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ABSTRACT

In this paper, a detailed model of a photovoltaic (PV) panel is used to study the accumulation of dust on solar
panels. The presence of dust diminishes the incident light intensity penetrating the panel’s cover glass, as it
increases the reflection of light by particles. This phenomenon, commonly known as the “soiling effect”, presents
a significant challenge to PV systems on a global scale. Two basic models of the equivalent circuits of a solar
cell can be found, namely the single-diode model and the two-diode models. The limitation of efficiency data
in manufacturers’ datasheets has encouraged us to develop an equivalent electrical model that is efficient under
dust conditions, integrated with optical transmittance considerations to investigate the soiling effect. The proposed
approach is based on the use of experimental current-voltage (I-V) characteristics with simulated data using
MATLAB/Simulink. Our research outcomes underscores the feasibility of accurately quantifying the reduction in
energy production resulting from soiling by assessing the optical transmittance of accumulated dust on the surface
of PV glass.
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Nomenclature

λ Wavelength (μm)
θ The angle of incidence of light on the PV panel
a Parameter related to the average particle size of dust
b Parameter related to the particle surface concentration
T(λ) Transmittance (dimensionless, 0 to 1.0)
α0 Temperature correction coefficient for current (°C−1)
β0 Temperature correction coefficient for voltage (°C−1)
G Solar irradiance on the module PV (W/m2)
Gref Reference solar irradiance on the module PV (Gref = 103 W/m2)
Iph Photo-generated current (A)
I Solar cell (or photovoltaic) terminal output current (A)
ISC Short circuit current (A)
I 0 Reverse saturation current (A)
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I 0i Reverse saturation current of diode i in the conventional model (A)
ni Diode ideality factor
NS Cell number connected in series
Nsh Cell number connected in shunt
PV Photovoltaic
P Power (W)
Rs Series resistance (Ω)
Rsh Shunt resistance (Ω)
STC Standard test conditions (Gref = 1000 W/m2, T 0 = 25°C, and AM = 1.5)
T Cell or module operating temperature (°C)
T a Ambient temperature (°C)
�T Temperature difference: = T − T 0 (°C)
V OC Solar cell open-circuit voltage (V)
V Solar cell (or photovoltaic) terminal output voltage (V)
Eg Bandgap energy
q 1.60217662 × 10−19 C, the elementary charge
h 6.62607004 × 10−34 m2kg/s, Planck’s constant
εi Relative error: (Ii,data − Ii,model)

1 Introduction

Photovoltaic (PV) power systems represent a prominent renewable energy source, distinguished
by their operational efficiency and minimal maintenance requirements arising from the absence of
mechanically active components. The core constituent, the PV module, is predicated upon conven-
tional semiconductor manufacturing processes amenable to production in resource-efficient facilities
[1]. Furthermore, power converters, including DC–DC converters and inverters, which mediate
the interface between PV modules and the grid or energy storage systems, are firmly entrenched
technologies. Nonetheless, in the context of PV power generation, which is characterized by substantial
investment in PV modules, the optimization of solar energy utilization is imperative. Consequently, a
precise simulation model of the PV system, with particular emphasis on the PV modules, becomes
imperative.

One of the pivotal determinants in assessing the output performance of photovoltaic (PV) systems
is the I-V (current-voltage) characteristic. This I-V function conveys vital information pertaining to
the operational attributes of PV panels, encompassing parameters such as the open-circuit voltage
(VOC), short-circuit current (ISC), maximum power point (PMPP), maximum current (IMP) and maximum
voltage (VMP). These parameters are of paramount significance in the monitoring and regulation of
PV generator systems [2].

The modeling of PV modules predominantly revolves around the approximation of their nonlinear
I-V curves. Prior investigations have leveraged various circuit topologies to represent the module’s
behavior under diverse environmental conditions, including variations in irradiance and temperature.
Among these modeling approaches, the single-diode model emerges as the most straightforward and
commonly employed methodology.

Typically, one or two-diode photovoltaic models have been used to describe the I-V (current-
voltage) characteristics of a photovoltaic (PV) cell or panel [3]. The one-diode model assumes that
the solar cell behaves as a current source in parallel with a diode. It includes other components such as
parallel and series resistance [4,5]. In the second model, two diodes are used to represent the behavior
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of a real solar cell [6], one diode represents the forward-biased (conducting) behavior of the solar cell,
while the other diode represents the reverse-biased (off-state) behavior. In addition, a resistor is often
included in parallel and in series to simulate reverse leakage current [7]. These models are widely used
in the analysis and design of electronic circuits and photovoltaic systems. Single-diode and dual-diode
models are valuable tools for understanding and analyzing solar cell behavior, enabling engineers and
researchers to predict and optimize the performance of electronic circuits and photovoltaic systems
under different operating conditions.

The generation of electrical power through solar photovoltaic technology has emerged as an
ever-more indispensable energy source [8]. Solar energy must be converted into electricity, a process
primarily accomplished via solar photovoltaic cells. These cells are typically crafted from silicon, a
material that continues to occupy the forefront of technological and industrial advancements in this
field [9]. One of the environmental factors capable of compromising the efficiency of photovoltaic cells
is the accumulation of dust.

The phenomenon of soiling exerts a pervasive influence on solar photovoltaic (PV) installations
across the globe. Dust accumulated on the surface of PV panels is comprised of a mixture of
mineral dust, aerosols, pollen, fungi, and various other contaminants [10]. These particulate matter
components engender complex interactions with incident sunlight, entailing absorption, dispersion,
and reflection, thereby attenuating the overall irradiance reaching the active region of the PV cell.
Consequently, documented instances from certain geographic regions reveal a substantial power
degradation exceeding 50% as delineated in the literature [10,11].

The decline in the efficiency of solar panels primarily stems from the reduction in optical trans-
mittance, attributed to the progressive buildup of dust particles on the upper surface of photovoltaic
(PV) panels. The accrual of dust is intrinsically linked to wind dynamics, with its intensity and velocity
determining the gradual deposition of multiple fine layers of dust that eventually blanket the entire
PV panel surface [12,13].

This study introduces an electro-optical model as a theoretical equation aimed at elucidating the
deterioration in the electrical output of PV modules induced by the deposition of dust. This paper
is structured as follows: Following the introductory section, Section 2 delves into the modeling of
the photovoltaic (PV) module’s behavior in the presence of dust. In Section 3, we expound upon the
experimental procedures and methodological approaches employed in our investigation. Subsequently,
Section 4 is dedicated to the results and discussions. Finally, we draw our paper to a close with a
comprehensive conclusion summarizing our findings and offer insights into potential directions for
advancing this research.

2 Presentation and Modeling of the PV Module

In the process of obtaining the I-V (current-voltage) data of a photovoltaic (PV) module, the
utilization of a variable resistor becomes imperative, allowing for the manipulation of current and
voltage values, thereby facilitating the extraction of the I-V characteristic. Such an approach has
been documented in earlier research studies [14,15]. However, an alternative methodology has been
employed by other researchers [16], which involves the incorporation of an Arduino module and a
switcher to interconnect a series of resistors constituting a variable load for the extraction of I-V and
P-V variations. It is noteworthy that this method, reliant on the use of a switcher within the circuit,
exhibits a relatively extended response time in comparison to other techniques.
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Certain researchers [17] have devised a device founded upon MOSFET transistors to serve as an
electronic load for the purpose of acquiring the I-V (current-voltage) characteristics of photovoltaic
(PV) panels. Alternatively, others [18] have employed boost converters as a means to elicit the I-V
curves of PV panels. Additionally, a notably uncomplicated and cost-effective method for I-V curve
tracking of PV panels entails the utilization of a capacitor load. In this regard, some scholars [19–21]
have harnessed the charge and discharge cycle of capacitors to automatically vary the load, enabling
the rapid plotting of I-V variations in PV panels within a brief timeframe.

In the realm of photovoltaics, the characterization of I-V (current-voltage) attributes of a
photovoltaic cell or panel has traditionally relied upon the utilization of one- or two-diode models [22–
25]. The one-diode model, regarded for its simplicity, can be refined by incorporating a series resistor
(RS) [23]. However, despite its simplicity, this model exhibits significant relative errors, particularly in
the presence of elevated temperature fluctuations when compared to experimental data. To enhance
the accuracy of the one-diode model, the inclusion of a shunt resistance (Rsh) has been proposed [24],
yet its precision diminishes under conditions of low irradiance, particularly within the open-circuit
voltage (V OC) range.

To address these limitations, the two-diode model is introduced as an improvement over the one-
diode model. The inclusion of a second diode serves to elucidate electron recombination phenomena
at both the semiconductor material’s surface and within its bulk volume [25]. Fig. 1 illustrates the PV
cell model.

Figure 1: Equivalent circuit of a PV cell: (a) one-diode model, (b) two-diode model

The electrical current (I) of a photovoltaic (PV) panel in the two-diode model is typically expressed
by the following equation:

I = Iph − Id1 − Id2 − Ish (1)

The photocurrent Iph is linearly dependent on solar radiation, but is also influenced by temperature
according to the following relationship:

Iph = (Iph,ref + α0ΔT)
Gi

Gref

(2)

where Gi is the solar irradiance on the module PV (in W/m2) and Gref is the reference irradiance. Under
STC (Standard Test Conditions), the expression for Iph,ref is given by:

Iph,ref =
(

1 + Rs

Rsh

)
Isc,ref , and (3)

Iph =
((

1 + Rs

Rsh

)
Isc,ref + α0ΔT

)
Gi

Gref

(4)
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Through the utilization of the mesh law, the expression for the current Ish flowing through the
shunt resistor can be derived as follows:

Ish = V + RsI
Rsh

(5)

The diode current Idi is given by:

Id1 = I01

[
exp

(
V + RsI

n1 Vth

)
− 1

]
, and Id2 = I02

[
exp

(
V + RsI

n2 Vth

)
− 1

]
(6)

with [25]:

I01 ≈ I02 = Isc,ref + α0ΔT

exp
(

Voc,ref +β0ΔT

Vth

)
− 1

(7)

The thermal voltage of the module is given by Vth = kT
q

.

The current, I, supplied by the solar cell in the case of two-diode model is given by:

I = Iph − I01

[
exp

(
V + RsI

n1 Vth

)
− 1

]
− I02

[
exp

(
V + RsI

n2 Vth

)
− 1

]
− V + RsI

Rsh

(8)

The electrical current, I, of the PV panel for the one-diode model is given by:

I = Iph − I0

[
exp

(
V + RsI

n1Vth

)
− 1

]
− V + RsI

Rsh

(9)

Fig. 2 illustrates the interaction between solar irradiation and tempered glass used as a protective
cover for solar panels, in both cases, clean and with dust. When a PV panel is illuminated by incident
light Gi, a part is reflected by Gr, another part is absorbed by Ga, and a third part is transmitted by
Gt [26].

Figure 2: Light transmission by glass and its interaction with dust (based on [26]). Graphic: Al
Hicks/NREL
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According to the Bouguer-Lambert law [27], the theoretical transmittance, T (λ), is presented as
the ratio between the transmitted irradiance Gt and the incident irradiance Gi, which is expressed by
the following equation:

T (λ) = Gt

Gi

(10)

The Ångström equation allows for the evaluation of the transmittance of a dust particle layer,
providing insights into the extent of light attenuation caused by these particles. The decrease in trans-
mittance arises from the interaction between dust particles and solar radiation, which is expounded
upon by Mie’s theory. A modified Ångström turbidity equation (Eq. (11)) empirically characterizes
the relative transmittance, and is expressed as follows [26,28]:

Ts (λ) = exp
(
(−b) λ−a

) + c (11)

with:

a: Parameter related to the average particle size of dust [26,28–30].

b: Parameter related to the surface concentration of soiling [26,28–30].

T s (λ): The relative optical transmittance of the light due to the soiling effect.

λ: Wavelength of incident light (μm).

c: An offset constant (≈−0.01 to −0.25) that constitutes a component independent of the
wavelength arising from the transmittance of very large particles that are unable to remain suspended
in the air and consequently settle on the surface of the glass [26,28–30].

In the case of a soiled PV module, Iph,Dust is the photogenerated current dependent on Gt, the
transmitted solar irradiance and temperature difference, �T, and in analogy to Eq. (2), is given by
the relationship:

Iph,Dust = (Iph,ref + α0ΔT)
Gt

Gref

(12)

On the other hand, the total transmittance is the product of the transmittance T s (λ) of a layer
of particles, estimated from the modified Ångström equation, and the transmittance of a clean glass,
Tg (λ). It is given by [26]:

T (λ) = Tg (λ) · T s (λ) = Gt

Gi

(13)

So,

Gt = GiTg (λ)
(
exp

(
(−b)λ−a

) + c
)

(14)

Then, for the case of high shunt and low series resistance, Eq. (4) in the presence of dust becomes:

Iph,Dust = (
Iph,ref + α0ΔT

) Gi

Gref

Tg (λ)
(
exp

(
(−b)λ−a

) + c
)

(15)

Consequently, utilizing Eq. (2), the expression of for Iph,Dust, the photogenerated current of a PV
cell under the effects of a uniform amount of dust and exposed to illumination is given by:

Iph,Dust = IphTg (λ) (exp
(
(−bλ−a) + c

)
(16)
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Finally, the expression of the I-V characteristic of a PV cell in the case of one-diode model under
the effect of a uniform amount of dust and exposed to sunlight is given by:

I = IphTg (λ)
(
exp(

(−b)λ−a
) + c

) − I0

[
exp

(
V + RsI

n1Vth

)
− 1

]
− V + RsI

Rsh

(17)

The expression of the I-V characteristic of a PV cell in the case of the two-diode model under the
effect of a uniform amount of dust and exposed to sunlight is given by:

I = IphTg (λ)
(
exp(

(−b)λ−a
) + c

) − I01

[
exp

(
V + RsI

n1 Vth

)
− 1

]
− I02

[
exp

(
V + RsI

n2 Vth

)
− 1

]
− V + RsI

Rsh

(18)

This article delves into a comprehensive analysis, combining theoretical insights and experimental
findings, aimed at elucidating the I-V (current-voltage) characteristics of solar panels subjected to the
deposition of dust particles. The I-V characteristic is a pivotal tool for assessing critical parameters,
and its measurement is feasible under both illuminated and soiled conditions. Existing methodologies
primarily rely on the I-V characteristic acquired under illuminated conditions. The mathematical
equation governing the behavior of solar cells is contingent on the selected model for the solar cell.

3 Experimental Procedure and Methodology

To investigate the impact of soil accumulation on the electrical characteristics (I-V) of PV panels,
two samples of dust were collected from the Agadir region of Morocco, specifically within the Souss-
Massa plain [31]. The Agadir region, which serves as the administrative center of Souss Massa, is
located on the southern Atlantic coastline of Morocco. Our research focused on a specific geographical
area characterized by 30°25′ north latitude, 9°36′ west longitude. Dust samples used in our study were
collected from two distinct locations within the Souss-Massa plain: Halieutic-Park HP (30°24′48.4′′ N,
9°24′04.5′′ W), and Adrar (AD) (30°25′37.6′′ N, 9°32′24.1′′ W) [31].

Fig. 3 presents the experimental procedure: upon collection, the dust underwent sieving to obtain
a fine powder with particle diameters smaller than 250 μm. Subsequently, these fine particles were
applied to the surface of a solar module, specifically SX330J, serving as our test panel. The assessment
of the impact of deposited dust on the panel involved the measurement of optical transmittance, T(λ),
through glass samples coated with dust. To examine the evolution of optical transmittance over a range
of 400 to 800 nm as a function of dust density, we used a JASCO V730 UV-Vis spectrophotometer. In
this investigation, we employed tempered glass samples with a thickness of 2.4 mm. Table 1 provides
an overview of the parameters of the PV module as specified by the manufacturer.

Experimental measurements of current (I) and voltage (V) of SX330J PV panel were conducted
using Arduino current and voltage sensors. The PV panel’s temperature was continuously monitored
via a thermocouple, while irradiance levels were recorded using the FI 109SM solar meter.

Much attention has been paid to the accuracy of precision of the measurement equipment; the
device developed for electrical data acquisition from the solar panel underwent a calibration procedure,
which was based on DGM-360 multimeter tester [31]. This instrument boasts a voltage resolution
of 0.01 V within the range of 60 to 4 V and a current intensity resolution of 0.001 A within the
measurement range of 6 A. The manufacturer specifies an uncertainty of 0.02 % [31].
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Figure 3: Test bench for the characterization of the soiling effect on a PV panel

Table 1: Electrical parameters of the SX330 panel at STC (1000 W/m2 and 25°C)

Electrical parameters Value

PMPP: (W) 30 W
V MP: (V) 16.8 V
IMP: (A) 1.78 A
ISC: (A) = Iph,ref 1.94 A
V OC: (V) 21.0 V
α0: (0.065 ± 0.015)%/°C
β0: −(80 ± 10) mV/°C
Temperature coefficient of power −(0.5 ± 0.05)%/°C

Extensive focus was directed toward ensuring the precision of the methods employed in this
study. Spectral measurements for optical investigations were conducted repeatedly, demonstrating
a high degree of reproducibility. For a more comprehensive description of the UV-Vis spectroscopy
procedures, please refer to [31].

4 Results and Discussion

In this section, we carried out simulations with MATLAB/Simulink using the Newton-Raphson
algorithm [15,32] to handle the complex nonlinear attributes of the I-V curve for the one-diode and
two-diode models. Fig. 4 provides an illustrative depiction of the flowchart detailing the Newton-
Raphson algorithm’s application in solving Eqs. (17) and (18).
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Figure 4: Flow chart of the Newton-Raphson algorithm used for this study

Our primary objective was to validate the models of Eqs. (17) or (18) by carrying out an in-depth
comparison between our experimental and simulated results under temperature conditions of 25°C,
50°C and 60°C and for irradiances of 1 kW/m2 and 820 W/m2 . As a simplification, the combined
optical transmittance for the model is taken as Tg · T s = 1 for the initial I-V curve portion of study.

Fig. 5 shows the obtained results. In Figs. 5a and 5b, we can observe that at a low temperature of
25°C and irradiances of 1 and 820 W/m2 , the experimental results align with the double diode model.
However, at high temperatures of 50°C and 60°C, which is the actual operating temperature of the
solar panels, and at irradiances of 820 and 1 kW/m2 , we find that the experimental results are in line
with the single-diode model simulation (Figs. 5c and 5d).

To provide a more lucid comprehension of these findings, we conducted tests and assessments on
our SX330J PV panel under varying levels of illumination and temperatures. The insights drawn from
these observations elucidate the following points:

- The single-diode model stands as the predominant choice, especially when conducting
outdoor condition tests under the soiling effect [33].
- The single-diode model holds appeal as the simplest and most practical approach to
constructing a solar cell model due to its capacity to effectively represent the PV characteristics
of the majority of solar cells. Consequently, it finds wide applicability in numerous modeling
scenarios, particularly when confronted with swiftly changing weather conditions [34,35].
- Under some conditions, the two-diode model emerges as the preferred option, delivering
better performance compared to the single-diode model.
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Figure 5: Simulated and experimental I-V characteristics of SX330J, (a) under conditions of 25°C and
irradiances of 1 kW/m2 , and (b) under conditions of 25°C and irradiances of 820 W/m2 , (c) under
conditions of 60°C and irradiances of 820 W/m2 , and (d) under conditions of 50°C and irradiances of
1 kW/m2

The one-diode model, known for its simplicity, is enhanced by the inclusion of a series resistor, Rs,
to improve accuracy [4]. Nonetheless, despite its straightforwardness, this model exhibits significant
relative errors when subjected to substantial temperature fluctuations. Consequently, to refine the
accuracy of the one-diode model, the incorporation of a shunt resistance, Rsh, is introduced, albeit
with a compromise in accuracy at low irradiance levels, particularly in the open-circuit voltage (V OC)
range [5]. To further enhance the one-diode model’s fidelity, a second diode is introduced, giving
rise to the two-diode model. This additional diode accounts for electron recombination both at the
semiconductor material’s surface and within its volume [6].

4.1 Ts(λ) Optical Transmittance of Dust Samples
Regarding the dust samples collected from the site of Agadir-Morocco, Fig. 6 displays the reduc-

tions in Ts(λ) (expressed as a decimal) across different wavelengths. These experimental measurements
were obtained using a JASCO V-730 spectrophotometer for dust samples collected from two distinct
locations, namely AD and HP. The measurements are made relative to a clean piece of glass [26].
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Figure 6: The relative optical transmittance of dust samples on glass

In this section, dust samples weighing 3.45 g/m2 were collected from the two areas. It is worth
noting that the soil composition in the Adrar area, AD, differs from that in the HP area. The outcomes
of these tests highlight the influence of soiling on optical transmittance. A noticeable reduction in
optical transmittance is evident, contingent upon the source of the dust. Since the transmittance due to
soiling is essentially like a neutral density filter, changes in wavelength will likely have a minimal impact
on the effect of soiling on the I-V characteristics of a PV panel. This is supported by the observations
reported in our prior studies [26]. The exception is in the UV and blue portions of the spectrum.

4.2 Influence of Soiling on Solar Panel SX330J Performance
Throughout the subsequent simulations, the wavelength constant, a, was 5 to 7, while the other

constants in the modified Ångström equation were approximately b = 2 to 10 × 10−4, and c = −0.25
to −0.3 [26]. The exact constants are given in Fig. 6. In the context of this investigation, the optimal
wavelength (λ) for absorption corresponds to the wavelength at which the maximal spectral response
is achieved. In our study, we used polycrystalline silicon (p-Si) type SX330J, which is the most widely
used PV material, especially in our studied region, and has a relatively broad spectral response; it can
efficiently convert photons with wavelengths ranging from 400 to 1200 nm. The response is highest
in the visible light range and decreases toward the infrared range. We take the average wavelength
at which the absorption efficiency is at a maximum value, in our case, λ = 800 nm (0.80 μm). An
average transmittance was then utilized in Eqs. (17) or (18). The glass transmittance was taken as
approximately 0.9, as measured in the spectrophotometer. Fig. 7 shows the experimental and simulated
electrical power, P (W), of the SX330J solar panel vs. voltage, V, at 3.45 g/m2 dust from each study zone.
We observe that this reduction in the maximum power, PMPP, is more pronounced when dealing with
the AD sample dust compared to the HP sample.

Our research highlights a prominent finding, a noticeable decrease in the maximum power output
(Fig. 8). The decline in Pmax = PMPP is not linear and exhibits a pronounced correlation with dust density.
Our findings align well with previous studies conducted by various researchers [35–38].
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Figure 7: P-V characteristics of the SX-330J panel, simulated (sim) and experimental (exp) curves, at
25°C, G = 830 W/m2 , and under 3.45 g/m2 of dust

Figure 8: Experimental maximum power of the SX330J panel under the dust types of AD and HP
samples

An important drop-off of PMPP (Pmax) is recorded upon soiling, depending on the density of dust.
Our results are in good agreement with other reported works [35,39,40]. Specifically, when dealing
with HP dust, our solar panel’s maximum power, PMPP, dwindles from 30 W to a mere 20 W at a
dust density of approximately 3.45 g/m2 . In the case of AD dust, the decline is even more substantial,
with Pmax dropping to a mere 17 W. This observed phenomenon can be attributed to the distinct
distribution patterns of dust particles. Notably, the size distribution of dust particles significantly
impacts the degradation of PV performance. Smaller particles can exhibit a greater capacity to obstruct
and scatter sunlight radiation compared to larger particles. Consequently, they contribute significantly
to the deterioration of PV performance, particularly at shorter wavelengths. This phenomenon is
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further exacerbated by the substantial loss in generated PV power, exceeding 45% in our study. Such
a substantial power loss poses a critical source of uncertainty and risk in solar production. According
to multiple authors, any loss exceeding 10% necessitates cleaning operations, which are indispensable
for power recovery [35,41,42].

5 Conclusion

In this article, we introduced an innovative electro-optical model designed to quantify the impact
of soiling on photovoltaic (PV) panels. Our model integrates Ångström’s optical transmittance
principles with the I-V characteristic of the PV panel, offering a comprehensive insight into the effects
of soiling. We investigated the consequences of using dust samples collected from distinct locations
in Agadir, HP (Halieutic-Park) and AD (Adrar), on the electrical output of a polycrystalline PV
panel, specifically the SX-330J model. This exploration yields valuable insights into how different
types of dust impact PV panel performance. Furthermore, we note that the detrimental effects of
dust accumulation are more pronounced in the Adrar (AD) region of Agadir than in the Halieutic
Park (HP) area. These findings underscore the significance of regular cleaning maintenance for solar
systems located in the AD region, emphasizing the critical need to mitigate the adverse impact of
dust accumulation on PV panel performance. Future studies should explore the full range of the
complexities of the model using the specific measured parameters for practical photovoltaic modules
as input. They should also seek to determine the effects of series and parallel connections of the solar
cells within a PV module on the overall performance and utility of the model.
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