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Abstract

This multi-disciplinary research paper should help solar power plant developers15

to perform an advanced site assessment in arid locations where the annual irradi-

ance levels are high, but significant quantities of airborne sand and dust increase

the risk of optical energy losses due to extinction, soiling, erosion damage (also

known as abrasion), etc. Due to these effects sandstorms have a direct conse-

quence on the operation and maintenance (O&M) costs. The work presented20

in the following characterizes airborne sand and dust material and later focuses

on the resulting erosion effects. Some important meteorological and geological

parameters for sandstorm occurrence and the resulting erosive damage on glass

materials by impacting windblown material are extracted from literature. The

respective parameters have been measured at two locations in Morocco (Zagora25

and Missour). After evaluation of wind and humidity data and a comprehensive

soil analysis, the erosion risk was estimated to be higher in Zagora. The specular

reflectance loss of exposed silvered-glass reflectors of 5.9% in Zagora and 0.8%

in Missour after 25 months of exposure verified this estimation. Additionally, a

specular reflectance analysis on a mirror sample that has been exposed for nine30

months in Kuwait is shown. On that sample specular reflectance losses of more
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than 40% were measured. A checklist with seven items is given in the conclusion

to help solar plant developers to evaluate the risk of component aging due to

sand storm erosion.

Keywords: Concentrating Solar Power, Sand Erosion, Site Assessment,35

Mirror Abrasion, Solar Reflector Aging
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Nomenclature

Symbol Description Unit

α erosion impact angle ◦

Dsoil mean density of soil kg m−3

Ni number of particles in channel i -

Vi mean volume of a particle in channel i m3

Va reference air volume of EDM164 particle counter m3

ρλ,ϕ monochromatic specular reflectance at λ=660 nm,

Θ=15◦and ϕ=12.5 mrad

%

λ wavelength nm

ρλ,ϕ,loss loss of monochromatic specular reflectance %

v impact velocity m s−1

uτ friction velocity m s−1

u∗τ threshold friction velocity m s−1

d mean particle diameter µm

Θi radiation incidance angle ◦

ϕ acceptance half angle mrad

Eg gravimetric erosion rate, mass loss of target material

per impacting erodent mass

-

Ep particle erosion rate, mass loss of target material per

impacting number of particles

g

ECV erosion classification value -

K or Kc fracture toughness MPa m0.5

mA impacting sand mass per reflector area g cm−2

rh relative air humidity %

m mass g

∆m mass loss/gain g

continued on next page
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Nomenclature

Symbol Description Unit

z hight above ground m

z0 surface roughness length m

κ von Kármán constant -

H material hardness MPa

w gravimetric soil moisture %

Subscript Description

p erodent particle material

t target material

Acronyms Description

Acetube Accelerated Erosion Tube (for artificial sandstorm aging ex-

periments)

CSP Concentrating Solar Power

CFD Computational Fluid Dynamics

EDM164 Environmental Dust Monitor 164 of Grimm

EDX Energy Dispersive X-ray Spectroscopy

GHI Global Horizontal Irradiance

MENA Middle East and North Africa Region

PSDnum Numerical Particle Size Distribution

PV Photovoltaic

SEM Scanning Electron Microscope

TSP Total Suspended Particles

continued on next page
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Acronyms Description

DNI Direct Normal Irradiance

D&S Devices & Services Portable Reflectometer 15-USB
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1. Introduction

Many arid sites in the MENA-region are of high interest for solar energy

plant developers because of the high annual irradiation levels. However these

regions also lead to high material demands of the used components due to the40

increased aerosol particle loads in the atmospheric layer close to the ground [1].

Especially the optical energy conversion process is often significantly reduced

from its theoretical efficiency due to the presence of sand and dust [2]. On the

one hand, this causes soiling on the respective optical surfaces that lowers plant

efficiency. Cleaning can reverse the effect but requires manpower and water [3].45

On the other hand, an increased presence of aeolian particles also leads to opti-

cal scattering and absorption processes in the air between the different optical

components of solar power plants. This phenomenon is known as atmospheric

extinction and is of special importance for central receiver concentrating solar

power plants, where the spatial distance between the reflecting heliostats and50

the absorber can be up to several kilometers [4]. A third effect are windblown

aerosol particles, which may cause possible mechanical damage when impacting

on the optical components. All of the three effects lead to optical performance

losses which decrease the economic benefit of a solar energy power plant. For

a 50 MW concentrating solar power plant (CSP) located in Spain an annual55

financial loss of 0.7 Me could be calculated when the reflectance of the mirrors

is decreased by 1% [5]. Therefore there is a strong interest of the CSP and also

photovoltaic (PV) industry to develop testing procedures which are capable to

estimate the lifetime of optical components as it was recently done by many

groups [6, 7, 8, 9, 10, 11].60

The present work concentrates on the permanent mechanical damage by wind-

blown particles causing surface abrasion (hereafter referred to as ”erosion”). It

was widely studied in literature on many different materials and with a variety

of input parameters [12, 13, 14]. In this study, the defects in glass reflectors

provoked by air-borne particles at two representative sites in Morocco (Zagora65

and Missour) are analyzed. Because glass, with technology-appropriate surface
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coatings, is the state of the art material to maintain high efficiency of CSP

as well as PV systems, the findings of the present work are relevant for both

technologies [15, 6]. Depending on the respective site differences a measurable

optical performance loss could be detected. A comprehensive outdoor study70

undertaken by Wette et al. [16] who exposed samples on seven outdoor sites,

found massive erosion defects only in Zagora. In addition to the Moroccan sites,

an outdoor exposure campaign undertaken by the company TSK (Gijón, Spain)

of glass reflectors in Kuwait is presented. They also show a significant perfor-

mance loss due to the presence of sandstorms.Their finding is consistent with75

the extensive literature addressing the severe sandstorm activity in the Kuwait

region [17].

Within this work, the erosion determining factors are discussed, the critical sand

movement principle is explained and resulting data from the investigated out-

door sites are shown. The differences between the varying reflectance losses at80

the distinct sites can be mainly explained by the particle size distribution of the

soil, the mineralogical composition of the soil, the wind velocity in combination

with relative humidity, the prevailing wind direction with respect to the solar

collector orientation, and the characteristics of the local landscape.

1.1. Defects on brittle materials85

From the mechanical point of view, glass can be classified as a brittle ma-

terial which forms erosion pits and cracks when exposed to harsh solid particle

impacts. It has been shown in literature that defects caused by sandstorms

on various construction materials is as real as on exposed glass samples for

solar energy applications [18] [10]. Within the present work, further evidence90

from a field exposure in Morocco and Kuwait will be given as well in order to

emphasize the actuality of the issue of glass erosion. This is due to the low

fracture toughness K (or critical stress intensity factor, sometimes also labeled

Kc) of glass. Depending on K the overall erosion process of a material can be

described as ductile or brittle, respectively. Brittle materials will suffer from95

material loss due to splitting effects while ductile erosion can be characterized
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by a cutting and ploughing process exerted by the erodent (i.e. the abrasive or

eroding material) on the target material. The difference between both regimes

is very well depicted by the dependency of the impact angle α on the erosion

rate Eg (material loss per impacting mass). Wensink and Elwenspoek [19] de-100

fined an ”erosion classification value” ECV as the ratio of Eg at α = 45◦ to

Eg at α = 90◦. For ECV > 1, the erosion process is classified to be ductile while

ECV values for brittle materials are typically around 0.45. Apart from α, the

erosion mechanisms on brittle materials are depending on the impact velocity,

on mass and shape of the erosive particles, on the mechanical properties of the105

erodent and target material and to a certain extent on the environmental condi-

tions. The erosion regime is not inherent to a certain material combination but

transitions between the ductile and the brittle regime can occur depending on

the erosion parameters. A study undertaken by Sheldon and Finnie [20] demon-

strates that nominally brittle materials can show ductile behavior when erodent110

particle size and impact velocity are within certain limits. The multi-parameter

dependencies of erosion processes can become quite complex but are in general

well represented in so called erosion maps (see two examples in Fig. 1).

Depending on the particle and target characteristics, there is a certain thresh-

old of kinetic energy for elastic impacts. The erodent as well as the target, will115

not be altered by those impacts and no damage is caused. Above that criti-

cal energy, the impact is inelastic and several different crack types can be the

consequence. The transition from elastic to inelastic is not abrupt, especially

for erosion with non homogeneous erodents, all different types of cracks can be

found on the target. The state of the target surface is a further critical factor120

governing the defect formation. In the case of a silica glass target, strong co-

valent Si–O bonds would result in a theoretical strength of ≈ 17 GPa but the

practical yield strength is often found in the range of only 50-150 MPa. This is

because of flaws, scratches, bubbles and inclusions [21].

125

Most scientific literature describe the erosion rate Eg with the help of the

relative weight loss. This relative weight loss is defined as the amount of mass of
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Fig. 1: Two examples of erosion maps of brittle materials: Hutchings [12] (left) points out

four regimes of erosion in dependence on the impact velocity and the particle size. Wada [13]

(right) describes four different regimes by combining particle size and the impact velocity to

the impact energy E0 on the y-axis and the ratio of the hardnesses on the x-axis. The indices

p or t stand for particle and target, respectively.

the target material removed by a unit mass of erodent material [∆mt/merodent],

or sometimes as Ep standing for ∆mt per erodent particle. The results obtained

by this parametrization is applicable only to a certain extent to the loss of

optical performance. A glass mirror may lose a significant part of its specular

reflectance ρλ,ϕ without any detectable mass loss due to scratches or cracks.

However the fundamental relations between the erosion determining parameters

and Eg might help to find a valid correlation to ρλ,ϕ as well, at least in a region

that sufficiently covers the objectives of this work.

In a previous study, Feng and Ball [14] tested four target materials with seven

different erodents and varied the impact velocity v, the erodent diameter d and

the impact angle α. For a glass target in the investigated range of impact

velocity (v between 33 and 99 m s−1), they found an increase of Ep with v2

for angularly shaped particles. Furthermore it could be demonstrated that

the exponent over d is around four. For erodents of similar density and size,

Ep increases with increasing ratio of erodent particle- to target hardness (Hp

and Ht, respectively), because of the enhanced ability to penetrate into the
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target material without fragmentation of the erodent. These results could be

summarized as:

Ep ∝ v2.37d4(Hp/Ht)
0.47. (1)

Wada [13] also states that Eg is proportional to dm and vl with varying pa-

rameters m, l. They investigated especially the effects of Hp/Ht on Eg. They

concluded that Eg is proportional to (Hp/Ht)
a. For Hp/Ht smaller than 1 the

erosion mechanism is mainly based on scratching and otherwise on fracture. If

fracture is the dominant process, then Eg ∝ Kb
t where b is a negative number.130

Also Kp affects Eg in a proportional manner. Accordingly, the erosion map in

Fig. 1(right) was developed.

It needs to be stated as well, that a lot of threshold effects for Ep were demon-

strated regarding the effects of increasing d for a spherical particle [14]. Below a

certain value of d no defects might be caused by the impacting particles and only135

after exceeding a critical threshold, measurable defects become obvious. Fur-

thermore Buijs and Pasmans [22] recognized a critical transition of the exponent

of the impact velocity dependence on erosion rate. At lower impact velocities,

it was argued that the force imparted to the glass surface during maximum

penetration is lower than the threshold for fracture of glass and the erosion rate140

is mostly governed by scratching. Relationships between the erosion rate and

the influencing parameters are therefore not constant over the whole range of

parameter values.

So far, only glass as target material was addressed, but actually most PV mod-

ules are produced with a further anti-reflective coating on top of the glass sub-145

strate. Due to their lower hardness, these coatings are more susceptible to

erosion effects [23] and an outdoor exposure of these distinct coatings would

be necessary to arrive at detailed predictions on specific lifetime expectations.

A comparative study among different anti-reflective coatings after a laboratory

erosion treatment is dealing with this issue [24] in more detail.150
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1.2. Saltation movement

The movement of sand particles over a surface can be subdivided into three

classes: Reptation, saltation and suspension [25, 26]. The diameter borders sep-

arating the respective classes should be understood as approximate measures,

since they are defined differently among the cited publications. Particles which

are smaller in diameter than 50 µm become suspended in the air and can be

transported over distances larger than 1000 km [27]. However due to their small

size, it can be assumed that they mostly do not provide sufficient kinetic en-

ergy to cause damage on typical solar energy materials like PV-Panels or glass

mirror reflectors for CSP applications[28]. The diameter of particles involved in

reptation (also known as surface creeping) is of the order of millimeters. Grains

of this size are not lifted up in the air but perform a diffusive vibrating motion

on the ground which leads to surface transport. Bagnold [25] states that the

contribution of creeping to the total mass flux is between a quarter and a fifth.

Particles which are in between these two diameter limits are able to take part in

the saltation process. Local wind turbulences lift particles up from the surface

in the air stream where they become accelerated. When those grains impact the

soil surface again, yet more grains can be ejected into the wind and the salta-

tion maintains itself (avalanche effect) until a saturated sand flux is established

[27]. Also the grains in surface creep receive their momentum from impacts of

saltating particles.

Typically the bulk part of saltation is transported in close distance to the ground

[25] but there is also evidence that grains of 3 - 4 mm attain heights of more

than 3 m [29]. Thornton [30] found 2 mm grains at 6 m above ground and

Sansom et al. [31] could detect particles of around 0.8 mm at 2 m above ground

in Libya. After a field study on a gobi site in western China, Cheng et al. [32]

could conclude that the typical upper limit for windborne sand matter of 2 m

can be shifted up to 3 or 4 m at gobi sites. They could detect particles with

diameters of 3 - 5 mm at those heights above ground. However it should be

stated that the measured wind velocities of 41 m s−1 (at 10 m height above

ground over an open space with no obstacles) are quite high.
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Fig. 2: u∗τ over a smooth surface calculated after different dust emission schemes (taken from

[33]).

A certain fluid drag is necessary in order to bring the first particles from the

surface into saltation mode, which is caused by the threshold friction velocity

u∗τ . For most natural sands Nickling [34] suggests that this threshold should

not be defined by a finite value but as a range of u∗τ . Models can be employed

to estimate the u∗τ as it was done by Darmenova et al. [33]. Fig. 2 shows their

results for different assumptions. These calculations were done for a parent bed

of similar, equally sized and uniform soil particles only. This assumption is

barely fulfilled for natural systems. Nevertheless, it points to the critical effects

that promote or impede saltation. On the left side of the indicated saltation

region (gray area), where the particle diameter is smaller than 60 µm the in-

creasing inter-particle cohesive forces impede saltation as well as the prevalent

dominance of the gravity force does for particles which are larger than 500 µm.

A minimum for u∗τ is found for d between 65 and 200 µm. Also the Bagnold

and the Greeley-Iverson schemes [25, 35] predict a minimum u∗τ for individual

particles at the size of around 80 µm. The study by Mikami et al. [36] ascribed

the higher saltation fluxes at a Gobi site in comparison to a collocated dune

site to the maximum in the particle size distribution (PSD) which was at 80

and 200 µm for the gobi and the dune site, respectively. In practice, uτ can be
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determined by taking into account the logarithmic law of the wall [37]

u(z) =
uτ
κ

ln

(
z

z0

)
(2)

and measuring the wind speed at various heights z. Eq. 2 can then be applied

to obtain uτ and z0. Here κ is the von Kármán constant (≈ 0.4). The pa-

rameter z0 is called the roughness length of a certain terrain and depends on

the topography, the height and the distribution of roughness elements on the155

investigated surface.

A comprehensive wind tunnel investigation on the effects of uτ , PSD and parti-

cle shape on the saltating particles was published by Williams [38]. The effect

of uτ on the mean size of saltating particles was very small at the investigated

distance above ground. A higher grain sphericity of the soil particles increases160

the height where particles with a given diameter are expected to be present. The

rate of particle movement was investigated and an exponential power law was

found as the basic relation between transport mass and height above ground.

This finding was later confirmed in a field study by Farell et al. [39] who also

measured a vertical mass flux profile showing an exponential decay.165

Willetts et al. [40] further showed that the particle shape has a pronounced

effect on saltation because considerably higher material transport rates were

observed for sandbeds containing particles of high sphericity. Segregation of

soil particles by various transport rates was found to be of minor influence un-

less the soil consists of size fractions smaller than 50 µm, where sorting can170

be a critical factor for transport rates. Another study by Willetts [41] could

further show that lower grain sphericity exhibits higher transport rates at low

wind velocities (uτ< 0.5 m s−1) but a lower rate at high wind velocities. They

observed a transition in transport rates for spherical grains as a result of a shift

in regime from wind dislodgement to collision dislodgement. An experimental175

study by Nickling [34] used sand of different mean diameters, sorting charac-

teristics and particle shapes. In contrast to [38, 40, 41] he concluded that the

particle shape is of much less importance in controlling u∗τ than the particle size.

Interestingly the testing with bimodal size distributions by Nickling [34] showed
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a very narrow transition region for particle movement with increasing uτ . It was180

argued that the rapid increase might result from the preferential entrainment of

particles from the finer mode of grain sizes, at relatively low friction velocities,

which then in turn dislodge a large number of other stationary surface grains

of larger modes. Furthermore, differences in surface packing -as it is caused by

bimodal distributions- lead to particles being more exposed to wind stress and185

consequently are more susceptible to entrainment at lower wind speeds.

Apart from the aforementioned parameters, the gravimetric soil moisture w is

used as a critical input parameter for many dust emission models, since it is

well known that it strongly contributes through adhesion and capillary effects

to the binding forces keeping particles together [42]. Changes of the atmospheric190

relative humidity (rh) contribute to most of the variability of w in arid regions

[43]. The soil moisture can be related to the clay content [44] which is known

to influence the adsorption capacity of the soil. Hence, soils with a higher clay

content can be ascribed a higher u∗τ than sandy soils when humidity is present.

The model developed by Cornelis et al. [45] shows a gradual increase of u∗τ with195

increasing w for low moisture contents until a certain value of w where a steep

increase of u∗τ becomes apparent. u∗τ reaches values where no saltation can take

place anymore and the critical moisture content is defined at that point. These

results are in line with the wind tunnel experiments on wet and dry sands con-

ducted by Selah and Fryrear [46]. Darmenova et al. [33] presents an in-depth200

analysis of two physically based dust emission schemes and reports a strong

dependency of u∗τ on w.
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Fig. 3: Illustration of outdoor exposure sites in Morocco: a) site locations; b) Missour meteo

station and c) Zagora meteo station.

2. Methodology

2.1. Outdoor data acquisition

For this study, results from a 25 month (1 April 2015 - 1 May 2017) outdoor

exposure campaign in Missour, Morocco (32◦, 51’, 37.3” N; -4◦, 06’, 26.1” E)

and Zagora, Morocco (30◦, 16’, 19.8” N; -5◦, 51’, 5.8” E) are used. Their re-

spective position is indicated on the map in Fig. 3(a). The two stations belong

to the enerMENA meteorological network [47, 48]. Both site locations can be

described as arid zones with poor vegetation. An overview for the general mete-

orological data during the 25 month period is given in Table 1. Only data points

which were present at both sites at the specific time were used for evaluation.

This led to a total number of 849,000 data points with 1-minute temporal res-

olution. Both sites exhibit high irradiation values and the GHI as well as the

DNI makes the sites suitable for PV or CSP applications. Higher average tem-

perature and lower average relative humidity indicate the more desertic nature

of the Zagora site compared to Missour. In order to characterize the sand parti-

cles present at the sites, soil samples were manually taken from the topsoil layer.

They were analyzed by optical and electron microscopy and X-ray diffraction

to determine numerical size distribution (PSDnum which displays the number of

particles with a certain diameter), shape characteristics and mineralogical com-

position. In order to monitor aeolian particles, the EDM164 particle counter

manufactured by GRIMM Aerosol Technik GmbH&Co.KG was mounted at a
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temperature
wind speed

(gusts)

relative

humidity
GHI DNI

[◦C] [ m s−1] [%] [kWh m−2 a−1]

Zagora

Average 24.2 4.2 25.3 2172 2328

Min -1.9 0 0 - -

Max 47 25.1 96.4 - -

Missour

Average 19.2 3.8 47.7 2070 2307

Min -3.6 0 2.6 - -

Max 43.1 29.2 100 - -

Table 1: Meteorological data from outdoor sites Missour and Zagora, Morocco, between April

2015 and May 2017 (Irradiation data between June 2013 and June 2015 from Schüler et

al. [47]). The direct normal irradiance (DNI) is measured with a rotating shadow band

irradiometer (type: RSP-4G) in Zagora. In Missour, a solar tracker with mounted CHP1

pyrheliometer by Kipp & Zonen is installed. Temperature and relative humidity are measured

by a Campbell Scientific CS100 and the wind velocity and direction at 10 m height is measured

with a #40C and a #200P from NRG, respectively.

sampling height of around 1 m. Data from this instrument are only available in

the second half of the field campaign and are evaluated from April 2016 to May

2017. The EDM164 counts airborne particles with diameters ranging from 0.25

to 1200 µm by light scattering optics. It differentiates between 31 size chan-

nels where the largest channel samples all particles with diameters larger than

32 µm. It has to be noted that the EDM164 has a certain sampling efficiency

which is not uniform for different particle sizes [4]. Especially larger particles

are sampled only to a certain extent. The evaluation will therefore only be per-

formed up to particle diameters of 31 µm in order not to lose accuracy. From

the count rates Ni in the different size channels i, the total suspended particle

mass (TSP ) can be calculated after Eq. 3

TSP (t) =

30∑
i=1

Ni(t) ·Vi ·Dsoil/Va, (3)
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where Vi is the average volume of the particles in the respective channel, Dsoil is205

the mean density of the soil at the respective site, taken from the mineralogical

analysis and Va is the air volume. Particles were assumed to be spheres which is

a prevalent assumption for calculating particle masses[49]. Here also the shape

of the generally non-spherical natural dust particles is going to be discussed in

the result section about shape analysis.210

Meteorological data acquisition was accompanied with the exposure of state of

the art silvered-glass mirror reflectors for CSP applications. The exposed mirror

samples have spatial dimensions of 10 x 10 cm2 and were facing south (180◦)

under a horizontal inclination angle of 45◦ at an approximate height of 1.2 m

above ground. Wind speeds higher than 10 m s−1 were detected in Zagora215

mainly coming from the southwest direction for around 477 hours during the

observation time. In Missour the predominant wind direction is west. Airborne

particles coming from that direction (parallel to the reflector surface) are not

supposed to cause damage on the specimen. However also 168 hours of wind

speeds higher than 10 m s−1 could be measured coming from south [50].220

An additional outdoor sample was exposed by TSK Inc. (Gijón, Spain) in

Kuwait for nine months. The 20 x 40 cm2 sample was mounted at 0.6 m above

the ground with a tilt of 60◦ facing west.

2.2. Laboratory equipment

The optical inspection of sand and mirror samples was performed with an225

Axio CSM 700 microscope (Zeiss). For the soil sample analysis, ImageJ pro-

cessing software was used. The micrographs were converted into binary pictures

after a background noise subtraction and color threshold adjustment. Thereby

it was possible to draw conclusions about the size and the shape of single par-

ticles. The monochromatic specular reflectance ρλ,ϕ (660 nm, 15◦, 12.5 mrad)230

was measured with a portable specular reflectometer 15-USB by Devices and

Services (herein referred to as D&S). Furthermore a scanning electron micro-

scope (SEM) Gemini Ultra 55, manufactured by Zeiss, with an INCA FETx3

Energy Dispersive X-ray spectroscopy module (EDX) was used to determine
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Fig. 4: Operating principle of the accelerated erosion simulation tube (Acetube) constructed

at the PSA.

the elemental composition. In order to conduct accelerated erosion simulation235

processes, an open loop wind tunnel with particle injection -named Acetube-

was constructed at the PSA [51]. A sketch of its working principle is given in

Fig. 4. It is equipped with an Axial Ventilator Type AXN 12/56/400 M-D

by TROX TLD which is used in suction mode. Erodent material can be ap-

plied from above via different methods, depending on the erodent properties240

(coarse or fine). The specimen to be tested is mounted on a rotating plate in

the transparent box in order to establish a homogeneous defect distribution over

the specimen surface [52]. The impact angle α is fixed at 45◦ for the present

investigation. Wind velocities were determined at the specimen position during

a calibration process in reference to the ventilator power by the application of an245

ultrasonic wind sensor from FT technologies LTD. The natural soil from Zagora

and Missour was used as erodent material with all particles larger than 150 µm

being removed. This limit was chosen on the one hand because of the initially

mentioned size limit for saltating particles and on the other hand because of the

availability of adequate meshes. The total erodent mass applied at each tested250

wind velocity was 60 g which leads to an impacting sand mass per reflector

area of mA = 0.19 g cm−2, which can be calculated using the tube diameter of

20 cm.
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3. Results and Discussion

3.1. Meteorological measurements255

The average wind velocity u in Zagora is higher than in Missour and mean

rh is about twice as high in Missour as in Zagora (see Tab. 1). Both parameters

play an important role for potential sand movement. Therefore a more complete

analysis of u and rh was performed and is shown in Fig. 5). The histogram

shows the frequency of certain events. It can be seen that the probability of260

strong wind events with velocity of 8-16 m s−1 is more pronounced in Zagora

in comparison to Missour. However the extreme wind events from 16 up to

29 m s−1 are more frequent in Missour. Fig. 5(b) shows the frequency of relative

humidity in 5% intervals. Very dry periods with rh lower than 10% are around

seven-times more frequent in Zagora than in Missour. Since these rh levels are265

supposed to be of special importance for saltation processes, the absolute hours

of the respective u-bins have been evaluated in Fig. 5(c). The total hours of

extreme wind events (u > 16 m s−1) in Zagora is around 4 times larger than

in Missour when only rh < 10%-periods are taken into account. For strong

winds (8-16 m s−1) this factor is about 5. This combination of low relative270

humidity and high wind velocity promotes the probability of saltation [53, 54].

It can be concluded that the independent examination of the parameters rh

and u from Fig. 5(a) and (b) or the annual averaging as it has been done in

Tab. 1 cannot lead to the same conclusion about potential saltation processes.

A more thorough evaluation is necessary in order to perform a meaningful site275

assessment for the estimation of sandstorm threats to solar power plants.

In order to describe the aeolian dust concentration, the TSP data measured

by the EDM164 is plotted in Fig. 6 for a typical week for both sites. It can

be seen that the TSP values of Zagora are higher than in Missour and they

generally lay below 1000 µg m−3. However, for both sites, TSP considerably280

exceeded the limit during several events. The highest measured TSP values

were 716,760 and 41,903 µg m−3 for Zagora and Missour, respectively. The

World Meteorological Organization (WMO) [55] defines a sandstorm based on
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Fig. 5: Relative frequency of a) wind- and b) humidity ranges for the time period between

April 2015 and May 2017 and a temporal resolution of 1 minute; c) Absolute frequency of

wind events where relative humidity values are below 10%.
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Fig. 6: TSP values from the EDM164 particle counter for one week in April 2017.

the horizontal visibility which is related to current TSP [56]. No clear threshold

limit for TSP is defined for sandstorm classification but from Subramaniam et285

al. [17] and Kandler et al. [57] a value of 1000 µg m−3 seems reasonable.

Counting the data points above 1000 µg m−3 during the present field campaign

leads to 131.2 and 17.7 hours (in the timeframe 1.April 2016 until 1.May 2017)

for Zagora and Missour, respectively. Therefore it can be concluded that the

meteorological and geological conditions in Zagora favor the movement of aeolian290

material in comparison to Missour.

3.2. Soil analysis

A scanning electron microscope (SEM) image of the soil samples taken from

Zagora and Missour is shown in Fig. 7. It can be seen that the main volumetric

contribution in Zagora comes from particles larger than 100 µm while in Missour295

many smaller particles are present as well. The soil appears more loam-rich

and with a lot of silt and clay particles. The optical microscope analysis of soil

samples from Zagora and Missour reveals the PSDnum as shown in Fig. 8. Before

the analysis, all particles with diameters larger than 425 µm have been removed

by sieving. Around 50,000 particles in that size range have been measured and300

their respective quantity sorted in 10 µm-size bins. The relative percentage of
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Fig. 7: SEM picture of soil sample taken from Zagora (a) and Missour (b).

the particle numbers in Missour is decreasing more or less monotonously on

the logarithmic scale with increasing particle diameters and no particles with

diameters larger than 200 µm could be detected. The PSDnum of Zagora also

decreases for the small- and the large size bins, but in the region between 35 and305

130 µm another mode is present. The largest particle detected in the prepared

soil sample of Zagora had a diameter of around 375 µm. Assuming spherical

particles and material densities from the results of the mineralogical composition

evaluation, the PSDnum from the optical image procedure could be converted

into a gravimetrical size distribution which could be compared with the results310

of a sieve analysis. The functionality of the applied optical procedure could be

verified. Furthermore the mechanical sieving exhibited mass ratios of particles

smaller than 32 µm (corresponding to medium, fine and very fine silt and clay

minerals after the Wentworth scale) of 7.4 and 0.3% in Missour and Zagora soil,

respectively.315

As it has been pointed out before, there is a minimum of the threshold

friction velocity u∗τ for particles with diameters between 65 and 200 µm (see

Fig. 2) and the second mode of the PSDnum of Zagora lies in that size range.

The presence of this second mode and its overlap with the minimum of the

u∗τ favors the onset of saltation in Zagora. For Missour, particles at that specific320

size range are present as well but because of their smaller contribution to the
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Fig. 8: PSDnum of the soil fraction < 425 µm from Missour and Zagora evaluated by an

optical imaging procedure.

complete PSDnum they are less exposed and their ejection from the sandbed

into saltation mode is suppressed.

Elemental analysis and conversion to the most prominent oxide compounds

lead to the mineralogical composition in Table 2. The major constituent of the325

soil in Zagora is quartz, with a content of 73wt.%, followed by some minor per-

centages of clay- and carbonate minerals. The situation is completely different

for the soil from Missour where quartz is only contributing around 13wt.% to

the total mass. More than two thirds of the soil in Missour are carbonate min-

erals and around 14wt.% of gypsum could be identified.330

On the one hand, the high clay content leads to an augmented water adsorp-

tion capacity. Therefore a higher mean soil moisture is expected [44] which

impedes saltation in Missour. A simple experiment was conducted to provide

further evidence on the increased water adsorption potential of the soil from

Missour compared to Zagora. Therefore a small sample of both soils was ex-335

posed overnight outdoor at the PSA at a relative humidity of around 50%. In the

morning the samples were weighed and then heated up to 100◦C for two hours

to remove adsorbed water. Immediately afterwards, the samples were weighed

again and the relative mass loss could be derived. In case of Zagora the loss was
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0.48± 0.25% and in the case of Missour 5.48± 0.18%. From this experiment it340

becomes clear that under the natural conditions present during the adsorption

process, the soil of the Missour site could adsorb around 12 times more water

than the soil of Zagora. Bearing in mind the relative humidity distribution in

Missour and Zagora respectively the soil of the Missour site can be expected to

exhibit a higher value of w throughout the year compared to Zagora.345

On the other hand, when taking into account the hardness values of the three

most present minerals of 2, 3 and 7 (hardness number after Mohs scale [58]) for

gypsum, calcite and quartz, respectively, one can conclude that the erosion po-

tential of the soil from Missour is significantly lower than the soil from Zagora

(given that the other particle characteristics are similar). Both effects speak350

in favor of an elevated risk of erosive sandstorm events at the Zagora site in

comparison to Missour.

Na2O K2O MgO Al2O3 SiO2 CaO Fe2O3 SO2

Zagora 1 3 1 8 73 8 5 1

Missour 1 1 - 4 13 67 - 14

Table 2: Results from EDX-analysis of soil samples taken at the different sites given as mass

fraction [wt.%].

Regarding the shape of particles, the common definitions after Krumbein

and Sloss [59] will be used in the following. The two basic parameters, the

sphericity (in contrast to ellipticity is describing the volume ratio of the actual355

partical to that of a circumscribing sphere) and the roundness(in contrast to

angularity is describing how smooth a grain is) were evaluated from the soil at

the respective sites and are shown in Fig. 9. Only particles with diameters larger

than 20 µm were taken into account since they are supposed to contribute the

most to the saltation and moreover are responsible for the mechanical defects on360

the reflector surface. The circularity as well as the roundness behave similar at

both sites and no conclusion towards an augmented erosion or saltation behavior

can be drawn from the data. However, it can be stated that the effectively
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Fig. 9: Shape analysis of soil particles of Zagora and Missour with evaluation of the circularity

(a) and the roundness (b). The symbols in gray illustrate graphically the meaning of the two

parameters. Only particles larger than 20 µm were analysed. Mean value and respective

standard deviation are given.

higher erosion potential which is present in Zagora is not caused by a significant

difference of the particle shape of the sand particles at that site.365

3.3. Solar reflector erosion

In order to accurately assess the potential risk of erosion due to sandstorms,

an exposure of representative material is essential. Virgin glass samples in their

as-received state from the manufacturer were used for the outdoor exposure

campaign. No initial defects were detected after an optical microscope inves-370

tigation. The two glass reflector samples shown in Fig. 10 were exposed in

Zagora (a) and (c) and in Missour (b) and (d) for 25 months. In Zagora the

erosive environmental conditions caused a variety of defects on the surface. It

exhibits a high density of plastically deformed spots with typical dimensions of

only a few µm. In Fig. 10(c), which is the magnification of the yellow box375

in (a), one of the larger plastically deformed spots is displayed which measures

around 60 µm. Alongside of the shallow surface scratches, lateral cracks with

diameters of up to 300 µm and depths of around 50 µm can be observed as well.

For Missour the defect picture of the glass surface is less prominent. Only a few

25



particles adhering on the surface can be observed and no plastically deformed380

spots are present nor does fracture occur. The damages caused by the environ-

mental conditions at the exposed solar reflectors can be quantified by measuring

the specular reflectance ρλ,ϕ . For Zagora ρλ,ϕ decreased by 5.9± 0.4% from an

initial value of 96.3± 0.0% to 90.4± 0.4%. In Missour this loss of ρλ,ϕ was only

0.8± 0.1% from an initial value of 96.3± 0.1% to 95.5± 0.1%, for 26 months of385

exposure respectively. Not all the loss of ρλ,ϕ is necessarily the result of local

sandstorm activity but might be provoked by other effects. Especially in the

case of Missour where no surface damage could be observed via microscope anal-

ysis, the decrease in ρλ,ϕ might be provoked by humidity, diurnal and annual

thermal fluctuations, irradiation, corrosive atmospheres or also soiling with very390

fine particulates [60, 3, 61] In the following the results from the field exposure

in Kuwait are shown. Because of the dimension of the sample (20 x 40 cm2)

it was possible to investigate the spatial ρλ,ϕ loss distribution on the sample.

Fig. 11 shows the measured ρλ,ϕ values coming from 4 x 38 measurement points

with the D&S as a heat map. The lowest ρλ,ϕ value close to the bottom edge395

(which was around 40 cm above ground level) was 42.5%. Assuming an initial

ρλ,ϕ value of 96.0% this leads to a loss of 53.5% in only 9 months. With increas-

ing horizontal distance from the bottom edge the loss of ρλ,ϕ becomes lower

until a maximum ρλ,ϕ of 91.2% is measured. Interestingly, ρλ,ϕ decreases again

to 87.1% for spots located close to the top edge of the reflector. This circum-400

stance is not assumed to result from saltation related effects, because neither

the transported mass flux nor the wind velocity is supposed to expose inflection

points at the given height above ground. It is more likely that this increase of

erosive wear close to the edge is linked to flow profiles of the wind. The reason

why this effect could not be observed in the horizontal direction might be be-405

cause of the smaller dimension in this direction and the lower ρλ,ϕ resolution.

The Acetube was used for artificial erosion experiments on glass reflectors

for CSP applications with the natural soil samples at different wind velocities.

For each value of u and erodent type, an as-received glass reflector was used, its410
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Fig. 10: Microscope picture of the glass surface of a solar reflector exposed for 26 months

(June 2013 to August 2015) in Zagora (a) and (c) with (c) representing the magnification of

the yellow rectangle in (a) and in Missour (b) and (d).
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Fig. 11: Mirror sample which was exposed in Kuwait for nine months (from November 2015 to

July 2016) with its spatial dimensions and the ρλ,ϕ analysis coming from 4 x 38 measurement

spots. Yellow colors represent comparably high ρλ,ϕ values while red colors represent eroded

regions on the mirror.

specular reflectance ρλ,ϕ was measured before and after the experiment and the

resulting difference is plotted as reflectance loss ρs,loss in Fig. 12 as a function

of the wind velocity u. For all u, ρs,loss is higher when soil from Zagora is used

instead of the soil from Missour. On the one hand this can be explained by the

differences in PSDnum. Namely the increased frequency of larger particles in the415

Zagora soil (even though only particles with diameters smaller than 150 µm were

used). As mentioned in section 1.1 the particle diameter contributes significantly

to the erosion rate. On the other hand the higher reflectance loss provoked by

soil samples of Zagora can be explained by the increased percentage of quartz in

the Zagora soil which is around 5.6 times higher than in the soil from Missour.420

At low testing velocities and particle diameters it is reasonable to assume that

only the hard quartz particles are able to penetrate into the glass and cause

inelastic impacts.

It further becomes apparent that ρλ,ϕ decreases faster with increasing u for the
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Fig. 12: ρs,loss at different testing velocities in the Acetube for erodent materials from Zagora

and Missour soil where particles > 150 µm have been removed previously. Test mass density

mA for each test run was 0.19 g cm−2. Test duration was around 20 minutes.

Zagora soil. In other words, the velocity exponent l (from Wada [13]) changes425

to a higher value at a certain u. One explanation could be a threshold limit

of the erosion rate, that is already reached in the case of Zagora soil in the

investigated velocity range maybe caused by the aforementioned higher content

of larger particles.
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4. Conclusion430

In this study, the potential risk of erosive degradation on solar energy mate-

rials by sandstorms has been described theoretically and a practical assessment

of relevant sites has been performed. Outdoor exposed samples at two sites al-

ready showed significant erosion defects. Samples exposed in Kuwait lost up to

53.5% of specular reflectance (after nine months at around 0.4 m above ground),435

while samples in Zagora and Missour lost 5.9±0.4% and 0.8±0.1% respectively

(both after 25 months at around 1.2 m above ground). Regarding the meteoro-

logical site characterization, at first the relevant parameters that lead to critical

sand movement on reflector surfaces have been pointed out. It has been shown

in literature, that there is a minimum for u∗τ which leads to particularly efficient440

saltation processes at particle diameters of around 100 µm. Smaller particles,

responsible for soiling are mainly transported over longer distances in the sus-

pension mode, but they barely take part in the erosion process of glass surfaces.

The PSDnum analysis reveals the presence of a second mode in the critical size

region for the soil samples collected in Zagora while this is not the case for the445

soil from Missour. Such bimodal PSDnum is ascribed a promotion of particle

saltation. Particle shape analysis has been performed for both sites and no

significant difference could be detected. The evaluation of the meteorological

data sowed rh values for Zagora which was in average 25.3% in comparison to

47.7% in Missour. Soil humidity which can be linked to rh is an important450

input parameter for saltation models and it is known that dry soils promote

the onset of saltation significantly. Additionally a high clay content in the soil

favors water adsorption. The gravimetrical contribution of fine silt and clay

particles in Missour is 25 times higher than in Zagora and lies around 7.4%,

while it is only 0.3% in Zagora. The general analysis of the relative frequency of455

measured wind velocities did not show significant differences between the two

sites, but if only events with rh < 10% were taken into account, a probability

for extreme wind events which is four times higher in Zagora than in Missour

could be demonstrated. In summary, the conditions as found in Zagora favor
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saltation more than in Missour.460

Once a site is believed to eventually allow particle saltation, an estimation of

its damage potential can be obtained by accelerated aging experiments with the

respective soil from the site. Particles of the same size range from Zagora and

Missour have been used in an artificial accelerated erosion setup at different test

velocities. ρλ,ϕ was determined to quantify degradation of glass mirror samples465

after the accelerated erosion treatment and an increasing optical performance

loss with impact velocity could be determined. This is in agreement with theory,

since the impact energy of the particles rises with the square of velocity. Fur-

thermore, an increased erosion efficiency of the erodent material from Zagora

over that from Missour of 2.7 (average over all velocities) could be measured.470

From theoretical considerations it could be concluded that a bigger d and a

larger erodent particel hardness Hp leads to a higher erosion rate. The erodent

material extracted from the soil of Zagora exhibits a PSDnum where bigger par-

ticles are present more frequently than in Missour and further contains around

5.6 times more quartz.475

Erosion effects due to impacts of windblown particles can significantly af-

fect the optical performance of solar power materials. A CSP plant with its

reflectors exposed to similar annual erosion damage as it has been measured in

Zagora would not be competitive. Due to the optical working principles of the480

respective technologies the same can be stated for a PV plant even though to a

less pronounced extent since flat panel PV technology not only exploits direct

solar radiation [2]. Light scattered on defects of the glass surface is still available

for the photovoltaic energy conversion process but will not strike the receiver for

concentrating technologies [62]. It should be of high interest for plant designers485

to estimate the risk of erosive sandstorm events for the selected outdoor sites.

Complete modeling of saltation processes under natural conditions is difficult

since the solutions require bulky parameters whose acquisition can be complex.

The most reliable conclusion about the actual erosion risk due to sandstorms

can be drawn from outdoor exposure of representative materials. However, this490
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can be a time consuming task. This study therefore points out some easily

measurable parameters that could serve as indicators for the potential erosion

risk of optical components for solar energy plants. Care has to be taken if:

• Soil samples exhibit a PSDnum with a maximum around 65 to 200 µm.

• The PSDnum of soil samples is of bimodal nature.495

• The terrain exhibits no surface features and is basically a vast plain with-

out vegetation or obstacles serving as wind barrier. Wind velocities are

higher than 10 m s−1 (measured at 10 m above ground).

• Low relative humidity and high wind velocities are present at the same

time.500

• High TSP concentrations (> 1000 µg m−3) are measured.

• A low clay content in the soil is present which will lead to less efficient

water adsorption which lowers the soil moisture and in the end favors

saltation.

• A high quartz content in the soil is present which will lead to intensive505

erosion effects if particles reach saltation mode.

Certainly, the presence of only one or two of the above mentioned aspects could

be balanced by the absence of the remaining aspects but care should be taken to

further investigate the chosen site for a solar power plant and to select adequate

optical materials [6] if a few of the points could be verified.510
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5. Outlook

The ρλ,ϕ losses that have been measured within this study should be un-

derstood as worst-case scenario effects. Under realistic power plant conditions

they should only occur on the outermost panels/mirrors facing the predominant

wind direction. The inner part of a solar power plants should be relatively safe515

regarding the wind erosion risk because they are shielded by the outer ones. If

a site has been detected to be of high erosion risk there still remains the possi-

bility to make use of sand movement prevention technology. Especially in the

Asian regions a lot of possible countermeasures like wind fences, vegetation or

artificial gravel surfaces as it has been described e.g. by Cheng and Xue or Liu520

et al. [63, 64] have been tested. These effects should be taken into account in

further projects to assess the effect of sand storms in the entire field, e.g. by

making use of CFD computation tools.
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