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ABSTRACT 

 

This capstone project’s purpose is to conduct a research about the dust particles accumulation 

on Photovoltaic and Concentrated Solar Power surfaces as well as the relationship between the 

dust particles several parameters. Dust is considered to be the first challenger of solar panels. It 

goes through four main phases: generation, deposition, adhesion and removal. The generation 

phase is when the dust is still flowing in the air before reaching the surface. It is affected by 

meteorological parameters as for example the wind speed, relative humidity, and rain. As for 

the deposition phase, it is mainly gravitational force which allow the dust to be accumulated on 

top of the surface. Then, the adhesion forces (Van der Waals, capillary and Electrostatic) are 

responsible of the interaction between the dust particle and the surface. Finally, the removal 

phase is when the dust is detached either naturally or artificially. However, this dust 

accumulation as it is correlated to the weather parameters and surface characteristics, it affects 

the efficiency of the solar panels since this accumulation is a function of the panel surface area. 

The experiment of studying and analyzing the particles presented on a glass surface was 

conducted in a research laboratory in Ifrane using the outdoor soiling microscopy. This 

microscope was located outside to be exposed to external parameters and linked to a computer 

in order to extract the necessary data.  
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RÉSUMÉ 

 

Ce projet a pour objectif de mener une recherche sur l’accumulation de particules de poussière 

sur les surfaces d’énergie photovoltaïque et solaire concentrée ainsi que sur la relation entre 

plusieurs paramètres des particules de poussière. La poussière est considérée comme le premier 

adversaire des panneaux solaires. Il passe par quatre phases principales : génération, dépôt, 

adhésion et élimination. La phase de génération est celle où la poussière continue de couler dans 

l’air avant d’atteindre la surface. Il est affecté par des paramètres météorologiques tels que la 

vitesse du vent, l'humidité relative et la pluie. En ce qui concerne la phase de dépôt, ce sont 

principalement les forces de gravitation qui permettent l’accumulation de la poussière au 

sommet de la surface. Ensuite, les forces d’adhérence (Van der Waals, capillaire et 

électrostatique) sont responsables de l’interaction entre la particule de poussière et la surface. 

Enfin, la phase d'élimination est lorsque la poussière est détachée naturellement ou 

artificiellement. Cependant, cette accumulation de poussière étant corrélée aux paramètres 

météorologiques et aux caractéristiques de la surface, elle affecte l’efficacité des panneaux 

solaires puisque cette accumulation est fonction de la surface du panneau. L’étude et l’analyse 

des particules présentées sur une surface de verre a été réalisée dans un laboratoire de recherche 

à Ifrane en utilisant la microscopie de salissure extérieure. Ce microscope était situé à l'extérieur 

afin d’être exposé à des paramètres externes et relié à un ordinateur dans le but d'extraire les 

données nécessaires pour cette recherche. 
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CHAPTER 1: INTRODUCTION 

1. Introduction 

Renewable energy has become the new dominant energy. Most countries go toward adopting 

this new approach. Morocco, on the other hand, is relying on its important geographical location 

to implement wind turbines as well as solar panels. The solar panels are divided into two 

categories: PV and CSP. Meanwhile, Morocco has constructed the largest CSP station in North 

Africa in Ouarzazat due to the solar irradiance presented there. However, since solar panels for 

a high productivity are planted in deserted environment, dust particles are common in those 

areas. They do not only increase the maintenance and cleaning costs but also decrease the 

efficiency of the panels.  

Therefore, for my capstone project, I have conducted a research about this phenomenon of dust 

particles accumulation. This accumulation starts from the life cycle of the dust from which 

adhesion forces are present depending on humidity and surface characteristics e.g. rough, hard, 

smooth. The outdoor soiling microscopy was used for the experiment in order to analyze the 

dust particles accumulation and investigate their size distribution. 

In order to finalize the data to conclude this interaction of dust particles, ImageJ was used as 

the convenient software for this analysis. Finally, whether there exists a correlation between the 

dust particles and weather parameters, surface characteristics, and the efficiency of the PV and 

CSP, some procedures and recommendations should be followed to at least minimize the 

accumulation of the dust particles. 
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2. STEEPLE Analysis 

In order to assist the prospects of this capstone project, it is highly recommended to perform the 

STEEPLE implications since it focusses more on the external factors. Those factors are as 

follow:  

2.1. Socio-cultural 

Nowadays, Morocco is starting to rely more on renewable energy than fossil fuels. The known 

sources of energy are decreasing in terms of production and increasing in terms of cost 

simultaneously. Thus, Morocco started a new strategy of creating the largest park of CSP panels 

to be considered the first in North Africa and 7th in the world. This station will help improve the 

energy situation in Morocco. However, the efficiency of those CSP panels decreases due to the 

dust accumulation which makes the maintenance cost higher than the expected revenue. Hence, 

conducting a research about the dust accumulation and performing experiments on the dust 

particles will allow Morocco to benefit more from this station and therefore, the energy 

consumption cost will decrease. 

2.2. Technological 

New technologies are evolving in terms of renewable energy especially the solar panels. Thus, 

and since the dust accumulation on the mirrors are causing a problem in terms of efficiency and 

cost, companies are developing new tools to overcome this matter. Those new tools are 

represented in both the study and the construction of the panels such as choosing special surface 

charcteristics and the cleaning methods. 

2.3. Ethical 

Each research project should be done with respect to morals and ethics. Throughout the findings 

and solutions of the dust accumulation on solar panels, each research and information will be 

checked and cited properly. The experiment part, which includes the outdoor microscope to 

study the parameters of both the dust and the surface, will be conducted using ethical tools 

2.4. Environmental 

Renewable energies are considered environmentally friendly. Therefore, research about 

improving their efficiency will result in boosting people and countries to rely more on PV and 

CSP panels than on fossil energy. 
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2.5. Political 

The largest CSP station, located in Morocco, makes the country itself an independent one. In 

fact, other countries are the ones depending on Morocco to export this kind of energy. However, 

Morocco is still dependent on other engineers’ skills from all over the world to overcome the 

dust particles’ problem that encounters the station due to its location (i.e. deserted environment) 

as well as in terms of the installation and maintenance.  

2.6. Legal 

There is no legal banning from using solar energy or for conduction research about the dust 

particles accumulation on solar surfaces.  

2.7. Economic 

Even though Morocco has the largest CSP station and is building more green parks for solar 

energy, the maintenance and cleaning cost is considered higher which is a disadvantage since 

one of the main goals of these energies’ sources is to provide energy with lower fee. Therefore, 

the study of the main cause of this matter will generate a higher efficiency of the panels, and as 

a result, maintain a sustainable usage of solar energies as well as improve Morocco’s 

economical state. 
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3. Feasibility Study 

 

As mentioned previously, the main goal of my capstone project is to conduct a research about 

the dust particles accumulation on Photovoltaic and Concentrated Solar Power surfaces. The 

project report will be composed of three major parts: literature review, theoretical background, 

analytical part, and a summary of the findings as well as recommendations.  

 

The literature review is mainly based on papers I have read about renewable energy, solar 

energy, and the dust. The dust life cycle goes through four main phases; nevertheless, dust 

particles accumulation is referred to as soiling which has an impact not only on the surface itself 

but also on the working and efficiency of it.  

 

Then, it comes the theoretical background which is a research about the adhesion forces 

responsible of this accumulation and two types of microscope technologies used in order to 

study this interaction between the dust and the surface.  

 

The analytical part is the experiment I have conducted about this matter in which I relied on the 

outdoor microscope to record image samples to analyze. This analysis is based on a tool called 

ImageJ from which I extracted the necessary data to analyze. ImageJ is a powerful software that 

analyzes the particles present on a certain surface or image concluding their distribution.  

 

As for the findings and results, they were based on ImageJ and research papers in order to find 

the relation between the dust and the weather parameters, surface properties, and efficiency of 

the solar panels. 
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CHAPTER 2: LITTERATURE REVIEW 

 

This chapter is about the literature review conducted about renewable energy in general and 

solar panels in specific as well as the dust particles accumulation on solar boards. 

1. Power Plants 

Power plants or thermal power stations are thermal stations in which they produce electrical 

energy by converting the heat energy. This latest energy can be either clean or not. Most of 

those stations in Morocco rely on coal in order to produce a significant power; however, this 

type of heat is polluting the environment. Therefore, Morocco has adopted two main thermal 

power plants which combine natural gas and either steam or CSP. One is located in Tahaddart 

(Tangier) and the other one in Ain Beni Mathar (Jerada Province). The first power plant is 

known for both its high productivity and cleanness. In fact, the energy production from this 

station is a combination of natural gas and steam as it can supply 384 MW. Hence, it provides 

between 7% and 7.5% of consumption of electricity in Morocco [1]. The second plant is a 

combination of natural gas and CSP.  Thus, it integrates both Solar energy and thermal power. 

472 MW is produced per year from which 20 MW is from the solar as almost 4% of its 

production is mainly from solar energy. The natural gas comes from the pipeline linking Algeria 

with Spain through Morocco; thus, Morocco had benefited from 7% of this natural gas [2].   

Even though power plants are not considered renewable energy, but they are part of the clean 

energy production as they rely on natural gas and work on a combination between natural gas 

and renewable energies. 

2. Renewable Energy 

Renewable energy has become an important factor for the development of any country both 

economically since the country’s dependence on fossil fuels or exported energy from other 

countries would decrease, and environmentally as it is considered eco-friendly. Furthermore, 

the world undertakes the action of switching to renewable energy more and more. Morocco, on 

the other hand, has enforced two types of renewable energy depending mainly on the wind in 

the North and on the sun in the South as well as other regions based on its important 

geographical location. In other terms, Morocco has enhanced CSP in desert regions namely 
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Ouarzazate where they have adopted 500 MW solar plant becoming one of the largest CSP 

stations in the world. As a matter of fact, deserted regions are considered the proper sites for 

solar power plants as a consequence of the solar irradiance high level presented in those zones. 

As for the wind power, it is planted in seaside areas as for example in Tangier, Essaouira, and 

Terfaya [3].  

According to renewable energy firm, two hydropower in mountainous areas were permitted 

with a capacity of 9.8 MW and 7.2 MW that would increase the energy consumption by 6% per 

year with a dependence rate of 95% [4]. Further to this, there is PV in sunny regions, and 

biomass and geothermal power. In 2018, Morocco has produced around 35% of electricity 

which source is mainly renewable energy while targeting to increase this percentage to 52% by 

2030 as shown in figure 1 [5], [4].  This renewable energy capacity is divided between three 

main types as shown in table 1. Even though Morocco installed the largest CSP plant, solar 

energy was 2% in 2015 willing to increase to 14% in 2020 and then to 20% in 2030. 

 

Figure 1: Pie charts of renewable energies percentages and installed capacity [6] 

Table 1: Renewable energy capacity in Morocco 

                                           Year 

Renewable energy 
In 2018 Goal for 2030 

Solar energy 700 MW 4500 MW 

Wind energy 1207 MW 4200 MW 

Hydroelectric energy 1770 MW 1300 MW 

Total Capacity 3677 MW 10000 MW 
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In fact, MASEN was constituted in the energy sector in Morocco to allow some private sectors 

to benefit from electricity using renewable sources i.e. energy so that they are able to trade it to 

customers guaranteeing them to get the approach to the national power grids depending on the 

availability and capacity of those networks. 

3. Solar energy 

As the sun radiates an immense amount of energy every day, this free renewable energy is then 

converted to electricity by means of solar power energies. Morocco, based on its good 

geographical position, benefits from this irradiance from the sun by launching the two types of 

solar plant e.g. PV and CSP, producing 2% of electricity production in 2015 [7]. In this report, 

I will be focusing on the two main types of solar energy. 

3.1. Photovoltaic 

Photovoltaics are a type of solar energy which is mainly used in residential areas. It converts 

the light absorbed from the sun to electricity by means of the solar cells. Those cells, when 

attached, give a module and then many modules give an array as shown in figure 2. In fact, one 

cell produces around 5 Volts in average. By wiring those panels in series, the voltage increase; 

however, if they are wired in parallel, then the current increases. Mainly PV works as direct 

current; nevertheless, it is converted to alternating current if used in residential areas in order to 

power appliance. 

 

Figure 2: Monocrystalline PV cells, modules, array 
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There exist many types of PV depending on their usage and efficiency: monocrystalline, 

polycrystalline, hybrid, thin films. The main material used in PV panels is Silicon, which is a 

semi-conductor. After the layer of Silicon comes the layer of Boron doped. Then, Phosphorus 

is diffused. The efficiency of the Silicon panels is less than 50%. However, this efficiency can 

be dropped due to internal and external reasons. If there exists an internal resistance within the 

cells, then there would be a recombination of holes and electrons before they can contribute to 

the current flow; thus, photons that are not absorbed in cell, band gap in silicon, so the resulting 

voltage is less than the expected theoretical voltage [8]. As for the external causes, the efficiency 

can drop because of the aging of panels, shadows, the inverter capacity, and most of all the dust 

particles accumulation.  

3.2. Concentrated Solar Power 

CSP is considered the most used and important type of solar energy to generate electricity. In 

fact, their efficiency is reflected to be higher than PV. There are two system types of CSP: 

power tower and thermal storage as shown in figure 3. Those CSP panels are in fact mirrors 

unlike PV which main material is Silicon. Those mirrors reflect the light coming from the sun 

to the tower which has the receiver as top. This tower is composed of two main tubes that have 

fluid flowing through them. The first one is water coming out from the steam condenser where 

it is heated to almost 540 degrees Celsius. Then, the turbine, which is linked to the generator, 

is powered by the hot steam which generates electricity [9]. In this circumstance, there are two 

cases; either the electricity produced goes directly to the power-lines or is stored in the thermal 

energy storage tanks for later usage.  

In addition, the fluids used to power generator are either water and steam or the hot molten salt 

which is considered fast in terms of generating steam. This hot molten salt is mostly used for 

thermal storage as it allows electricity generation for hours when there is no more sunlight [9]. 

In fact, its usage depends on the demand; if there is a high demand which means high peak or 

when the solar panel satisfies the demand so a surplus of generation, then a storage is needed to 

fulfill this demand. Also, when there is no sun i.e. cloudy sky, storage is used. 
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Figure 3: CSP systems (a) power tower (b) thermal storage [9] 

 

CSP is presented within 4 project plants in Morocco as presented in table 2.  

Table 2: CSP project plants in Morocco [10] 

 Location 

Type of 

technology 

used 

Year 
Turbine 

Capacity 

Storage 

Capacity 
Area 

IRESEN 1 

MWe CSP-

ORC pilot 

project 

Benguerir Linear 

Fresnel 

Reflector 

2016 1 MW 20 minutes 11,400 m² 

 

ISCC Ain 

Beni Mathar 

Jerada 

province 

Parabolic 

 

2010 20 MW  183,120 m² 

 

NOOR I Ouarzazate Parabolic 2015 160 MW 3 hours 450 hectares 

NOOR II Ouarzazate Parabolic 2018 200 MW 7 hours 680 hectares 

NOOR III Ouarzazate Power 

Tower 

2017 150 MW 7 hours 550 hectares 

 

There are also other CSP project plants that are mainly used for research such as Airlight Energy 

Ait-Baha Pilot Plant (Agadir) and eCare Solar Thermal Project using parabolic and linear 

Fresnel reflector respectively [10].  

The ISCC Ain Beni Mathar, as mentioned in power plant section, is a combination of CSP and 

natural gas; thus, 20 MW comes from the CSP. Unlike the other thermal solar power units of 

Ouarzazate which use water or hot molten salt to generate steam, ISCC heats the natural gas. 

The CSP purpose for this station is to increase efficiency of steam turbine to generate more 
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power. As for project NOOR, a new station is in under construction since 2017 with a capacity 

of 70 MW relying mainly on PV.  

However, as stated before, the efficiency of those solar plants decreases due to internal and 

external factors. The dust particles accumulation is considered to be the main external factor 

affecting not only the efficiency of solar panels but also the cost. 

4. Phases of Dust Particles 

The dust is defined as a geological solid particle resulting from the process of weathering of the 

rock. It was found that it is mainly composed of Silicon. However, some other organic materials 

can be part of this composition. Those organic materials are particles that are acting as a glue 

holding the particles together and dragged by the wind and thus stick forming the composition 

of the dust which might have some effect on dust behavior [11].  

Before the dust reaches the surface of a solar panel, it goes through two main phases: generation 

and deposition. Nevertheless, the settling of the dust depends on the remaining two phases of 

the dust particles: adhesion and removal (Figure 4). 

 

Figure 4: Life cycle of the dust 

4.1. Generation 

The generation phase is the process of dust transformation which goes through three modes 

depending on the particle size. This transportation consists of three steps which process will 

help predict the transportation of dust as shown in figure 5. Also, there are some fundamentals 

parameters related to the process of dust transformation which are the threshold friction 

velocity, the soil particle size distribution, the soil moisture content, and the front area index 

[12].  
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 Steps of dust transportation [13]: 

 Erosion of soil and subsequent ejection of particles in air: this occurs when the power 

of the wind is so strong that it removes and transports the ground material 

 Suspension and transport of particles by atmospheric turbulences 

 Global circulation: the numerical weather prediction including the atmospheric 

circulation. Those parameters are responsible of the transportation of the dust. for 

example, when the wind speed is higher or there is a sand storm, then the number of 

dust particles circulating in the air is higher than usual. 

 

Figure 5: Dust transportation phases 

 

4.2. Deposition 

The deposition phase is the process of airborne dust being brought to the surface. It involves 

the following parameters: wind speed, precipitation, relative humidity, and the size distribution. 

There are two types: either wet deposition or dry deposition.  

The wet deposition or wet precipitation process undergoes three phases as shown in figure 6: 

approaching of dust particles to condensed water, sticking by the hydrometeors such as fog 

drop, rain or snow, and finally delivering on Earth’s surface which in this case is the panel 

surfaces.  
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Figure 6: Wet deposition process 

The dry deposition is the transportation of dust particles in the absence of water. Those particles 

are influenced by the following parameters: size, shape, density and composition as discussed 

in the previous paragraphs. This dry deposition as it is influenced by meteorological parameters, 

the surface characteristics (roughness) also plays a role in the deposition process [12].  

Many models have been developed in order to estimate the dust deposition on the mirrors and 

hence the loss of reflectivity which involves the loss of productivity. The models include 

Brownian diffusion and Giorgi’s scheme in order to analyze the particle’s size along with the 

surface type [14].  

4.3. Adhesion 

The adhesion phase is the process of the interaction between the particles representing the three 

forces responsible of those deposited particles remaining in the mirrors. Roth and Anaya [15] 

conducted an experiment on the deposited particles both at night and during the day; it was 

found that coal combustion particles can recrystallize for water condensation during the night, 

while during the day, the evaporation produces an accumulation of particles.  

The forces presented in this phase are known as adhesion forces: Van der Waals, Capillary, and 

Electrostatic.  

The Van der Waals forces are the interaction of dipoles in the surface region. This interaction 

is of three types: Keesom, Debye, and London. Since this force consists of particle-surface 

adhesion under dry conditions, there are factors such as roughness of both particles and surface, 
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as well as the particle size and parameters such as Hamaker constant and young modulus that 

are taken into consideration [16].  

The Capillary forces are composed of capillary pressure force and surface tension force. This 

force is an action of when the wet bodies are in contact while the relative humidity is high. The 

capillary force forms meniscus, due to the presence of water between the particle and the 

surface. If it is hydrophilic, when the adhesion is stronger than cohesion, then the meniscus is 

convex. However, if it is hydrophobic, when adhesion is smaller than cohesion, then the 

meniscus is concave as shown in figure 7.  

The electrostatic forces are presents when there is an existing charge between the particle and 

the surface [17]. More details about those three adhesion forces are presented in the theoretical 

background chapter as they can be used throughout the experiment.  

 

 

Figure 7: Hydrophobic and Hydrophilic surface 

 

4.4. Removal 

The removal phase is the process of cleaning the particles from the surface. In fact, there are 

two types: natural and artificial. The natural removal is when the particles are removed by 

natural causes such as the wind and rain. It is composed of two phases: rebound and 

resuspension. However, the artificial cleaning is when using specific tools to remove the dust 

particles.   

4.4.1. Natural 

There are two factors that influenced the natural cleaning process: properties of the particles 

(composition, number and size distribution) and the local weather conditions (frequency, 
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intensity, duration of wind and rain). However, each of these factors influenced the dependence 

of mirrors’ reflectivity on natural soiling and cleaning processes.  

There are conditions taken into consideration for this process which are the weathering 

conditions, the duration, and the orientation angle of the surfaces (tilt angle).  

Thus, it was found that smaller particles than 10μm in diameter are hardly removed by natural 

cleaning forces which are the most presented upon mirrors’ surface [17].  

4.4.2. Artificial 

Concerning the artificial cleaning, they depend mostly on the type of contact device (brush and 

soft tissue), the quality of water used (demineralized and tap), the water pressure, the additives 

and water state (liquid and steam).  

5. Dust Particle Mechanics 

The mechanics of dust particle accumulation is divided into three processes: deposition, 

rebound and resuspension. As for the deposition, it is already defined in the previous section as 

the second phase of dust particle life cycles.  

The rebound process is when the particle hits the surface and then leaves it instantly. As for the 

resuspension, it is when the particle is deposited on the surface, then after a period of time, it is 

suspended due to meteorological parameters (figure 8). 

 

Figure 8: Soiling three processes [17] 
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6. Soil layers 

Cuddihy [18] concluded that there are three layers for soiling as shown in figure 9: 

Layer A: the first layer on the surface, it resists removal by rain and artificial cleaning. Also, it 

might include either the chemical attachment or chemisorption of soil, on that surface.  

Layer B: the second layer on the surface, it also resists the removal by rain; however, it can be 

removed using the artificial cleaning. In fact, it is more physical than chemical, involving a high 

quantity of soil which results in a high energetic degree associated with the first layer a low 

energy on the outer surface.  

Layer C: the third and final layer on the surface, since it is located on the top of the surface, it 

made it less easy to be removed by the rain becoming a loose soil. As a matter of fact, it creates 

a set of loose soil matter, which during the dry periods has been gathered and thus, getting easily 

removed during the rainy periods. 

 

Figure 9: Soil layers on solar panel surfaces 

 

However, both chemical and physical properties of the soiling particles are considered having 

low energy. Hence, it would not be possible for layer A and layer B to lay on top of the surface 

due to their chemical and physical composition. On the other hand, layer C has higher chance 

to form on the final and top of the surface as well as, based on some experiment procedures 

carried out on that matter, it was found that while the tilt angle increase vertically, the amount 

of soil on the aforementioned layer drops down [18]. 
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CHAPTER 3: THEORETICAL BACKGROUND 

 

The theoretical background chapter is divided into two parts: adhesion forces and technologies 

used for the study of dust particles. 

1. Adhesion Forces 

Adhesion forces are the ones responsible of the interaction between the dust and the surface. In 

fact, the size distribution of dust particles along the surface is mainly influenced by the 

accumulation resulting from this adhesion. There are three main adhesion forces: Van der 

Waals, Capillary, and Electrostatic.  

1.1. Van Der Waals 

Van der Waals force is defined as the interaction occurring between surface-surface, particle-

particle, or particle-surface.  

Van der Waals forces are always present when the particle size is smaller than 50 μm. In fact, 

Bowling [19] concluded that for these type of particles, the adhesion forces are considered to 

be greater than gravitational force. This force is defined by the Hamaker model by the following 

equation: 

𝐹𝑣𝑑𝑤 =
𝐴𝑅

6𝑑2
 

𝐴 = 𝜋2𝐶𝜌1𝜌2 

OR 

𝐴 = 𝜋2𝑞2𝜆 

 

The Hamaker constant can be either calculated using the above formulas or provided depending 

on the material and the medium. For example, for Potassium Chloride (KCL), when the medium 

is vacuum then 𝐴 = 5.51 ∗ 10−20𝐽 and when the medium is water then 𝐴 = 0.41 ∗ 10−20𝐽. 

Therefore, and since it is difficult to find the exact value for this constant, it was found that the 

general range for A for three types of compounds in water is [20]: 

A: Interaction constant – Hamaker 

R: Radius of the particle 

d: distance between the particle and the surface 

 

C: Attractive interaction strength 

𝜌𝑖: number of density of molecules in the solid 

 

q: number of atoms per cm3 

𝜆: London constant 
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 Metals       10 ∗ 10−20 𝐽 < 𝐴 < 30 ∗ 10−20 𝐽 

 Oxides and Halides     1 ∗ 10−20 𝐽 < 𝐴 < 10 ∗ 10−20 𝐽 

 Hydrocarbons       0.1 ∗ 10−20 𝐽 < 𝐴 < 1 ∗ 10−20 𝐽 

Van der Waals force is present when there is an adhesion of small particles on a surface. As the 

particle size decreases, the force increases. That is why it is considered to be present most since 

particles adhering on the surface are particularly small. 

Finally, if it is found that the interaction force between the particle and the surface is Van der 

Waals, then the surface is considered to be smooth and the environment is generally dry [17]. 

1.2. Capillary adhesion 

Capillary forces are present when there is some water percentage between the particle and the 

surface forming a meniscus that results in an attractive force due to the influence that the surface 

tension has on the internal pressure. This water after being condensed, the little water particles 

form a gap between the dust particle and the surface establishing the meniscus. 

Capillary forces depend on the weather conditions. In other words, when there is a high 

humidity and continuous rain, there is a higher chance that the interaction force between the 

particle and the surface is capillary. Thus, one of the reason capillary adhesion is formed is the 

high humidity due to condensation. However, when the temperature is recorded to be high, then 

the presence of capillary forces is nearly absent [21]. 

In order to calculate this capillary force, the following equations are used: 

𝐹𝑐 = 𝐹𝑠𝑡 + 𝐹𝑚𝑐 

𝐹𝑠𝑡 = 2𝜋𝑏𝛾 

𝐹𝑚𝑐 = 𝜋𝑏2𝜌0 [1 − 𝑒[−𝜆𝑘(
1
𝑎

−
1
𝑏

)]] 

𝜆𝑘 =
𝛾𝑉𝑚

𝑅𝑚𝑇
 

However, studies have shown that it is nearly not possible to find the values of the coefficients 

𝑎 and 𝑏 which leads to difficulties to determine the exact value of this force manually.  

𝐹𝑐: Capillary force 

𝐹𝑠𝑡: Surface tension 

𝐹𝑚𝑐: difference in pressure between pa and water meniscus 

𝛾: surface tension 

𝜌0: saturation vapor pressure (liquid surface) 

𝜆𝑘: Kelvin length 

𝑉𝑚: Molar volume of liquid 

𝑅𝑚: Molar gas constant = 8.314 𝐽/𝑚𝑜𝑙. 𝐾 

T: Temperature 
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Butt [22] found that hydrophilic particles usually depend on the surface characteristics. For 

example, if the surface is rough then capillary forces have higher chance occur.  

Therefore, if capillary forces are the ones responsible of the adhesion between the particle and 

the surface, both the surface and the particle are considered to have rough characteristics, the 

dust is of hygroscopic properties, and the environment is reflected to be humid [17]. 

1.3. Electrostatic force  

The electrostatic force is the interaction of the charge particle resting on a surface. In other 

words, it is this charge that holds those specific particles to that particular surface [19].  

According to coulomb’s law, the electrostatic force is calculated through the following formula: 

 

�⃗� = 𝐾
𝑞0𝑞1

𝑟2
�̂� 

 

In fact, the electrostatic force occurs under dry environment leading to dry adhesion. This 

adhesion takes places when both surface and particle are rough as well as for larger particles 

which diameter is higher than 50 μm [23].  

2. Dust adhesion and microscopy techniques 

In order to study the dust adhesion between particle and surface, there are two main techniques 

used for this matter. Those tools are two different types of microscopes. In terms of this project, 

only the second technique (OSM) is used for this study. 

2.1. Atomic Force Microscopy 

AFM is a microscopy tool used for the imaging in a very small scale, micro level or nanoscale. 

It is considered a powerful technique since it provides measurement of the adhesion forces 

between particle and surface [24]. Those measurements are of the micro or nano-scales; still, 

AFM achieves a higher degree of accuracy of results. In addition, any type of surface can be 

used for experimenting such as polymers, glass, ceramics and so on.  

�⃗�: electrostatic force 

K: constant of proportionality 

𝑞0 & 𝑞1: amount of charge on each body 

r: distance between charged bodies 

�̂�: variable unit vector 
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It is composed of a motion translator, translation stage, force sensor, piezoelectric, feedback 

control unit, X-Y signal generator, computer, frame, optical microscope. Figure 10 is a 

description of those components as well as their functions. 

 

Figure 10: Components and functions of AFM [25] 

2.2. Outdoor Soiling Microscopy 

OSM is another powerful tool used to determine and examine the soiling occurring on the 

surface. The basic design of the OSM consists of a low-power portable microscope, glass 

surface attached to the front, and an LED backlight placed behind the collector. The OSM has 

been connected with a USB cable to a computer, which allows the extraction of the images as 

well as the storage of those samples. In fact, according to previous experiments, it was noted 

that the OSM could define the size of particles larger than 4 μm in diameter [17]. Figure 11 

below shows the outdoor soiling microscopy:  

 

Figure 11: Outdoor Soiling Microscopy with a glass surface 
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CHAPTER 4: OUTDOOR MICROSCOPY TECHNOLOGY 

 

The experiment was conducted using two different tools: OSM, and ImageJ.   

1. The Outdoor Microscopy 

The microscope was set outdoors in order to be exposed to the meteorological parameters (e.g. 

wind, rain, snow, humidity). The chosen location for the microscope for the duration of this 

project was in the Research Laboratory in building 9 at Al Akhawayn University. The 

microscope is composed of two main parts: a surface sample and Raspberry Pi3.  

The surface sample is a simple glass in order to allow the microscope to get clear images of the 

dust particles accumulation. 

Raspberry Pi3 is a tool used to connect the microscope camera to the computer for the 

evaluation of the dust particles. It is in fact a hardware as shown in figure 12. Since the 

microscope is connected to a high-quality camera lens, the Raspbian desktop provides a live 

screening for the microscope. 

 

Figure 12: Raspberry Pi 3 Model B - hardware 

 

This microscope was already set and connected to Raspberry Pi3. Thus, the first part of the 

experiment was done which I was left with collecting data and analyzing them in order to come 

up with accurate outcomes that would result in understanding the interaction between dust 

particles and solar panels surface based on a small-scale microscope.  
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In order to extract images from the microscope, the following command “sudo apt-get install 

fswebcam” is used in order to install “fswebcam” in Raspberry Pi. Then, to extract and store 

images into a certain folder, the command “fswebcam image.jpg” is then used. This command 

allowed to extract and store one picture. Thus, to get a picture of the surface each 10 minute, as 

it is considered the perfect time interval, the command line is changed in order to get 

automatically the set of pictures and store them in a certain folder. 

2. Samples extracted from the Outdoor Microscopy 

First of all, and after setting up the outdoor microscopy, I had to extract some images recorded 

from the outdoor microscopy. In order to do so, I used a code compatible with Raspberry Pi that 

would allow me to extract a number of images and store them in a certain folder (as explained 

in the previous section). Those images were taken for a period of two months from February 

2019 until March 2019. Some images were extracted each 10 minute for a period of one month 

(February 2019) in order to analyze the differences between each image. As for the remaining 

month, one image per day was obtained from the microscopy. Thus, a total of 4063 images were 

attained ((6 (images/hour) * 24 (hours/day) * 28 (days/month)) + 31 (days/month)). 

However, since this is a large number to process and analyze for my period of capstone, I chose 

to work with a sample of 2 images to analyze for both periods. The reason behind choosing 

those exact samples is the diversity of weather parameters occurring on those two different 

months as well as to study the correlation between the time of day and the dust particles number. 

Figure 13 and Figure 14 show the extracted images. 

 

  

Figure 13: February sample of two images obtained from OSM during the day (image1) and at night (image 2) 

Image 1                                                            Image 2 
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Figure 14: March sample of two images obtained from OSM during the day (image 3) and at night (image 4) 

 

3. Experiment using ImageJ 

In order to count the number of particles in each image and investigate its distribution, I used 

ImageJ. ImageJ software is in fact an application in which I uploaded the image to examine and 

then run some analyses and measurements to get a table that includes the number of particles, 

the mean, the area of each particle, the perimeter, the circularity and other parameters depending 

on which factor to be used. Also, another tool in ImageJ is plotting the graphs, histograms and 

any chosen parameter distribution.  

The scale of the sample image extracted from the microscope had to be adjusted from 

1280x1024 pixels to 318x254 pixels in order to be compatible with ImageJ process and particle 

analysis.  

Also, the default scale used in the software for image process is in pixels since the main goal of 

ImageJ is to analyze and study pictures and small-scale particles. Thus, it has to be altered to 

μm to be companionable with measurements and adequacy of results.  

Therefore, in order to analyze the particles, the image should be first converted to 8-bit and then 

adjusted to Threshold, later on, the process should be binary and adjust to Watershed. Figures 

(15-18) show the process of the four images taken and their analysis. 

Image 3                                                            Image 4 
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Figure 15: Process to analyze particles - image 1 

 

 

Figure 16: Process to analyze particles - image 2 

 

 

Figure 17: Process to analyze particles - image 3 

 

 

Figure 18: Process to analyze particles - image 4 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

1. Results obtained from ImageJ 

After conducting the experiment and extracting the necessary data from the images obtained, I 

analyzed those images using ImageJ software in order to study the dust particles based on the 

number of particles presented, area of each particle, integrated density, circularity, perimeter, 

ferret and other parameters. 

 Based on the area obtained of each particle, I calculated the diameter of that specified 

particle. 

 If the circularity is equal to 1, then the particle is a perfect circle which would allow 

to calculate the diameter of that particle; however, if it is different than 1, it means 

that the particle has a different shape than a circle which would need other methods 

and research in order to define the shape type. Also if it is close to 0, then the shape 

is far different from a circle. 

 The number of particles existing in the sample presents the distribution of the dust 

on the surface. 

 The integrated density presents the sum of the values obtained in the sample image. 

 As for the ferret, it presents the longest distance between two points. 

Then, based on those four samples, I ran the particle analysis using ImageJ. Table 3 shows a 

summary of the results of the four pictures. The unit used in this table is pixels. 

Table 3: Summary of the results obtained from ImageJ of the four images 

 Count 
Total 

Area 

Average 

Size 
Perimeter Angle Circularity Ferret 

Integrated 

Density 

Image 1 328 3011 9.18 10.873 51.656 0.883 4.443 1372.902 

Image 2 366 5538 15.131 13.794 69.987 0.834 5.655 3858.443 

Image 3 362 7544 20.84 16.277 71.619 0.808 6.518 5314.144 

Image 4 372 6771 18.202 13.172 65.44 0.86 5.521 4641.411 
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Since most particles have circularity = 1, then it would be possible to calculate the diameter of 

those particles. Table 4 presents the average diameter of all the four images. In fact, when the 

circularity is approaching 0, then the shape is considered elongated. Thus, assuming that all 

particles are circles since their circularity is almost 1, and in order to find the diameter of 

particles and convert from pixel to micrometer, the following formulas are used: 

𝑑 = √
𝑎𝑟𝑒𝑎

3.14
 

1 𝜇𝑚 = 263.6 𝑝𝑖𝑥𝑒𝑙  

Table 4: Average diameter of the four images in Pixel and Micrometer 

Average Diameter Pixel Micrometer 

Image 1 1.1677 307.81 

Image 2 1.5886 418.75 

Image 3 1.8175 479.08 

Image 4 1.5878 418.55 

 

As each image has a large number of particles, it would not be possible to list them all along 

the aforementioned parameters. Therefore, table 5 presents this distribution based on size of 

particles. It shows that the dominant particles are the ones which diameter is smaller than 1mm. 

However, concerning the larger particles, they are only a few because of the distribution of 

those particles. In other words, some smaller particles stick together to the point that they are 

considered as one large particle. 

 

Table 5: Size particles distribution in mm 

Size Less than 1 mm Between 1 and 2 mm More than 4 mm 

Image 1 320 8 1 

Image 2 336 29 2 

Image 3 310 49 4 

Image 4 343 24 6 
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2. Dust particles and meteorological parameters 

Then, getting the necessary data and results based on a sample of four different images, which 

two are from same day but different time, an analysis of the relation between dust particles and 

weather parameters is presented in this section. Thus, and first of all, Figure 19 and Figure 20 

show those parameters (relative humidity, rain, wind) of the studied period of February and 

March 2019.  

     

Figure 19: Relative humidity, rain, wind for February 2019 

[26] 

Figure 20:Relative humidity, rain, wind for March 2019 

[26]

 

    

The number of dust particles presented in February 2019 is 347 on average while in March is 

367 on average. Table 6 shows the data extracted based on the four sample images that were 

previously analyzed. 

Table 6: Weather parameters data for both February and March 2019 

 Period 1 Period 2 

Relative humidity 50% 60% 

Rain precipitations Sun, no clouds recorded Cloudy, a little rain precipitation 

Wind speed during the day 2 km/h 5 km/h 

Wind speed at night 15 km/h 24 km/h 

  

 Relative humidity: 

Comparing the two-data obtained for relative humidity, we can conclude that there is a 

correlation between RH and the dust particles accumulation. During the first period, the number 
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of particles were 328 during the day and 366 at night while the second period, the number were 

a little bit high: 362 during the day and 372 at night. Thus, as RH increases, the number of dust 

particles increases as well. 

 Rain: 

During the first period, there were no precipitations of the rain. In fact, it was sunny with no 

clouds e.g. shadows unlike the second period when a little rain precipitation was recorded as 

well as it was cloudy. However, as stated in the previous chapter, rain might act as a natural 

cleaning of the surface. Since there was no recording of data during rainy days, we can conclude 

only that clouds have a role in the number of particles accumulation. 

 Wind speed: 

The wind speed was recorded both during the day and at night. We can see that there is a relation 

between the number of particles and the wind speed for both periods of the same day. As the 

speed increases, the number of particles increases as well. However, the wind might act as a 

natural cleaning but with a small effect since it carried out the dust particles within, so it affects 

the surface in terms of the high level of dust accumulation more than it cleans it. 

 

3. Dust particles and surface characteristics 

As discussed in the theoretical background section, determining the adhesion force between the 

particle and the surface would define the type of surface characteristics.  

 As Van der Waals force decreases, the roughness of the surface increases [27]. 

 Capillary forces are related to RH. In fact, it is significantly present when RH > 50% 

and dominant if RH > 70%. However, if RH < 45%, then the adhesion force is 

electrostatic force [23]. Both forces are connected to the roughness of the surface. 

Therefore, based on the previous data extracted from the experiment, relative humidity is found 

to be 50% < RH < 60% which means that the dominant adhesion force is capillary. Thus, the 

glass surface used would be defined as rough. 

In order to minimize the accumulation of the dust particles on the surface, Cuddihy [27] 

concluded the following surface characteristics:  
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 Hard so that the surface would have less attractive force toward the particles as well the 

particles would not damage the surface. 

 Smooth so that the adhesion force between the particle and the surface is low. 

 Hydrophobic so that the surface would be less attractive to the ionic species, adsorption 

of solids, or the retention of water. 

 Low-surface energy for the chemical reactions to react less. 

 Chemically clean from the sticky materials. 

 Chemically clean of water soluble salts so that the smaller particles can be soluble in 

water, and thus be removed. 

 

4. Dust particles and efficiency of solar panels 

It has been studied and shown that the decrease in efficiency of solar panels is due to soiling. 

Some reports conducted experiments and found that those panels loses their efficiency up to 

30% in ordinary situations when there is no sand storms or other external events [28]. Thus, the 

number of dust particles present on a certain surface has a high effect on panels; if the number 

increases, the area of covering the surface increases as well, so a percentage of the surface would 

not be exposed to the light irradiance which will lead to a decrease of the efficiency.  

Therefore, in order to compute this percentage of decrease in efficiency, the following formula 

is used [29]: 

𝜂 =
𝑃𝑚𝑎𝑥

𝐴 ∗ 𝐺
∗ 100% 

𝜂𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝜂 − 𝜂𝑑𝑢𝑠𝑡

𝜂
∗ 100% 

 

Therefore, based on the above equation, we can conclude that as long as the area increases, the 

efficiency decreases. Also, as long as the efficiency after dust accumulation decreases, the 

difference efficiency increases.  

 

𝜂: the efficiency of the panel 

𝜂𝑑𝑢𝑠𝑡: the efficiency of the panel after 

dust accumulation on it 

𝑃𝑚𝑎𝑥: maximum rated power 

A: area of the panel 

G: irradiance of the model 
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5. Interpretation of results 

The following bullets are a summary of the results obtained from both the experiment and the 

research conducted about the dust accumulation: 

 

 The dust particles are in function of the meteorological parameters. 

 As long as the wind speed increases, the dust particles number increase as well. 

 Relative humidity might be in correlation with dust; however, it is considered a weak 

correlation. 

 Capillary and electrostatic forces depend on the percentage of relative humidity. 

 The rain is a natural cleaning tool for the panel surface. 

 There are certain characteristics of the surface to take into consideration in order to 

minimize the dust accumulation: hard, smooth, hydrophobic, low-surface energy, 

and chemically clean as well as the tilt angle of which the surface is positioned. 

 The dust accumulation is in function with the surface area, so as the number of 

particles increases, the efficiency of the solar panel decreases. 

 The glass surface used for this experiment is rough.  
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CONCLUSIONS AND RECOMMENDATIONS 

 

 

To conclude, as long as PV and CSP are playing an important role in the economics of the 

country, still the dust accumulation affects those panels both their efficiency in terms of the 

power generated and the characteristics of those panels. Therefore, based on the conducted 

experiment, I concluded the relation between dust particles accumulation and weather, higher 

humidity and wind speed leads to a higher dust particle accumulation, and the relation between 

dust particles accumulation and efficiency: the rate of dust accumulation is a strong function of 

the dust concentration in the atmosphere. 

 

Hence, as recommendation, for the experiment itself, an in order to have more accurate data, I 

suggest either having two sets of surfaces: one to record during the day and one during the night 

because of the weather parameters, some dust might be deposited and removed during the 

interval which no images are recorded, or taking sample images of the day then cleaning the 

surface and recording again. Also, when there is a high wind speed, make a new surface to get 

accurate results of how much dust the wind can bring with it 

 

Thus, minimizing the accumulation, since most of those particles come from the weather, as for 

deserted environment, plant trees alongside the PV and CSP stations to reduce the amount of 

dust. There are some specific trees that helps minimize the dust coming from the surrounding 

areas. Also, other external recommendations are: building a floor interface to prevent the dust 

coming from just nearby the panel, more research to be conducted to find the best anti-soiling 

coating, and finally, a special liquid material that would act as anti-soiling coating but just 

putting it on top of the surfaces to minimize the dust without affecting the efficiency of the 

panels. 
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