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Abstract
Background: Dust soiling is a main contributing environmental 
issue with the climatic condition of Western Rajasthan that 
influences adversely the performance of solar PV technology. The 
deposition of dust particles reduces the solar output by hampering 
the solar radiation. Objectives: To explore the trend of dust 
soiling rate over different seasons in a year and its impact on the 
performance of solar photovoltaic (PV) system in Western Rajasthan 
in India. Especially, dust particle settlement is primarily affecting the 
optical properties of the PV modules, which results in declining their 
output electrical energy yield. Thus, it adds significantly to quantify 
the effect of soiling by measuring transmittance losses and soiling 
ratio with different dust particles. Methods: This article presents a 
significant loss in output energy yield of photovoltaic system with 
the layer by layer deposition of the different dust particles in Western 
Rajasthan. In the context of physical properties, the XRD and SEM-
EDS analysis of the collected dust sample from SOTA is carried out, 
and also the dust particle size study has been performed in order 
to observe the sediment characteristics of various dust samples in 
Western Rajasthan. The preliminary results depict the optical (glass 
transmittance) and electrical (soiling ratio) parameters strongly 
depend on the dust properties and its deposition density. Findings: 
With this consideration, the highest power loss is observed in the 
Bikaner dust sample (S1) due to its high transmittance loss (96.1%) 
and whiles the minimum for Barmer (78.4%). Applications: This 
study can be useful to guide the appropriate level of dust soiling 
mitigation on solar PV systems in an arid or particular region. It 
can also be decided on the optimal cleaning schedule in actual 
conditions in the year.
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1. � Introduction
The performance of a photovoltaic (PV) energy system is highly influenced by the capacity 
of the solar radiation collection on the front glass surface of PV modules. The output 
maximum power collection capacity deciding by the intensity of received solar radiation, 
plate, tilt angle, orientation, and some other environmental factors, such as temperature, 
wind velocity, properties of solid materials (dust and bird dropping), the shadow of passing 
clouds, pollutants, and cleanness as shown in Figure 1 [1–4].

FIGURE 1.  Outline of main dust soiling effects.

This study presents the qualitative analysis of the collected dust particles from SOTA. 
In addition to that, the soiling ration has been determined to observe the effect of different 
dust particles on the PV system in Western Rajasthan. The climatic condition of western 
Rajasthan (Barmer, Bikaner, Jaisalmer, and Jodhpur) is characterized as semi-arid, regular 
dust storm, short rainfall, and high temperature. The Western desert part strongly faces the 
dust accumulated from various sources like dust, cement & lime industries, mining, and 
biomass burning in the year. Air quality and visibility in the atmosphere are affected by 
this dust sources. A typical dust soiling on the flat plate PV module in western Rajasthan 
is shown in Figure 2.

FIGURE 2.  Dust soiling on PV modules plates in Western Rajasthan.
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In [5–6] western Rajasthan, more importantly, the harsh environmental conditions 
such as high temperature (around 40–50 °C in summer), high levels of atmospheric 
dust, and sand storm are the main challenges that restrict the solar PV output. In a study, 
high concentrations of Particulate Matter (PM2.5 and PM10) were examined in winters 
whereas little concentrations during monsoon months. It is also revealed that the dust 
mainly creates from the arid and desert parts of the world [7–10].

Dust storms start from the ‘Thar’ Desert located in the western parts of Rajasthan. 
In the Western desert, the dust storms are developed, mainly during the summer season 
(March–April), with the least rainfall. The loose dust particles uplift in the atmosphere that 
is shifted through westerly winds over the Western part of Rajasthan [11].

The performance of a solar collector declines more and more as dust is deposited on 
its front surface [12–16]. A significant loss in the efficiency of PV modules is observed for 
sand, dust accumulation up to 1 g/m2 [17].Moreover, a 50% loss is reported in the PV power 
output after six months of outdoor exposure in Dhahran–KSA [18–19]. In Ref. [20], Ilse et 
al. provided a thorough study of macroscopic and microscopic factors relating to soiling. 
Many previous studies discuss a vast analysis of key issues, including airborne dust particle 
concentrations, dust characteristics (compositional analysis, and size distribution), and 
particle deposition rates on systems. Moreover, Goossens [21], presented in his work the 
rate of dust settlement on the PV surface depends on a number of factors including the 
concentration of dust particles in the atmosphere, the intensity of the winds transporting 
the dust, as well as geographic and surface condition of the depositional environment [22].

2. � Effect of Dust on Solar PV Panel
Smaller solid dust particles are the most detrimental agent present in the Western Rajasthan 
environmental condition. The monthly average power loss by dust soiling is shown in 
Figure 3 [23]. The solar energy outdoor testing area (SOTA) is located in Jodhpur, Western 
Rajasthan. When soil particles have settled on the PV module’s surface, they interfere with 
illuminated power by the effect of attenuating and scattering of incident solar radiation. It 
is a most common practice that the panels are commonly installed at the height in outside 
environment location, where rainfall is only the most efficient natural cleaning agent for 
removing dirt from panels in the whole year. Hence, the optimal cleaning of the module 
surface depends only on the frequency and amount of the rainfall on that system’s site. 
Particularly in the western Rajasthan, a weak intensity and less frequency of rainfall have 
led to the constant deposition of considerable amounts of dust onto the panel’s surface.

Western Rajasthan has four seasons in which December to February is winter; March 
to June is summer; July to September is rainfall (monsoon), and October to November is 
retreating monsoon. Generally, it is seen that the dust is washed away by low rainfall. In 
the study, it is inferred that the strongest power losses observed just after winter i.e., in 
January (~35%) while minimum power losses in monsoon season (~1%) as demonstrated 
in Figure 3. At the present, rainy season (monsoon) is typically started from the month of 
late June and continues till the end of September in Western Rajasthan. Thus, during rainfall, 
panels will get almost clean and thereby power losses due to dust accumulation will almost 
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get down. After the departure of monsoon, once again dust accumulation will start-up and 
continues till the end of winter, i.e., resulting in power losses that reach up to its greatest 
level. 

In arid zone, the prevailing moisture in the air, this keeps helping to promote the 
sustainability of dust deposition continuously with the strong adhesion on flat surfaces 
and this leads to loss of solar output in winter maximum. It is also clear that after winter, 
the arrival of summer along with high wind velocity (which is termed as “loo”) causing 
erosion of dust particles will take place with losing adherence from the glass surface. 
Hence, the power loss cuts somewhat during the arrival of summer [24].

3. � Dust Characterization

3.1. � Chemical Composition
In perspective of the mineralogical composition analysis, a chemical analysis was 
performed by the X-ray diffraction (XRD) technique to investigate mineral built of 
element composition. The quantitative analysis has been investigated using Pan analytical 
X-ray-Diffractometer software. On the basis of the result as depicted in Figure 4, the 
collected dust particles from the solar energy outdoor testing area (SOTA) were composed 
mostly of quartz (SiO2) followed by calcite (CaCO3) and some amount of other mineral 
feldspars (CaAlSi2O8) and berlinite (AlPO4). Quartz and feldspar are the most common 

FIGURE 3.  Monthly average power loss by dust soiling.
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compositions found in dust. For understanding the chemical composition of dust particles, 
the XRD results show that the major peaks of quartz, feldspar, calcite, dolomite, pyroxene, 
and berlinite, which corresponds with other reported study [25–27].

FIGURE 4.  X-ray diffraction pattern of dust sample for chemical composition analysis.

3.2. � Dust Morphology
The morphological assessment of the solid dust particles was carried out by the SEM-
EDX technique. A scanning electron microscope BRUKER was employed to investigate 
the microstructure of the various dust particles. The SEM is also equipped with Energy-
dispersive X-ray spectroscopy (EDX) detector by EDAX, which was used for elemental 
analysis of dust particles.

It is apparent from Figures 5 and 6 that the dust sample was subjected by spherical, 
irregular, tubular, long and prismatic, porous, and crystalline shapes of particles. The 
various shapes and sizes of the particles in dust samples might be due to various sources, 

FIGURE 5.  (a) SEM micrograph images of Dust sample and, (b) A typical EDAX spectra of 
elemental analysis of the dust samples collected from the SOTA.
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geological characteristics, local sources (like; traffic, construction, industrial, etc.), land 
use and land cover pattern, and meteorological parameters.

Elemental data analysis of dust samples shows that the particles contain mostly Si, Al, 
C, and Ca with a minority of particle Fe, K, Mg, and Na. Our dust prosperous in mainly 
quartz, carbonates, and feldspar usually originated from local sources. It is also stated in 
the dominance of quartz followed by feldspar, calcite, chlorite, and plagioclase in aerosol 
samples at the north-western part of India neighbouring “Thar Desert” [28–29]. Calcium 
carbonate or limestone is recognized to cement works (i.e., shows the presence of the 
cement industry in the local area) present in the local environment. Moreover, (Si, Al) and 
(Mg, Na) are concerned with the desert dust & sea salt-related sources correspondingly.

4. � Experimental Methodology

4.1. � Particle Size Analysis
This research aims to characterize and size-analyze the settled dust particles on the glass 
surface and their negative effect on system performance. Thus, a study of the particle size 
analysis on the PV module surface is important. In this framework, an effort is taken out 
to categorizing and evaluating the effect of particle size of dust samples. In artificial soiling 
experiments [30], Mani et al. investigated the relative percentage of the standard particle 
size of soil samples collected from Sekhawati region of Rajasthan (India).

In our experimental study, dust samples were collected from four different locations 
Barmer (S1), Bikaner (S2), Jaisalmer (S3), and Jodhpur (S4) in Western Rajasthan.

The results of the composition analysis of particle size attributed that collected dust 
samples S1, S2, S3, and S4 contain a high concentration of 125 μm diameter particle size 
as shown in Table 1. In western Rajasthan (semi-arid), the main proportion of dust soiling 
is revealed to dust particles in the very fine sand range (particle diameter between 63 and 
125 μm).

FIGURE 6.  SEM micrograph of dust in which, small carbonate particles adhered with 
smooth quartz particles.
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4.2. � Dust Sample Analysis
In the current study, the dust samples were collected from different locations (Barmer, 
Bikaner, Jaisalmer, and Jodhpur) in Western Rajasthan. To replicate the effect of dust 
particle size on the front PV module surface, all dust samples were sieved with a mesh size 
no. 125 μm as shown in Figure 7. 

FIGURE 7.  Collected dust sample from various locations of Western Rajasthan (Barmer, 
Bikaner, Jaisalmer, and Jodhpur).

4.3. � Apparatus Description
4.3.1. � Solar Power Output Study 
For the investigation of electrical performance (solar power output) with different dust 
deposition on the PV module surface, the experimental arrangement requires various 
types of equipment to obtain the results as Solar PV module Analyzer (PROVA 210); dust 
samples: (a) Barmer S1, (b) Bikaner S2, (c) Jaisalmer S3, (d) Jodhpur S4; and weighing 
scale to determine the dust quantity. The experimental setup is shown in Figure 8a.

FIGURE 8.  (a) Experimental setup used to present electrical study and, (b) The weighing 
scale is used in present study for the dust density measurement.

TABLE 1.  Sediment type distribution of collected dust samples

Sediment type Size (µm) S1 (%) S2 (%) S3 (%) S4 (%)

Medium silt 16–31 8.82 1.01 1.00 1.32
Coarse silt 31–36 5.91 4.06 5.82 4.37
Very fine sand 63–125 79.41 93.21 77.62 75.91
Fine sand 125–250 5.87 1.72 15.56 18.40
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4.3.2. � Dust Gravimetric Density Measurement
The glass slides of area 4 × 4 cm were used to determine the dust density. The dust density 
measurements are done by calculating the difference in weight of the slides before and 
after deposition divided by the area of the glass slides. The measurements are carried out 
by using Amici tools high precision digital scale (8068 series, resolution 0.001 gm) as 
depicted in Figure 8b. The soil gravimetric density is measured in g/cm2.

	 2 soiled cleanM M
SGD (g / cm )

A
− 

=  
 

	 (1)

4.3.3. � Transmittance Measurements
The normal transmittance measurements through the glass samples were carried out at the 
indoor laboratory with the set-up shown in Figure 9a. The apparatus comprises a yellow 
halogen light (equivalent to sunlight) of visible spectra (555 nm) range, and dust-soiled 
glass plate samples (4 cm × 4 cm). The average values of the normal transmittance intensity 
of light (W/m2) were measured by using a MECO solar power meter [13] on the glass plate 
corresponding to 5 spots as shown in Figure 9b. 

Collected dust particles were spread uniformly over the glass coupon using a flour 
strainer with sieve size no. 125 μm onto the 4 × 4 cm2 glass plate, and transmittance 
analysis performed under the artificial lightning source (light intensity at the radiation 
level of 650 W/m2).

5. � Result and Discussions

5.1. � Electrical Performance Study
The effect of various collected dust particles from Western Rajasthan on solar power 
output has been examined. The power output of solar PV modules is obtained with four 

FIGURE 9.  (a) Schematic diagram of the apparatus used for measuring the glass normal 
transmittance and, (b) transmittance of the samples was evaluated at the 5 different loca-
tions (i.e., red dots) in the glass sample.
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(S1, S2, S3, and S4) different dust samples having different weights (dust density g/cm2) by 
detecting in output power measurements Pmax (i.e., Pmpp) [31–33]. A comparative study 
of collected dust samples has been performed with different dust densities and the results 
are described in Figure 10. The soiling loss (SL) is calculated as per the equation (2) given 
below:

FIGURE 10.  Effect of different dust samples on power losses.

	 soiled

cleaned

SR(%) 1 100
P
P

 
= − × 
 

	 (2)

It can be practically seen that the deposition of dust particles on the solar PV module 
obstructs the sunlight and hence turn down the power to a large extent. The result from 
Figure 10 indicates the power loss due to dust accumulation on the PV surface [34–37]. 
As data summarized that in the case of the Bikaner dust sample (S2), the maximum power 
loss has been detected.

5.2. � Optical Performance Study
An extensive experimental study regarding the effect of different dust particle samples on 
transmittance through the glass plate has been performed. Glass plates were artificially 
exposed to different dust particles. Measurements of normal transmittance through these 
soiled glass plates were taken and compared with that of a clean plate. In this way, measured 
output transmittance is the direct characteristics of receiving sunlight after being blocked 
due to an amount of dropping through each spot. An additional reduction in the intensity 
of transmittance radiation causing the dust accumulation can be calculated by the output 
transmittance losses (%) as follows: 

	 clean glass plate bird dropping

clean glass plate

Trans -Trans
Transmittance losses(%) 100

Trans
= × 	 (3)
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The average reduction in transmittance for various dust deposition samples (S1, 
S2, S3, and S4) is plotted in Figure 11. The loss in transmittance is directly affected by 
the accumulation of dust on the glass surface. In fact, as the dust density increases, the 
transmittance loss also rises rapidly, and it hikes until reaching its upper limit. Thereafter, 
the effect of dust accumulation vanishes.

FIGURE 11.  Transmittance reduction as a function of dust deposition density.

As a result, it is evident that a high percentage of very fine sand particles (compared to 
dust from other sites) were seen in Bikaner dust (S2, 93.21%), which means that there were 
smaller gaps between these very fine particles through which light can pass [38]. Hence, it 
is indicated in the transmittance loss, where Bikaner shows higher loss compared to other 
locations as shown in Figure 12. 

FIGURE 12.  Maximum transmittance losses for different dust samples.
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6. � Conclusions
As regional areas show the main source of dust fallout, while local sources contribute 
significant amounts. In concern to qualitative analysis, Carbonates and quartz are the main 
sources of dust in western Rajasthan; while feldspar is present in significant amounts.

In order to quantitative analysis, the effect of a different dust particle, a comparative 
study of a total off our dust samples has been carried out with different dust sample weights 
(gravimetric density). Dust samples are collected from different geographical locations in 
Western Rajasthan. These dust samples were artificially deposited on solar glass samples. 
Soiling loss due to dust, Pmax was used to evaluate the performance of the soiled glass 
samples of solar cells. It is concluded that a small layer of dust particles can reduce the PV 
output power to a large extent. A maximum reduction in power is obtained for the Bikaner 
dust sample (S1) due to its high transmittance loss (96.1%). It is caused by the presence of 
a high percentage of very fine sand particles, this confirms that the smallest particle blocks 
more sunlight and thus reduces the performance of solar PV modules.
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