains of Ouatgand Skoura’s samples are both smooth and shitrm
roundness index of 0.3 to 0.9. They could alsotershght damages as scratches or small lateraksrd he most
dangerous particles are obviously those of Temiea She roundness index of 0.3 to 0.5 shows thatgand
particles have cutting edges and could serioustyadge the glass surface of the solar reflectordedtampacts can
create radial and lateral cracks with material remhoand therefore cause an important loss of paidace
[12][30].

# 1 Boujdour #2 Ladyoune #3 Ouarzazate

#4 Skoura #5 Temara

FIGURE 7. Sphericity and roundness of the particles fromMioeoccan collected sands

4.3. Mineralogical Composition
4.3.1. FTIR-ATR spectroscopy
A first analysis consists of finding the main corapds present in the samples by FTIR-ATR spectroscop

Major constituents of sand are Calcite (Caf;@olomite (CaMg(C®).) and Quartz (Sig). Their characteristic
peaks are detailed below (Fig. 8).
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FIGURE 8. ATR Spectra reference of Calcite, Dolomite and iQu81]

Only the common size fraction 100pum < @ < 200pnthef Moroccan sands has been analyzed by FTIR-ATR
5  spectroscopy in qualitative terms. This equipmenpiiovided with a diamond tip making noise in tpectra
between 1900 and 2400 dithanks to a database for minerals [31], the peakained between 2600 ¢nand 350
cm® (Fig. 9) reveal the presence of these three nm@impounds. It can be noted that they appear in bariguantity
for each sand sample according to the intensitheif peaks. Therefore, it can be shown that sesrd Boujdour is
a carbonate-rich sand, contrary of sand from Ouateawhich is a quartz-rich sand.

10

!

$#!

c% &

H

e S e mem e === O

H

RS . QP R I . Y )

f

e S e

$

_—m e — = — _____________________.%,

$

B e - T L T

I‘!\

FIGURE 9. Infrared absorption spectra of the five Moroccands obtained by FTIR-ATR spectroscopy
4.3.2. X-Ray Diffraction
The second analysis is made by XRD to know the tifyasf each mineral in every samples. The charéstte

15 peaks for Calcite, Dolomite and Quartz are detalefow (Fig. 10). These three compounds can beyeasi
differentiated because their main peak doesn't lawesame position and the same intensity.
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FIGURE 10. XRD diffractogramms of Calcite, Dolomite and QudR1]

Figure 11 illustrates the mineralogical compositafrthe Moroccan sand samples on the same siztofnaas
5 previously, analyzed by XRD. All the diffractogramameveal the same peaks between 10° and 75°, é&yibfipear
with different intensity. Thanks to a database rfonerals [31] and the intensity of the peaks, we mveal the
presence of the three main compounds and theioaippate quantity. Therefore, it can be shown tlzetds from
Boujdour, Ladyoune and Temara are carbonate-rictissaontrary of sands from Ouarzazate and Skedniah are
quartz-rich sands. According to the Mohs scale ,[&)artz has a hardness of 7 whereas Calcite anohilte
10 (carbonate) have a hardness of 3 to 4. Arid sifrsazazate and Skoura) have a Quartz-rich sanitatimy that
particles are hard and quite erosive. On the coptreoastal sites (Boujdour, Ladyoune and Temaeajeha
carbonate-rich sand, which shows that particlesafter.
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FIGURE 11. Mineralogical composition of the five Moroccan darobtained by XRD

5. Discussion

As presented in the 84.1, the granulometric angllyas been influenced by the sampling processpafteles
larger than 600um are not of interest for the sttpecause they are not transported by the windtzréfore they
can't cause damage to the mirrors. In this disomssive are focused on the particles smaller tha&du60 The
collected Moroccan sands are very coarse, espetialkse coming from desertic sites, with partideeger than
100pum. On the contrary, the smallest particles (@08um) are particularly found in the coastal sitesthe
literature, it is said that the particles with arerge size greater than 63 um will tend to degthdemirror by
scratching or breaking the glass surface, whileptimticles with the average size less than 63 pwe haore chance
to deposit on solar mirrors and thus create argpilayer. According to the meteorological condifoand the
direction of the exposed mirrors, the effect ofdsan the CSP mirrors will be different. Indeedthie coastal sites,
the particles smaller than 100um could be depositethe mirror to create a soiling layer if the dispeed is high
enough to transport the particles in the air anithéf level of humidity allows to agglomerate thetigées on the
surface. Moreover, the particles with a diametdawben 100um and 400um could become airborne witigh
wind speed and could damage the mirror accordinthéir morphology. In the desertic sites, the phet are
globally coarse and the wind not violent but ther@y sometimes be sandstorms which could transpent in the
air and cause damages to the mirrors. In additiba, low level of humidity prevents an important lisqj

phenomenon.
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As presented in the §4.3.1 and the 84.3.2, ATRtspsnpy and X-Ray diffraction allowed to know timéneral
composition of the Moroccan sands, and therefasehtirdness of their particles. The analysis wasenoadthe size
fraction 100um < @ < 200um, because this is an ilapd common fraction to the five collected saniiscording
to the results of the analyses, the three main ocomgs are Quartz, Calcite and Dolomite on all the $ites. The
intensity of the peaks reveals the proportion @sthcompounds in each sand sample, and their a/bBeagness
was defined thanks to the Mohs scale. By definjtitre sand is a mixture of particles with dominawefene
mineral. The main part of all the sands is compasfegliartz but the carbonate-rich sands could bg #éggressive
than other. This is the case for the coastal diteteed, Calcite and Dolomite have been detectedanger quantity
than the sand of desertic sites, thereby slightijucing the global hardness. But the severity ef gbtential
damages also depends on the morphology of theclgsrind their size.

As presented in the 84.2, the sphericity index af ® 0.9 shows that particles of every Moroccandsa
approximate overall the shape of a sphere. Howékerroundness index is quite different for theefsands. This
analysis of shape must be correlated to the wirgdpf the site to determine the level of poterntigdact on the
mechanical damage of surface mirrors. Indeed, hlagpest particles won't deal any damage if theyedtfger too
large, to small or too soft. On the other handedaztly spherical hard particle can deal noticeatdmage to the
glass surface of a mirror at a high velocity. Tahadof desertic sites is composed of sharp pastisteich have a
high hardness. However, the wind speed is relatidel so these particles could not create seri@matjes on the
mirrors. The sand of Saharan coastal sites is ceatpof rather curved and smooth particles withweetchardness.
The wind speed is more important so these partadetd cause slight scratches or even small lateeaks on the
mirrors. Finally, the sand of Atlantic coastal sits composed of angular particles which could teresevere
degradations as radial and lateral cracks duedoviblent winds. This analysis is coherent to tlpegimental
results of another study [33] about the mirror acef damaged by sand from Temara and Skoura sifaac®n of
wind speed. Results of this study show clearlyghéi damage of the mirror surface for sand comm ffl@emara
site.

6. Conclusions

North Africa, and particularly Morocco, has a laemnomic development in terms of renewable enfngthe
last several years. This country has a high patktdi produce energy from the sun thanks to a Bityih. Several
solar plants are already operational while other wrder construction. However, Morocco is charadrby a
complex climate impacted by the mountains, the opeto the Atlantic Ocean and a Saharan positidreréfore,
these power plants could be subjected to aggre$stters as irradiation, high temperature, humididyine mist,
wind, sand storm, etc. This last one generates givenomena: the deposition of a soiling layer on sbkar
reflectors and the degradation of the glass or diheer layer which could cause a serious loss dficap
performances of the mirrors and therefore decréasprofitability of the power plant.

Stress factors have a very strong environmentahainpn the durability and the optical performance£SP
mirrors. Moreover, technologies and their mainteeaare very expensive, so industry have to minirttizecosts.
In order to survive 25 to 30 years and optimize @®P plant efficiency, it is necessary to pred tisk of
deterioration of the solar materials. For thatsiessential to carry out this preliminary studytba sands to select
the best sites for CSP Plants.

The study presented in this paper is a simple ndeflogy to analyse the sand of different sites araduate the
potential risks for the operational or future CSBnfs. Five sand samples have been collected iroétorto be
representative of the different climates of thertopand the actual on-site conditions: Boujdoud &adyoune
(Saharan coastal sites), Ouarzazate and Skourar{idestes) and Temara (Atlantic coastal site).

The three coastal sites (Boujdour, Ladyoune andafa@mare characterized by prodegradant geograpaiahl
weather conditions. Proximity of the sea inducesrsstant high level of humidity and saline mist ghase a serious
corrosion risk for reflectors. This coastal climétealso defined by violent winds transporting & dé suspended
sand particles through the air, and provoking tingilphenomenon and heavy damage on the solarctefie
Temara, for its part, is a very dangerous placaf@SP plant because of violent wind gusts, angaad patrticles,
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and a serious risk of corrosion with a high leviekaline atmosphere [34]. The two desertic sitesaf@azate and
Skoura) are characterized by a low level of hurgidihd weaker winds. However, their coarse granulome
distributions with hard and angular sand particles’t make them dangerous sites because theseleartian't be
transported in the air and reach the reflectorsaaddition, it could be interesting to complete #stedy with more
data, as wind direction and exposure direction déjmg on the sites.

The results presented here are theorical assunsptithich are going to be proved by the exposureoafes
reflectors in the same places (MASCIR, MASEN and STOP project). Moreover, several studies were eduout
in worldwide laboratories using sand blasting setugnow the effects of sand on different surfagasror, glass,
etc.). A guideline is currently being written byetlscientific community. Indoor and outdoor resudteould be
correlated to explain the real effect of sand oP@Srrors.

Finally, these results show that the CSP mirrotddcbe soiled regularly depending on the local metegical
conditions. These provided information could algoabkey point to schedule cleaning sessions oeveldp new
cleaning technologies for CSP (WASCOP project).
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