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Abstract: The reflector characteristics are negatively affected by the harsh desert weather conditions and
hence the performance of the system decreases. This paper investigates the effect of two different types of
moving sands “A” and “B” from Libya on the performance and safety of the solar reflectors. Samples are
collected from areas that are suitable for installing CSP plants. They are in different particle sizes and chemical
compositions: sand “A” with size ranges between 0.025-0.355 mm, and “B” is within 0.124-0.479 mm. The
experiment outcome using sand blasting indicated that sand “A” has more influence than sand “B” as the
small particles of “A” spread over a large area of the reflector. It is also noticed in the range studied that the
speed variation effect has more impact than the mass quantity changing. For clean surfaces, the reflectivity is
dropped by 2.2%, and the damaged surfaces increased about 1 mm in case of 0.5 g mass at 27 m/s storm speed.
For 2g mass at 21 m/s storm speed, the roughness is found 3 mm.
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Stmulation of The Effect of Libyan Sand on The Reflectance Surface of CSP
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1. INTRODUCTION

The Concentering Solar Power (CSP) is increasingly grown in the developing countries with high Direct
Normal Irradiation (DNI) and have proven themselves to be reliable eco-friendly sources of solar energy [1]
[2]. Usually such plants located in desert regions where dust and sandstorms are the most critical events. Sand
particles settle on the collectors and heliostats to cause reflectivity losses, and in case storm surface erosion
occurs. According to Callot et al. [3] wind velocities of 6.5m/s represent the minimum threshold velocity
for dust entraining winds in Libya. Mean monthly wind speeds were generally greater than 6.5 m/s except
during the winter months. A field study by O’'Hara et al. [4] based on dust monitoring of three zones across
Libya for one year. The findings support the view of Callot et al.[3], that the coastal area of Libya represents
one of the highest emission areas of the Sahara. Indeed, in Libya, the Sahara represents a large solar potential
for concentrated solar power, it is estimated by DLR that the annual technical potential of DNT level above
1800 kWh/m? per year is 139,600 TWh/y [5]. However, in another study, the total CSP potential is estimated
to be 82,714 TWh/y [6]. Due to the expected installation of these technology in the Sahara region, it will be
directly exposed to outdoor weathering and influenced by dirt deposition and sandstorms [4]. Recently, many
studies have investigated the effect of the real and artificial environment conditions on the optical surface.
Costa et al. [7] presented a comprehensive review on dust and soiling issues related to solar energy systems.
Over 250 published research in the period of 2012 to 2015 are complied. They provide a useful information
that has been accomplished from monitoring performance through mitigating the problems. Sansom et al [8]
investigated the effect of the airborne particle size, shape, and composition on the collecting mirrors in three
arid locations that are considered suitable for CSP plants, namely in Iran, Libya, and Algeria. Sand and dust
has been collected at heights between 0.5 to 2.0 m.

Other studies investigated the impact of soiling on optical characteristics of CSP & PV surfaces [9-15]
were found in literature. Other work were found dealing with effect dust and sandstorms on the surface of
buildings, automobiles and other outdoors facilities [16-19].

The effect of dust on the transparent cover of solar collectors was considered by Elminir et al [20]. They
tried to describe the factors that contribute considerably to overcome this deficit. A 100 glass samples with
different tilt angle, and azimuth angle are used. They have found that the corresponding transmittance
reduces roughly in the range of 52.54 - 12.38%. Almanza et al [21] presented the first aluminum-surface solar
mirrors, which, after 12 years of exposure to aggressive weather conditions in Mexico City, have a reflectance
decrease of only 3.5% (from 0.85 to 0.82). Sutter et al [22] worked on the prediction of the solar hemispherical
reflectance losses decrease on the aluminum reflectors caused by increasing surface roughness. After two
years of outdoor exposure, the average specular reflectance losses caused by corrosion and erosion in nine
different sites were found in Zagora (extremely desert) is a bit higher than for the rest of the sites with a loss
of 4.2 %.

Karim et al [23], were one of those who studies the methodology that focused on the analysis of
influencing parameters on the mirror surface degradation. This method was implemented in two different
sites in Morocco. Different erosion test rigs were proposed in the literature [24,25] these depend on the impact
velocities used as recommended by the standards for airborne particles erosion testing (DIN 50 332 and
ASTM G76-89). Some studies [26,27] used (MIL-STD 810 G) standard [28] as a method in evaluating the
effect of sand storm aging on the surfaces.
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2. EXPERIMENTAL PROCEDURE

2.1 Sand Characteristics

Sand is defined as a loose rock material of a grain sized between 63 um and 2 mm. There are many
conditions that decide on the shape and size of sand grains: material composition, age, transport mechanism
and distance travelled [29]. Old sand grains are usually rounded in shape due to the effect of repeated
weathering and action of external factors and their roundness make them more accentuated and static under
strong wind or tidal actions. On the other hand, younger sand grains that produced artificially by crushing
sandstone tend to be irregular in shape with sharp edges. Shape of sand grains can be described by two main
parameters: the sphericity and angularity [30]. The two aforementioned properties (sphericity and angularity)
are usually derived by examining the grains under a microscope (magnification to x25) and comparing the
shape with standard chart, with numerical indices are used to express the characteristics of sphericity and
angularity [31]. The eroding samples of grains used in this study were collected from two different regions in
Libya: sample (A) was from (Garaboli), an area located 50 km east of Tripoli, while sample (B) was from (Jalo),
adesert area in the south east of Tripoli. Both samples (A & B) are scanned, with the use of Scanning Electron
Microscopy (MSE) as shown in Figure 1, it is found that:

o Both samples have different shapes, sizes, grains color and chemical compositions and that, in particular,
sand “A” is more angular, friable and small in shape with camel color. Their sizes lie in the interval of
0.025-0.355 mm.

o While, sand “B” appears rounded in shape and lager in size than sand (A) with beige color, and they have
size distribution lie in the range of 0.124-0.479 mm.

S gt o

> Well rounded

N Very angular <&
- Subrounded e

Sub rounded

rounded
Rounded 5

Angular

Figure (1) sands samples showing the particles shape, left : Sand A, right Sand B

In addition, they have different chemical composition as shown in Table 1.

Table (1). chemical composition of sand A and B

Atomic % © (@) Mg Al Si K Ca Ti Fe
Sand A 35.4 44.63 0.5 3.1 23.14 0.74 0.38 0.225 1.9
Sand B 17.4 48.5 0.6 1.21 16.12 0.277 15.19 0.77 1.9

From Table 1, it is clear that sand (A) has higher Silica (Si) of (23.14%) than sand (B) with (16.12%). In
contrast, sand (B) is higher with (15.19%) of Ca content than sand (A) with (0.38%). Therefore sand (B) is
harder than sand (A) because of the calcium.
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2.2 Glass Characteristics

It is a reflective glass panel manufactured by Ronda company, the layers composition and specifications
are as shown in Figure 2.

Thickness Weight (% of The reflective panels with various layers from different
glass) materials [32]
Glass: 1 mm Si02 72.2% o
@)~
silver: 0.076 pm CaO 8.8% O
O
copper: 0.019 um Na20 13.3% @
varnish: 35 um
1. Glass
adhesive: 0.2 pm
2. Silver
3. Copper
4. Varnish
5.Adhesive film.
Figure (2). layers and specifications for tested reflective glass panel.
3. EROSION TESTS

There are several methods for the simulation of sand storm, including the way in which the U.S. military
uses to study the impact of sand on military equipment in the desert. This method ensures that the sand
particles impact the tested item at velocities in the range of 18-29 m/s. The duration of test for each sample
is approximately 10s. Each test represent a simulation of single sandstorm by the injection of defined mass
of sand at specified velocity. In order for the particles to attain these velocities, maintain an approximate
distance of 3m from the sand injection point to the test item. Use shorter distances, if the particles can
achieve the necessary velocity at the target. In order to simulate the effects of a sand storm on the solar
reflector surfaces, an erosion rig had to be used. It was designed and built at Cranfield University, as depicted
schematically in Figure 3. The rig consists of a number of key components starting with the air compressor
(C), which supplies air at high pressure to the air vessel (P). The sand is fed by a hopper system (F) into the air
flow which passes along the length of the nozzle (T) to reach and impact the work holder (S), which supports
the reflector glass during the experiment. The diameter of the nozzle is approximately 13mm and the distance
between the sample and the nozzle is 50 mm. The erosion tests were carried out under fixed and variable
parameters as listed in Table 2.
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Figure (3). A schematic diagram for the erosion test rig.

Table (2). Fixed and variable parameters used in the experiment

Fixed parameters

Variable parameters

Impact angles at 900, the tests are conducted
at temperature of 25°C, ten samples of glass
are considered, and distance between the pipe
convergent nozzle and the samples is 50 mm.

N.d “B”, sand
particle size (washed and dried) " sand “A” is
0.025-0.355 mm and sand “B” is 0.124-0.479 mm,
Air blower velocities: 16 m/s, 21m/s, and 27 m/s, and

Sand samples either sand "A” o1_

mass of sand; 0.5g,1.5g,and 2 g.

In order to simulate the effect of sand storms on the behavior of the reflective glass panel, the erosion tests
were carried out using a stationary target impacted by the incident sand particles. This was carried out on two
kinds of sands. The first set of tests was done with sand “A”, in order to figure out the nature of their impact
on five samples of reflective glass panels. The second series of tests was conducted with sand “B” on the other
five glass samples. The air blower velocity was considered to be 16 m/s, 21 m/s, and 27 m/s at a constant mass
of 0.5 g. The impingement angle was kept fixed at 90° and the specimen surface is perpendicular to the air
flow direction.

Different sand masses were used, 0.5, 1.5, and 2 g, at a constant speed of 21 m/s. These were carried
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out at a constant temperature and relative humidity; 25°C and = 45% RH, respectively. The measurements
of surface roughness “Ra and Sa” are carried out by the Interference Microscope (Talysurf CCI 6000) and
optical reflection R(%) by Spectrometer (V-670) for each sample. The expected impact damage is measured by
Olympus Lext Confocal Laser Scanning microscope.

4. RESULTS AND DISCUSSIONS

4.1 Optical Reflection

The erosion tests were carried out with and without cleaning of the reflector surfaces of the samples. The
reflection spectra are measured in the visible range of 500-1000 nm, the as manufactured reflectivity of the
target surface is approximately 98.4%. Referring to the tests, while the storm speed is kept constant at 21 m/s
and without cleaning, it has been noticed that, the reflectivity values decrease almost steadily as the projected
mass of sand increases. They reaches 90% for sand “A”, and 94% for sand “B” at mass of sand of 2g, as shown
in Figure 4.

The reflectivity, at constant mass of sand of 0.5 g and without cleaning decreases with the increase of sand
flow speed to 87.8 % for sand “A”, and to 92% for sand “B”, at the storm speed of 27 m/s, as shown in Figure 5.
However, cleaning the surfaces of the target increases the reflectivity by about 2 % with respect to the previous
cases titled “unclean”. Hence, the values of reflectivity, at constant speed of 21 m/s and mass of 2g, are 92.6%
for sand “A” and 96.3% for sand “B”, as shown in Figure 6. Whereas, the surface reflectivity, at fixed mass of
0.5 g and speed of 27 m/s, are 90.2% for sand “A” and 93% for sand “B”, as depicted in Figure 7.
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Figure (4). Variation of reflectance spectra with mass of sand at speed 21m/s (unclean)
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Figure (5). Variation of reflectance spectra with storm speed and mass of 0.5g (unclean).
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Figure (6). Variation of reflectance spectra with mass of sand at speed 21m/s (clean).
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Figure (7). Variation of reflectance spectra with storm speed at mass 0.5g (clean)

Figure 8 shows the measurement of specular reflectivity loss along to the wavelength of constant speed 21
m/s and different mass.

120
Reflectance
100
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L0 |
e« —— %R Sand A0 g, 0m /s " Refernce "
40 | ——— %R Sand A0.5g, 21 m/s " Clean"
) —— %R SandAlg,21m/s" Clean"
20 %R Sand A2g,21m/s" Clean"
0 — ; : ; ;
0 500 1000 1500 2000 2500 3000

Wavelength[nm]

Figure (8). Specular reflectance of cleaned glass mirrors
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The decrease in the surface reflectivity is mainly due to the increase of the impact damage as a consequence
of the increase of the mass of sand. This is mostly true for the cases when the storm speed increases. In fact,
these reflectivity losses are induced by diffusion processes of the light. It is notable from the test results that,
sand “A” has higher effect on the reflection process than sand “B”. This is could be attributed to the fact that,
the particles of sand “A” are, smaller, and more in quantity than the particles of sand “B”, and hence the light
strikes more scattered surfaces due to the damage and hence diffusion process will take place widely.

4.2 Surface Roughness

Figures 9 and 10 show the effect of variation of the surface roughness as a function of both: the speed of
the storm, and the mass of sand. The first set of results shows the surface roughness Sa versus the speed of the
storm, in the two cases of without and with cleaning respectively. It is very clear from Figure 10 that surface
roughness increases strongly until about pm in case of mass of 0.5g in the range of speed tests.

More damage is observed in case of increasing mass of sand at constant test speed of 21 m/s as shown
in Figures 11-12. This is true for clean and unclean reflector surfaces. Referring to Figure 12, for both sand
samples over clean reflectors, the roughness mostly doubled when the sand mass goes from 0.5 to 2g. However,
for unclean reflectors, the roughness mostly tripled for the same sand mass range from 0.5 to 2g, as indicated
in Figure 11.

1.5
12 | —+—Sa Sand A "unclean "
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Figure (9). Evolution of the unclean-surface roughness versus storm speed at mass 0.5g.
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Figure (10). Evolution of the clean-surface roughness versus storm speed at mass 0.5g.
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Figure (11). Evolution of the
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unclean-surface roughness versus sand erosion for different masses at speed

8 —+—Sa Sand A "Clean™”

—#—SaSand B "Clean"

] 0.5 1 15

Mass (g) ’

25

Figure (12). Evolution of the clean-surface roughness versus sand erosion for different masses at speed

21 m/s.

Figure 13 illustrates the measurements of the impact of sand on the reflector surface changes. It is not
steady on the whole surface, in the same time the roughness of the surface increased abruptly.
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Figure (13). Profile of surface roughness (CCI) for 0.5 g, 21 m/s.(above Sand”A”, below Sand”B” )

3.4 Microscopic Observations:

Atthe end of the sand erosion tests, the damaged surfaces were screened by microscopy. Figures 13-14 show
a number of typical sand defect spots for both kinds of sands under different operation-related conditions.
This is done into two test sets; reflective samples with different mass of sand at constant storm speed of 21 m/s,
as indicated in Figure 13, and reflective panel with different speeds at fixed mass of sand of 0.5 g, as shown
in Figure 14. Generally, the results show that the number of defect spots and the amount of surface damage
increase as the storm speed increases, these damages also increase as the mass of sand increases.

Referring to Figure 13, which is related to constant storm speed of 21 m/s while the mass of sand takes
different values, the defect spots are randomly distributed over the area of the surface. For example, for the
mass of sand “A” of 2 g, the sizes of defect spots are relatively small and tend to cover the entire reflector
exposed surface. However, for sand “B” with same mass of 2 g the number of spots decreases and they are
far apart. Hence, from these results, it appears that sand “A” has more damage for the reflector surface than
sand “B”. This is most likely due to the larger amount and smaller size and more angular particles of sand “A”
compared to characteristics of sand “B”.

According to Figure 14 related to fixed sand mass of 0.5 g with different storm speeds, almost the same
manner is observed where the defects are randomly distributed over the area of the surface. For sand “A”, at
speed of 27 m/s, the sizes of such spots are small and spread mostly cover all the surface. However, for sand “B”
at the same speed of 27m/s, the defect spots are far apart, their number decreases while their size increases.

For the evaluation purpose to quantify the affected area, the defected areas are estimated and compared.
Figure 15 shows the relation between the average impact reflector surface area and the mass for each sand.
For the case of sand “A”, the average impact area increases sharply with the increase of the mass of the sand.
The maximum average impact of reflector surface area for mass of 2g was found to be 6050um?. However, the
average impact area increases slowly with mass increase in case of sand “B”. The maximum average impact of
reflector surface area for mass of 2g was around 3021 um?, about half of the former amount.
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Figure 13: Samples of reflector sand erosion for Figure 14: Samples of reflector sand erosion for

different sand masses at storm speed of
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Figure (15). Variation of the average impact clean-area with the mass of the sand for a storm speed of

21m/s.

Referring to the effect of storm speed on the reflector surface area damaged, Figure 16 shows the relation

between the average impact of reflector surface area and storm speed for both sand types. Generally, the
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average impact reflector of surface area increases with the increase of storm speed. However, the average
impact reflector surface area for low storm speed is largely affected in case of sand “B” compared to sand “A”,
except for the storm speed of 27m/s, the opposite view has occurred, sand “A” has larger effect on the average
impact reflector surface area of 5550 um? which is a bit higher than sand “B” effect of 5000 pum?.
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Figure (16). Variation of the average impact clean-area with the storm speed for a mass of sand of 0.5g.

5. CONCLUSIONS

This paper attempts to demonstrate the optical effect of sand storms, related to two different Libyan sand
types (sand “A” and sand “B”), on a samples of reflectors (Ronda) used for concentrating solar power plants.
Sand “A” is from the north part of Libya near to the coastal area and is characterized by fine camel color
grains, 0.025-0.3550 mm, while sand “B” is from southern part of Libya (Desert region) and is characterized
by beige color and bigger size grains, 0.124-0.479 mm. Using erosion rig, over ten samples of Ronda-type
reflectors were tested at different sand masses and storm speeds. The measurements of the surface roughness
are carried out by the Interference Microscope (Talysurf CCI 6000) and optical reflection by Spectrometer
(V-670). The samples used are tested at wavelength of (500-1000 nm), it was found that the as-built initial state
of the reflectors has a reflectivity of 98.4%.

The results have shown that using sand blaster with mass of 2 g and speed of 21 m/s, the reflectivity of
un-cleaned samples with sand “A” has decreased to 90% and with sand “B” has decreased to 94% without
cleaning. However, after cleaning the reflectivity of the surfaces has increased by more or less 2%, to become
92.6% for the case of sand “A” and to 96.3 for sand “B”. Here, cleaning technique, probably with air, should
be considered in future Sahara planned projects. More results were presented for different masses and at
different speeds for both sand types.

The results of surface damage in the range of mass and speed tested in this study have shown that, the
surface roughness is increased by about 1 mm in case of mass of 0.5 g and speeds up to 27 m/s. however, the
damage was more obvious, up to 3 mm, in case of increasing the mass up to 2 g at speed of 21 m/s. The study
has made it clear that sand storms have undesirable influence on the optical characteristics of the reflector
surfaces of the CSP plants. The damage spots were occurred and well presented. Surface heat up is expected
due to the accumulation of sand on the reflector surface leading to higher surface absorptivity. The expected
degradation in the reflectivity of Ronda surfaces examined with Libyan sand “B” might reach to 2% yearly.
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