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Article 
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Abstract: Desert environments are prime locations for concentrated solar power (CSP) applications 
due to abundant direct normal irradiance. Despite this advantage, the accumulation and adhesion 
of dust on CSP mirror surfaces present significant challenges to plant efficiency. This paper 
comprehensively explores soiling phenomena and dust adhesion mechanisms, complemented by 
advanced measurement techniques tailored for CSP reflector mirrors. By elucidating the factors 
influencing dust accumulation and delving into the thermodynamics of self-cleaning coatings, 
alongside an analysis of various mirror materials, this study aims to enrich our understanding of 
soiling in CSP systems. This study aims to provide valuable insights that will help develop strategies 
to reduce dust-related efficiency losses in CSP plants, ultimately supporting the development of 
more reliable and sustainable solar energy solutions for the MENA region. 
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1. Introduction 
In desert environments, soiling presents a significant issue that can impact the optical 

properties of solar panels [1]. Soiling encompasses dust adhesion and accumulation and 
various particles that can reduce energy yield by causing absorption and scattering losses 
of incident light, such as soot, salt, and bird droppings [2]. Soiling is a complex and 
challenging phenomenon to predict. Understanding it begins with defining dust particles 
and wind properties, then exploring dust grain behavior in the air and the interaction 
between sand movement and wind properties. 

The first step involves studying the sedimentary composition of soils, which serve as 
the source material for sandstorms. Soil texture comprises mineral granular particles 
categorized by size and composition. According to the Wentworth grade scale, sand sizes 
range from 100 µm for fine particles to 2000 µm for very coarse particles [3]. Dust is 
defined as clay and silt particles with a diameter of less than 100 µm. Additionally, the 
forces affecting a single grain falling in the air gravity (�⃗�) and air resistance 𝑅) are crucial 
considerations. These forces reach equilibrium, determining the grain’s terminal velocity 
of fall [4]. Particle transportation modes, such as saltation or suspension, vary based on 
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size, shape, and wind velocity, with implications for solar panels’ susceptibility to soiling, 
as shown in Figure 1 [5]. 

 
Figure 1. Schematic illustrating the various modes of particle transportation. 

Similarly, as wind velocity increases, particles with a size of around 100 µm are the 
first to move [6]. According to Bagnold’s research in 1941 [7], surface wind is the primary 
cause of dust removal, transportation, and deposition. The wind velocity at which 
saltation might occur is called the fluid threshold and can be expressed by the following 
equation: 𝐮𝐟𝐭 = 𝐀𝐟𝐭 𝛒𝐏 𝛒𝐚𝛒𝐚 𝐠𝐃𝐏  (1)

where 𝐀𝐟𝐭  is the constant depending on the inter-particle forces, the lift force, and the 
Reynolds number, 𝛒𝐏  is the density of the particle, 𝛒𝐚  is the density of air, 𝐠  is the 
gravitational acceleration, and 𝐃𝐏 is the particle’s diameter. 

According to Shao and Lu [8], the Bagnold expression accurately captures the fluid 
threshold for particles larger than 100 µm. However, it does not predict a minimal fluid 
threshold at 75 µm and subsequent increase with decreasing particle size. Shao and Lu’s 
revised fluid threshold expression takes into account the balance of driving and retarding 
forces (cohesion and gravity). It is assumed that cohesive force is related to particle size. 
As a result, the fluid threshold might be stated by the following equation: 𝐮𝐟𝐭 = 𝐀𝐟𝐭 𝛒𝐏 𝛒𝐚𝛒𝐚 𝐠𝐃𝐏 + 𝛄𝛒𝐚𝐃𝐏  (2)

where γ is the scaling factor for the interactive forces between particles. 
In addition to defining soiling, the impact of soiling phenomena also hinges on the 

deposition rate. The rate at which the wind removes dust deposition correlates with the 
airborne dust concentration, as elaborated in the following section. Within our context, 
the mean wind speed in the MENA region exhibits variability but generally ranges 
between 3–8 m/s, with certain areas experiencing higher values. This variability in wind 
speeds significantly influences the region’s potential for wind energy development, an 
endeavor actively pursued by several countries [9]. 
- Airborne dust concentration 

Airborne dust concentration dust serves as the most reliable predictor of soiling. 
Previous research [8] revealed a strong correlation between soiling rates across different 
regions and the concentration of dust particles measuring 10 µm or less in diameter, as 
depicted in Figure 2. A strong correlation exists between the high maximum soiling rate 
and the annual mean airborne dust concentrations for particulate matter less than 10 µm 
across various regions. This finding is consistent with a global map depicting modeled 
annual median airborne dust concentrations for PM2.5 in various regions, including North 
and West Africa, the Middle East, Asia, and East and Southeast Asia. These locations have 
a dry environment and little precipitation, as shown in Figure 3. The yearly median 
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concentration of PM2.5, measured in micrograms per cubic meter, reveals information on 
regions with low and high PM dust concentrations. 

 
Figure 2. Maximum Daily Soiling Rates vs. Annual Mean Airborne Dust Concentrations of PM10 
Across Various Regions. 

 
Figure 3. Concentration of PM2.5 Across Different Regions, including the MENA region. 

In addition to the impact of airborne dust on the performance of installed solar power 
(CSP) plants in the MENA region, the total CSP installed in the region is approximately 1 
GW, contributing to the energy supply to achieve the renewable broad targets set by 
MENA countries [10]. 
- Factors Contributing to Dust Accumulation 

Following monitoring airborne particulate matter with an aerodynamic diameter of 
less than 10 µm (PM10) across various geographical regions, we aim to gain insight into 
the phenomena of soiling and the determinants influencing the deposition of dust 
particles on surfaces. Indeed, dust deposition is contingent upon four fundamental factors 
as illustrated in Figure 4: particulate composition, environmental conditions, geographical 
location, and structural characteristics [11]. The four factors affecting dust accumulation 
are interdependent. However, more dust accumulates over higher elevations. 
Additionally, faster winds correspond to lower pressures, reducing soil accumulation. It 
should be noted that the “Dust Characteristics” column in Figure 4 includes physical dust 
particles and biological contaminants such as bacteria. This classification highlights the 
types of contaminants that can affect CSP reflector performance and provides a detailed 
understanding of the pollution challenge. 

Human activities and land-use changes can significantly alter dust sources and 
sediments, while vegetation cover and climate play an important role in dust storage and 
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transport. Industrial activity also contributes to generating airborne particulate matter, 
affecting local dust development. In our case, CSP plants, which are generally located in 
dry areas with high sunlight exposure, are exposed to severe weather conditions such as 
wind storms and sand/dust storms, which can reduce their specular reflection. Combining 
these studies aims to increase the scientific rigor of our findings and provide valuable 
insights for reducing dust exposure to solar power plants. 

Environmental factors such as temperature, humidity, and wind velocity 
significantly impact dust adhesion dynamics on photovoltaic (PV) or reflector mirror 
surfaces. Elevated temperatures can increase surface energy and potentially reduce the 
effectiveness of hydrophobic coatings by altering their contact angle and adhesive 
properties. Conversely, lower temperatures may enhance surface hydrophobicity, 
potentially decreasing dust adhesion. Humidity levels also play a critical role; higher 
humidity can elevate moisture levels on solar surfaces, promoting dust adhesion through 
capillary forces. Furthermore, wind velocity affects the rate of dust particle deposition on 
solar panels. High wind speeds can increase the kinetic energy of dust particles, 
intensifying their impact force and adherence to surfaces, which may diminish the benefits 
of anti-soiling coatings. 

These factors collectively influence the durability and performance of solar panels in 
dusty environments. By exploring these influences, our goal is to provide a 
comprehensive understanding of how environmental conditions shape dust adhesion 
dynamics and impact the effectiveness of mitigation strategies in CSP plants or PV 
technology. 

 
Figure 4. Factors Contributing to Dust Accumulation. 

The implementation of CSP in the MENA region faces considerable challenges, 
including environmental and psychological constraints related to land availability and 
environmental impacts, the adoption of complex regulatory approaches through different 
countries, high upfront costs and special technical requirements, dynamic dynamics, 
increased economic profitability issues and price, and economic uncertainty. Effectively 
addressing these challenges requires concerted efforts by stakeholders to streamline 
regulation, enhance technical capacity, and establish strong financial incentives for 
sustainable CSP implementation in the MENA region. 

2. Challenges Facing CSP Projects in the MENA Region 
The arid climate of the MENA region poses significant environmental challenges to 

CSP projects, especially due to high levels of dust and sand causing extensive damage to 
CSP reflectors, reducing their productivity, while harsh conditions, including high 
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temperatures and sand storms, exacerbate these issues. Advanced, cost-effective cleaning 
and maintenance technologies are needed to improve performance and longevity. 

Legal and economic challenges also present major obstacles. Regulatory frameworks 
across the MENA region are often complex and inconsistent, with lengthy approval 
processes and a lack of formalized processes that can delay project implementation. 
Furthermore, initial capital costs of CSP projects, financial instability and competition 
from expensive minerals and hedge funds, may restrict investment, which remains 
significant, and investors have to consider long payback periods and potential risks. 

Technological, social, and political challenges further complicate the CSP project. 
Optimizing CSP technology to withstand harsh environmental conditions is important, 
but challenging. Public acceptance and awareness of CSP technologies may be low, 
requiring greater community engagement and educational efforts. Political instability in 
a region can disrupt project timelines and deter foreign investment, highlighting the need 
for a strong political will and concerted efforts to prioritize renewable energy initiatives 
in the region. 

3. Measurement of Soil and Dust Adhesion on CSP Surfaces 
In the world of solar energy, different methodologies exist for quantifying soiling on 

solar panels and, as a result, correlating energy yield losses. According to the literature, 
these techniques are grouped into four categories: measuring soil mass, analyzing solar 
module output, evaluating light transmission, and using outdoor microscopy to evaluate 
dust deposition. 
- Soil mass and output of solar modules 
- Dust deposition on the surface of solar panels can reduce the efficiency of solar 

modules. Al-Hasan et al. [12] observed that soil mass accumulates proportionally 
with transmission loss and the output of photovoltaic (PV) panels. Characterizing 
soiling by soil mass is thus an effective method to measure soiling, allowing the 
determination of the size, texture, and composition of adhering dust particles and 
estimation of the amount of incident radiation scattered and absorbed. In addition to 
soil mass, the performance of PV panels is directly related to incident light affected 
by soil mass accumulation. Solar module output can be assessed using the soiling 
ratio, as described by the IEC 61724-1 standard [13], which calculates the short-circuit 
current of the soiled sample over that of the clean sample: 𝒓𝑺(𝒕)=

𝑰𝑺𝑪𝒔𝒐𝒊𝒍(𝒕)𝑰𝑺𝑪𝒓𝒆𝒇(𝒕)  (3)

where 𝑰𝑺𝑪𝒔𝒐𝒊𝒍(𝒕)  and 𝑰𝑺𝑪𝒓𝒆𝒇(𝒕)  represent the short-circuit currents of the soiled and 
clean reference solar samples, respectively. In the context of CSP reflector mirrors, 
various portable instruments are employed to measure reflectance and assess energy 
yield losses due to soiling. These instruments include devices such as the Abengoa 
Condor SR-6.1 portable reflectometer, which measures reflectance in CSP mirrors [13]. 
Additionally, custom reflectometers have been developed to capture images of mirror 
contaminants and perform quasi-monochromatic reflectivity loss measurements [14]. 

A custom reflectometer based on a commercial Digital Single Lens Reflex (DSLR) 
camera is illustrated in Figure 5. The loss of reflectance of a mirror due to the momentum 
and kinetic energy of the dust particles is presented in the equation developed by Barrier 
and Collier (1980) [15]: 𝑳 = 𝑲 + 𝑨 × 𝝈 × 𝝑 + 𝑩 × 𝝈 × 𝝑𝟐  (4)

K is a constant representing noise unrelated to dust abrasion, 𝝈 corresponds to the 
dust mass per unit area, A and B are empirical regression variables, and 𝝑 represents the 
wind velocity. 
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Figure 5. Optical Layout of the DSLR-Based Contamination Camera. 

3.1. Light Transmission 
In the literature [16,17], soiling can be characterized by light transmission through 

the glass substrate. In the context of photovoltaic (PV) performance, the soiling 
transmission loss of solar panel samples can be quantified using a pyranometer or 
spectrometer. This measurement compares the transmission of light through clean 
versus soiled samples. The dust particles tend to selectively attenuate shorter 
wavelengths of light, leading to a slight red-shift in the transmitted light. 
- Outdoor soiling microscopy 

Soiling measurements can also be quantified using an effective technique based on 
images of soiled samples obtained from outdoor soiling microscopy [18]. The microscope, 
developed by the Environment and Energy Research Institute group in Qatar, comprises 
a small, low-power digital microscope connected to a Raspberry Pi3. The microscope 
features a glass slide with a surface area of 4.40 mm2 for soiling collection, and the 
resolution of the captured images is 0.935 µm/pixel. The microscope can capture images 
of the soiled samples and transfer them to ImageJ software (1.53) to calculate the 
percentage of dust accumulation. 

3.2. Dust Accumulation on CSP Reflector Surfaces 
Reflector mirrors are essential components of solar power systems, and dust and dirt 

accumulation can adversely affect their efficiency. To mitigate this issue, various anti-
soiling coatings are applied to the mirrors. Techniques are available to measure dust 
outdoadhesion and assess its impact on mirror performance. Research has investigated 
various reflector mirror designs within solar power systems, each offering unique 
advantages. These studies emphasize the enhancement of durability and efficiency 
through advanced coatings and measurement methods. 
- Surface Mirror 

Front-surface mirrors have a metallic coating on the front, which causes incoming 
light to reflect directly off the top layer. As demonstrated in Figures 6 and 7, these mirrors 
are prone to soiling, which can significantly reduce their specular reflection. In contrast, 
in second-surface mirrors, the metallic coating is put to the back of a transparent material, 
usually glass. This design improves the adherence of the reflective film [19], making it 
more robust and soil-resistant [20]. 
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Figure 6. First-surface mirror structures. 

 
Figure 7. Second-surface mirror structures. 

As component materials, most reflector mirrors are made from silver or aluminum 
as reflecting surfaces. Silver is known for its high reflectance, flexibility, and 
lightweightness compared to aluminum. However, the cost of silver reflecting mirrors is 
significantly higher. Silver mirrors have a shorter lifespan due to aging caused by the low 
adhesion between the silver coating and the polymer substrate [21]. 

The most important characteristic for CSP plants is the specular reflectance (S.R.) of 
the mirrors. The incident light can be either reflected, transmitted, or absorbed, as 
indicated in the formula below: 𝑹 + 𝑻 + 𝑨 = 𝟏  (5)

The type of reflectance of the mirrors depends on the surface type: specular 
reflectance for smooth surfaces or diffuse reflectance for rough surfaces [22]. On a soft 
surface, the surface is specular if the incident irradiation is reflected with the same 
magnitude and intensity. However, when the incident beam is uniformly reflected in all 
directions on a rough surface, the surface is diffuse, as illustrated in the following Figure 
8 [23]. The specular and diffuse reflectance are essential parameters for accurately 
characterizing mirrors. Regarding the types of CSP reflector mirror materials, three main 
types are available in the literature: second-surface silvered glass, silvered polymer 
mirrors, and aluminum mirrors. 

 
Figure 8. Comparison of Specular Reflectance and Diffuse Reflectance. 
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- Second-surface Silvered Glass Mirrors 
Second-surface silvered glass mirrors are obtained by applying silver to the back 

surface of the glass, as depicted in Figure 9. To reduce double absorption when incident 
light is transmitted, the thickness of the glass typically ranges from 1 to 4 mm. As noted 
in [24], two main types of second-surface silvered glass mirrors are distinguished: thin 
glass, when the silver coating is less than 1 mm thick, and thick glass, when the silver layer 
is approximately 4 mm thick. Additionally, various coatings are applied to protect the 
silver coating from degradation, as illustrated in the following figure. 

 
Figure 9. Second-surface silvered glass. 

- Silvered Polymer Mirrors 
Silvered polymer mirrors are obtained by applying a polymer film to the reflective 

metal layer coated with an adhesive and substrate material, as shown in Figure 10 [25]. 
The polymer film, typically Poly-methyl-methacrylate (PMMA), is characterized by its 
high transmittance and ability to resist damage and UV radiation. Compared to second-
surface silvered glass mirrors, silvered polymer mirrors are more flexible and cheaper. 
- Aluminum Mirrors 

 
Figure 10. Silvered Polymer Mirrors. 

The structure of aluminum mirrors consists of an aluminum film deposited on a 
polished aluminum surface and protected from damage by applying silica oxidation 
coatings [26], as illustrated in Figure 11. Generally, aluminum mirrors are used in CSP 
Fresnel collectors or solar cookers due to their flexibility in application. 

 
Figure 11. Aluminum mirrors. 
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4. Anti-Soiling Coating and Thermodynamics of Self-Cleaning Coating 
CSP reflector plants are typically situated in arid regions where direct normal 

irradiation (DNI) is significant. However, harsh environmental conditions in these regions 
affect the specular reflectance and durability of the mirrors. Three anti-soiling coatings 
protect the mirrors from soiling phenomena, minimizing dust deposition and efficiency 
losses in CSP reflector plants. 

4.1. Anti-Soiling Coating for CSP Reflector Mirrors 
Hydrophobic Coatings: Hydrophobic or superhydrophobic coatings, often referred 

to as the “Lotus effect”, feature high water contact angles and low surface energy, 
resulting in a self-cleaning effect [27]. A surface is considered hydrophobic if the water 
contact angle exceeds 90°, while it is superhydrophobic if the angle exceeds 150°, as shown 
in Figure 12. These surfaces minimize contact with the material’s surface. Some available 
hydrophobic coatings include SiO2, Al2O3, SnO2, and silicate glasses. Silica-based coatings 
combined with fluoropolymers are commonly used as hydrophobic coatings to achieve 
the self-cleaning effect [28]. 

 
Figure 12. Superhydrophobic and Hydrophobic surfaces. 

Hydrophilic Coatings: Hydrophilic or superhydrophilic surfaces have high surface 
energy and can maximize contact with the material and spread on the surface, especially 
with polar molecules. A surface is hydrophilic if its water contact angle is less than 90°. It 
is superhydrophilic if the angle is less than 45° (Figure 13). Superhydrophobic coatings 
can increase transparency and minimize dirt accumulation if the contact angle is less than 
5° when the photo-catalytic property is activated [29]. 

 
Figure 13. Hydrophilic and Superhydrophilic surfaces. 

In addressing the effectiveness of hydrophobic and hydrophilic coatings in 
mitigating dust-related performance losses in PV systems, it is essential to consider their 
impact on dust accumulation and removal processes. Hydrophobic coatings reduce dust 
adhesion due to their low surface energy, which minimizes the contact area for dust 
particles. This property facilitates easier cleaning and maintenance of PV panels. In 
contrast, hydrophilic coatings, with their higher surface energy, enhance dust adhesion 
but may also aid in easier spread and wetting, potentially aiding in more efficient cleaning 
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methods. Understanding these coating properties and their influence on dust dynamics is 
crucial for optimizing PV system performance and longevity in dusty environments. 

Photo-catalytic Super-hydrophilic Coatings: Photo-catalytic coatings based on 
transition metal oxides, such as TiO2, ZnO, ZrO2, and CeO2, are effective in reducing 
dust and dirt on the surface of CSP reflectors [30]. Among these, TiO2 has become a 
benchmark photo-catalyst due to its high transparency, chemical stability, and ability 
to break down organic matter into H2O and CO2 through the Honda–Fujishima effect 
[31]. 

4.2. Thermodynamics of Self-Cleaning Coating 
Creating a self-cleaning effect on the surfaces of CSP reflector systems is crucial for 

minimizing dust adhesion and buildup, which in turn enhances the efficiency of the 
reflector mirrors 

The self-cleaning effect of the surface is correlated with the water contact angle and 
surface energy. However, the wettability property depends on the chemical surface 
composition. Various methods are available to calculate the water contact angle of the 
surface, all of which are correlated with Young’s Model, which calculates the contact angle 
of a droplet on a perfectly flat surface. On an ideal surface (smooth and homogeneous) 
[32], the contact angle is given by Young’s equation: 𝐜𝐨𝐬𝜽𝒀 = 

γ𝑺𝑽 γ𝑺𝑳
γ𝑳𝑽   (6)

where θY is the contact angle on the solid surface, γSV represents the solid–vapor interface, 
γSL denotes the solid–liquid interface, and γLV pertains to the liquid interface. 

As presented by Young’s equation, the characterization of the surface suggests that 
there is contact in equilibrium. However, a hysteresis of the contact angle exists, as shown 
in Figure 14. The term “contact angle hysteresis” refers to observed differences between 
advancing and receding contact angles. 

 
Figure 14. Contact angle hysteresis. 

The below equation gives the contact angle hysteresis: ∆𝜽 = 𝜽𝒂 − 𝜽𝒓  (7)

where θr is the receding contact angle, and θa is the advancing contact angle. Following 
the contact angle hysteresis, in 1962, Furmidge represented the hysteresis force per unit 
length required to anchor the water droplet on the surface [33]: 𝑯 = 𝒎𝒈𝒔𝒊𝒏𝜶𝒘  = 𝜸(cos𝜽𝒓 − 𝒄𝒐𝒔𝜽𝒂)  (8)

where α represents the minimum tilting angle required for the drop to slide, m denotes 
the mass of the drop, w indicates the width of the drop, and γ represents the surface 
tension between the liquid and air. The literature has shown that the leading causes 
affecting contact angle hysteresis are surface roughness and heterogeneities [14]. Without 
hysteresis, the contact angle value on the surface is handled by two primary models: the 
Wenzel model of 1936 and the Cassie and Baxter models of 1944. These models are based 
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on Young’s equation. The Wenzel model takes into consideration geometric changes 
caused by surface roughness [34]. The surface area has a pronounced roughness, as shown 
in the following figure: 𝐜𝐨𝐬𝜽𝒘 = 𝐫𝐜𝐨𝐬𝜽𝒀 = 𝒓 

γ𝑺𝑽 γ𝑺𝑳
γ𝑳𝑽   (9)

where θw represents the apparent contact angle at stable equilibrium, θY is the Young 
contact angle for an ideal surface, and r denotes the surface roughness, defined as the ratio 
of the actual surface area to the geometric surface area. 

4.3. Surface Roughness Factor 
The surface roughness factor is determined by dividing the real surface area by the 

geometric surface area, as illustrated in the Figure 15 [35].  

 

Figure 15. Surface roughness on the actual surface. 

In addition to the Wenzel model, the Cassie and Baxter model’s equation covers the 
phenomena of air pockets between a drop of liquid and surface depressions: 𝒄𝒐𝒔𝜽𝑪 𝑩 = 𝒓𝒄𝒐𝒔𝜽+ 𝒓′𝒄𝒐𝒔𝜽   (10)

where r is the solid surface fraction, and r′ is the air surface fraction (r + r′ = 1). When one 
of the surfaces is the air–liquid interface: θ′ = 180. 𝒄𝒐𝒔𝜽𝑪 𝑩 =−𝟏 + 𝒓(𝟏 + 𝒄𝒐𝒔𝜽)  (11)

Therefore, augmenting the air surface fraction, associated with air pockets between 
a liquid drop and the surface, leads to hydrophobic properties on the surface. Figure 16 
delineates the two models elucidating surface wettability. 

  
Figure 16. (a) Wenzel configuration and (b) Cassie and Baxter configuration. 

For Wenzel’s model, the increase in surface roughness amplifies the natural 
hydrophilicity or hydrophobicity of the material (more hydrophobic for hydrophobic 
surfaces and more hydrophilic for hydrophilic surfaces). So, since the system is in higher 
energy for hydrophobic surfaces, the Cassie and Baxter model proposes that the air may 
be pockets between a drop of liquid and the surface, as shown in Figure 16. The transition 
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criteria of the patterned surfaces for Cassie and Baxter’s to Wenzel’s model are discussed 
in the following section. 

4.3.1. Cassie and Baxter to Wenzel Model Transition Criteria for Patterned Surfaces 
Bharat Bhushan et al. [35] have demonstrated that a transition criterion has been 

developed to predict the shift from the Cassie–Baxter model to the Wenzel model. This 
transition was studied concerning dust traces on a surface after droplet evaporation [36]. 
Theoretically, this transition is described by considering a tiny water droplet on a 
superhydrophobic surface, as depicted in Figure 17. It has been demonstrated that the 
water droplet will remain suspended at the bottom of the cavities between the pillars. An 
alternative view of the droplet on the superhydrophobic surface is shown in Figure 18: 

 
Figure 17. Water droplet on a superhydrophobic surface featuring a regular arrangement of circular 
pillars. 

 
Figure 18. The maximum drop of a droplet (δ) between two pillars. 

Where H is the height of the pillars, P is the pitch, and D is their diameter. The 
Laplace equation governs the curvature of a droplet, describing the relationship between 
its maximum drop (δ), pitch (P), and pillar height (H) [37]. If the droplet is far larger than 
the depth of the cavities, it will make contact with the bottoms of the cavities between the 
pillars, leaving no air behind. This causes a shift from the Cassie–Baxter model to Wenzel’s 
model: 𝜹 ≈ (√𝟐𝑷 𝑫)𝟐𝑹   (12)

if the greatest drop of a droplet is more than the height of pillars (𝜹 ≥ 𝑯). So, there was 
no air pocket between them, causing the transition from the Cassie–Baxter to the Wenzel 
regime [38]. 

4.3.2. Surface Roughness Measurement 
Surface roughness, a crucial aspect of surface texture, is quantified using various 

parameters, including arithmetic roughness (Ra) and root-mean-square roughness (Rq) 
[39]. These parameters can be computed along a profile line or across a surface area (Sa, 
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Sq). While profile line roughness metrics are more prevalent, area roughness parameters 
yield more significant insights. Several methods can gauge the surface roughness of a 
sample. Commonly utilized techniques in the literature include atomic force microscopy 
(AFM) and profilometry; although it is worth noting that AFM’s measurement area is 
typically constrained [40]. The DektakXT stylus surface profiler is an advanced tool for 
measuring thin and thick film step heights, as shown in Figure 19. Alongside profiling 
surface topography and waviness, the DektakXT system provides roughness 
measurements, commonly expressed as Ra. 

 
Figure 19. Image of a Stylus Profiler (DektakXT). 

In a DektakXT stylus profiler, the stylus is mechanically connected to the core of an 
LVDT. The LVDT generates an analog signal proportional to the vertical stylus movement. 
This signal is amplified, conditioned, digitized, and saved for further processing, analysis, 
and presentation. 𝐑𝐚  = 𝟏𝐋 |𝐲|𝐝𝐱𝐱 𝐋𝐱 𝟎   (13)

5. Dust Adhesion Measurements 
Adhesion is typically described as the physical attraction between different 

substances. Particles adhere to surfaces due to the attractive forces between them and the 
substrate [41]. In our research, evaluating dust adhesion on CSP (concentrated solar 
power) reflector surfaces is essential for understanding how soiling affects solar mirrors 
and for identifying the most effective anti-soiling coatings to minimize dust accumulation 
on CSP systems, thereby enhancing their efficiency. The literature on dust adhesion 
includes various methods for assessing dust buildup on surfaces. This review covers 
different techniques for measuring dust adhesion. According to the surface free energy 
and extended DLVO theory, dust adhesion can be quantified using the Dupre or Hamaker 
equations [39]. Additionally, adhesion can be assessed by measuring adhesion forces and 
through atomic force microscopy (AFM), which provides precise measurements of 
adhesion at the micro- or nanoscale [40]. 

5.1. Dust Adhesion Measurement Based on Extended DLVO Theory 
The DLVO theory, named after its originators Derjaguin, Landau, and Verwey, is a 

fundamental principle in colloid and interface science, as detailed by N.V. Churane [42]. 
Established in the 1940s, this theory describes the interactions between two surfaces by 
balancing two opposing forces: Van der Waals attraction and electrostatic repulsion. 
According to the DLVO theory, the total interaction free energy between two surfaces is 
determined by these competing forces. This theoretical framework offers a quantitative 
method for understanding adhesion and stability in colloidal systems and has been 
expanded to incorporate additional factors such as steric and hydration forces: 𝑾(𝒓)𝑻𝒐𝒕𝒂𝒍 = 𝑾(𝒓)𝑽𝒅𝑾 𝒂𝒕𝒕𝒓𝒂𝒄𝒕 + 𝑾(𝒓)𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 𝒓𝒆𝒑𝒖𝒍𝒔  (14)
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where 𝑾(𝒓)𝑽𝒅𝑾 𝒂𝒕𝒕𝒓𝒂𝒄𝒕  represents the van der Waals attraction force and 𝑾(𝒓)𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 𝒓𝒆𝒑𝒖𝒍𝒔  presents the electrostatic force that is expressed by the Gouy–
Chapman model as the following expression [43]: 𝑾(𝒓)𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 𝒓𝒆𝒑𝒖𝒍𝒔 = 𝟔𝟒𝝅𝒏𝟎𝒌𝒃𝑻𝒓𝒔𝒑𝒉𝒆𝒓𝒆𝜸𝟐𝒆 𝒌𝒓𝒌𝟐  (15)

where γ is the reduced surface potential: 𝜸 = 𝐭𝐚𝐧𝐡 ( 𝒁𝒆𝚿𝟒𝑲𝑩𝑻). Here, ψ is the potential on the 
surface, n0 is the number of ions present in the bulk (bulk ion concentration), kb is the 
Boltzmann constant, T is the temperature in Kelvin, r is the intermolecular distance 
(Distance of Separation), Z is the valency of ions, e is the elementary charge, and K is the 
reciprocal of the Debye length. In the presence of water as a medium between two 
interaction surfaces, the classical DLVO theory does not consider polar or Lewis acid–base 
interactions. However, the total interaction free energy is then expressed by the extended 
DLVO theory [44], expressed as the following equation: 𝑾(𝒓)𝑻𝒐𝒕𝒂𝒍 = 𝑾(𝒓)𝑽𝒅𝑾 𝒂𝒕𝒕𝒓 + 𝑾(𝒓)𝒆𝒍𝒆𝒄𝒕 𝒓𝒆𝒑  + 𝑾(𝒓)𝑳𝒆𝒘𝒊𝒔 𝒊𝒏𝒕𝒆𝒓𝒓𝒂𝒄𝒕𝒊𝒐𝒏 (16)

In addition to the extended DLVO theory, in 1962, Fowkes proposed that the work of 
adhesion (WAdh) between two interacting surfaces is presented by the equation [40]: 𝑾𝑨𝒅𝒉 = 𝑾𝑨𝒅𝒉𝒅 + 𝑾𝑨𝒅𝒉𝒏𝒅  (17)

where 𝑾𝑨𝒅𝒉𝒅   represents the dispersion interaction (or polar component), and 𝑾𝑨𝒅𝒉𝒏𝒅  
represents the non-dispersion interaction (or nonpolar component). 

All solids will have hydrophobic properties when the non-dispersion interactions’ 
component is null. Non-dispersion interactions or nonpolar interactions include ionic 
bonding (Columbic interactions) and hydrogen bonding interaction. So, according to  
Bhattacharjee et al. [45], 𝑾𝑨𝒅𝒉𝒏𝒅  is null means that the solid’s surface is free from any ionic 
or polar groups with which the water molecules can bond. According to Fowkes and Good 
van Oss’s approaches, the surface free energy (SFE) of a solid is a sum of independent 
components associated with specific interactions: 𝛄𝐢 = 𝛄𝐢𝐝 + 𝛄𝐢𝐩 + 𝛄𝐢𝐡 + 𝛄𝐢𝐢 + 𝛄𝐢𝐀𝐁 (18)

where 𝜸𝒊𝒅,  𝜸𝒊𝒑,  𝜸𝒊𝒉,𝜸𝒊𝒊 and 𝜸𝒊𝑨𝑩 are the dispersion, polar, hydrogen bonding, induction, and 
acid-base components, respectively. 

Fowkes primarily investigated systems with substances (solid or liquid) where only 
dispersion interactions are present. He associated dispersion interactions with London 
interactions, which arise from electron dipole fluctuations. The Owens–Wendt method, 
which deals with both polar and nonpolar interactions, simplifies the experiment by using 
contact angle measurements with two standard liquids of different polarities. This 
approach is commonly used to calculate the surface free energy (SFE) of polymeric 
materials. The Good–van Oss approach offers the most comprehensive description of the 
surface phenomena affecting SFE values. According to this approach, the dispersive 
component includes interactions from instantaneous dipoles, represented as γ , and the 
polar component, γ , is divided into acid (electron acceptor) and basic (electron donor) 
components: 𝛄𝐒 = 𝛄𝐒𝐋𝐖 + 𝛄𝐒𝐀𝐁𝛄𝐋 = 𝛄𝐋𝐋𝐖 + 𝛄𝐋𝐀𝐁  (19)

Or: 𝛄𝐋𝐀𝐁 = 𝟐 𝛄𝐋𝛄𝐋  and 𝛄𝐬𝐀𝐁 = 𝟐 𝛄𝐬 𝛄𝐬  

where 𝜸𝒔   represents the Lewis-acid component and 𝜸𝒔   represents the Lewis-base 
component. The polar component 𝜸𝑨𝑩  of surface energy can exceed van der Waals 
components by up to two orders of magnitude and is most pronounced at distances less 
than 10  A° . Van der Waals interactions, while generally weaker than electrostatic 
interactions, exert influence over longer distances through 𝜸𝑺𝑳𝑾 [46]. 
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𝛄𝐒𝐋𝐓𝐨𝐭 = 𝛄𝐒𝐋𝐖+𝛄𝐋𝐋𝐖 − 𝟐 𝛄𝐋𝐋𝐖𝛄𝐬𝐋𝐖 + 𝟐( 𝛄𝐬 𝛄𝐬 + 𝛄𝐋𝛄𝐋 − 𝛄𝐬 𝛄𝐋 − 𝛄𝐬 𝛄𝐋 )  (20)

𝛄𝐒𝐕 =  𝛄𝐋𝐕 𝐜𝐨𝐬𝛉𝐘 + 𝛄𝐒𝐋  (21)

By integrating the equations with Young’s equation, we derive the subsequent 
equation employing the Good–van Oss methodology: 𝟐 𝛄𝐬𝐋𝐖𝛄𝐋𝐋𝐖 + 𝛄𝐒 𝛄𝐋  + 𝛄𝐒 𝛄𝐋 = 𝛄𝐋(𝟏 + 𝐜𝐨𝐬𝛉𝐘) (22)

The surface free energy is determined by measuring the contact angles of three 
different liquids—neutral, polar, and nonpolar—each with known surface tension 
components [47]. The following system is then solved: 

⎩⎪⎪⎨
⎪⎪⎧𝟐 𝛄𝐒𝐋𝐖𝛄𝐋𝟏𝐋𝐖  + 𝛄𝐒 𝛄𝐋𝟏  +  𝛄𝐒 𝛄𝐋𝟏 = 𝛄𝐋𝟏(𝟏 + 𝐜𝐨𝐬𝛉𝟏)
𝟐 𝛄𝐒𝐋𝐖𝛄𝐋𝟐𝐋𝐖  + 𝛄𝐒 𝛄𝐋𝟐  +  𝛄𝐒 𝛄𝐋𝟐 = 𝛄𝐋𝟐(𝟏 + 𝐜𝐨𝐬𝛉𝟐)
𝟐 𝛄𝐒𝐋𝐖𝛄𝐋𝟑𝐋𝐖  + 𝛄𝐒 𝛄𝐋𝟑  +  𝛄𝐒 𝛄𝐋𝟑 = 𝛄𝐋𝟑(𝟏 + 𝐜𝐨𝐬𝛉𝟑)

 (23)

5.2. Work of Adhesion 
The work of adhesion refers to the reversible thermodynamic work required to 

separate the interface of two phases from equilibrium to an infinite separation distance. 
Hence, the work of adhesion is defined by the Dupre equation: ∆𝑾𝟏𝟐𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏 = 𝛄𝟏 + 𝛄𝟐 − 𝛄𝟏𝟐  (24)

where 𝜸𝟏 and 𝜸𝟐 represent the surface energy of the reflector mirrors and dust particles, 
respectively, while 𝜸𝟏𝟐 denotes the interfacial surface energy between them. For a liquid–
solid combination, the equation can be rewritten as: ∆𝑾𝐋𝐒𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏 = 𝛄𝑳 + 𝛄𝑺 − 𝛄𝐋𝐒  (25)

where 𝜸𝑳  represents the liquid phase’s surface tension, while 𝜸𝑺  represents the solid 
phase’s surface energy, while 𝜸𝑳𝑺 denotes the interfacial–surface tension between them. 
Similarly, the below equation represents the work of adhesion for three phases: ∆𝑾𝟏𝟑𝟐𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏 = 𝑾𝟏𝟐𝒂 + 𝑾𝟑𝟑𝒂 + ∆𝑾𝟏𝟑𝒂  −𝑾𝟐𝟑𝒂 = 𝛄𝟏𝟑 + 𝛄𝟐𝟑 − 𝛄𝟏𝟐  (26)

where ∆𝑾𝟏𝟑𝟐𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏 is the energy of cleaving the first phase from the second phase in a 
medium of the third phase [48]. As shown in Figure 20, we present an illustration of the 
cleavage following the two previous equations (Equations (25) and (26)): 

 
Figure 20. Illustration of the cleavage associated with the work of adhesion. 
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The work of adhesion is related to surface energy and tension. Understanding these 
notions is critical to comprehending the physical mechanisms of adhesion. Surface energy, 
or surface free energy, is the total of intermolecular forces at a material’s surface and 
represents the work needed to form a new surface unit while separating two phases. 
Surfaces can be categorized by their surface energy into high or low. A low surface energy 
results in a high contact angle, indicating a hydrophobic surface, whereas a high surface 
energy results in a low contact angle, indicating a hydrophilic surface, as shown in Figure 
21 [48]. In contrast, surface tension pertains to liquids and is defined as the property that 
enables the liquid surface to resist external forces. 

 
Figure 21. Illustration of the relationship between contact angle and surface energy. 

5.3. Measurement of the Surface Energy and Surface Tension 
Surface tension: The literature divides surface tension measurement techniques into 

two categories: static and dynamic approaches; the Du Nouy ring technique is one of the 
static methods available. The Du Nouy ring technique involved gradually lifting a 
platinum ring from the surface of a liquid, resulting in a force F that required elevating 
the ring from the liquid’s surface and was proportional to the liquid’s surface tension [49]. 

Surface energy: The sessile drop approach, illustrated in Figure 22, is the 
fundamental method for calculating the surface energy of a solid. 

 
Figure 22. Measurement of contact angle using the sessile drop method. 

This technique involves measuring the contact angle on the solid surface using three 
different liquids, neutral, polar, and nonpolar, each with known surface tension 
components [50]. 
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5.4. Adhesion Forces 
Four forces govern the dust adhesion on the solid surface. Van der Waal forces, 

capillary forces, electrostatic forces, and gravitational forces: 

FAdh = FVdW + FCap + Fel + Fgravity  (27)

FVdW is van der Waals, FCap is Capillary, Fel is Electrostatic, and Fgravity is 
Gravitational. 

The gravitational forces are negligible for small particles with the size range of 
1–500 µm. However, the following section presents an overview of all forces affected 
by dust particle adhesion. 

Van der Waals (VDW) forces: VDW forces, also known as dispersion forces, are the 
attractive forces between any pair of atoms or molecules. Among various forces, van der 
Waals forces are particularly significant in dry conditions [48]. For instance, the van der 
Waals forces between a flat surface and a spherical particle can be described by the 
following equation: 

FVdW = 𝑨𝑹𝟔𝒁𝟐  (28)

In this context, R represents the radius of the spherical particle, A denotes the 
Hamaker constant, and Z stands for the separation distance between a flat surface and a 
spherical particle. It is noteworthy that the separation distance typically ranges from 0.35 
to 0.4 nm for an ideally smooth surface, whereas on other surfaces, such as those depicted 
in Figure 23, Z may range from 1 to 8 nm. Figure 24 visualizes the van der Waals force 
interaction between a flat surface and a spherical particle. 

 
Figure 23. Illustration of van der Waals force between a flat surface and a spherical particle. 

Capillary forces: Capillary force becomes predominant in high humidity conditions 
where water is present, leading to particle adhesion to the surface [51,52]. Similarly, like 
van der Waals force, the capillary force between a flat surface and a spherical particle can 
be described by the equation: 

FCap = 4𝝅𝑹𝜸𝒄𝒐𝒔𝜽  (29)

where R represents the radius of spherical particles, γ denotes the surface tension of 
water–air, and θ stands for the contact angle of water on the surface. Figure 24 illustrates 
the capillary force between a flat surface and a spherical particle. 
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Figure 24. Illustration of capillary force on a flat surface. 

Electrostatic forces: Electrostatic forces arise when dust particles gain an electric 
charge in the atmosphere through collisions. Even if the CSP reflector surfaces are not 
electrically charged, the charged particles will attract those with opposite charges, 
resulting in an electrostatic force on the surface [53]. This electrostatic force can be 
expressed by the following equation: 

Fel = 𝒒𝟐𝟒𝝅𝜺𝜺𝟎𝒍𝟐  (30)

where q is the charge of the particles, 𝜺 is the dielectric constant of the medium between 
the particle and the surface, 𝜺𝟎 is the permittivity of free space, and l is the separation 
distance between the charged particle and the flat surface. 

Dust adhesion using AFM microscopy by Bruker (Billerica, MA, USA): In addition 
to the extended DLVO theory and the adhesion forces in the previous sections, the atomic 
force microscopy (AFM) technique is used to evaluate dust adhesion on the surface of 
solar panels. The following figure illustrates that the adhesion measurement can be 
evaluated by pushing or pulling the dust on the surface (the cantilever bows upward or 
down) [54]. 

As illustrated in Figure 25, the physical change caused by pushing or pulling dust 
can be attributed to the force holding the particle to the surface, allowing AFM microscopy 
to analyze dust particle adherence [54,55]. According to [41], AFM microscopy is 
inaccurate, expensive, and time-consuming. 

 
Figure 25. Illustration of AFM adhesion measurement. 

Comparative Analysis of Dust Adhesion Measurement Techniques: In order to 
better understand different dust adhesion measurement methods and their application to 
CSP reflector surfaces we conducted a comparative study. The following tables 
summarize the main advantages and limitations of each method, providing insight into 
how it is appropriate to evaluate the associated dust in a CSP system. The most effective 
techniques for reducing and improving the operation and maintenance of CSP plants 
remains to be highlighted, as shown in Table 1. 
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Table 1. Comparative Analysis of Dust Adhesion Measurement Techniques. 

Technique Advantages Limitations Suitability for CSP Reflector Surfaces 

Extended DLVO 
Theory 

- Theoretical foundation for 
adhesion 

- Requires accurate 
surface energy data  
- Assumes ideal 
conditions 

- Provides a theoretical basis for 
understanding adhesion mechanisms but 
may not fully capture real-world conditions 

Adhesion Force  

- Quantifies individual 
forces (van der Waals, 
capillary, electrostatic)  
- Applicable to different 
particle sizes 

- Complex 
calculations  
- Requires precise 
measurements of 
multiple parameters 

- Useful for detailed analysis of dust 
adhesion dynamics 
- Can guide the development of tailored anti-
soiling coatings 

Atomic Force 
Microscopy  

- High precision at 
micro/nano scale  
- Direct measurement of 
adhesion forces 

- Expensive and 
time-consuming  
- Requires 
specialized 
equipment 

- Suitable for detailed, high-resolution 
studies of dust adhesion on CSP surfaces  
- Can validate theoretical models 

Monitoring and dust deposition based on OSM: As previously discussed, soiling 
measurements can be effectively performed using outdoor soiling microscopy (OSM), 
which analyzes images of soiled samples. This technique measures the deposition and 
removal of dust particles larger than 10 µm. Researchers at the Environment and Energy 
Research Institute in Qatar developed an OSM system with a small, low-power digital 
microscope connected to a Raspberry Pi3 for capturing and analyzing soiled images [56]. 
Dust accumulation on solar samples was assessed using ImageJ software from the OSM, 
allowing for the correlation of soiling rates with weather conditions. 

Before concluding, it is worth describing strategies to address the challenges faced 
by CSP projects in the MENA region. Effectively addressing these challenges requires 
solutions that are sensitive to local environmental conditions and operational 
requirements. First, advanced anti-glare coatings adapted to the local climate hold the 
promise of reducing dust accumulation in sunglasses. These products have been 
developed to maintain high surface tension, reduce associated dust in dry areas, and 
improve optical performance. Routine cleaning and automated maintenance systems are 
needed to counter the adverse effects of dust deposition, in addition to ensuring 
continuous operation of CSP facilities, proper site selection and engineering design, 
considering existing ventilation systems and dust transport can reduce exposure to dusty 
environments. 

Additionally, the combination of predictive maintenance technologies such as real-
time monitoring systems and data-driven analytics enable better management of pollution 
challenges. This technology provides early warnings of visibility performance 
degradation due to dust accumulation, and facilitates timely intervention, planning, and 
maximizes uptime. By incorporating this strategic plan within the environment, we can 
meet the specific challenges in the MENA region and CSP projects can improve energy 
efficiency and make solar installations more efficient. 

6. Conclusions 
In conclusion, our study highlights the critical importance of addressing the impact 

of pollution on reflective lenses to improve the effectiveness of solar panels. By 
investigating dust adhesion mechanisms and the role of surface strength, we have 
highlighted the importance of soft-resistance coatings and advanced measurement 
techniques. Our findings highlight the need for tailored solutions that can adapt to 
different climatic conditions. Choosing the right CSP materials and implementing 
effective maintenance strategies are important steps to ensure the longevity and 



Sustainability 2024, 16, 6257 20 of 22 
 

performance of solar glasses. This review addresses practical challenges with solar 
implementation and promotes renewable energy solutions in the MENA region. Using 
these insights to drive innovation could pave the way for a brighter, cleaner solar-powered 
future. 
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