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ARTICLE INFO ABSTRACT

Keywords: Photovoltaic (PV) module soiling, i.e., the accumulation of soil deposits on the surface of a PV module, directly
DUSF particles affects the amount of solar energy received by the PV cells in that module and has also been suggested as a
O]ft‘cal llosfes mechanism that can give rise to additional heating, leading to significant power generation losses or even physical
Is)oﬁitzvo taic degradation, damage and lifetime reduction. Investigations of PV soiling are challenging and limited. We present
Solar inergy results from an extensive outdoor experimental testing campaign of soiling, apply detailed characterisation tech-
Transmittance niques, and consider the resulting losses. Soil from sixty low-iron glass coupons was collected at various tilt angles

over a study period of 12 months to capture monthly, seasonal and annual variations. The coupons were exposed to
outdoor conditions to mimic the upper surface of PV modules. Transmittance measurements showed that the hor-
izontal coupons experienced the highest degree of soiling. The horizontal wet-season, dry-season and full-year
samples experienced a relative transmittance decrease of 62 %, 66 %, and 60 %, respectively, which corresponds
to a predicted relative decrease of 62 %, 66 %, and 60 % in electrical power generation. An analysis of the soiling
matter using an X-ray diffractometer and a scanning electron microscope showed the presence of particulate matter
with diameters <10 pm (PM10), which was the most prevalent in the studied region. The findings of this study lay
the groundwork for research into soiling mitigation practices.

technologies, however, sustaining performance close to the theoretical
or manufacturer-stated levels is often challenging due to issues related to
climatic parameters [15]. Solar irradiance, relative humidity, wind

Solar photovoltaic (PV) technology has been proliferating in recent speed, rainfall, and the tilt angle of a module are key factors that affect
decades, driven by the global trend towards clean and cost-effective the p'erformance of PV-based systems ['16719],' while depending on the
energy [1]. The total cumulative installed PV capacity is expected to location, these factors can also significantly impact the formation of
reach about 1 TW by the end of 2023 and over 2 TW by 2025 [2]. The soiling, which refers to the settling and accumulation of any airborne
International Renewable Energy Agency (IRENA) recently reported that materials on the sun-facing surface of these syetms. This reduces the

1. Introduction

solar PV costs have declined by 82 % over the last decade [3], and in amount of solar energy received by the solar cells [20], resulting in
2020, the International Energy Agency (IEA) declared solar PV to be the power generation losses due to the lower transmittance, but has also
cheapest electricity source [4]. Despite the widespread implementation been suggested as a mechanism that can give rise to additional heating,
of solar PV systems, the electrical efficiency of commercial PV modules leading to further power losses [21,22]. Furthermore, the formation of

is limited to 10-25 % [5], with the majority (at least ~70-80 %) of the localised soiling spots can create hot spot regions that may lead to a

incoming solar radiation lost in the form of waste heat, which has a greater rate of cell degradation over a system’s lifetime [7,23,24].
detrimental impact on the electrical efficiency of these systems [6]. PV efficiency is directly impacted in regions with high air pollution
Multi-faceted efforts are being made to remove and/or utilise the heat and dust concentration, such as Africa, the Middle East, India, and China

generated within PV cells, either by direct module [7] cooling or by [3,25]. A study by Bergin et al. [26] estimated atmospheric particulate

integration into hybrid PV-thermal (PV-T) collectors [8] that can be matter (PM) and dust accumulation can cause up to a 25 % reduction in
deployed in domestic applications [9], for urban cooling/heating [10, solar energy production in these regions. Anthropogenic air pollution is
11], and even desalination [12,13,14]. In all such PV-based the main contributor in India and China, while in the Arabian Peninsula
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Nomenclature

Abbreviations

CF capacity factor

PV photovoltaic

UV-Vis ultraviolet-visible spectroscopy

XRD X-ray diffractometer

SEM scanning electronic microscope

PM10  particulate matter of diameter <10 pm

PM2.5 particulate matter of diameter <2.5 pm

Symbols

Jo dark saturation current (A/m?)

Gavns  incident solar irradiance (W/m? nm)

q elementary charge (C)

K Boltzmann constant (W/m? K*)

Greek symbols

Tdrop transmittance decrease of soiled glass coupon relative to
clean glass coupon (%)

Ty transmittance of soiled glass coupon (-)

Ty transmittance of reference (clean) low-iron glass
coupon (-)

T spectral transmittance

Prv PV cell temperature coefficient (1/K)

e emissivity (-)

and Northern Africa, pollution is primarily caused by natural resources
(i.e., sandstorms). In 2018, China alone accounted for more than 50 % of
the installed PV capacity globally [27]. Researchers reported that
aerosols reduce solar irradiance by up to 35 % in China [28]. Given that
Africa, the Middle East, India, and China will account for 60 % of the
global PV capacity by 2050 and are among the regions with the highest
global solar radiation availability, as shown in Fig. 1, soiling losses are a
concerning challenge. Li et al. [29] calculated the global average PV
capacity factors (CFs), by converting the maximum available radiation
on optimally tilted modules into electricity. These CFs correspond to the
actual annual electricity generation divided by the theoretical maximum
electricity generation. They found that the CFs ranged from 0.20 to 0.30
in most solar-resource-abundant regions, as shown in Fig. 2. The west
coast of South America and Western China record high CFs beyond 0.25,
while the CF in the rest of the world is below 0.20. Desert areas and
highly polluted areas experience lower CFs than would be theoretically
possible due to low precipitation, high dust deposition and atmospheric
aerosols, as shown in Fig. 2. They concluded that Northern Africa and
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the Middle East CFs are below 0.1 which is 60 % lower than those of
clean modules due to dust concentration. The Middle East and North
Africa are known to have a significantly higher amount of natural at-
mospheric dust (>50 pg/m®) compared to other regions, making them
one of the worst soiling zones in the world [30,31]. It has been reported
that PV systems in a desert climate can perhaps suffer power losses of 1
% per day [23,29]. Even in Southern Europe, known for its favourable
weather conditions, a recent study reveals that Spain experiences a
soiling rate of 0.14 % per day [32].

Adinoyi et al. [33] found that dust accumulation on the surface of a
PV module over six months in Saudi Arabia reduced the module power
output by 50 %. Chanchangi et al. [34] reported a yield loss of 78 % in
Nigeria for PV modules over 12 months without cleaning. They also
reported the highest optical losses of 88 % for horizontal tilt angle [35].
Enaganti et al. [36] exposed low-iron glass samples to natural soiling
conditions in India for 120 days without cleaning and revealed a 17 %
decrease in transmittance. Furthermore, Abdolzadeh et al. [37] designed
wooden boxes with glasses embedded at different tilt angles to capture
dust deposition in different directions. Results demonstrated that dust
deposition reduced the output PV power by 15 % during the one-year
study period. After ten weeks of being exposed to outdoor conditions,
a 21 % reduction in the power output was experimentally examined in
Tehran, Iran [38]. Elminir et al. [39] developed an experimental set-up
involving 100 glass samples with different tilt angles. They evaluated
their transmittance over a period of seven months, taking into consid-
eration thunderstorms that occurred during the study period. They show
that there is an inverse correlation between the tilt angle and the
deposition density, which was also reported by Ref. [40]. They reported
a module efficiency reduction of 17 % per month at an angle of 45°
facing south in Mania, Egypt. It was also reported that the transmittance
decrease reached 53 % at the end of the study period of 210 days for
glass samples installed at 0°.

A desalination plant in Abu Dhabi, UAE, powered with evacuated
tube collectors suffered a 60 % decrease in overall plant production due
to solar-collector soiling. They concluded that weekly cleaning was
important to mitigate any losses due to soiling [41]. Ullah et al. [42,43]
found that the projected power losses in Lahore, Pakistan for PV mod-
ules were up to 10 % and 40 % due to light and heavy soiling, respec-
tively. Mazumder et al. [44] reported experimentally that dust
depositions as low as 10 mg/cm? can cause a 90 % power reduction.
Dehshiri et al. [45] found that the annual reduction in electricity pro-
duction due to the soiling effect in the southwestern part of Iran can
reach up to 80 %. It has been reported that a 1 MWe PV solar power plant
in the semi-arid climate of Morocco can experience annual power losses
of 0.24 % per day due to soiling [46]. Not only the amount of dust
accumulated, but also the physical and chemical composition of the
accumulated soiling, can have an impact on the efficiency of the PV
modules [47,48]. A comprehensive understanding of the soiling effects

I
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Fig. 1. Global data for surface point of array irradiance as adapted from Li et al. [27]. The Middle East, Northern and Southern Africa and Western China have
irradiance above 7 kWh/m? per day, while Europe and Canada have irradiance below 4 kWh/m? per day.
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Fig. 2. Global data for capacity factor (CF) for clean and uncleaned PV modules. Average CF in the Middle East, Northern and Southern Africa, and Western China is
above 0.20 and can decrease by 150 % for soiled/uncleaned modules, visible in the difference between subfigures without cleaning manually or naturally (i.e., rain)
[27]. For example, clean modules operate with CF values in the range 0.2-0.25 in the Middle East, which drops to 0.05-0.1 under soiled conditions.

of a region is needed before installing a PV system [49,50], as each
location is unique and accurately measuring soiling losses is challenging
[51]. In 2023, global losses from PV soiling are projected to increase to
~7 %, resulting in a staggering revenue loss of approximately 7 billion
euros worldwide [52].

Countries across the globe have tremendous potential for solar en-
ergy utilisation using PV technologies. However, estimating the energy
yield from real PV installations remains challenging due to an over/
underestimation of soiling losses. Soiling losses strongly depend on
particle size, shape and their associated spectra which significantly
impact PV performance. The novelty of the present work is in the
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comprehensive full-year assessment of soiling losses using detailed op-
tical and material characterisation techniques that translate to PV
module power deterioration. The reported findings aim to enrich current
knowledge of PV soiling, to improve estimates of associated losses and to
improve the forecasting of PV system yields.

2. Methods
In this section, the procedures that were followed to gather and

analyse the soiling samples are outlined. Section 2.1 presents the data
collection approach. In Section 2.2, the data processing steps are
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Fig. 3. Flow chart showing the methodology adopted to collect the soiling data (left) followed by the data processing and analysis undertaken to analyse the

collected data (right).
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described, which include the equipment employed and analysis
methods. The entire method applied in this work to gather and analyse
the soiling data is summarised in Fig. 3. The weather data for the
assigned location is presented in Section 2.3.

2.1. Soiling-sample data collection

The soiling coupons used were collected from a soiling data station,
assembled and fixed on a residential rooftop in Muscat, Oman’s capital
city. Table 1 provides site exposure data and shows the solar energy
potential in the selected region. The experiment used low-iron glass
coupons measuring (50 mm x 50 mm x 4 mm). The low-iron glass was
chosen primarily because of its widespread use within the solar industry
for encapsulating the top layer of a PV module [53]. Different methods
were adopted throughout the literature to assess soiling losses in a wide
range of applications, and the use of glass coupons to assess soiling losses
is an established approach [54-56]. Thus, the effect of soiling was
examined. Understanding the effect of soiling over the variation in
climate conditions across the studied period is important.

The data were collected in order to capture annual variations in the
soiling at a monthly resolution over a one-year study period from the 1°*
of January 2021 to the 31% of December 2021. The seasonal and annual
variations were examined separately during the study period. As Oman
experiences two main seasons, the study period is classified into two
main seasonal periods: the Wet season, running from January through to
April, and the Dry season, which runs from June through to September.
May and October are considered “changeover months” [57].

To consider the impact of the tilt angle on the soiling deposition
variations, the glass coupons were installed at four different tilt angles:
0°, 23°, 45° and 90° from the horizontal. This resulted in 60 collected
glass coupons in total: 4 glass coupons collected at the end of each
month, 4 glass coupons at the end of each season, and 4 glass coupons at
the end of the whole year.

The glass coupons were installed in a soiling station: a wall-mounted
set-up consisting of three 3D-printed jigs and each jig was designed and
printed with a slit to hold the glass coupon at the designed tilt angle. The
design of each 3D-printed jig used in the soiling data station with
different tilt angles is shown in Fig. 4.

At the end of each month, the monthly soiled glass coupons were
removed and replaced with clean low-iron glass coupons. The same
process was done for all the Wet-season, Dry-season and full-year glass
coupons at the end of their data-collection period, as all glass coupons
were installed on the first day of the collection period and removed after
the last. All collected soiling samples were transferred from the soiling
station to the Clean Energy Processes (CEP) Laboratory at Imperial
College London for experimental investigation.

2.2. Soiling sample analysis

Analysis was carried out on the soiling glass coupons collected to
ascertain the optical losses due to soiling. This involved optical char-
acterisation, utilising a UV-Vis spectrophotometer, and spectral anal-
ysis, using an X-ray diffractometer and a scanning electron microscope
(SEM). The results of the soiling characterisation are separated into two

Table 1

Site information obtained from the global solar atlas (GSA), 2022 [56].
Coordinates 23.594° North

58.427° East

Direct normal irradiation 1950 kWh/m?
Global horizontal irradiation 2180 kWh/m?
Diffuse horizontal irradiation 860 kWh/m?
Global tilted irradiation at the optimum angle 2370 kWh/m?
Optimum tilt angle of PV modules 26/180 °
Average air temperature 29 °C

Terrain elevation above sea level 23 M
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parts: optical characterisation and material characterisation.

The initial analysis involved the inspection of the optical losses, (i.e.,
transmittance), by employing a spectrophotometer. Table 2 outlines the
parameter configuration used in this experimental analysis. A Shimadzu
UV-2600 spectrophotometer was used with a wavelength range from
200 to 1100 nm to accommodate the response of different PV modules
which can range from ultraviolet (UV) to near-infrared (NIR) light. A
clean low-iron glass was used to establish a referenced transmittance
value. All of the soiled samples were then compared to this reference
value to assess their optical losses. A collected soiled glass coupon was
compared to a clean one to demonstrate the visual impact of soiling as
shown in Fig. 5.

Since the UV-2600 spectrophotometer used in this present work had
arestricted line-scanning size, all of the soiled glass coupons were placed
at the same position within the scanning chamber to guarantee that all
soiled coupons were scanned in the same region. The relative trans-
mission decrease of each soiled coupon was measured against the
referenced clean glass coupon with a decrease in transmittance char-
acterised by Ref. [59]:

ATdmp =1- 27 (@)

Tr

where Atqyop is the relative decrease in transmittance of a soiled sample,
7y is the measured soiled coupon transmittance, and 7, is the referenced
transmittance of a clean glass coupon.

2.2.1. Material characterisation

PV soiling refers to a variety of particles such as snow, dirt, dust,
leaves, or pollen, etc., that accumulate on PV module surfaces [60].
These particles can interact with (i.e., reflect, scatter and absorb) the
incident sunlight, thus affecting performance in a way that depends on
their size and shape. The composition of the soiling material varies
widely by location [61], making it critical to investigate soiling prop-
erties such as size distribution, shape and composition in order to assess
local soiling losses. An X-ray diffractometer (XRD) and a scanning
electron microscope (SEM) were used to investigate the soiling mineral.
Based on the fact that all soiling data was collected from the exact
location, we have constructed the assumption that all glass coupons
contain similar soiling matter. Thus, the glass coupons chosen for ma-
terial characterisation were horizontal glass coupons for the wet and dry
seasons and the full year. This assumption will be validated based on the
XRD and SEM findings.

2.3. Weather data

PV soiling refers to the accumulation of dust, snow, dirt, and other
particles on the upper surface of a solar module, which can reduce their
efficiency and generate less power. Weather condition plays a significant
role in determining the soiling rate of a solar module. For example, the
soiling rate may be lower in wet regions due to the regular cleaning
effect of rain compared to dry areas where soiling particles can accu-
mulate rapidly on the upper surface of a solar module. Thus, it is
essential to look at the specific weather conditions of the location of this
study in order to understand the causes of dust accumulation over the
collected glass coupons. The studied area is considered a semi-desert
region that is dry and hot with dusty winds that receive little precipi-
tation ranging from 5 to 15 mm per year. The metrological data of the
studied location from the 1! of January 2021 to the 31% of December
2021 is shown in Fig. 6 [62]. Oman is a coastal area that offers variations
in temperature owing to ocean currents with high summer temperatures
and minimal yearly rainfall. In general, Oman is affected by different
atmospheric conditions (the Mediterranean, Central Asia, the tropical
maritime of the Indian Ocean) that produce significant variations in
rainfall in different parts of the country.
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Annually coupons

Fig. 4. Photograph showing the design of the soiling station used to collect the soiling samples throughout the experiment. The station consists of three 3D-printed
jigs for each collection period fixed on a wooden plate structure for stability and mounted to the wall.

Table 2

Parameters of the Shimadzu UV-2600 spectrophotometer.

Photometric system
Photometric mode
Detector

Light source
Measurement range
Resolution
Photometric range
Photometric accuracy
Photometric repeatability
Scan mode
Accumulation time
Detector unit

Slit width

Sample interval
Noise level

Double-beam optics
Transmittance
Photomultiplier R-928
50 W halogen lamp, deuterium lamp
200-1200 nm

0.1 nm

0-100000 %

+0.3 %

+0.1 %

Single

0.1s

Direct

2nm

1 nm

Maximum 0.00003 Abs

‘m—r—» ™

CER CEP

Laboratory

Fig. 5. Photographs showing the one-year horizontal sample at the end of the
study period (left) alongside a clean glass coupon (right).

3. Results and discussion

The analysis first involved reporting the soiling station data in Sec-
tion 3.1. The 60 soiled coupons collected during the study period were
assessed and characterised optically in Section 3.2 and materially in
Section 3.3 to understand the influence of soiling on the transmittance of
collected samples. Section 3.4 presents the electrical power losses.

3.1. Soiling station

As can be seen in Fig. 7, the collected coupons demonstrate a sig-
nificant variation in the soiling ratio across the seasonal and full-year
samples. A closer inspection of the coupons in Fig. 7 indicates the sig-
nificance of the influence of the tilt angle on the amount of soiled matter
accrued over the glass surface. There is a strong negative correlation
between the tilt angle (when tilting from horizontal to vertical) with the
amount of dust accumulated. The horizontal coupons (those with a tilt
angle of 0°) had the greatest level of soiling, while the vertical coupons
(those with a tilt angle of 90°) had the lowest level of soiling. This could
be possibly attributed to the fact that the wind, in conjunction with
gravitational force, can reduce soiling particles over a tilted surface.

100 100_
90 90
80 80
70 70
60 60
50 50

40 40
30 30
20 20
10 10

0 0
Jan. Feb. Mar. Apr. May June July Aug.Sept. Oct. Nov. Dec.

Relative humidity (%)
Wind speed (km/h)

Temperature (°C), Wind speed (km/h)

Rainfall (mm). Relative humidity (%

Rainfall (mm)
Max temperature (°C)

Fig. 6. Meteorological data for the year 2021 of the studied location, Muscat,
was retrieved from the Directorate General of Meteorology, the Civil Aviation
Authority of Oman [60].

However, solid visual evidence shows that the effect of wind-driven
cleaning and gravity was insufficient to clean the surface, and other
mitigation techniques are required for this region. The dry-season cou-
pons have more sandy and powdery soiling formations, which resemble
the studied area’s environmental conditions, whilst cementation was
visible mainly on the wet-season coupons due to the high moisture
levels. This cementation effect enhances the adhesion between the
soiling particles and the glass coupon surface which is not favoured in
the PV installation areas because it can cause a significant reduction in
power output. When a portion of a PV module is shaded with soiling
depositions, it experiences a decrease in voltage and current, which can
affect the system’s overall performance. Therefore, PV systems are
typically designed and installed in locations where they receive
maximum sunlight exposure with minimal shading.

The most interesting results of the soiling patterns are reported in
Fig. 8, which captures separate monthly exposure periods. First, the pat-
terns in the dust visible in Fig. 8 confirm that soiling particles display
heterogeneous morphology characteristics, leading to a multifarious
spectrum of soiling patterns. Second, the environmental conditions and
the choice of tilt angle impact the formation of accumulated dust signifi-
cantly. Third, the results are well aligned with our assumption that a
mitigation technique is needed to avoid excessive soiling and that a proper
understanding of the soiling matter is essential to select the appropriate
method to clean installed PV modules. Thirteen different soiling properties
were examined indoors to study the effect of soiling properties on PV
performance and concluded that each type of thirteen-soiling matter has
different levels of light transmittance disturbance [63].

3.2. Optical transmittance reduction

The wet-season, dry-season and full-year coupons provide a general
understanding of soiling losses in the studied region. By focusing on the
decrease in glass transmittance as a representation of the light reaching
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ONE YEAR

Fig. 7. Photographs showing twelve glass samples of collected soiled glass coupons for different seasons (wet and dry seasons) and for the whole year at four
different tilt angles: 0°, 23°, 45° and 90° (the backgrounds of the photographs are pure black).

VEMBER § NOVEMBER

234 45°

Fig. 8. Photographs showing sixteen samples of soiled glass coupons collected for the months of April, May, October and November, and at four orientations each.
These months were selected to show the overall variation in dust depositions over the course of the persent (annual) investigation.
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the solar cell and disregarding the thermophoresis effect, it is possible to
estimate the power degradation by comparing a dirty glass coupon to a
clean one. Thermophoresis is a phenomenon in which particles in a fluid
move in response to a temperature gradient. Fig. 9 shows the decrease in
measured transmittance of soiled glass coupons at the end of different
seasonal and annual exposure periods.

The results in Fig. 9 show that the soiling impact varies depending on
the tilt angle. A clear trend is visible across all three periods: the lower
the tilt angle of the solar module to the horizontal, the lower the
transmittance. Hence, the reduction in transmittance leads to a decrease
in the amount of incident light reaching the solar cells, resulting in an
overall decline in power output. We attribute this to an increase in the
tilt angle causing large particles to roll off, as rolling is the dominant
detachment process when drag forces are present with the support of the
gravitational force. The relative transmittance decrease of the horizontal
samples of the wet-season, dry-season and full-year coupons was 62 %,
66 %, and 60 %, respectively. In comparison, the vertical coupons
showed a relative transmittance drop of 28 %, 11 % and 24 %, respec-
tively. The average relative transmittance decrease across all tilt angles
was 39 %, 45 % and 35 % for the wet, dry and one-year coupons,
respectively. Overall, across the seasons, the maximum decrease was
recorded during the dry season.

One noteworthy result acquired from full-year coupons was the sig-
nificance of changes in environmental conditions: the larger-than-
average rainfall during October 2021 of 94 mm is potentially respon-
sible for the relative difference in transmittance reduction between full-
year and seasonal glass coupons. The glass coupons subjected to natural
soiling conditions across all tilt angles for one year had lower soiling
deposition, with an average 35 % decline in transmittance compared to
39 % for the wet season and 45 % for the dry season, against a clean
sample with a tested transmittance of 89 % over the measured wave-
lengths range of 350-1100 nm, with an averege transmittance of 91 %
within the visible wavelength range [36,54,84]. The studied location,
Muscat, Oman, received 94 mm of rain in 24 h on the 3™ of October 2021
due to cyclone activity [62], over 115 times the average October rainfall
for Muscat of 0.8 mm and 110 % of the yearly average of 89.7 mm [64].

The October tropical cyclone goes some way to explaining the partial
removal of soiling deposition over the collected glass coupon surfaces
for the full-year sample compared with the seasonal sample. However,
despite the unpredictable heavy rainfall during the cyclone, the
observed difference in periods of expected rainfall levels showed that
natural soiling removal was insufficient to notably clean the glass cou-
pons. The results demonstrate that natural soiling removal methods,
such as wind and rain, are inadequate to clean PV modules as there
remains a significant relative transmittance decrease of 35 % for full-
year-exposed coupons. Consistent with the literature [65,66], these

S " Cleanglass]
.o °
> 80 23 °
> s ©
© . 90 °
Lg) 60 i iverage of
8
=
g i
g
=
= i

One year

Wet season

Dry season

Fig. 9. Transmittance of soiled coupons collected at the end of the wet season,
dry season, and over a full year, for four different tilt angles as well as the
average of each period. The transmittance of a clean glass coupon is shown with
a dotted blue horizontal line for reference.
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data support the view that heavy rainfall can partially clean modules
and could potentially reduce, but not eliminate, manual cleaning re-
quirements. The variations in monthly transmittance across the entire
study period are shown in Fig. 10.

Climatic parameters such as the ambient temperature, relative hu-
midity, wind speed and rainfall, and the module’s tilt angle are key
factors that have an effect on the accumulation of soiling over the sur-
face of the collected glass coupons. Several observations could explain
this. First, the rainfall in the second week of March permitted soiling
particles to accumulate more than similar environmental circumstances
in January and February for the 0°, 23° and 45° coupons. Due to the light
rainfall combined with the increased tilt angle, the vertical coupon (90°)
in March was slightly cleaner than February’s and January’s coupons, as
shown in Fig. 11.

Second, as reported in Refs. [67-70], air-moisture level plays a sig-
nificant role in the formation of soiling. Rain incidents affected the April
glass coupons by increasing the adhesion of soiling particles to the
surface of the coupons. This influence was noticeable even with the
vertically-titled glass coupons, as seen in Fig. 10. An actual soiling
pattern for the vertical coupons is shown in Fig. 11, where soiling pat-
terns are distributed similarly, except for the April coupon, which is
clustered in thick layers. The soiling particles cemented to the surface as
this process resulted in dust glueing after becoming damp due to the
rainfall [71]. The presence of water forms capillary bridges between the
dust particles and the surface, promoting soiling-particle accumulation
over the surface [63,72]. Cleaning the cemented soiling growth, an
example of which is shown in Fig. 8, requires a large amount of water
and physical effort to retain the optical performance of the glass,
resulting in additional costs. Even though an average rainfall of 5.4 mm
was experienced in May compared to minor rain in April, the rain only
minimised the soiling accumulation over the tilted surfaces. The lowest
relative average monthly transmittance decrease was observed during
May and October; changeover months that experience seasonal change
and unstable climate conditions. This seasonal weather changeover af-
fects the coupons regardless of the tilt angle position, notable in a
reduction in the average relative transmittance of 28 % and 25 %.

The presence of water can expedite soiling formation and enhance
the adhesion force between soiling particles and the glass coupon sur-
face. In the absence of water during dry season conditions (i.e., August),
soiling particles have a greater tendency to roll or slide off the glass
coupon surface compared to wet weather conditions (i.e., April), as
shown in Fig. 12b and a, respectively. Olympus digital microscope
(BX41-LED) was deployed to examine these glass coupons. As shown in
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Fig. 10. Average transmittance for coupons exposed for one month through the
entire study period for four different tilt angles represented by the four different
colours in the plot. The transmittance of a clean glass coupon is shown with a
dotted blue horizontal line.
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Fig. 11. Vertical soiled coupons for January, February, March and April. The measured average transmittance was 77 %, 82 %, 82 %, and 61 %, respectively.

Fig. 10, the August vertical tilt coupon transmittance shows a 31 %
improvement with measured transmittance at 80 % compared to 61 %
for April vertical tilt coupon.

3.3. Soiling matter characterisation

A strong relationship between soiling characterisation and trans-
mittance reduction has been reported in the literature. The soiling
particle size has a negative correlation with dust accumulation: larger
particles (>10 pm) under low relative humidity have lower trans-
mittance losses, and fine particles (<10 pm) have higher transmittance
losses [73-75]. Our results have shown that small dust particles are
challenging to remove and thus influence the reduction in PV efficiency.
The XRD and SEM methodologies are used to classify the soiling material
captured during the studied period. All glass coupons are collected to
examine the soiling variation losses across seasons (wet and dry) and a
full-year cycle. In order to identify the worst possible scenario, hori-
zontal glass coupons were selected. This selection was based on the
assumption that all 60 coupons were gathered from the same area, thus
sharing similar soiling matter.

Variations across all three samples were initially shown visually in
Fig. 7. The soiling particles over the dry sample surface appeared dustier
with fine-rounded powdery formations similar to dust particles that
generally occur in the desert environment. In contrast, large soiling
particles gradually scour from the surface with rainfall. Small particles
remain cemented to the surface, forming the pattern shown on the wet-
season coupons. This can be attributed to the air moisture level during
the wet season compared to dry weather. Both seasons’ soiling patterns
are observable on the full-year coupon, as shown in Fig. 13.

Together, these results support our initial assumption that the
selected coupons are sufficient to make conclusions for the whole
collected soiling data. In addition, the full-year sample has a unique
pattern due to an accumulation period of 365 days with exposure to
various weather conditions during the exposure time, as shown in Fig. 6.
The results of the full-year sample can also be used to provide the overall
transmittance reduction corresponding to the energy yield losses,
assuming that the PV surface is not cleaned for one full year.

Wet sample Dry sample

Fig. 13. Illustration of soiling distributions for the one-year horizontal sample
demonstrating a similar pattern to the patterns captured separately during wet
and dry seasons.

3.3.1. X-ray diffraction test results

XRD analysis determines a material’s crystalline structure, chemical
composition, and physical characteristics. Initially, a clean low-iron
glass was examined to ensure that all diffracted rays were due to the
soiling substance and not due to the low-iron glass compositions. Fig. 14
reveals that all captured diffracted beams are formed from the soiling
substance. The list of peak intensities is here compared to the latest

Fig. 12. Optical microscope images at 50 x magnification were taken of vertical tilt glass coupons from two different collection periods: (a) a wet season month
(April) and (b) a dry season month (August), as shown in the photographs. The presence of water facilitates the adhesion of soiling particles to the glass coupon

surface, resulting in particle cementation.



T. Alkharusi et al.

version (PDF-4+ 2022) reference patterns retrieved from the Interna-
tional Centre for Diffraction Data (ICDD) [76]. Fig. 15 compares the
three horizontal coupons used for this examination to analyse the fluc-
tuation of peak patterns and determine the soiling-specific chemistry
and atomic compositions. It is interesting to compare the three samples
showing relative peak patterns with different intensities, resulting in
sharper peaks in the dry season compared with the wet season. These
findings agree with the visual inspection of these coupons shown in
Fig. 7 of Section 3.1. In contrast, the full-year sample still captures both
peak patterns, which aligns with the assumption that all collected cou-
pons share similar soiling matter.

According to the XRD findings, the full-year horizontal soiled coupon
has a variety of minerals such as silicon dioxide, calcium carbonate,
calcium magnesium carbonate, titanium dioxide, iron carbide, and
aluminium silicate. Fig. 14 shows a snapshot of XRD peaks analysis
which determines the chemical compounds of soiling particles. The
chemical compounds reported by XRD are mainly derived from natural
resources such as sand, limestone, and marble, followed slightly by
minerals output of industrial activities. The dominant mineral found is
silicon dioxide, the chemical compound of silica (quartz) generally
found in nature as sand, which makes sense given the environmental
conditions of the studied area. There are similarities between the min-
erals expressed in this study and those described by Refs. [77,78]. Silica
is considered one of the major cementing agents [79,80] and is the
primary mineral found in the collected soiling samples, which explains
the cementation effect under the tested weather conditions.

3.3.2. Scanning electron-microscope test results

The air quality index measured at the experimental site (Muscat)
showed a higher concentration of PM10 and PM2.5. The SEM images of
Fig. 16 show the diversity in particle sizes and shapes. Image data is
processed based on the frequency of soiling minerals across dry-season,
wet and annual horizontal coupons, validating the XRD findings. The
elemental map emphasises the chemical compounds reported by the
XRD analysis. Silicon (Si) is the most dominant element, while the rest
are carbon (C), oxygen (O), sodium (Na), magnesium (Mg), aluminium
(Al), calcium (Ca) and iron (Fe).

It is interesting to compare the particle sizes found in the coupons to
validate the literature that reports a negative correlation between par-
ticle size and soiling impact. Fig. 17 shows the particle size distributions
and frequency for the dry and wet seasons and the full year for the
horizontal glass coupons. The dry season sample reports larger particles
than PM10 compared to the wet season sample. The full-year sample
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Fig. 14. XRD pattern of a clean glass coupon versus a soiled examined glass
coupon. It shows peak intensity that is diffracted from the soiling particles. A
snapshot of the chemical compound rays identification based on the XRD
analysis is shown.
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Fig. 15. XRD patterns for dry (top), wet (middle) and annual (bottom) hori-
zontal coupons.

confirms both (the high frequency of PM10 and PM2.5), while larger
particles on the dry season coupon are no longer available. The removal
of larger particles is attributed to the soiling removal process that
happened during the heavy rain activity of October 2021. This explains
why the full-year coupon was left only with a concentration of PM10 and
supports the argument that natural cleaning can only help the removal
of larger particles (>10 pm). In a study conducted in Bahrain [81],
which shares a similar geographical zone with the experimental site,
PM10 was found to be more widespread during the dry season (August
2012), whereas PM2.5 was discovered to be more prevalent during the
wet season (January 2012) [63] which aligns well with the obtained
results of this study.

Since the horizontal coupons represent the worst-case conditions
among the 60 samples taken throughout the study period, it is expected
that those with less soiling may exhibit less particle deposition. Ac-
cording to light scattering theory, large particles scatter more light than
small ones [82,83]. The transmittance losses during the dry season are
linked with the size of particles reported in SEM images, justifying the
maximum relative transmittance decrease of 66 % with the availability
of large particles that align with those of previous studies. However, the
moisture level supports the cementation formation during the wet sea-
son, which explains the relatively high transmittance decrease while
natural cleaning is still possible. Compared to wet deposited samples,
natural cleaning (the wind and gravitational influence) significantly
impacts the dry deposited dust.

Overall, the SEM and XRD analysis validated the results of the
experimental investigation. The findings contribute in several ways to
our understanding of PV soiling in Oman and other regions that share
similar environmental conditions and provide a basis for mitigation
mechanisms or techniques that can be adopted in these areas.

3.4. Electrical power reduction

Soiling will affect a solar cell’s power output and it is important at
this point to understand quantitatively the magnitude of the electrical
power losses due to soiling. When a PV module (or portion thereof) is
shaded, it experiences a decrease in voltage and current, which affects
its overall performance. This is because the output of PV modules is
strongly related to the solar irradiance reaching the cells, such that a
decrease in solar irradiance, due to partial or total shading, will influ-
ence the PV module’s output. Similarly to shading, the accumulation of
soiling particles can scatter, reflect and absorb the incoming sunlight
and affect the light reaching the cells. Dust deposition hence reduces the
short-circuit current, as this is affected by the solar illumination,
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Fig. 16. SEM images of dry, wet and annual horizontal coupons with an element map of the one-year sample to represent an example of the elements found.
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Fig. 17. Particle size distributions for: (a) wet season, (b) dry season, and (c) full-year horizontal coupons which indicate the variations in particle size across

different periods.

whereas changes in temperature also affect the open-circuit voltage
[63]. The quantity of dust collected on the surface of a PV module in-
fluences the overall energy provided by the module in a way that varies
daily, monthly, seasonally and annually, resulting in potentially notable
overall energy losses. The present analysis focuses on exploring quan-
titatively the effect of soiling on a PV module’s power deterioration. The
horizontal seasonal and full-year glass coupons were chosen for this
analysis as they were the glass coupons that experienced the highest
degree of soiling over the studied period and hence will have the most
pronounced optical losses.

As shown in Fig. 18, the wet- and dry-season and full-year glass
coupons demonstrated average (350-1100 nm) transmittance values of

10

34 %, 30 % and 35 %, respectively, which correspond to transmittance
reductions of 62 %, 66 % and 60 % relative to the clean glass sample
integrating the measured spectral transmittance of a selected soiled
coupon and the spectral response of a solar cell of interest as a function
of wavelength can be used to calculate the electrical power generated by
the corresponding soiled cell; for example, the spectral response of the
monocrystalline-silicon SunPower C60 cell is shown in Fig. 19. From this
figure, we can see the direct effect of soiling on the performance of PV
modules with monocrystalline solar cells. As expected, reducing the
module surface’s transmittance significantly decreases the spectral
response, which directly affects the short circuit current (Jg) of the solar
cell [86]:
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an ideal (100 % transmissive) module, as evaluated from Equation (2),
Isc = / G s (4) Taas (4) SR(2) 4, @ and the simple energy-balance model applied to PV modules in
Equation (3). The relative transmittance decrease is linear, however, the
where Gami.s (4) is the incident solar (AM1.5) spectral irradiance as a relative loss of power shows a nonlinearity, for the reasons explained
function of wavelength, 7ga5s (1) is the glass (and any soiling thereof) above. In more detail, at highly transmissive conditions (e.g., corre-
transmittance, and SR (1) is the spectral response of the solar cell (an sponding to relatively clean samples with little soiling), the loss in
example of which is shown in Fig. 19). generated power is below what would be expected purely from the
To estimate the power loss from the PV module, the following energy reduction in transmittance, due to the reduction in the temperature of
balance equations are solved for the glass and PV layers in the module, the cells at these lower irradiance conditions. The effect of temperature
considering radiative, convective and conductive heat transfer [85]: accounts here for an improvement of up to 10 % of the relative drop in
where ¢ is the Stefan-Boltzmann constant, T is the temperature of the electrical power and efficiency. However, as the transmittance de-
different layers, h,, is the convective heat transfer coefficient due to creases to low values (e.g., for relatively dirty samples with considerable
wind, R is the overall thermal resistance of different layers, a (1) is the soiling), the loss in generated power exceeds the rate at which the
absorptivity of the material, Pe, is the reference (at 25 °C) power transmittance is reduced. This arises due to a thermal insulation effect
generated by the PV cell, and V is the applied cell voltage. provided by the soiling layer, which acts to trap heat within the module.
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where P, = max{V' [JSC —Jy (eKT — 1) ] } 3)
From these relations, it can be observed that soiling will have two Of note is that the primary effect on the electrical performance is that
effects on the electrical performance of a PV module: (1) it will directly of the transmittance, so these findings suggest that — at least to first order
impact the optical transmittance and thus the solar irradiance received by — the power output from soiled PV modules will be primarily correlated
the cells as described by Equation (2); while (2) also affecting the energy with the change in transmittance caused by the soiling. Thus, the rela-
flows within the module, leading to changes in the temperature of the tive transmittance reductions measured on the horizontal wet-season,
cells and, thus, the efficiency of the cells as described by Equation (3). dry-season and full-year samples reported earlier correspond to pre-
Specifically, as the transmittance decreases due to soiling, less sunlight dicted relative reductions in electrical power generation by 62 %, 66 %,
reaches the PV cells, also leading to a decrease in their temperature; these and 60 %, respectively. Based on a local tilt angle of 23°, the relative
two effects have opposite effects on the module’s electrical efficiency. transmittance losses are estimated at around 30 % per month, resulting

In Fig. 20, we show the decrease in the transmittance, electrical ef-
ficiency and power output of a monocrystalline Si PV module relative to
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Wave]ength (nm) Fig. 19. Spectral response of a monocrystalline-silicon solar cell (SunPower
C60) as a function of wavelength incorporating the transmittance decrease of
Fig. 18. Transmittance through horizontally-tilted glass coupons exposed for a soiled and clean coupons with separate plots for the transmittance of the cou-
full season, wet and dry, and a full year against the wavelength of the trans- pons exposed for the duration of the wet and dry seasons and for a full year. The
mitted light as measured by a UV-2600 spectrophotometer. The transmittance data for the transmittance of the coupons was obtained using a UV-2600
spectrum for a clean sample is also shown. spectrophotometer for coupons tilted at 0°.
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Fig. 20. Change in transmittance, electrical efficiency and power output of a
monocrystalline Si PV module, relative to an ideal (100 % transmissive) mod-
ule, at standard conditions as a function of transmittance.

in an equivalent relative PV power reduction of ~30 % per month at the
studied location.

4. Conclusions

The experimental investigations and analyses described in this paper
were designed to determine the impact of natural soiling on the trans-
mittance of PV modules, which can in turn significantly deteriorate PV
performance. The investigation critically examined the optical losses
and also included material characterisation of 60 soiled glass coupons
gathered over a full-year study period in 2021 in a Middle East region:
Oman. Separate samples of soiling data were collected over three
different time frames (at the end of each month, season, and at the end of
the year). Four samples with different tilt angle positions (0°, 23°, 45°,
and 90°) were collected for each time period. The findings indicate a
significant monthly variation in soiling across the studied year with
average relative transmittance losses of 30 % per month at the local tilt
angle. Of the four tilt angles studied, horizontally-tilted coupons were
found to have the highest transmittance losses. However, under high
relative humidity and no-rain conditions, even the vertical coupons
suffered a significant decrease in transmittance of 28 % in the vertical
sample of April 2021. The horizontal wet-season, dry-season and full-
year samples experienced a relative transmittance decrease of 62 %,
66 %, and 60 %, respectively, which corresponds to a relative decrease
of 62 %, 66 %, and 60 % in electrical power generation perdicted for PV
modules employing monocrystalline-silicon cells. A mineralogical
analysis concluded that silicate materials are the most common in the
studied region. It was also shown that natural cleaning due to periodic
rain can eliminate the accumulation of larger particles (>10 pm), but not
of smaller ones.

The soiling rate can vary greatly depending on specific, local climate
conditions; consequently, accurate and local assessments and mitigation
of the soiling effect are critical for maximising the energy output and
efficiency of solar installations. Thus, beyond comprehensively evalu-
ating and characterising local soiling effects, the present study lays the
groundwork for future research into soiling mitigation solutions. Future
work should include comprehensive explorations of seasonal soiling
variations, and efforts to quantify the precise energy yield losses due to
soiling, in hand with in-depth investigations of the effectiveness of
current soiling mitigation practices in semi-arid environments, and in-
vestigations of more advanced strategies such as film or jet water
cleaning and novel coatings. Further studies should consider the char-
acterisation of dust particles, integrate climate data for predictive
modelling, and include considerations of the sustainability of cleaning
strategies. Collaborative efforts with regional researchers to create
comprehensive soiling maps for the area and related assessments of
environmental impacts are also essential. Finally, extending the dura-
tion of studies and comparative analyses to other climate zones will
enhance our understanding of PV soiling and contribute to more
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efficient and sustainable solar energy utilisation in different regions.
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