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Abstract: The solar irradiation at the gulf Arabia is considered one of the highest in the world.
However, this region is classified as a desert with high dust accumulation. Thus, the objective of
this study is to analyze the effect of soiling and the photovoltaic (PV) tilt angle on the performance
of 2.0 MWp of car park PV plant in Oman. Experimental measurements were taken and a model
was developed for simulation. The power generation by the cleaned PV system was measured as
1460 kW around noon. After one week of operation, the power production (at the same irradiance
level) reduced to 1390 kW due to soiling. It further reduced to 1196 kW and 904 kW after three and
five weeks of operation, respectively. The results also show that a soiling-percentage of 7.5% reduced
the monthly electricity generation (307 MWh) by 5.6% and a soiling-percentage of 12.5% reduced
the generation by 10.8%. Furthermore, the increase in tilt is not recommended due to the duo-pitch
canopy effect of the car park where the panels with 180◦ azimuth generate lower electricity than the
panels with 0◦ azimuth. In addition, the part of the car park with 180◦ azimuth caused shading to
the other part for high tilt angles.

Keywords: photovoltaic; solar energy; dust; soiling; building integrated photovoltaics

1. Introduction

The use of renewable resources, such as solar, wind, hydropower, geothermal, and
biomass have increased significantly due to their competitive costs [1]. Nowadays, photo-
voltaic (PV) is considered as the main technology to generate electricity from the incident
solar irradiation. Because of the attractive prices of the PV, the total contribution of the
electricity generated by PV from the overall renewable energy is expected to reach 25%
and 31% by 2020 and 2030, respectively [2].

The gulf Arabia area climatic conditions are classified as one of the highest solar
irradiations throughout the year, where the direct normal irradiation (DNI) levels for the
regional countries, such as Qatar, Oman, and Saudi Arabia are in the order of 1900, 2500,
and 2800 kWh/m2/year, respectively [3]. The reports show an increase of renewable
energy resource utilization in countries in the Gulf Cooperation Council (GCC), Oman,
Kuwait, Qatar, Bahrain, UAE and Saudi Arabia, in terms of investments and research. It
was estimated that, by 2015, the renewable energy contribution in the GCC countries would
be 13,000 MW and reach up to 10 GW by 2022 [4]. However, the harsh environmental
conditions in this region, such as high dust accumulation, ambient temperature, and
humidity, dramatically decreases the performance of the solar system [5].

PV systems are strongly affected by environmental conditions, such as temperature,
wind, and the amount of dust accumulated in the air. Charabi and Gastli [6] investigated
the effects of weather conditions on the PV power plant using a geographic information
system (GIS). The study showed that the PV system decreased significantly by 81% under
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the temperature and dust constraints. Kazem and Chaichan [7] conducted an experimen-
tal investigation on the effects of environmental variables, such as temperature, solar
intensity, relative humidity, wind speed, and dust accumulation on the performance of
the photovoltaic.

Ambient temperature is considered one of the meteorological variables that affects the
performance of the PV. It was estimated that the crystalline solar cells efficiencies decrease
by the ratio of 0.248%/◦C [8]. Radziemska [9] conducted an experimental investigation of
a single-crystalline silicon solar cell under a constant solar irradiance where the solar cell
temperature was controlled using a temperature stabilizer up to 80 ◦C. A reduction was
noticed in the output power of the solar cell by more than 0.65%/K. Researchers studied
many techniques to reduce the PV temperature and, hence, increase the electrical efficiency,
such as heat spreading plates [10], air cooled fins [11], phase change materials [12], heat
pipe [13] jet impingement [14], liquid immersion [15], and a water cooled microchannel
technique [16].

Wind speed and its direction are considered other meteorological variables that affect
the efficiency of the PV solar system [17]. This is due to the direct relation between the wind
and the natural convection phenomena on reducing the temperature of the PV module.
The natural convection was estimated for a 0.5 m2 plate and 1 m/s of 9.5 W/m2 K, and
the coefficient is reduced when adding the radiation to be 5.8 W/m2 K [18]. Humidity
is another climatic condition that affects the performance of PV systems. Kazem and
Chaichan [19] studied the effect of the humidity and concluded that the relative humidity
has the highest impact compared to the other ambient parameters, such as temperature and
dust, where the inverse relation between the humidity and the electrical parameters were
found. In addition, the increase of the humidity during the day will result in high moisture
in the PV surface, where it will introduce mud accumulation. The resulting mud structure
is strong, very difficult for high wind speed to remove, and results in partial shading to the
PV [20]. In fact, wind speed and direction features impact the amount of soiling [21].

The accumulation of dust on top of the PV surface has a major effect on the solar
PV system efficiency, and is considered one of the most important research areas that the
researchers are focusing on at present. The dust accumulation has two effects on the PV
system: (1) it reduces the amount of solar irradiation received by the solar cell—and the
partial dust accumulation on the PV modules will cause non-uniformity of solar irradiation,
and (2) it acts as partial shading to the module. This means lower energy output generated
by the PV system. Ahmed et al. [22] conducted a literature review on the effect of dust
on the PV performance due to the dust presence throughout the year in the middle east
region. The study highlighted the importance of dust properties, such as the size and
geometry on the system performance and the need of an optimization study for each
geographical location. Darwish et al. [23] reviewed the effects of dust type on the PV
performance. The study specified 17 different types of dust; the most commonly dust
types that have more effects on the PV performance are sand, ash, red soil, limestone,
calcium carbonate, and silica. The authors found that most of the conducted studies on
dust accumulation used artificial dusts, and very few conducted studies using natural
dust effect. Kaldellis and Kapsali [24] analyzed the effect of three air pollutants of red
soil, limestone, and carbonaceous fly-ash particles on the electrical performance of PV by
simulating experimentally the dust accumulation. The study showed that red soil has the
greatest impact on reducing the electrical power of pollutant mass up to 0.3 g/m3.

Vaishak and Purnanand reported the effects of dust accumulation on a photovoltaic/
thermal system using an experimental approach in outdoor conditions in India [25]. Dif-
ferent measurements were used to quantify the impact of dust by measuring the glass
transmittance, electrical performance measurements, and the coefficient of performance
(COP) measurements. Due to the dust deposition, the study showed a high reduction for a
period of eight weeks in the glass transmission, PV electrical efficiency, and the COP, by
44.16%, 8.53%, and 45%, respectively. In another study, Tanesab et al. [26] investigated the
effects of dust on the degradation of photovoltaic for two different locations in Australia.
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The research studied the dust particles size, its minerals, and the electrical parameters for
the PV. The results show that dust porosity has a significant impact on the amount of light
passed to the PV.

Menoufi [27] reviewed the dust accumulation on the PV and introduced the photo-
voltaic soiling index (PVSI) as an indicator for the performance of PV panels. The author
claimed that the PVSI would be a common standard for future studies. The proposed PVSI
could be an essential parameter in the datasheets of PV modules similar to the temperature
coefficient parameters that give the change in the PV performance due to change in cell
temperature. The proposed PVSI is calculated for each location by considering the average
dust density and dust deposition rate in the four seasons of the year.

Said and Walwil [28] conducted research on the effect of soil fouling on the PV
performance. The study was conducted in a harsh environment of Dhahran, Saudi Arabia,
by focusing on the optical performance of the glass transmittance, type of glass (anti-
reflective coated), and the characterization of properties of dust particles. In a 45-day testing
period, a huge reduction in the overall glass transmittance, by around 20%, and the dust
deposition, by 5 g/m2, was found. In another location (Tehran, Iran), Gholami et al. [29]
conducted an experimental investigation on the dust deposition effects on the photovoltaic
performance by comparing the electrical outputs of cleaned and dusted PV modules
under similar operating conditions. In addition, glass samples were placed on each of
the modules for the chemical and optical characterizations. By the end of the 70 days,
the results showed the dust surface density increased by 6.10 g/m2; this led to a 21.47%
reduction in the electrical power output. Using another approach for the dust accumulation
investigation, Sulaiman et al. [30] proposed artificial dust in their study (mud and talcum)
under a constant irradiance inside the lab. This setup enables the dust thickness uniformly
across the PV panel surface. The results clearly show a decrease of the PV efficiency in
the presence of mud and talcum by 3.95% and 4.03%, respectively. In Qatar, the dust
accumulation was estimated to be 100 mg/m2/day for a two-month exposure time [31].
Other studies were conducted for other specific locations, such as Oman [32], Morocco [33],
India [34], and Malaysia [35].

PV cleaning methods are classified as manual and robotic, where the manual cleaning
method uses human workforces to clean the PV using dry or wet cleaning methods.
Manual cleaning is considered more suitable in small capacity PV. The medium and large
PV capacity requires robotic cleaning methods to allow quick and efficient cleaning for the
PV. Robotics cleaning methods include the curtain brush, automatic robots, and drones [36].

Installation of PV in car parks has increased significantly due to large land reserved
for car parking in capital cities around the world (estimated by 16% in some cities) and the
high cost of the land in capitals. Therefore, PV installation is considered as a new driver in
the feasibility of car park projects in the future [37]. Figure 1 shows the two types of car
parking structures in which PV can be installed: duo-pitch canopy and the mono-pitch
canopy. The duo-pitch canopy arrangement uses two inclined sheds opposite to each
other. It allows less torque and, hence, less support structure. The mono-pitch canopy
arrangement uses one inclined shed; this will introduce a higher torque compared to the
duo-canopy car park arrangement and larger structure support. The mono-pitch canopy is
considered less complicated, concerning the shading issues, compared to the duo-pitch
canopy, as it only has one inclination shed.
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The installation of PV in the car park is considered a unique application of PV, and
many factors must be considered to ensure its maximum operation, such as the tilt angles
and difference in azimuth in a single string. Very few studies have been conducted to
discuss the PV installation on the car park, its operation, and performance. This work is
considered the first in the region to investigate the performance of the PV plant located
at the top of the car park. The objective of this study is to investigate experimentally the
performance of a 2.0 MWp PV system installed on the top of the car park in Muscat, the
capital of Oman. Hence, the study analyzed the PV plant performance under different
annual climatic conditions, in harsh environmental conditions. In addition, the simulation
approach was used to conduct a parametric study for five tilt angles and three soiling
percentages. The simulation model was validated using the experimental data.

2. Experiment Description and Mathematical Formulation
2.1. System Description

The studied PV system is installed in Muscat, the capital of Oman (23◦37′28.9′′ N
58◦31′10.5′′ E). The main purpose of the PV plant is to utilize the available space on the
top of the car park shed. The land space is valuable in this area, in terms of the land cost,
and would be a great investment in the solar PV installation. Due to the huge impact of
weather conditions, such as dust, ambient temperature, and wind on the performance of
the system, proper maintenance of the PV system is essential in order to maximize the
power generation and, hence, reduce the payback period. Determination of the proper
maintenance and cleaning schedules of the PV panels are achieved by comparing the
existing performance with the ideal cleaning system performance. In addition, having
a model that is able to predict the electricity generation on a daily basis is vital to the
electricity regulator for planning the generation.

The studied system is considered a conventional solar PV plant and consists of PV
panels connected in series to form a string. Each string consists of 20 panels in which
the panels are connected in parallel to the electrical invertors, where each invertor has
12 strings. The invertors output is connected into a low voltage board, then to a step-up
transformer, and finally to the grid. Figure 2 shows the overall system configuration of the
PV, schematic of the car park shed, and the typical PV module installation.
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Details of the main components of the PV and the inverters are shown in Tables 1 and 2,
respectively. The installed PV modules are of dimensions 0.99 m × 1.96 m, with a rated
power of 320 W at standard test conditions (STC), and a module conversion efficiency of
16.51%. The panels have temperature coefficient for a maximum power of −00.410%/◦C.
The electrical inverters capacities of 60 kW each.

Table 1. Electrical characteristics of JAP6-72-320/4BB photovoltaic (PV) module.

Specification Value

Maximum power (Wp) 320
Cell type Poly

Maximum power voltage (V) 37.38
Maximum power current (A) 9.06
Open circuit voltage, Voc (V) 46.22
Short circuit current, Isc (A) 8.56

Module efficiency (%) 16.51
Temperature coefficient of short circuit current (%/◦C) 0.058
Temperature coefficient of open circuit voltage (%/◦C) −0.330

Temperature coefficient of maximum power (%/◦C) −0.410
Number of cells 72

Module area (m2) 1.938

Table 2. Specifications for SUNNY TRIPOWER 60 invertor.

Specification Value

Maximum efficiency (%) 98.8
DC input data

Maximum Direct current (DC) power (W) 90,000
Maximum DC voltage (V) 1000

Alternate current (AC) output data
Maximum AC power (W) 60,000

AC voltage range (V) 360 to 530

The logging and monitoring system is another important part of the solar system. It
is required for logging and monitoring both the input and the output parameters related
to the performance of the solar system. Figure 3 shows the system configuration and the
schematic of the system outputs. The studied system is equipped with a calibrated cell
and pyranometer to measure the global solar irradiation fallen onto the solar panels. The
total generated power is recorded at each 10 min interval. In addition, the weather station
measures the temperature, relative humidity, wind speed, and direction. The measuring
instruments details are shown in Table 3.

Energies 2021, 14, x FOR PEER REVIEW 6 of 19 
 

 

Alternate current (AC) output data  
Maximum AC power (W) 60,000 

AC voltage range (V) 360 to 530 

The logging and monitoring system is another important part of the solar system. It 
is required for logging and monitoring both the input and the output parameters related 
to the performance of the solar system. Figure 3 shows the system configuration and the 
schematic of the system outputs. The studied system is equipped with a calibrated cell 
and pyranometer to measure the global solar irradiation fallen onto the solar panels. The 
total generated power is recorded at each 10 min interval. In addition, the weather station 
measures the temperature, relative humidity, wind speed, and direction. The measuring 
instruments details are shown in Table 3. 

 
Figure 3. Schematic of the experimental outputs. 

Table 3. Measuring instruments details. 

Item Manufacturer Model Accuracy 
Calibrated cell Atersa - ±2% 
Pyranometer Geonica GEO-SR20 ±5 W/m2 

Ambient temperature sensor Geonica STH-S331 ±0.1 °C 
Relative humidity sensor Geonica STH-S331 ±0.8% RH 

Wind speed sensor Geonica 03002 ±0.5 m/s 
Wind direction sensor Geonica 03002 ±5° 

2.2. Experimental Procedure 
The studied system was installed for commercial electricity generation and all of the 

considered measurements for this analysis are taken directly from the logging system. The 
logging system has two parts: the weather station and the solar system. Both loggers used 
the same monitoring system with the shortest time step of 10 min. Both recorded 
parameters; weather data and the system input and output data were logged into one 
system, where the data were pulled for analysis. Table 4 shows the parameters for the 
weather station and the solar system. 

Table 4. The list of the measured parameters. 

Logging System Parameter 

Weather station 

• Ambient temperature 
• Wind speed 
• Wind direction 
• Global solar irradiation 

Solar system 
• Total power AC 
• Invertor power AC 
• Total power (kWh) 

Figure 3. Schematic of the experimental outputs.



Energies 2021, 14, 659 6 of 18

Table 3. Measuring instruments details.

Item Manufacturer Model Accuracy

Calibrated cell Atersa - ±2%
Pyranometer Geonica GEO-SR20 ±5 W/m2

Ambient temperature sensor Geonica STH-S331 ±0.1 ◦C
Relative humidity sensor Geonica STH-S331 ±0.8% RH

Wind speed sensor Geonica 03002 ±0.5 m/s
Wind direction sensor Geonica 03002 ±5◦

2.2. Experimental Procedure

The studied system was installed for commercial electricity generation and all of the
considered measurements for this analysis are taken directly from the logging system. The
logging system has two parts: the weather station and the solar system. Both loggers
used the same monitoring system with the shortest time step of 10 min. Both recorded
parameters; weather data and the system input and output data were logged into one
system, where the data were pulled for analysis. Table 4 shows the parameters for the
weather station and the solar system.

Table 4. The list of the measured parameters.

Logging System Parameter

Weather station

• Ambient temperature
• Wind speed
• Wind direction
• Global solar irradiation

Solar system
• Total power AC
• Invertor power AC
• Total power (kWh)

Quality control is an essential procedure due to the large volume of data obtained from
the different instruments and the errors generated by the sensors and data loggers [38,39].
In this study, the main parameter of quality control is solar irradiation. Hence, the quality
control, checked for the global solar irradiance, is its upper limit, by 1200 W/m2.

2.3. Mathematical Model of Relevant Parameters

Different parameters describe the performance of the PV system. These are used to
ensure that the system works as designed and to access the system performance during the
life cycle of the plants. The amount of electricity produced by the PV plant in a day and a
month in kWh are given as [40]:

PAC,d =
24

∑
1

PAC,h (1)

PAC,m =
N

∑
1

PAC,d (2)

where (PAC,h), (PAC,d), and (PAC,m) are the amount of electricity produced by the PV plant
and exported to the connected electricity grid in an hour, day, and month, respectively.
N is the number of days for the same month. The plant yield (YPV) is defined as the ratio
of the total produced power (PDC) by the total rated power of the PV plant (PPV,rated) and
expressed as [41]:

YPV =
PDC

PPV,rated
(3)
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where both the PDC and PPV,rated are in DC and in kWh. The daily array yield (YPV,d) and
the monthly average array yield (YPV,m) are given as [42]

YPV,d =
PDC,d

PPV,rated,d
(4)

YPV,m =
1
N

N

∑
1

YPV,d (5)

where N is the total number of days for the same month. Al-Otaibi et al. [43] defined the
final plant yield (Yf ) as the ratio of the AC power produced by the PV plant divided by the
rated power of the installed PV. The final yield is defined as

Yf ,d =
PAC

PPV,rated
(6)

Yf ,m =
1
N

N

∑
1

Yf ,d (7)

The reference yield (Yre f ) is another parameter to assess the PV plant in a specific
location. The reference yield represents the loss of PV system when converting from the DC
to AC. It is defined as the global solar radiation (H) in kWh/m2 by the reference radiation
of the PV (HPV) in kWh/m2 and expressed by [44]

Yre f ,d =
H

HPV
(8)

The performance ratio (PR) considers the loss related to the system resulting from
dust, ambient temperature, invertor losses, and cables. It is defined as the ratio of final
yield (Yf ) by the reference yield (Yre f ) and defined by [45]

PR =
Yf

Yre f
(9)

Hence the loss of PV plant (LC) due to cables and weather conditions can be found by
subtracting the reference yield (Yre f ) and the plant yield (YPV) and expressed as [46]

L_C = Y_re f −Y_PV (10)

The system losses caused by the invertor (LS) can be expressed as

L_S = Y_PV −Y_ f (11)

The conversion efficiency (ηPV) is expressed as [24]

ηPV =
Pout

Psolar
(12)

The PV power production decreases with the increase in the cell temperature and this
can be calculated using the temperature loss coefficient (ηT) and is given as

ηT = 1 + β (TC − 25) (13)

where TC is the PV temperature and β is the temperature coefficient of the PV module.

TC = Ta +
I
A

(TNOCT − 20) (14)
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where I is the solar irradiance (W/m2) at a specific time and TNOCT is the nominal operating
cell temperature. A is the solar irradiation at the nominal operating condition (800 W/m2).

2.4. System Modelling and Simulation

In this study, the solar system was simulated using a HelioScope simulation tool.
The tool offers simulation of the proposed system in the design stage or the existing solar
system for a specific location and weather conditions. Many factors should be considered,
such as module losses (temperature, shading, and conversion efficiency), invertor losses,
and cable losses. Hence, the model calculates the system output by interacting with each
other in series or parallel. This model offers many opportunities for conducting parametric
studies of the effect of temperature, due to the system arrangement, and dust due to the
tilted system and surroundings.

The adopted model uses many inputs from the physical components of modules, wire
combiner boxes, and the invertors to build up the system, as per the data sheet provided
by the manufacturers.

The considered meteorological data are from the National Solar Radiation Database in
a typical meteorological year. This includes the hourly global horizontal solar irradiance
(GHI) in W/m2, ambient temperature (T) in ◦C, and wind speed (ν) in m/s. Generally, the
weather stations measure the global solar radiation on a horizontal surface, whereas the
amount of the incident solar irradiance onto the panels in a specific location depend on the
azimuth and tilt angle of the system. Various models were proposed for estimation of the
solar radiation on tilted surfaces in the last decades.

In real life, pyranometer is used to measure the global solar radiation on horizontal
surfaces. The total global solar radiation on horizontal surfaces (IGH) in W/m2 is the sum
of the diffuse solar radiation (Id) and the direct solar radiation (Ib):

IGH = Id + Ib (15)

The global solar irradiation on inclined surfaces (IGi) is the sum of three components:
direct radiation (Ibi), diffuse radiation (Idi), and reflected radiation (Iri).

IGi = Ibi + Idi + Iri (16)

The diffuse solar radiation models for inclined surfaces are classified as isotropic and
anisotropic. In this study, the Hay’s model was used for the anisotropic model. The Hay’s
model was proposed by Hay and Davies, which considers two main sources of diffuse
radiation: the sun and the sky [47]. Hence, the diffuse radiation on the inclined surface is
expressed as:

Idi = Id

[
fH

(
cos θ

cos θz

)
+

(
1 + cos β

2

)
(1− fH)

]
(17)

where fH is the clearness index. θ, θz, and β are angle of incidence of sun ray on the surface,
zenith angle, and the tilt angle, respectively. Where the clearness index fH is given by

fH =
Ib
Io

(18)

where Io is the solar irradiance outside the atmosphere [48]. Part of the incident solar
irradiance on the module is the reflected one (Iri) and this is found by

Iri = Ibi. α

(
1− cos β

2

)
(19)

where α is the albedo. The module is considered as the core of the PV system as it is the
source of power generation. The absorbed solar irradiation by the module is converted
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partially to electricity and the rest to heat. The current generated by a single-diode module
(IPV) [49] is written as

IPV = Isc − Io

(
e

q
kT . 1

γNCS
(V+I.Rs) − 1

)
− V + IRs

Rsh
(20)

where Isc is the short circuit current, Io is the saturation current, q is the charge of the
electron, k is Boltzmann constant, T is the module temperature, γ is module factor, Ncs is
number of cells in series, V is the generated voltage, Rs is the series resistance and Rsh is
the shunt resistance.

The short circuit current Isc is a characteristic of the module and dependent on the
solar irradiation and the temperature [50]. It can be calculated as follows

Isc =

(
Ibi
Ire f

)(
Isc,STC + Tco f f (TC − TSTC)

)
(21)

where Ire f is the reference irradiance (1000 W/m2) and Tco f f is the temperature coefficient
of the module. Isc,STC and TSTC are the short circuit current and temperature at the standard
test conditions. Figure 4 shows the I–V curve for the selected module, in the lab, under a
different solar irradiation of an indoor temperature of 25 ◦C.
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The module output simulations are duplicated due to similarity and all of the losses
caused by wiring, DC combiner boxes, and invertors, to be considered in the model. The
total output voltage of the module (Vtotal) can be found.

Vtotal = Vsource − I(2L ρ) (22)

where L is the wire length and ρ is the resistance of the wire. Because of the series connection
of module in an array, the current is the same and the voltage is the summation.

Iout = Iin (23)

Vtotal =
N

∑
i=1

Vsource − Iout(2Ltotal ρ) (24)

where N is the number of modules in a specific array. Combiners is the part where the
array of the same invertor connected. Hence, the final voltage of the combiner box is the
same, and the current is the summation:

Vcombiner = Vtotal (25)
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Iconbiner =
N

∑
i=1

Iarray (26)

The invertor efficiency is usually published by the manufacturers on a graph where
those are used in the models [40].

2.5. Model Validation

The existing solar system model has been validated using the actual results of the same
system configuration and parameters of the climatic conditions. Hence, the system tilt angle,
the azimuth, PV array arrangements, and the shading caused by the objects are the main
configuration parameters where the climatic conditions are the incident solar irradiation,
ambient temperature, and the wind characteristics. The monthly electricity generation by
the PV array system was used as the validation parameter of the simulated model.

The predicted and actual values of the monthly electricity generation are graphically
represented in Figure 5. The generation represents a 12-month period, between May 2019
and April 2020. The predicted values show good matching with an absolute percentage
difference between 0.23% and 7.8%. The highest predicted monthly electricity generation
occurs for the month of May 2019, which is 283 MWh, with a percentage difference of
4.3% from the actual. In addition, the graphical representation shows the lowest predicted
monthly electricity generation occurs for the month of December 2019, which is 171 MWh
with a percentage difference of 7.8% from the actual. Therefore, this is considered an
accurate model, and can be used to study the effects of parameters, such as soiling and
tilted angles.
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3. Results and Discussion

The overall performance of the PV system is evaluated by presenting the weather data
for the location and the electrical output of the system. After that, the upper and lower
limits of PV plant operation profiles were allocated to identify whether the system is clean
or dusty on a specific day. In addition, the effect of dust on the system performance was
investigated using a continuous period of operation. Finally, the validated model was used
to conduct the parametric study, to find the effect of the tilt angle and soiling percentages.

3.1. Weather Data

As mentioned earlier, the studied system is located in Muscat, the capital of Oman. The
global solar irradiance and the ambient temperature for the shortest day and the longest day
are shown in Figure 6. The shortest day duration for this location is on 21 December 2019,
i.e., 10 h 40 min, where the practical solar irradiation duration to the PV module is shorter



Energies 2021, 14, 659 11 of 18

than 10 h. Figure 6 shows a small variation of the ambient temperature during the day
between 20 ◦C and 26 ◦C. This ambient temperature is considered an acceptable range as
it is within the STC of modules. As expected, during the clear sky day, the profile of the
irradiance curve is symmetric around noon where the maximum solar radiation is around
12 p.m., i.e., 800 W/m2. The longest day duration of this location is on 19 June 2019, for
13 h 34 min, and, as mentioned, the practical solar irradiation duration to the PV modules
is less than this duration due to the shading caused by the natural objects. The ambient
temperature varies between 32 ◦C and 42 ◦C. This ambient temperature is expected to
reduce the PV performance by the range of −0.410%/◦C. Under the clear sky day, the
maximum measured irradiance is 1000 W/m2, where the period of exposure to the high
solar radiation is more than 2 h; this is considered as a high gain to the power factor to the
PV system.
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3.2. Electrical Performance

As mentioned earlier, the solar PV system is affected mainly by the solar irradiation,
ambient temperature, the module temperature, wind direction, and speed. Hence, the
studied system is assumed to have similar behavior under specific solar irradiation, where
the deviation from this pattern is caused by both the weather conditions and the system
conditions. In addition, the variation in the system performance might be referred mainly
to the amount of solar irradiation reached to the PV. The electrical performance of the
system in cleaned and dusty surface conditions were determined on 14 April 2019, and
12 May 2019, respectively. Figure 7 shows the power generated by the system versus the
global solar irradiation. The relation between the electricity generation by the system
and the incident global solar radiation on the system is approximated linearly, where the
equation is shown in the same graph. Both lines show good fit to the measured electricity
generation data, with a maximum difference of 100 kW and 40 kW for the cleaned and
dusty day conditions, respectively.
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For the cleaned system, the power production reached 1576 kW, for the case of high
global solar irradiation (1140 W/m2), which shows that the cleaned system can reach up
to 78.8% of the nominal capacity. In addition, power production by the system under the
global solar irradiance of 1000 W/m2 was 76.1% of the nominal system capacity. On the
other hand, for the dusty system, the power production reached 1322 kW under solar
irradiance of 1096 W/m2, which is 66.1% of the nominal capacity. However, the power
production by the system under the global solar irradiance of 1000 W/m2 was 57.5% of the
nominal capacity, which shows a reduction of 18.6% compared to the cleaned system.

In order to find out whether the system is clean or dusty, upper and lower limits are
defined. Figure 8 shows the daily actual electricity generation and the estimated upper
and lower limits of electricity generation for the three days. It can be seen that the two
days (26 April 2019, and 23 November 2018) are typical, clear sky days, where no abrupt
fluctuation in the global solar irradiation was noticed. Figure 8a shows that the actual
maximum electricity generation during the day is 1539 kWp, which indicates excellent
performance of the system, and it is 97.6% compared to the upper limit, and this shows that
the system is clean from dust. On the other hand, Figure 8b shows that the actual power
generation is near to the lower limit and the maximum actual electricity generation during
the day is 961 kWp, which is 61% compared to the upper limit; this shows a significant
dust accumulation on the PV panels. Finally, the system performance was investigated in
fluctuating solar irradiation, as shown in Figure 8c. The results show that the estimated
upper and lower limits are well set-up to cover the actual energy generation during the day.

3.3. Effect of Dust

The effect of dust on the power production was investigated in this section. As shown
in Figure 9, the dust accumulation on the module surfaces is significant in the location
where the dust mainly locates on the lower corners of the modules. This dust accumulation
will have two impacts: (1) reducing the amount of the solar irradiation reached to the solar
cells, and (2) creating a partial shading to the modules.
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(b) 23 November 2018, (c) 23 May 2019.
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Figure 9. Photograph of partial section of the modules showing the high dust accumulation.

In order to investigate the effect of dust on the power production; three intervals
were studied; daily, weekly, and bi-weekly. Figure 10 shows the power production and
the global solar irradiation in the period between 15 April 2019 and 21 April 2019. The
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period was selected taking a cleaned system on the 14 April 2019. As can be seen from the
figure, the power generation reduced by 8.17% by the end of the period. However, it was
not assured that the reduction was due to dust accumulation on the modules, because the
maximum solar radiation also reduced by 4.43% by the end of the period.
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In order to calculate the rate of reduction in the power generation due to dust, various
levels of solar irradiance were taken to compare the power generation by cleaned and
dusty panels. Tables 5 and 6 show the maximum power generation at five different global
solar irradiance levels for weekly and bi-weekly intervals, respectively. Table 5 shows a
reduction in the power generation by more than 5% during the first two weeks. Further
reduction in the power generation is noticed during weeks 4 and 5 by 30%, for all of
the solar irradiance levels. The extended time intervals in Table 6 show higher effects of
the dust on the power generation, where, by the end of the two-and-a-half months, the
power generation could be reduced by 30% and 40% under the global solar irradiation of
1000 W/m2 and 200 W/m2, respectively. Readers can refer to [20] for dust composition
and particle sizes available in the experiment location.

Table 5. Power generation under different solar irradiance with weekly intervals.

Global Solar
Irradiance (W/m2)

Maximum Power Generation (kW)

15 April 2019 1 Week
21 April 2019

2 Weeks
28 April 2019

3 Weeks
5 May 2019

4 Weeks
12 May 2019

5 Weeks
19 May 2019

1000 1460 1390 1405 1196 1155 904
800 1227 1148 1150 967 1071 918
600 935 870 861 725 684 669
400 642 599 630 408 470 465
200 329 306 353 248 234 235

Table 6. Power generation under different solar irradiance with bi-weekly intervals.

Global Solar
Irradiance (W/m2)

Maximum Power Generation (kW)

15 April 2019 0.5 Month
1 May 2019

1 Month
15 May 2019

1.5 Month
1 June 2019

2 Months
15 June 2019

2.5 Months
1 July 2019

1000 1460 1363 1181 1177 1148 1008
800 1227 1136 935 988 922 806
600 935 886 699 755 626 553
400 642 406 498 514 476 346
200 329 333 235 251 211 195
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3.4. Parametric Study

Series of numerical calculations for the parameters of soiling and tilt angle have been
conducted to investigate their effects on electricity generation. All of the calculations are
conducted using the model that was validated earlier.

The model of the PV plant was run for various soiling percentages. The selected soling
percentages are 2.5%, 7.5%, and 12.5%. It should be mentioned that the soiling is assumed
homogeneous on the module surface where it will impact the electricity generation; Figure
11 shows the monthly electricity generation for the different soiling percentages. As can
be seen, the higher the soiling accumulated on the PV, the lower the monthly electricity
generation, where the 12.5% soiling accumulation scenario generates the lowest electrical
generation. Because of the low solar radiation in December, the monthly electricity genera-
tion is the lowest, found to be 185 MWh, 175 MWh, and 165 MWh for soiling percentages of
2.5%, 7.5%, and 12.5%, respectively. In addition, the figure shows that the increase of 5% of
soiling in the PV cannot be interpolated with the monthly electricity generation, as in May,
the increase of soling from 2.5% to 7.5% decreases the electricity generation by 12.5 MWh,
whereas the increase in soiling from 7.5% to 12.5% decreases the electricity generation by
15.5 MWh. This can be referred to the lower efficiency of PV due to low solar irradiance
falling on the cells.
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The effect of tilt angle of the PV modules on the monthly electricity generation was
investigated using the validated simulation model. Table 7 presents the monthly electricity
generation by the PV plant for 0◦, 5◦, 10◦, 15◦, and 23◦ tilt angles. These tilt angles were
selected to compare the flat PV installation with the different tilt angles and with the
optimum tilt angle (without considering shading) for the fixed-tilt PV in this specific
location. The results show that the maximum monthly electricity generation is at the 0◦ tilt
angle. In addition, the monthly electricity generation decreases with the increase of the
tilt angle. The average difference of the monthly electricity generation by increasing the
tilt angle from 0◦ to 5◦, 5◦ to 10◦, 10◦ to 15◦, and 15◦ to 23◦ are 2.7, 1.2, 3.6, and 11.1 MWh,
respectively. The main reason for the reduction is the duo-pitch canopy effect of the car
park, where the 180◦ azimuth part of the car park generates lower electricity than the 0◦

azimuth part. In addition, this part of the car park (180◦ azimuth) causes shading to the
other part for high tilt angles. In practical applications, the 0◦ tilted angle arrangement is
not recommended due to the accumulation of dust and water during the rain, and the small
tilt angle would be preferable to allow the dust and water to fall using the gravity during
the rain. This phenomenon was studied previously and indicates that the higher tilted
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angle would increase the overall system efficiency [34]. Further experiments/investigations
in future studies will be required.

Table 7. The monthly electricity generation under different tilt angles.

Month
Monthly Electricity Generation (MWh)

0◦ 5◦ 10◦ 15◦ 23◦

May 19 286.29 283.10 284.28 280.53 270.62
June 19 273.71 270.69 271.60 267.77 258.15
July 19 267.90 265.15 266.29 262.69 253.15

August 19 283.17 280.09 281.33 277.41 266.48
September 19 271.77 268.87 270.28 266.38 254.33

October 19 244.79 241.88 243.28 239.25 225.97
November 19 201.51 198.99 200.11 196.48 184.06
December 19 173.47 171.19 172.11 169.06 158.11

January 20 195.26 192.81 193.94 190.61 178.52
February 20 186.33 184.33 185.50 182.53 172.52

March 20 274.18 271.21 272.69 268.51 255.26
April 20 259.02 256.36 257.71 254.29 244.18

4. Conclusions

The rapid decrease in the cost of PV systems in the last few years has attracted many
companies to invest in this area. Due to the availability of high solar irradiation in the
Middle East, high electricity generation from PV is expected. However, climatic conditions,
such as dust and high temperatures, have high impacts on PV performance. In this study,
the effects of soiling and tilt angle on the performance of a car park photovoltaic system
(2.0 MWp) were analyzed for a specific location in the north of Oman. The results show
that power generation was reduced by 4.8%, 18.1%, and 38.1% due to soiling after one
week, three weeks, and five weeks of operation, respectively. It was also found that a
soiling percentage of 7.5% and 12.5% could reduce the monthly electricity generation
from 307.2 MWh to 289.7 MWh and 274.0 MWh respectively. In addition, the duo-pitch
car park canopy structure is considered more complicated, in terms of the optimum tilt
angle, due to the two different inclined shed surfaces, where one part of the car park (180◦

azimuth) caused shading to the other part (0◦ azimuth) for high tilt angles. It was found
that increasing the tilted angle increases the electrical generation, where dust accumulation
is reduced due to both gravity and proper rain drain. Further analysis needs to be done
on the short and long impacts of dust on individual modules, and the effects of various
cleaning methods on the increase of generated electricity, and methods for maximization.
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