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Abstract:  

This research aims to assess the spatial potential of solar energy in Saudi Arabia by estimating the 

total sum and analyzing the spatial variability of solar radiation to determine the best sites for solar 

energy generation that are least affected by sandstorms in the country. It also explores the effects 

of sandstorms on solar panels, identifies preventive measures, analyzes their impact on 

productivity, and recommends best practices for future development. The study utilizes time series 

analysis to estimate the impact of dust on productivity and identify effective ways to mitigate it. 

The spatial suitability of solar cell placement in different regions of the country is also analyzed. 

The study reveals that the Al-Ahsa region is significantly affected by sandstorms, with an average 

of around 25 sandstorms annually, indicating the region's vulnerability to these environmental 

phenomena. The western region, specifically the Tabuk station, experiences a lower frequency of 

about 5.5 sandstorms per year. The Al-Ahsa region shows the highest daily average rate of 

sandstorms, ranging from 0.4 to 0.7 sandstorms per day, with the highest rates occurring from 

March to May. In terms of solar energy potential, the northwestern region in Tabuk exhibits the 

highest average potential of about 6 watts per square meter per day, followed by the southwestern 

region in Asir with approximately 5.5 watts per square meter per day. 
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  These findings provide valuable insights into understanding sandstorm patterns and identifying 

optimal locations for solar energy production, contributing to sustainable development efforts and 

climate change mitigation.  

Keywords: Sand, Dust storms, Photovoltaic Panels, Solar panels, Saudi Arabia. 

1. Introduction:  

In today's rapidly evolving world and society, the imperative for transitioning to renewable energy 

and sustainable practices has never been more pressing. The global population continues to grow 

alongside with the demand for energy. It becomes quite evident that the reliance on fossil fuels 

and unsustainable practices is not only depleting finite resources but also inflicting severe 

environmental issues. Embracing renewable energy sources, such as solar, wind, hydro, and 

geothermal power, holds the key to mitigating climate change, securing a greener future, and 

preserving the delicate balance of our planet for generations to come. The growing interest in 

transitioning towards sustainable and renewable energy sources is driven by environmental 

challenges, climate change, and the need to reduce reliance on fossil fuels (IRENA, IEA, 2021). 

Renewable energy is considered an environmentally friendly and sustainable alternative to 

traditional energy sources, relying on renewable sources such as solar, wind, water, and biomass 

(IEA, 2022). Renewable energy technologies generate electricity and meet energy needs in clean 

and sustainable ways. Reports indicate that renewable energy could account for a significant 

portion of global electricity production by 2050 (IRENA, 2022). It is important to continue 

supporting research and development in this field and promoting policies and incentives that 

encourage the global adoption of renewable energy. The transition towards sustainable and 

renewable energy sources is necessary to address climate change, reduce pollution, and ensure a 

more sustainable and clean future (IRENA, 2023).  

Solar energy is of utmost importance in the world due to its renewable and clean nature. It is 

derived from the sun, making it a sustainable and environmentally friendly solution. Solar power 

generation produces no greenhouse gas emissions or air pollutants, contributing to cleaner air and 

a healthier environment. According to the Intergovernmental Panel on Climate Change (IPCC, 

2023), solar energy plays a crucial role in mitigating climate change by reducing reliance on fossil 

fuels and lowering carbon dioxide (CO2) emissions. The International Energy Agency (IEA, 2023) 

highlights the role of solar energy in promoting environmental and economic sustainability.  
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  The International Renewable Energy Agency (IRENA, 2023) provides detailed analyses of the 

environmental and economic benefits of solar energy. The United Nations, through agencies like 

the United Nations Environment Programmed (UNEP, 2022), emphasizes the importance of solar 

energy in addressing climate change challenges and promoting sustainability. Solar energy offers 

energy independence, job creation, and economic growth opportunities (IPCC, 2021). It provides 

access to electricity for remote and underserved areas, improving living standards (IEA, 2020). 

Solar energy systems can be scaled up or down to meet various energy demands, and they offer 

long-term cost savings (IRENA, 2020). Embracing solar energy leads us towards a greener and 

more sustainable future. Here are some international studies that have addressed the topic of solar 

energy and photovoltaic panel cleaning methods, (Pravan et al., 2011) In a study focused on two 

1-MW PV systems, the effects of soil type and washing technique on performance losses were 

examined. The results indicated that the presence of sandy soil contributed to a performance loss 

of 6.9%, whereas a more compact soil resulted in a lower loss of 1.1%. The study ( Jiang et al., 

2011) revealed that when a dust deposition layer ranging from 0 to 22 g/cm2 accumulated on the 

PV panels, there was a linear decrease in PV efficiency by 26%. Interestingly, the study did not 

find any significant difference in the effects of dust deposition on PV efficiency between different 

types of solar cells. In addition,  the study (Zorrilla-Casanova et al., 2011) During dry seasons, the 

study observed that energy losses in PV systems exceeded 20% over 3-month periods. The annual 

average losses in PV output, even with natural cleaning by rain, were measured at 4.4%. To 

mitigate these losses, the study proposed implementing regular and periodic cleaning schedules 

for the PV modules. And, the study (Bethea et al., 1983) found that the reflectivity of PV panels is 

expected to decrease by 2.4% per year due to dust storm conditions. This decrease in reflectivity 

can significantly impact the overall performance and efficiency of the panels over time. Regular 

cleaning and maintenance are recommended to minimize the impact of dust storms and maintain 

optimal reflectivity levels. Furthermore, the study (Bowden et al., 1994) examined the effect of 

dust on the loss in internal reflectance of the CSP roof units and found that dust only affects the 

energy conversion to a small degree. The total losses attributed to dust were found to be less than 

1.3%. This suggests that while dust can have some impact on the internal reflectance and energy 

conversion, it does not significantly hinder the overall performance of the CSP roof units. Also, 

the study (Kattakayam et al., 1996) The accumulation of dust and the increase in temperature of 

the panel can lead to a significant loss of power. Dust accumulation on the surface of the panel can 

block sunlight and reduce the amount of energy that can be converted into electricity. 
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   Additionally, increased panel temperature can result in a decrease in the efficiency of the solar 

cells, leading to a further loss of power generation. Regular cleaning of the panels and 

implementing cooling measures can help mitigate these losses and maintain optimal power output. 

). Moreover, the study (Kobayashi et al., 2011) Changing the aspect ratio of the PV cell used for a 

PV module can result in a degradation of the output by 80% or less, with only 3% of spot dirt on 

the module area. This suggests that altering the aspect ratio of the PV cell has a significant impact 

on the module's performance, leading to a substantial decrease in power output. Additionally, the 

presence of even a small amount of spot dirt on the module area can further contribute to the 

degradation of output. 

Solar energy is considered a crucial factor in reducing carbon emissions in Saudi Arabia. It 

represents a clean and renewable source of energy, contributing to environmental sustainability. 

By harnessing solar radiation to generate electricity, reliance on fossil fuels is reduced, thereby 

decreasing greenhouse gas emissions and environmental pollution. Solar power plants operate in 

a clean and emission-free manner, improving air quality and the overall environment. Furthermore, 

the use of solar energy promotes environmental sustainability by preserving natural resources and 

minimizing pollution. Additionally, solar energy can provide energy savings and cost reduction 

by installing solar power systems for local electricity generation, reducing dependence on the 

public grid (United Nations, 2021). This study (Hassan et al., 2005) observed reductions in 

efficiency of 33.5% after 1 month and 65.8% after 6 months. These reductions in efficiency 

indicate a significant decline in the performance of the PV system over time. Factors such as dust 

accumulation, environmental conditions, and aging of the panels can contribute to these efficiency 

losses. Regular maintenance, including cleaning and inspection, is important to mitigate these 

reductions and maintain optimal efficiency levels in the long term. Moreover, the study (El-

Shobokshy and Hussein, 1993) found that the material, size, and deposition density of dust have a 

strong effect on the loss of output power in PV systems. Different types of dust, such as fine 

particles or larger debris, can have varying impacts on the performance of the panels. Additionally, 

the density of dust deposition, or the amount of dust accumulated on the panel surface, can 

significantly affect the power output. Therefore, it is crucial to consider the characteristics of dust 

and implement appropriate  cleaning and maintenance practices to minimize the loss of output 

power in PV systems. Also, the study (Alamoud, 1993) found when exposed to the outside 

environment, the efficiency of PV modules can decrease by 5.73% to 19.8%, depending on the 
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  type of the module. This reduction in efficiency highlights the impact of external factors such as 

temperature variations, dust accumulation, shading, and other environmental conditions on the 

performance of PV modules. It is essential to select modules that are suitable for the specific 

environmental conditions and implement proper maintenance practices to minimize efficiency 

losses and maximize power generation. And, this study (El-Nashar, 1994) revealed that the 

monthly percentage decline in glass transmittance is seasonal, with a 10% decline in the summer 

and a 6% decline in the winter. This indicates that the transmittance of solar radiation through the 

glass surfaces of PV modules decreases during these seasons. Furthermore, the study found that 

leaving the collector without cleaning for one year resulted in a significant reduction of 70% in the 

collector's performance. This highlights the importance of regular cleaning and maintenance to 

prevent the accumulation of dirt, dust, and other contaminants on the collector surface, which can 

hinder the efficiency and overall performance of the system. In addition, the study (Hegazy, 2001) 

examined the impact of dust accumulation on the solar transmittance of vertical plates with a 

diameter of 1 mm. The loss in transmittance was found to be typically around 75-80% over a 

month's exposure. The study compared a calculated "dust factor" or correction factor to the 

observed reduction in transmittance, providing insights into the accuracy of the model used to 

estimate the effect of dust on solar transmittance. These findings highlight the significant impact 

of dust accumulation on the efficiency of solar panels and emphasize the importance of regular 

cleaning and maintenance to maintain optimal performance. Also, the study (Asl-Soleimani et al., 

2001) air pollution, particularly in cities with high pollution levels like Tehran, can significantly 

reduce the energy output of solar modules by more than 60%. The presence of pollutants, such as 

particulate matter and smog, in the air can block and scatter sunlight, thus reducing the amount of 

solar radiation reaching the modules. This reduction in solar irradiance directly impacts the energy 

conversion capability of the modules, leading to a substantial decrease in energy output. To 

mitigate the negative effects of air pollution on solar energy generation, regular cleaning of the 

modules and implementing air pollution control measures are essential. Also, this study (Qasem 

et al., 2011) the study investigated the impact of dust densities on the performance of solar modules 

in both vertical and horizontal configurations. It was observed that higher dust densities negatively 

affected the performance of both configurations. However, the horizontal module configuration 

was found to have an increased risk of hotspots due to dust deposition. Hotspots are localized areas 

of increased temperature that can lead to reduced efficiency, decreased power output, and potential 

damage to the solar cells.  
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  Therefore, regular cleaning and maintenance are crucial, especially for horizontal module 

configurations, to mitigate the risk of hotspots and maintain optimal performance. These findings 

emphasize the importance of proper maintenance practices in areas with high dust densities to 

ensure the long-term efficiency and reliability of solar modules. And, this study (Bajpai and Gupta, 

1988) found that poor efficiency in solar systems can be attributed to the scattering of incoming 

radiation by dust particles. Dust accumulation on the surface of solar panels scatters and diffuses 

sunlight, reducing the amount of radiation that reaches the solar cells and resulting in decreased 

energy conversion efficiency. Regular cleaning and maintenance of solar panels are crucial to 

mitigate the impact of dust scattering and maximize the transmittance of sunlight for optimal 

energy conversion. Implementing protective measures like panel coatings or anti-soiling 

technologies can also help minimize the scattering effects of dust particles and improve overall 

system efficiency. 

Dust storms pose a significant challenge to the efficiency and productivity of solar panels 

worldwide (Alghamdi et al., 2018; Al-Kaff & Alghamdi, 2019). This issue is particularly acute in 

the Saudi Arabia, where frequent dust storms can cause significant damage to solar panels and 

lead to decreased energy production (Al-Raddadi et al., 2019). The Saudi Arabia is particularly 

vulnerable to dust storms, which cause dust and dirt to accumulate on the surface of solar panels, 

obstructing solar radiation absorption and decreasing solar panel efficiency. Furthermore, dust 

storms can corrode and damage solar panels, necessitating expensive repair and replacement costs. 

Therefore, it is crucial to study the impact of dust storms on solar panels in the Saudi Arabia to 

identify the best methods and solutions to deal with this problem, improve the efficiency of solar 

panels, and increase electric energy production (Al-Raddadi et al., 2019).   

Several studies have been conducted to examine the impact of dust on the performance of solar 

panels. (Li et al., 2019) discuss the research status and associated challenges in this field. They 

provide recommendations for enhancing the performance of solar panels in the presence of dust. 

Building upon this research, (Li et al., 2020) specifically investigate the effects of dust on PV 

modules. They analyze the optical and thermal impacts of dust on solar panel efficiency and offer 

an overview of research and strategies employed to mitigate this challenge. Furthermore, (Alghoul 

et al., 2020) provide a comprehensive view of the influence of dust on photovoltaic systems. Their 

study explores the electrical and thermal effects of dust on panel performance and offers a review 

of various techniques and measures used to minimize dust accumulation and its adverse effects on 
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  performance. Additionally, (Zhang et al., 2019) focus on the impact of dust deposition on the 

performance of photovoltaic panels. They analyze how dust affects light transmission and heat 

distribution in panels and present an overview of findings and recommendations to address this 

challenge. And, the study (Adanu, 1994) found that the presence of dust particles in the atmosphere 

has a detrimental effect on solar irradiance and the energy output of PV arrays. Dust particles 

scatter and absorb sunlight, reducing the amount of solar irradiance reaching the PV panels. 

Additionally, the accumulation of dust on the surface of the panels acts as a barrier, further 

reducing efficiency and energy output. Regular cleaning and maintenance of the PV panels are 

crucial to mitigate the negative impact of dust particles. By keeping the panels clean and free from 

dust accumulation, the solar irradiance can be maximized, leading to improved energy generation 

from the PV array. These practices are essential to maintain optimal efficiency and maximize the 

energy output of solar systems in areas prone to dust pollution.  These studies collectively 

contribute to the understanding of the impact of dust on the productivity of photovoltaic panels 

and provide valuable insights into strategies for improving their performance in dusty 

environments. 

The objectives of this study are to analyze the effects of dust storms on the efficiency and 

performance of solar panels in the Saudi Arabia, identify and evaluate the effectiveness of 

preventive measures to reduce the impact of dust storms on solar panels, investigate and analyze 

the effect of dust storms on the productivity of solar panels, and identify best practices for reducing 

the impact of dust storms on solar panels, as well as recommendations for future system 

development. Achieving these objectives will help to improve the efficiency of solar panels in the 

Saudi Arabia, reduce the negative impact of dust storms on the environment, and contribute to the 

country's strategic goals of providing clean and renewable energy while reducing harmful 

emissions to the environment. This study is critical for identifying the best methods and solutions 

to deal with the problem of dust accumulation on solar panels in the Saudi Arabia. Such research 

can provide valuable insights into the development of novel cleaning techniques and technologies 

tailored to the local conditions. High-quality research in this area can also inform policy decisions 

related to the adoption of renewable energy and contribute to the sustainable development of the 

Saudi Arabia. 
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  2. Material and Methods:  

Data: 

The study utilized various sources of information, including reports requested from the King 

Abdullah City for Atomic and Renewable Energy including data about Direct Normal Irradiance 

(DNI)- kwh/ m2/ day, Global Horizontal Irradiance (GHI)- kwh/ m2/ day, Diffuse Horizontal 

Irradiance (DIH)- kwh/ m2/ day, and efficiency kwh/ m2/ day ( (Fig. 1) show you the stations 

locations,  and the National Center for Meteorology  including data about dust storms events (Day), 

Horizontal Visibility (HV),  pressure (kPa), mean temperature (C), Wind Speed (km/h), and 

relative humidity (%) (Fig. 2) show you the stations locations.  

 

Figure 1. Map showing 49 the locations of solar stations around Saudi Arabia, the map applies 

to all years considered in this paper (2013-2022). 

 

Figure 2. Map showing 26 the locations of Meteorological stations around Saudi Arabia, the 

map applies to all years considered in this paper (2013-2022). 
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  Methodology:  

The study employed time series to demonstrate the impact of the general trend of dust storms on 

the amount of photovoltaic panel productivity in the Saudi Arabia from 2013 to 2022. In the Saudi 

Arabia, estimate the amount of dust deposited on the surface of photovoltaic panels and its impact 

on productivity. Where the independent time variable (t) (study years 2013-2022) and its 

corresponding values are the dependent variable (Y) (the amount of electrical energy produced by 

photovoltaic panels), and each value in time (t) (study years 2013-2022) corresponds to the values 

of the dependent variable (Y) (the amount of electrical energy produced by photovoltaic panels), 

y is a function of time t. 

In the application of time series, it relied on a number of phenomena affecting the amount of dust 

storms rising or falling on the productivity of photovoltaic panels, and it included 58 observations 

of the following phenomena: daily dust storms (DS), total horizontal radiation falling watts / day 

/ hour / m2 (GHI), direct vertical radiation watts/day/hour/m2 (DNI), diffuse horizontal radiation 

watts/day/hour/m2 (DHI), air temperature (AT), This time series runs from 2013 to 2022. 

 The first stage involves testing the time series' stability using the Dickey and Fuller test (unit 

root test). If the test statistics are (Table-1), and it is discovered that: 0.365 2.36, as well as 

0.825 2.36, then the presence of the unit root is accepted. The first differences filter is applied 

to the time series to make it stable. 

Table 1. Summary of Dickey and Fuller test daily dust storms (DS), total horizontal radiation 

falling watts / day / hour / m2 (GHI), direct vertical radiation watts/day/hour/m2 (DNI), diffuse 

horizontal radiation watts/day/hour/m2 (DHI), air temperature (AT), This time series runs from 

2013 to 2022. The Dickey and Fuller test is a statistical test used to determine the presence of a 

unit root in a time series, which can indicate non-stationarity and the need for further analysis. The 

table presents the results of this test for each variable, indicating whether a unit root is present in 

the time series. This information is important for understanding the statistical properties of the data 

and for guiding further analysis of the meteorological variables over time. 

A= 0.05 T value Module Test 

2.36 0.365 II D.F. 

2.36 0.825 II A.D.F. 
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   The second stage is to identify the appropriate model that represents the first differences by 

examining the ACF autocorrelation function for the first difference series, which leads to the 

MA (1) model being suggested. When the PACF partial autocorrelation function was examined, 

it suggested the AR model (1). When the two figures are considered, the (3,1,0) ARIMA model 

can be proposed. 

 The third and fourth phases involve estimating the proposed models and confirming their 

applicability to the time series: Each of the three proposed models went through these two 

phases. And the models that are found to be valid for representing the time series because of the 

examination are compared in terms of predictive ability and the best one is chosen. 

The amount of solar energy produced in the Saudi Arabia: 

  To estimate the amount of solar radiation reaching the Earth's surface, several interconnected 

quantitative models that rely on measuring or estimating the angles of solar radiation based on 

the American Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE) 

model that was used in the analysis of solar radiation measurements have been designed.  

 The study's goal is to assess the spatial potential of solar energy in the Saudi Arabia by 

estimating the total and analyzing the spatial variations of solar radiation to determine which of 

these sites is the best for generating solar energy and is less affected by dust storms in the Saudi 

Arabia. In its collection and analysis, the study relied on data from King Abdullah City for 

Atomic and Renewable Energy and the Global Atlas of Solar Energy, where data from solar 

energy stations for the period 2013-2022 were entered after unifying the units measured in them, 

which are (watt / day / hour / m2) so that the data is consistent. The data was entered into a 

geographic information system (GIS) to analyze and measure solar radiation. The process 

involved steps such as converting the data into point format, generalizing the data using 

interpolation, arranging the results into raster squares, classifying the results into levels, 

calculating the annual average radiation, and creating a final map of the solar radiation levels. 

Development of Spatial Suitability Index for Photovoltaic Projects: 

 The methodology used to develop the spatial suitability index for photovoltaic projects involved 

several steps to assess the energy production potential of different regions. The following 

paragraphs outline the key components of the methodology: 
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   Data Collection: Relevant data sources were compiled, including solar radiation data, 

geographical information, and surface terrain characteristics. Solar radiation data was 

obtained from meteorological stations, satellite imagery, or other reliable sources. 

 Data Preprocessing: The collected data was processed to ensure consistency and 

compatibility. This involved standardizing units, removing outliers or erroneous data points, 

and conducting quality checks. 

 Conversion to Point Format: The data was converted into a point format, where each data 

point represented a specific location within the study area. This was necessary to enable 

spatial analysis and interpolation techniques. 

 Interpolation: Interpolation techniques, such as inverse distance weighting or kriging, were 

applied to generalize the data and estimate solar radiation values at locations where 

measurements were not available. This helped create a continuous surface of solar radiation 

distribution across the study area. 

 Rasterization: The interpolated results were then arranged into raster squares or grids, where 

each grid cell represented a specific geographic area. This facilitated further analysis and 

classification. 

 Classification: The rasterized data was classified into suitability categories based on energy 

production levels. These categories were determined by setting thresholds or ranges of solar 

radiation values associated with different energy production potentials. 

 Suitability Index: A suitability index was developed by assigning numerical scores or 

weights to each suitability category. The scores were based on the energy production 

potential of a particular category, with higher scores indicating higher suitability for 

photovoltaic projects. 

 Validation and Refinement: The suitability index was validated using independent data or 

ground truth measurements to assess its accuracy and reliability. If necessary, the index was 

refined or adjusted based on the validation results. 

3. Results:  

3.1. Dust storms affecting photovoltaic panel productivity: 

Between 2011 and 2022, the Kingdom of Saudi Arabia experienced various dust storms across 

different regions, as measured by ground monitoring stations affiliated with the National Center 

of Meteorology. As shown in Figure 3, The data reveals that the eastern region of the Kingdom, 
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  which includes Al-Ahsa Governorate, is the most affected by dust storms, with an average of 

approximately 25 dust storms per year. The northern borders region, which includes Rafha and 

Arar stations, had an average of approximately 11 dust storms per year. The southern region, which 

includes Wadi Al-Dawasir, Sharurah, and Najran stations, had an average of approximately 9 dust 

storms per year. The average number of dust storms per year in the western region, which includes 

Makkah, Al-Madinah, and Tabuk stations, was approximately 5.5 dust storms. The graph provides 

useful information about the frequency of dust storms at the regional level in the Saudi Arabia, 

which can help inform decisions related to disaster management and planning. 

Al-Ahsa Governorate was the most vulnerable region to dust storms during this period, recording 

approximately 30 dust storms in 2012, followed by 24 storms in 2015, around 23 storms in 2018, 

and 13 storms in 2021. The number of storms increased again to about 30 in 2022. The frequency 

of dust storms varied from year to year and was influenced by factors such as precipitation rate, 

air fronts, and atmospheric pressure. Approximately 17 dust storms occurred during this period. 

The Rafha station recorded approximately 12 storms in 2012 and approximately 9 storms in 2013, 

with the frequency of storms increasing again in 2015 to approximately 12. The rate of storms 

decreased to approximately 7 storms in 2018 and approximately 5 storms in 2022. Regarding the 

Jazan station, the number of dust storms was approximately 8 in 2011, and the rate of storms 

increased to approximately 17 in 2015. The rate of storms decreased to approximately 14 in 2018, 

and the decline continued until 2022 with approximately 10 dust storms. 

The Wadi Al-Dawasir station recorded about 6 storms in 2011, with the rate decreasing to 4 storms 

in 2015. The intensity of storms increased to about 13 in 2018, and then decreased to about 11 and 

6 straight storms in 2021 and 2022, respectively. 

 

Figure 3. Average dust storms from 2011 to 2022 at the regional level in the Saudi Arabia. 
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  Additionally, the highest monthly occurrence of dust storms in the regions of Saudi Arabia was 

studied for a period spanning from 2011 to 2022, the data reveals that the eastern region of the 

Kingdom, which includes Al-Ahsa Governorate, experienced the highest average daily rate of dust 

storms, ranging from approximately 0.4 to 0.7 dust storms per day, with the highest rates occurring 

from March to May. The northern borders region, which includes Rafha and Arar stations, had an 

average daily rate ranging from approximately 0.1 to 0.3 dust storms per day, with the highest rates 

occurring from March to May. The southern region, which includes Wadi Al-Dawasir, Sharurah, 

and Najran stations, had an average daily rate ranging from approximately 0.1 to 0.2 dust storms 

per day, with the highest rates occurring from March to May. The western region, which includes 

Makkah, Al-Madinah, and Tabuk stations, had an average daily rate ranging from approximately 

0.05 to 0.1 dust storms per day, with the highest rates occurring from March to May. The graph 

provides important information about the average daily rate of dust storms in different regions of 

the Saudi Arabia, which can help inform decisions related to disaster management and planning. 

Also, the data reveals that the eastern region of the Kingdom, which includes Al-Ahsa 

Governorate, experienced the highest percentage of dust storms, ranging from approximately 30% 

to 50% of monthly days with dust storms, with the highest percentages occurring from March to 

May. The Northern Borders region, which includes Rafha and Arar stations, had a percentage 

ranging from approximately 10% to 30% of monthly days with dust storms, with the highest 

percentages occurring from March to May. The southern region, which includes Wadi Al-Dawasir, 

Sharurah, and Najran stations, had a percentage ranging from approximately 5% to 20% of 

monthly days with dust storms, with the highest percentages occurring from March to May. The 

western region, which includes Makkah, Al-Madinah, and Tabuk stations, had a percentage 

ranging from approximately 2% to 10% of monthly days with dust storms, with the highest 

percentages occurring from March to May. The graph provides valuable information about the 

percentage of monthly days with dust storms in different regions of the Saudi Arabia, which can 

help inform decisions related to disaster management and planning (Fig. 4, 5). The Al-Ahsa region 

is the most affected by dust storms, with an average rate ranging from 2.16 to 1.65 days per month 

from February to June. From February to May, the Hafr Al-Batin station experienced an average 

of 1.42 to 1.75 stormy days per month. At the Qaisumah station, the number of dust storm days 

ranged from 1.29 to 1.75 per month from March to May.  
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  The Jazan station's average leading dust storm days ranged from 1.14 to 1.72 days per month from 

May to September. The Sharurah station experienced dust storms ranging from 1.18 to 0.95 days 

per month between March and August. The Wadi Al-Dawasir station recorded dust storms ranging 

from 0.80 to 1.03 days per month from March to May, indicating that the southern region is 

affected by dust storms after the eastern region. The peak dust storm days at the Arar station ranged 

from 1.07 to 1.63 days per month from March to May. 

The Rafha station recorded an average of 0.53 to 1.43 dust storm days per month from February 

to May. During February and March, the Al-Jouf station experienced an average of 0.69 to 1.07 

dust storms per day. The average number of dust storm days at the Al-Ula station decreased from 

0.33 to 1.00 days per month between February and July, while at the Tabuk station, the average 

number of dust storm days ranged from 0.49 to 0.73 days per month between March and May. 

Furthermore, between April and August, the rate of dust storms at the Arafat Station in Makkah 

decreased from 0.14 to 0.86 days per month. During April and May, the rate of dust storm days 

decreased by about 0.16 to 0.20 days per month at the Al-Madinah Station. This indicates that the 

western region is less likely to experience dust storms compared to other regions. 

 

Figure 4. Depicts the average daily rate of dust storms in the Saudi Arabia from 2011 to 2022. 
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Figure 5. Percentage of average monthly average dust storms from 2011 to 2022 at the regional 

level in the Saudi Arabia. 

3.2. The amount of photovoltaic energy produced and the impact of dust storms:  

In an effort to quantify the impact of dust in solar energy production the amount of photovoltaic 

energy that can be produced in the Saudi Arabia between 2013 and 2022 is investigated (Fig. 6) It 

shows the amount of photovoltaic energy that can be produced in the Saudi Arabia in watt hours 

per square meter per day from 2013 to 2022. The data reveals that the northwestern region of 

Tabuk has the highest potential for photovoltaic energy production, with an average of 

approximately 6 watts/day/hour/m2. The southwestern region in Asir also has high potential, with 

an average of approximately 5.5 watts/day/hour/m2. The lowest potential for photovoltaic energy 

production was recorded in the Jazan region in the west and the eastern region. The graph provides 

valuable information about the potential for photovoltaic energy production in different regions of 

the Saudi Arabia, which can help inform decisions related to energy planning and investment. The 

northwestern region of Tabuk produced approximately 6 watts/day/hour/m2, while the 

southwestern region in Asir produced approximately 5.50 watts/day/hour/m2. The lowest 

production was recorded in the Jazan region in the western corner and the eastern region. The 

Kingdom's geographical location and surface topography play a critical role in increasing or 

decreasing solar radiation and contributing to photovoltaic energy production. 

Figure 7 shows the total number of dust storms in the Saudi Arabia from 2011 to 2022. Al-Ahsa 

station recorded the most total dust storms, with approximately 444 storms, followed by Jazan 

station with approximately 393 storms and Qaisumah station with 353 storms. 
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   The stations with the fewest dust storms were Al-Ula with approximately 4 storms, Arafat with 

approximately 11 storms, Al-Wajh with approximately 12 storms, Khamis Mushait and Makkah 

stations with approximately 15 storms, and Abha station with approximately 27 storms. Additional, 

the data reveals that the Al-Ahsa station recorded the highest number of dust storms during this 

period, with approximately 444 storms. Jazan station recorded the second-highest number, with 

approximately 393 storms, followed by Qaisumah station with 353 storms. The stations with the 

fewest dust storms were Al-Ula with approximately 4 storms, Arafat with approximately 11 storms, 

Al-Wajh with approximately 12 storms, Khamis Mushait and Makkah stations with approximately 

15 storms, and Abha station with approximately 27 storms. The graph provides important 

information about the frequency of dust storms in different regions of Saudi Arabia, which can 

help inform decisions related to disaster management and planning. It also highlights the regions 

that are most vulnerable to dust storms, which can be used to prioritize the implementation of dust 

storm mitigation measures in these areas. 

Based on this analysis, the eastern, southern, and northern regions are the areas most vulnerable to 

dust storms, which explains the impact on the productivity of photovoltaic panels in these regions.  

 

Figure 6. The amount of photovoltaic energy that can be produced in Saudi Arabia (watt hours / 

m2 / day). 
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Figure 7. It shows the total number of dust storms that occurred at the regional level in Saudi 

Arabia from 2011 to 2022. 

4. Discussion:  

Figure 8, and table 2 depicts the spatial suitability categories were determined by calculating the 

average solar radiation for each region of Saudi Arabia at the monthly level from January to 

December for the period 2013-2020. The figure shows a classification of spatial suitability ranges 

for the construction of photovoltaic energy projects. The suitability ranges are divided into five 

categories, ranging from very high suitability to very low suitability. The classification is based on 

factors such as land use, land cover, slope, and distance from infrastructure. The purpose of this 

classification is to provide guidance for decision-makers in identifying areas that are suitable for 

the construction of photovoltaic energy projects, while minimizing the potential environmental 

impact and maximizing energy production. The table presents the land areas for each of the spatial 

suitability categories for the establishment of photovoltaic energy projects. The five categories are 

very high suitability, high suitability, moderate suitability, low suitability, and very low suitability. 

The table shows the total land area in square kilometers and the percentage of the total study area 

for each suitability category.  

The results indicate that the majority of the study area falls within the moderate suitability 

category, with a total land area of 42,510 square kilometers, or 41.5% of the total study area. The 

very high suitability and high suitability categories have a combined land area of 8,702 square 

kilometers, or 8.5% of the total study area. The low suitability and very low suitability categories 

have a combined land area of 72,791 square kilometers, or 71% of the total study area. 
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   These results provide valuable information for decision-makers in identifying areas that are 

suitable for the establishment of photovoltaic energy projects and can help to optimize energy 

production while minimizing potential environmental impacts. Analysis of this data identified the 

region’s most suitable for placement of photovoltaic panels during specific months of the year, 

based on the solar radiation received, and the analysis of the data was conducted on an annual basis 

to identify the most suitable regions for permanent installation of solar panels. The northern corner 

of the Kingdom, including regions like Tabuk, Al-Jouf, Hail, the northern border, and Medina, was 

found to be highly favorable for photovoltaic energy production throughout the year. These areas 

receive consistently high levels of solar radiation due to their geographical location and surface 

terrain, making them ideal for permanent solar panel installations. The northern corner of the 

Kingdom, including regions such as Tabuk, Al-Jouf, Hail, the northern border, and Medina, was 

found to be most suitable for photovoltaic energy production from March to September. This is 

due to the high solar radiation these regions receive during this period, characterized by 

geographical location and surface terrain that allows relatively large amounts of solar radiation. 

On the other hand, the analysis was conducted on an annual basis to determine the most suitable 

regions for the permanent installation of solar panels. The southern regions like south of the 

Eastern Province, south of Riyadh, Najran, Asir, east of Al-Baha, and south of Makkah were found 

to be most suitable for photovoltaic energy from October to December. This is because they receive 

higher solar radiation during this period compared to other months. Additionally, the northwestern 

corner, including Tabuk, Hail, Al-Jawf, and Al-Madinah, can generate moderate photovoltaic 

energy owing to the moderate solar radiation received. The northeastern Arabian Gulf coast and 

northern borders, as well as southwestern Red Sea coast regions like Jazan, Asir, Al-Baha, and 

Makkah receive relatively less solar radiation due to location and terrain. As a result, they are less 

suitable for photovoltaic energy compared to other regions. 

The spatial suitability categories for photovoltaic projects are divided into four categories based 

on energy production. Category 4, covering 9% of the Kingdom's area in the northwest and 

southwest corners, represents the highest suitability. Category 3 indicates moderate suitability, 

covering approximately 65% of the Kingdom's area. This includes the central region, south of the 

Eastern Province, Najran, Makkah, Al-Madinah, and the Northern Region. Category 2 denotes 

unsuitability for photovoltaic energy production, covering around 20% of the area. This category 

is in the eastern parts of the Eastern and Central regions, as well as the northern borders.  
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  Category 1 represents areas unsuitable for photovoltaic energy production, covering approximately 

6% of the Kingdom's area. This category encompasses the eastern and western outskirts of the 

Arabian Gulf coast and the Red Sea coast in Jizan, Asir, and Al-Baha. 

In summary, the analysis divided Saudi Arabia into four spatial suitability categories for 

photovoltaic projects based on solar radiation data. The highest suitability areas in Categories 3 

and 4 comprise the northern, central and southern regions. The lowest suitability coastal areas are 

designated as Categories 1 and 2. The classifications provide guidance for optimal locations to 

implement photovoltaic projects while minimizing environmental impact. 

 

Figure 8. Suitability index for the construction of photovoltaic energy projects. 

Table 2. Land areas for each of the spatial suitability categories for the establishment of 

photovoltaic energy projects. 

Relative Area 

(%) 
Area (Km2) 

Convenience 

limits 

Appropriate 

category 
Category 

02 584723 Excluded (0) Unsuitable 1 

6 198425 50-40 Little suited 2 

56 575652 80-50 Middle suited 3 

9 851297 100- 80 High suited 4 
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  Based on the analysis of Figure 9 and Table 3, Total dust storms in the Saudi Arabia from 2011 to 

2022. The figure illustrates the spatial distribution of dust storms across different regions of the 

Kingdom and highlights the variation in their frequency over time. The figure indicates that some 

regions, such as the northern corner of the Kingdom, experience relatively low incidence of dust 

storms, while other regions, such as the northeastern parts of the Arabian Gulf coast and the 

southwest Red Sea coast, are more prone to dust storms. The figure also shows that the frequency 

of dust storms varies seasonally, with lower incidence during the months from March to September 

and higher incidence during the months from November to February. Overall, the figure provides 

important information for assessing the suitability of different regions for photovoltaic energy 

production and identifying appropriate mitigation measures to minimize the impact of dust storms 

on the efficiency and maintenance of photovoltaic panels. And, the table shows the low frequency 

of dust storms, land areas for spatial suitability categories for the establishment of photovoltaic 

energy projects are limited. It provides information on the land areas that fall under different spatial 

suitability categories for photovoltaic energy projects based on the frequency of dust storms in 

different regions of the Saudi Arabia.  

The table indicates that the land areas categorized as very high suitability (Category 6) and ideal 

locations with low frequency of dust storms (Category 5) account for a relatively small proportion 

of the Kingdom's total land area, at approximately 5% and 15%, respectively. In contrast, the land 

areas categorized as medium suitability (Category 4), low suitability (Category 3), and unsuitable 

(Categories 1 and 2) account for a much larger proportion of the Kingdom's total land area, at 

approximately 30%, 40%, and 4-6%, respectively. This suggests that due to the high frequency of 

dust storms in many parts of the Kingdom, the land areas that are suitable for photovoltaic energy 

projects are limited, which highlights the importance of identifying appropriate mitigation 

measures to minimize the impact of dust storms on the efficiency and maintenance of photovoltaic 

panels. Specifically, the northern corner of the Kingdom, including regions such as Tabuk, Al-Ula, 

and Abha, are suitable during the months from March to September. 

Regions that are unsuitable for photovoltaic panel installation or have high frequency of dust 

storms are located in the northeastern parts of the Arabian Gulf coast in the eastern region and the 

southwest on the Red Sea coast, represented by Jazan, Asir, Al-Baha, and Makkah. This is due to 

the recurrence of dust storms caused by wind speed and direction, as well as their influence on air 

masses, resulting from their geographical location and surface shapes.  
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  In contrast, some areas experience lower frequency of dust storms due to their geographical 

location and surface shapes that affect winds and air masses differently. 

Category 6, representing very high suitability for photovoltaic energy projects due to the absence 

of dust storms, covers an area of approximately 22,031 km2, or approximately 5% of the 

Kingdom's area, and is in the northwestern corner in Tabuk and Al-Ula, as well as the southwestern 

corner in Makkah, Al-Baha, Asir, and parts of Najran. 

Category 5, representing ideal locations with low frequency of dust storms for photovoltaic energy 

projects, covers approximately 432,873 km2, accounting for 15% of the Kingdom's total land area. 

It is present in the central region, the southern part of the eastern region, Najran, Makkah, Madinah, 

and the northern region. 

Category 4 indicates medium suitability for photovoltaic energy production and is subject to 

frequent dust storms. It covers an area of approximately 63,762 km2, accounting for 30% of the 

Kingdom's total area, and is in the southeastern and southern regions. Category 3 represents areas 

with low suitability for photovoltaic energy production due to the high frequency of dust storms. 

It covers approximately 76,325 km2, accounting for 40% of the Kingdom's total land area. It is 

found in both the central and eastern parts of the western regions, as well as the southern parts of 

the northern region. 

Categories 1 and 2 denote areas that are weak and unsuitable for generating photovoltaic energy 

due to the high frequency of dust storms. They occupy an area of about 18,567 km2 and 37,452 

km2, respectively, which accounts for 4-6% of the Kingdom's total area. They are found in Jizan, 

Asir, and Al-Baha in the western Red Sea coast as well as in the eastern region along the Arabian 

Gulf coast. 

One important factor that contributes to the different levels of suitability for photovoltaic energy 

production across Saudi Arabia is the variation in wind patterns and surface characteristics. The 

regions with higher incidence of dust storms tend to have higher wind speeds and more rugged 

terrain, which can create more dust and sand particles and thus reduce the efficiency of 

photovoltaic panels. In contrast, regions with lower incidence of dust storms tend to have more 

stable wind patterns and smoother terrain, which can enhance the efficiency of photovoltaic panels. 

Another important factor is the seasonal variation in dust storms, which can affect the suitability 

of different regions for photovoltaic energy production. 
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   The months from March to September are generally associated with lower incidence of dust 

storms in the northern corner of the Kingdom, which makes this region more suitable for installing 

photovoltaic panels during this period. In contrast, the months from November to February are 

associated with higher incidence of dust storms in many parts of the Kingdom, which can reduce 

the efficiency of photovoltaic panels during this period. 

To address the challenges posed by dust storms, various mitigation measures can be implemented 

to minimize their impact on the efficiency and maintenance of photovoltaic panels. For instance, 

regular cleaning of the panels can remove accumulated dust and sand particles and enhance their 

performance. The installation of protective barriers, such as fences or walls, can also reduce the 

amount of dust and sand particles that reach the panels. Additionally, the use of advanced 

monitoring systems can enable real-time detection and response to dust storms, such as by tilting 

the panels to minimize the accumulation of dust or shutting down the system temporarily during 

severe dust storms. 

Overall, the spatial assessment of dust storms in Saudi Arabia provides valuable insights into the 

suitability of different regions for photovoltaic energy production, as well as the challenges and 

opportunities associated with harnessing the country's abundant solar energy resources. By 

leveraging these insights and implementing appropriate mitigation measures, the Kingdom can 

accelerate its transition to a low-carbon economy and contribute to global efforts to mitigate the 

impacts of climate change. 

 

Figure 9. Suitability index for solar energy installations based on dust storms frequency. 
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  Table 3. Converge of land areas for each of the dust- frequency related, suitability 

categories for solar energy applications. 

Relative Area 

(%) 
Area (Km2) 

Convenience 

limits 

Appropriate 

category 
Category 

4 18567 Excluded (0) Unsuitable 1 

6 37452 20-30 Poor suited 2 

40 76325 40-50 Little suited 3 

30 63762 50- 60 Middle suited 4 

15 432873 70-80 High suited 5 

5 22031 90- 100 
Very high 

suited 
6 

 

5. Conclusions 

The spatial assessment conducted on Saudi Arabia highlights the most appropriate locations for 

photovoltaic energy projects. By analyzing the monthly averages of solar radiation and the total 

number of dust storms, we found a strong correlation between these two factors, it was discovered 

that the northern corner of the Kingdom, covering regions such as Tabuk, Al-Jouf, Hail, the north 

border, and Medina, is the best place for photovoltaic energy production during the months from 

March to September. On the other hand, the southern parts of the Kingdom, including regions such 

as the south of the Eastern Province, the south of Riyadh, Najran, Asir, the east of Al-Baha, and 

the south of Makkah, are most suitable for photovoltaic energy production during the months of 

October to December. 

The spatial assessment also identified areas that are not suitable for photovoltaic energy production 

due to the frequency of dust storms. These areas are found in the northeastern parts of the Arabian 

Gulf coast in the eastern region, as well as the southwestern parts of the Red Sea coast, and are 

represented by Jazan, Asir, Al-Baha, and Makkah. 

Overall, the spatial assessment has categorized the Kingdom's land into six categories of suitability 

for photovoltaic energy production, ranging from very high to unsuitable. The results of this 

analysis can serve as a guide for decision-makers and stakeholders in the energy sector to identify 

the most appropriate locations for photovoltaic energy projects, thereby increasing the efficiency 

and effectiveness of the Kingdom's energy infrastructure. 
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  In summary, the spatial assessment can serve as a valuable tool for decision-makers and 

stakeholders in the energy sector to identify the most appropriate locations for photovoltaic energy 

projects and to maximize the efficiency and effectiveness of the Kingdom's energy infrastructure. 

Based on this analysis, it is recommended that decision-makers and stakeholders in the energy 

sector focus their efforts on developing photovoltaic energy projects in the most suitable locations 

identified by the spatial assessment. These locations include the northern corner of the Kingdom 

during the months from March to September and the southern parts of the Kingdom during the 

months of October to December. 

Furthermore, it is important to consider the frequency of dust storms in the selected locations to 

ensure that the photovoltaic panels are not affected by the dust and to maximize their efficiency. 

The spatial assessment has identified areas that are not suitable for photovoltaic energy production 

due to the high frequency of dust storms, and it is recommended that these areas be avoided when 

planning and implementing photovoltaic energy projects. 

It is also recommended that further research be conducted to explore the potential for photovoltaic 

energy production in the medium and low suitability categories, as these areas still have the 

potential to contribute to the Kingdom's energy infrastructure. However, the frequency of dust 

storms in these areas should be taken into consideration. 
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