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Abstract: Dust deposition on photovoltaic modules induces losses through wavelength-selective attenuation and
dust-driven heating, but most soiling models quantify only optical transmission. The present study developed a
composition-resolved optical-thermal framework that links measured dust mineralogy to coupled spectral and
temperature-dependent power degradation in crystalline silicon modules. Dust was collected from operating PV
modules in Harare (Zimbabwe) and Roodepoort (South Africa) and characterized for particle size, mass loading, and
oxide composition. Oxide fractions were converted to effective complex refractive indices using an
effective-medium formulation, and Mie-based calculations were used to compute spectral absorptance in the range
400-900 nm. The absorbed radiative flux was then introduced as a heat-input term in a surface energy-balance model
to predict dust-induced cell-temperature rise, and the modified spectrum and temperature were propagated to
electrical metrics. At a representative loading of 2.0 g/m?, the model predicted a temperature rise of 4.8 °C for
Roodepoort dust and 4.6 °C for Harare dust. The corresponding total power losses were 14.2% and 13.8%,
respectively. Solar simulator validation showed measured temperature rises of 4.52 °C and 4.29 °C for Roodepoort
and Harare dust, giving deviations of 5.73% and 6.81% from the model predictions. Using the measured temperature
rises and a crystalline silicon temperature coefficient of 0.45%/°C, the temperature-aligned total power losses were
estimated as 14.08% and 13.66% for Roodepoort and Harare dust, respectively. These results confirm that dust
induced heating amplifies optical soiling losses and should be included when forecasting yield and defining cleaning
triggers in dusty, high irradiance environments.

Keywords: Spectral soiling; Dust composition; Optical-thermal modelling; Crystalline silicon photovoltaics;
Performance degradation; Dust absorptance.

1. Introduction

The global energy sector is undergoing a fundamental transformation aimed at reducing carbon
emissions and mitigating the increasingly destructive effects of climate change. Among the available
renewable energy sources, photovoltaic systems stand out as one of the most scalable and widely utilized
technologies for converting sunlight into electricity, offering a critical solution to meet the growing
global energy demand while addressing environmental concerns (Riffat and Samaei, 2025; Sovetova et
al., 2025). However, photovoltaic systems are affected by soiling through the accumulation of dust, soot,
and organic debris on the solar PV module surface. This contamination can reduce power output by as
much as 40% depending on deposition rate, particle type, cleaning frequency, and prevailing
environmental conditions (Pelland et al., 2018). Global assessments indicate that soiling rates typically
range from about 0.5% to above 6% per month, with arid and semi-arid regions being especially
vulnerable because rainfall-driven natural cleaning is limited and deposited material persists for longer
periods (Pelland et al., 2018; Tsanakas et al., 2025). Long-term field observations also show strong site
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dependence, where multi-year measurements in Qatar, for instance, reported seasonal variability in
soiling intensity and dust storms increased annual soiling levels by about 23% due to shifts in rainfall and
wind-driven resuspension (Javed et al., 2020). Similar trends were observed in Arizona, where power
losses of 3.8 - 11.1% were linked to installation configuration and proximity to urban dust sources
(Mallineni et al., 2014). Monitoring in Oman, supported by more than 36 000 environmental datapoints,
further confirmed that dust accumulation and PV performance respond dynamically to temperature,
humidity, and land-use patterns (Al Humairi et al., 2024).

The characteristics of deposited dust govern the magnitude of performance degradation. Fine
particles (<45 um) reduce light transmission more severely than coarse particles because they pack more
densely and reduce optical pathways through the soiling layer (Sisodia, 2024). Comparative site
investigations in Egypt and Jordan further revealed that dark and fine dust produces sharper transmission
losses and greater thermal loading even when mass loading is similar (Jvrum et al., 2021). Laboratory
studies support these trends by showing that reduced inter-particle void space increases attenuation, and
that iron-rich dust increases solar absorption through low albedo and enhanced scattering behaviour
(Riaz and Mahmood, 2022). Field measurements in Senegal indicate that even limited iron chloride and
carbon-based minerals can reduce reflectance by up to 30%, altering spectral transmittance and thermal
gain (Drame et al., 2021). Spectral observations from desert PV installations in China further indicate
stronger attenuation at shorter wavelengths for smaller and darker particles, demonstrating that soiling
losses depend on optical and physical properties as well as deposited mass (Zhang et al., 2024).

The optical behaviour of a soiled PV surface is controlled by transmittance, reflectance, and
absorptance, which depend on dust morphology, surface coverage, particle size, packing density, and
refractive index (Kaneria and Reddy, 2025; Mandal and Reddy, 2025). These properties determine
whether incoming radiation is transmitted to the cell, reflected away, or absorbed within the dust layer.
Therefore, deposition density and uneven accumulation can increase localised shading and attenuation
(Razak et al., 2026), while the complex refractive index governs light propagation and absorption,
especially in iron oxide and carbonaceous phases (Kutlu et al., 2025). Experimental observations show
that dust accumulation on solar glass reduces transmittance as scattering and absorption increase with
deposition (Abdellatif et al., 2023). Modelling studies further indicate that when dust-layer thickness
approaches or exceeds the characteristic particle diameter, light propagation becomes strongly inhibited
and transmission can decrease sharply, particularly for fine mineral dust (Xu et al., 2020). Measurements
under Saharan dust exposure show that a layer thickness of about 70 um, equivalent to approximately 3.3
g/m?, can reduce visible transmittance by more than half, with only about 48% of incident radiation
reaching the cell surface (Diop et al., 2020).

Particle shape and dust spatial distribution also contribute to the optical response, since irregular and
porous particles enhance forward scattering and increase effective optical path length, while dense
packing and angular grains modify scattering directionality (Tanesab et al., 2019). Non-uniform
deposition can also generate localised shading and uneven optical attenuation across the module surface
(ul Haq et al., 2024). A three-layer optical model involving the dust layer, glass cover, and solar cell
further confirms that particle-size heterogeneity and layer thickness dominate spectral transmittance
within the crystalline silicon response window of 350 to 1000 nm. This effect is strongest in the visible
band of 350 to 700 nm, where dust-induced scattering and absorption distort the spectrum (Susa et al.,
1992; Xu et al., 2020).

Absorptivity and complex refractive index are therefore central in determining whether incoming
light is scattered or absorbed at the module surface. Dust containing iron oxides or carbon-rich material
absorbs visible radiation more effectively than silica-based particles and exhibits lower reflectance and
higher absorptivity, leading to stronger optical losses and increased surface temperature (Rezvani et al.,
2023; Tanesab et al., 2019; Willers et al., 2025). Field measurements show that the imaginary component
of the complex refractive index strongly controls absorption across the solar spectrum, and
mineral-to-mineral variability can significantly alter spectral behaviour (Yus-Diez et al., 2025). Similar
temperature and power impacts have been reported near cement production sites where elevated iron
oxide content increased module temperature and lowered output (Riaz and Mahmood, 2022). Studies
comparing absorbing and non-absorbing dust further show that transmission decreases approximately
linearly with increasing dust mass, with a steeper decline for carbonaceous and iron-bearing phases
(Darwish et al., 2021; Piedra et al., 2018). This is consistent with radiative-transfer simulations and
analytical optical models indicating larger extinction cross sections and stronger wavelength-dependent
attenuation for darker particles (Boyle et al., 2015; Piedra et al., 2018). Soiling also alters the spectral
distribution reaching the cell, where selective attenuation of shorter wavelengths reduces current
generation beyond what is inferred from single-value transmission metrics (Fernandez-Solas et al., 2022;
Micheli et al., 2019). Optical measurements and field evaluations confirm that refractive index and
absorptivity control this response and that spectral distortion contributes to current mismatch and
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efficiency decline when absorbing phases are present (Fernandez et al., 2019; John et al., 2015; Smestad
et al, 2020). Concentrator and multi-junction systems exhibit related sensitivity because
short-wavelength losses influence current balance among subcells (Fernandez et al., 2019), and
measurements on silicon photodiodes indicate that spectral response varies with incidence angle due to
reflectance changes, emphasizing combined effects of dust composition, optical geometry, and
illumination angle (Boivin, 2001).

Soiling losses are often estimated using empirical models based on historical performance and
cleaning intervals, but these models do not generalize well across climates because particle composition,
environmental variability, and deposition dynamics are not represented (Pagani et al.,, 2021).
Comparative evaluations show that regression-based approaches can yield errors of about 40% to above
90% when transient effects such as wind and light precipitation are not captured (Sharma et al., 2023).
Long-term forecasting also indicates that treating soiling as static can shift energy-yield predictions by
more than 10% (Muller and Rashed, 2023). Physics-based approaches instead represent scattering and
absorption explicitly, where Mie theory enables estimation of optical losses using particle size and
refractive index and has been applied to concentrating solar power and PV systems (Bellmann et al.,
2020). Furthermore, two-stream radiative-transfer models provide structured representations for layered
scattering and absorption (Lu et al., 2009). Parameterisations incorporating deposition velocity and
microphysical properties improve accuracy relative to empirical baselines (Lara-Fanego et al., 2023), yet
cross-plant comparisons show that oversimplified formulations can still produce high RMSE in
large-scale operation (Redondo et al., 2024). These findings indicate that reliable prediction requires
models that represent dust optical properties together with environmental processes that govern
accumulation and removal.

Electrical performance of crystalline silicon modules is also strongly temperature dependent. As cell
temperature increases, open-circuit voltage decreases and conversion efficiency declines, with typical
temperature coefficients of -0.3 to -0.5% /°C depending on design and material quality (Perin Gasparin et
al., 2022). Simulations show that increasing ambient temperature from 25 to 50 °C reduces efficiency
even at constant irradiance, emphasizing the importance of thermal regulation (Muhfidin and Yu, 2019).
Module temperature is set by radiative, convective, and conductive heat-transfer processes that depend
on wind, air temperature, and mounting configuration (Gémez, 2009; Rosli et al., 2014). Heat-transfer
modelling shows sensitivity to tilt and airflow, while multiphysics simulations under desert conditions
confirm that elevation and improved ventilation can lower operating temperature and reduce
performance losses (Hassanian et al., 2022; Limane et al., 2023). High-resolution modelling further
indicates that temperature can vary spatially across a module surface, producing localized
electrical-performance variations even under uniform irradiance (Tomsi¢ et al., 2025).

Although optical and thermal effects of soiling are often treated separately, their combined influence
remains insufficiently represented in PV performance models. Dust is frequently modelled only as an
optical attenuator, which neglects additional heating when absorbing particles increase surface
temperature and leads to underestimation of losses in environments with carbonaceous or iron-bearing
minerals (Gu et al., 2023; Zarei and Abdolzadeh, 2016). Recent attempts to link optical and thermal
behaviour typically do not incorporate mineralogical composition and particle-size effects systematically
and therefore cannot resolve composition-dependent spectral and thermal consequences (Gu et al., 2023;
Hoang et al., 2014). Other studies have emphasised Mie-based scattering analysis without accounting for
heat accumulation at the module surface (Bellmann et al., 2020). Observations from naturally soiled
modules also indicate that short-wavelength attenuation is accompanied by increased temperature, but
the coupled impacts on current and voltage have not been quantified in a composition-sensitive
framework (Smestad et al., 2020).

Despite this progress, literature still treats the optical and thermal effects of soiling mainly as separate
problems. Qaisieh et al., (2023) quantified the optical transmission losses caused by dust accumulation
and showed how these losses reduce the irradiance reaching the PV surface. Abdellatif et al., (2023) also
used Mie theory to model optical scattering, transmittance, and absorptance through dust layers on PV
surfaces. However, these optical-based approaches do not fully account for dust-induced heating and the
related temperature-driven electrical degradation. As a result, they may underestimate performance loss
when dust contains strongly absorbing mineral or carbonaceous phases. Therefore, composition-resolved
models that connect mineralogy, spectral attenuation, dust heating, and electrical response remain
limited. To address this gap, the present study developed a composition-resolved coupled optical-thermal
framework that links measured dust mineralogy and particle-size properties to wavelength-dependent
optical losses, dust-induced cell-temperature rise, and thermally amplified electrical degradation in
crystalline silicon PV solar cells. This framework goes beyond conventional optical-only approaches by
explicitly accounting for thermal amplification driven by dust composition, thereby providing a clearer
basis for operational decisions such as cleaning prioritisation under absorber-rich, high-irradiance,
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low-wind, and high-temperature conditions. This paper is organized as follows: the methodology
describes the composition-resolved optical modelling, refractive-index derivation, and coupled
energy-balance formulation, the results quantify spectral and thermal contributions across dust types and
loadings, and this is followed by the conclusion and future directions section.

2. Methodology

The present study applied a composition-resolved optical-thermal modelling framework to quantify
how dust mineralogy influences wavelength-dependent transmission losses and thermally induced
performance degradation in crystalline silicon photovoltaic modules. The analysis was grounded on
field-collected dust samples obtained from two different urban environments, thereby enabling
comparative assessment of composition-driven soiling impacts under different geographic and
environmental conditions.
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Figure 1. Workflow of the coupled optical, thermal, and electrical PV model showing the progression
from inputs to model outputs.

Figure 1 illustrates the coupled optical, thermal, and electrical workflow of the model. The inputs,
comprising dust characterisation, environmental conditions, optical data, and PV module parameters,
were first processed in the optical model to determine spectral transmittance, reflectance, and
absorptance. These outputs were then propagated to the thermal model, where absorbed radiation and
transmitted irradiance were used to compute the cell temperature, accounting for convective, radiative,
and conductive heat transfer. The computed temperature was subsequently used in the electrical model to
determine short-circuit current, open-circuit voltage, fill factor, and maximum power, producing the final
performance metrics. The figure further emphasizes the coupling between the thermal and electrical
models, thereby providing a clear visual summary of the flow of information from measured dust
properties to predicted PV module performance.

2.1. Dust sampling and characterisation

Dust sampling was conducted in Harare, Zimbabwe (17.8252°S, 31.0335°E), and Roodepoort, South
Africa (26.1625°S, 27.8725°E). Harare is characterized by a subtropical climate with a distinct dry
season and frequent urban dust activity linked to traffic and construction, while Roodepoort lies on a
highland and is influenced by periodic wind events, traffic and industrial particulate sources. Dust was
obtained directly from the surfaces of operating PV modules during dry, stable atmospheric conditions to
minimize moisture-related interference and to preserve the natural adhesion state of the deposited layer.
A clean, non-abrasive micro-spatula was used to lift surface dust, and the collected material was
transferred into airtight containers to limit contamination and particle loss during storage and transport.

Dust samples were air-dried under controlled temperature and humidity to remove residual moisture
without altering particle morphology, porosity, or surface structure, which could affect optical and
thermal behavior. Surface mass loading was measured gravimetrically by recording the mass difference
of pre-cleaned glass substrates before and after dust application using a high-precision microbalance.
This measurement provided the areal density (g/m?) of dust, which is a critical input for both optical and
thermal modeling. Particle-size distributions were obtained from scanning electron microscopy images,
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followed by quantitative granulometric analysis in ImageJ. From these images, the median particle radius,
geometric standard deviation, and size percentiles (10%, 50%, 90%) were extracted, providing detailed
information on dust fineness and spread across the module surface.

Elemental composition was determined using energy-dispersive X-ray spectroscopy (EDS) and
measured eclemental mass fractions were converted to corresponding oxide forms to represent
mineralogical content. Dust mineralogy is strongly region-specific. Therefore, the Harare and
Roodepoort samples were treated as separate site-specific dust populations rather than as a universal dust
composition. This was necessary since variations in soil type, traffic emissions, construction activity,
industrial particles, weather conditions, and natural mineral sources can alter the abundance of silica,
aluminosilicates, iron oxides, carbonaceous materials, and other absorbing phases. Thus, the
EDS-derived oxide fractions were used to preserve the measured regional compositional differences
before estimating the effective optical properties.

All sample handling was performed carefully without grinding or chemical processing to preserve the
native morphology of particles, ensuring that the dust properties used in the model reflect realistic field
conditions. The resulting dataset for each location included areal mass loading, particle-size metrics,
effective density, and oxide composition. These parameters formed the primary inputs for the optical,
thermal, and electrical sub-models, enabling composition-resolved predictions of PV performance under
dust deposition.

2.2. Optical model

The optical model quantified how deposited dust modified the spectral distribution of sunlight
reaching the photovoltaic (PV) cell. It captured the effects of dust composition, particle size, and layer
thickness on spectral transmittance, reflectance, and absorptance across the relevant solar spectrum. The
wavelength-resolved analysis established a mechanistic link between optical attenuation and the
subsequent thermal and electrical responses within the coupled framework. Therefore, the model enabled
composition-sensitive assessment of wavelength-dependent losses across different dust types and mass
loadings.

2.2.1. Composition-dependent optical constants

The optical modelling framework converted the measured dust chemistry into wavelength-dependent
optical properties for spectral analysis. Deposited dust comprises heterogeneous mineral and
carbonaceous phases, whose volume fractions and refractive behaviour control light absorption and
scattering. Therefore, EDS-derived mass fractions were expressed as oxide mass fractions and
converted to volume fractions  using phase densities , as shown in equation (1). These volume
fractions were then used to estimate effective complex refractive indices over 400-900 nm, providing
composition-dependent inputs for Mie scattering and radiative-transfer calculations and linking dust
mineralogy to spectral and thermal effects (Novitsky et al., 2023; Zhang et al., 2011).

“c/y Th M

where  represents the mass fraction and  the density of oxide phase . The use of volume fractions
was important because the effective optical behaviour of a heterogeneous dust mixture depends on the
volumetric contribution of each phase rather than its mass contribution alone. For each oxide or
carbonaceous phase, wavelength-dependent complex refractive indices ( () of phase i at wavelength A
were compiled as shown in equation (2) (Rybin and Shulga, 2020). () describes the phase velocity
reduction while () is the optical absorption.

= O+ () @
and the corresponding complex dielectric functions, ( ) were calculated as;
()= 20). 3

The real part of the refractive index therefore describes the phase delay of transmitted radiation, while
the imaginary part represents absorptive losses within the dust phase. This distinction was important for
iron oxides and carbonaceous phases, which can increase absorption in the visible region and contribute
to dust-induced heating. Therefore, an effective medium approach was required to represent the
combined optical behaviour of the different mineral and carbonaceous phases within the dust mixture.
Both the Bruggeman and Maxwell-Garnett effective medium theories (EMTs) were considered in this
study. The Bruggeman model was used as the primary approach because it is suitable for heterogeneous
materials where multiple phases occur in comparable proportions without a distinct host. This allowed a
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statistically symmetric estimate of the effective complex dielectric function () (Millan et al., 2019;
Tjaden et al., 2016). The Bruggeman effective medium approximation solves equation (4) (Nayak et al.,
2023; Zhang et al., 2011), while the corresponding effective refractive index and dust-layer refractive
index are expressed in equations (5) and (6), respectively.

O—er() _
()+2 (fefff( ) )
eff( ) =+ e ). Q)
aust( ) = e )+ (). (6)

The Maxwell-Garnett model was applied only as a comparative sensitivity case. It assumed a host
matrix with dispersed inclusions and provided a bounding estimate under contrasting microstructural
assumptions (Markel, 2016). This approach was used to evaluate whether the predicted optical constants
were strongly affected by the assumed internal distribution of phases, without serving as the primary
model for optical calculations.

The optical constants for the dominant oxide and carbonaceous phases identified by EDS were
obtained from the Refractivelndex.info database (Polyanskiy, 2024) and compiled over 400-900 nm.
However, these values represent ideal reference phases rather than direct optical measurements of the
collected dust, and may not fully capture regional differences in crystallinity, impurity content, hydration
state, weathering, mixed phases, and amorphous constituents. Therefore, the effective optical constants
were constrained using the site-specific EDS-derived oxide fractions measured separately for Harare and
Roodepoort. All refractive-index spectra were interpolated onto a common wavelength grid and lightly
smoothened using a complex-preserving filter to remove numerical noise without suppressing absorption
features associated with iron oxides and carbonaceous phases. This ensured that the
composition-resolved dust refractive index expressed in equation (6) was evaluated consistently across
the wavelength range.

2.2.2. Spectral scattering and dust-layer radiative transfer

Spectral interaction between solar radiation and the deposited dust layer was modelled using Mie
theory with composition dependent refractive indices and SEM derived particle size distributions as
inputs. Mie theory was selected to resolve wavelength-dependent scattering and absorption by
polydisperse dust particles, allowing particle size, dust density, and mineralogical composition to be
represented more realistically than in broadband attenuation models. This was important because
absorbing phases such as iron oxides and carbonaceous materials can increase extinction and absorptance
differently across the solar spectrum. Therefore, the Mie-based outputs were used to determine the
extinction, scattering, and absorption efficiencies required for the dust-layer radiative-transfer model.

The two-stream approximation was then used to account for multiple scattering and absorption in the
dust layer while maintaining computational efficiency for coupling with the thermal and electrical
models. Dust was treated as a polydisperse ensemble described by a log-normal size distribution ( )
characterized by mean particle radius ( ) and geometric standard deviation (). For each wavelength

and radius, Mie solutions were used to compute extinction, eq( , ), scattering, ¢( , ), and
absorption efficiencies, as( , ), where

absCr )= et )= scaly ) @)
These efficiencies were integrated over () to obtain spectral mass attenuation coefficients;
3 1
abs( )=4—f asC, )= () (8)
_ 3 1
sca( )—4_1- sca( )= ) ©)

where aps( ) and 4, ( ) are respectively the absorption mass attenuation coefficient and the scattering
mass attenuation coefficient, and  is the effective particle density determined from oxide composition.
This formalism allowed absorption and scattering contributions to be separated and weighted according
to particle size and density, reflecting realistic optical behaviour of the heterogeneous dust layer. The dust
layer was represented as a homogeneous absorbing-scattering slab with effective thickness, ¢ given by;

eff = =) (10)
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where  is the measured surface mass loading and is the packing porosity. The spectral optical depth,
() and single-scattering albedo, o( ) were computed as equation (11) and (12) (Dang et al., 2019; Di
Biagio et al., 2019).

()= as( )+ scal )] erns (11

o )=—=0 __ (12)

abs( )+ scal )

Radiative transfer through the dust-covered interface was solved using the -Eddington two-stream
approximation (Dang et al., 2019) to account for multiple scattering and absorption, yielding spectral
transmittance (), reflectance ( ), and absorptance ( ), constrained by equation (13).

O=1-"0O—- O (13)

Angular incidence effects were incorporated using an empirical correction factor () such that;

C.o)= 0 () (14)

The resulting absorptance spectrum A(A) was then used as the radiative input for the thermal model,
ensuring that composition-dependent optical losses were propagated to the predicted cell temperature.
This approach captured both scattering and absorption effects for heterogeneous dust layers and provided
the mechanistic link required for the coupled optical-thermal-electrical framework.

2.3. Thermal model: Conversion of absorbed radiation to heat input

Dust-layer optical absorption was translated into a spectral heat flux, which was then combined with
transmitted irradiance to define the net thermal input driving the PV module, enabling iterative coupling
between the dust, thermal, and electrical models. The incident plane-of-array spectral irradiance was
denoted as gqiar( ), where is the wavelength considered over the spectral range of 400-900 nm. From
the two-stream dust-layer optics, the dust layer spectral transmittance  ( , ) and reflectance ( , )
were obtained, and the corresponding dust-layer absorptance, ( , ) was defined as in equation (15)
(Dang et al., 2019);

(.)=1- (.= (., (15)
The spectral heat flux, ",abs( ) absorbed within the dust layer is then given by;
",abs( ): ( ) ) solar( )v (16)

Integration over the wavelength range yielded the total dust-absorbed radiative heat flux, which
accounted for both composition- and particle-size-dependent absorption as shown in equation (17).

",abs = ",abs( ) =1 (,) sorC) . (17)
Radiation, ¢ ( ) transmitted through the dust layer and entering the module stack is given by;
tr( ) = ( ) ) solar( )u tr :Itr( ) : (18)

The PV module stack is optically opaque over the relevant solar spectrum, the transmitted irradiance

() was therefore treated as being absorbed within the module stack and subsequently partitioned

between (i) electrical power extracted by the PV conversion and (ii) thermalisation as heat. The extracted
electrical power was taken directly from the electrical performance model shown by equation (19).

o =%, (19)

where max 1s the maximum power and o4 is the active PV module or solar cell area, depending on
whether it is the simulation or validation case. The net heat input ( ;) driving the thermal model was
therefore given as;

|n: ",abs+ tr — 'e:h (20)

This formulation avoided double counting by separating heat generated within the dust layer from the
absorbed transmitted component in the module stack while explicitly accounting for electrical energy
removal. The convective heat-transfer coefficient ( . ) was determined based on the wind
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speed-dependent relationship in equation (21) where  is the wind speed in m/s and the ambient
temperature was varied between 18°C and 28°C.

,=57+38 1)

It was assumed that the top boundary of the PV module was exposed to incident solar radiation, while
the bottom boundary was coupled to the ambient temperature for convective heat transfer. The sky
temperature primarily influenced the top boundary through radiative heat exchange with the cooler sky,
consistent with standard methodology in thermal modeling of PV systems. A one-dimensional
steady-state energy balance was solved to obtain the cell temperature () as shown in equation (22).
The steady-state energy balance was selected because the simulations and measurements represented
thermally stabilized conditions. This was preferred over a constant-temperature assumption because it
allowed dust absorption and wind-dependent convection to influence the predicted cell temperature.

" v 4 4
,abs T oy~ o= ( cell — ) + ( cell — sky) +— ( cell — back)v (22)
where , and are respectively the wind-speed-dependent convective heat-transfer coefficient, the

ambient air temperature, and the effective emissivity. is the Stefan-Boltzmann constant while g is
the effective sky temperature. The final term represents through-thickness conduction across a cell of
thickness g and effective thermal conductivity ¢ to the back boundary temperature p,cx. In the
present model, was treated as the back boundary temperature coupled to the ambient environment
through the rear heat-transfer pathway. The steady-state formulation allowed the cell temperature to
respond dynamically to both dust absorption and wind-dependent convection, providing a realistic
thermal input for the electrical model. The resulting was then propagated iteratively to the electrical
model to compute ;, ensuring fully consistent optical, thermal, and electrical coupling.

2.4. Electrical performance coupling
The electrical performance of the PV module was modelled using the standard single diode model,

which includes the saturation current g, series resistance , and shunt resistance . This model was
selected to link dust modified irradiance and computed cell temperature to the main electrical outputs,
including short circuit current  , open circuit voltage , fill factor (FF), and maximum power

Therefore, it was preferred over a fixed efficiency approach because it allowed the electrical response to
vary with both optical attenuation and temperature rise.

The model represented the area averaged PV response under spatially averaged optical and thermal
inputs. It captured reductions in current, voltage, fill factor, and maximum power caused by dust induced
attenuation and heating. However, it did not resolve cell scale hotspot formation, local current mismatch,
bypass diode activation, or substring level imbalance under highly non uniform dust deposition. These
effects require spatially resolved electrothermal modelling supported by thermographic validation.
Therefore, the present results should be interpreted as average optical, thermal, and electrical degradation,
rather than a direct assessment of hotspot risk. o was treated as temperature dependent and calibrated
using equation (23), where  is the semiconductor bandgap energy, is the Boltzmann constant, is the
elementary charge, is the diode ideality factor, and is the cell temperature in Kelvin. The reference
temperature was =298.15 , corresponding to 25°C.

(= (Yoo )]

where o is the saturation current at the reference temperature. The current at a given voltage was
then obtained from the single diode equation (24).

= = oo (2 -1)-—— (24)

where is the light generated photocurrent and  accounts for ohmic losses in the cell and contacts.
Since appears on both sides of equation (24), the current voltage response was solved iteratively for
each operating condition.

Electrical response was modelled by linking dust-modified spectral transmission and the computed
cell temperature to , Voe, FF, and Ppa. The short-circuit current was computed by spectrally
convolving the dust-modified transmittance with the incident spectral irradiance and the
crystalline-silicon spectral responsivity as presented in equation (25).

=J () () ) (25)
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The open-circuit voltage was adjusted using the temperature coefficient, , where o =25 C.

= reft Cocell = rer), (26)

The fill factor was corrected using a temperature-sensitive single-diode formulation incorporating
temperature dependence of the saturation current. The maximum power point was obtained from the
current-voltage curve as shown by equation (27) and the fill factor was defined as in equation (28).

max = FF 27)

= (28)

To isolate composition-driven thermal amplification, two cases were simulated: (i) an optical-only
case holding fixed, and (ii) a coupled optical-thermal case using the computed . The difference
between these two cases quantified the additional power loss attributable to dust-induced heating beyond
optical attenuation alone, allowing assessment of the synergistic impact of dust optical and thermal
effects on PV performance.

2.5. Parametric analysis and sensitivity evaluation of the coupled framework

The coupled optical, thermal and electrical model was applied across variations in dust composition
(oxide volume fractions), surface mass loading , particle-size parameters ( ’ ), surface coverage,
incidence angle , wind speed , and ambient temperature . This parametric evaluation enabled the
quantification of how each input factor influenced PV performance under realistic environmental and
dust-deposition conditions. The input ranges, data sources, and modelling assumptions used in the
sensitivity analysis are summarised in Table 1.

Table 1. Input parameters, ranges and sources used in the coupled optical, thermal, and electrical
framework.

Input Symbol Range used Source
parameter
Dust mass 0 g/m? - 3.0 g/m?, with 2.0 g/m? Based on meqsurefl 10ad{ng and the
. M . representative simulation case
loading used as the representative case .
reported in the results
Absorber 0.20 - 0.72 from site dust Derived from EDS oxide fractions
fraction composition
Harare:
=1.96 um
Particle si = 271 um Measured from SEM Image] analysi
article size | Roodepoort: easured from mage] analysis
=5.83 um
=275um
Wind speed 1—6m/s Based on average location wind speed
Ambient Thermal model operating range
temperature 18 —28°C reported in the manuscript
Incidence
angle 0—90° Computed from solar geometry
Surface Mgdel—derly ed from dust mass Linked to dust mass, particle packing,
loading, particle size, and packing . .
coverage and active-area obstruction

assumptions

A global sensitivity analysis was performed using Latin Hypercube Sampling over the selected
ranges of each input, with 1000 simulations executed using fixed random seeds to ensure reproducibility.
Variance-based Sobol indices were computed from the resulting distributions of , and ,
providing a quantitative measure of the relative contribution of each input parameter to the overall
variability in electrical performance. The Sobol indices were recalculated using increasing sample sizes
0f 250, 500, 750, and 1000 model evaluations to assess convergence. The ranking of the dominant input
variables remained unchanged after 750 simulations, and the change in the main total-order indices
between 750 and 1000 simulations was below 5%. This confirmed that 1000 simulations were sufficient
to obtain a stable sensitivity ranking. All simulations were implemented in Python with pvlib used for
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solar geometry and spectral inputs. Mie scattering was computed using PyMieScatt, and spectral
integration and energy-balance solvers were vectorized for computational efficiency. Input scenarios
were structured using YAML configuration files, and all outputs were exported in NetCDF and CSV
formats, including units, parameter definitions, and metadata for transparency and reproducibility.

2.6. Experimental validation

Experimental validation was conducted under controlled laboratory conditions to assess the
reliability of the proposed optical, thermal, and electrical modelling framework. Two identical WSL
C028 mono PERC crystalline silicon solar cells were used, with one cell assigned to the Roodepoort dust

sample and the other to the Harare dust sample. The rated specifications of each solar cell were =
55W, =55V, =1.0A, =6.6V,and = 1.1A under standard test conditions of 1000
W/m? irradiance, AM 1.5 spectrum, and 25°C cell temperature. The cell size was 185 x 185 mm, and the
front surface was protected by 3.2 mm tempered glass, which represented the optical interface for dust
deposition as shown in figure 2.

(2) (b)

Figure 2. Solar cell surfaces showing roughly uniform dust deposition patterns from (a) Roodepoort and
(b) Harare.

Each solar cell was first tested under clean conditions using a calibrated solar simulator to establish
the baseline electrical and thermal performance. Dust was then spread uniformly over the active surface
area of each cell to obtain a dust loading of 2.0 g/m?, to match the representative loading used in the
model. The dust layer was applied as uniformly as possible to reduce local shading effects and the cells
were then exposed to constant irradiance under the solar simulator and allowed to reach thermal stability
before measurements were recorded.

The output voltage, current, maximum power, and cell surface temperature were measured under
both clean and dust-covered conditions. The dust-induced power loss was calculated by comparing the
maximum power of the dust-covered cell with the clean baseline, while the temperature rise was obtained
from the difference between the measured clean and dust-covered cell temperatures. The experimental
results were compared with the model predictions obtained under the same dust type, dust loading,
irradiance, and ambient conditions. The percentage deviation between measured and simulated values
was used to quantify the validation error for both temperature rise and power loss. Where
temperature-aligned total power loss is reported, it was calculated by combining the optical-loss
component with the power loss estimated from the measured temperature rise using the crystalline
silicon temperature coefficient. This distinction was necessary because the validation focused mainly on
confirming the dust-induced temperature rise, while the coupled framework was used to relate this
thermal response to total electrical loss.

3. Results and discussions

3.1. Dust oxide composition and PSD parameters

The modelling framework was grounded on two different site compositions to represent absorber-rich
and mineral-dominant dust. The resulting site-specific oxide volume fractions for Roodepoort and
Harare are summarised in Table 2, while the corresponding SEM-derived particle-size distribution
parameters are summarised in Table 3. These two tables define the dust-composition and particle-size
inputs used to explain the site-to-site differences in spectral attenuation, dust absorption, and thermal
response.
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Table 2. Oxide/mineral volumetric fractions (vol%) used Bruggeman effective-medium inputs for the
two site dust samples.

Component Formula Roodepoort (vol%) Harare (vol%)
Silicon dioxide Si0; 14.9 50
Aluminium oxide ALLOs 34 15
Iron oxide Fe203 42 10
Calcium carbonate CaCO;s 4.8 10
Potassium oxide K-0 0.8 2
Carbon (graphite) C 67.8 10
Calcium sulphite CaSOs3 4.1 3
Total 100.0 100.0

Table 3. Measured particle-size distribution parameters derived from SEM-based granulometry for
Harare and Roodepoort dust samples.

Location Scale N
(um) (pm)  (pm)  (um) (pm)
Harare 10 um (31 px) 123 1.96 2.71 0.85 1.23 10.89 3.92
Roodepoort 20 um (33 px) 149 5.83 2.75 1.78 4.37 2591 11.65

The SEM-derived PSD parameters indicate clear site-to-site differences in dust fineness and
dispersion. N is the number of particles and the terms 15, 50, and gg respectively refer to the particle
sizes below which 10%, 50%, and 90% of the total number of particles in a sample are smaller. Harare
exhibited a distinctly finer distribution, with a median radius = 1.96 pm, and a relatively low central
tendency reflected by g9 = 1.23 pm. In contrast, Roodepoort was coarser, with = 5.83 pm and

50 = 4.37 ym, consistent with a stronger contribution of larger particles. Despite the difference in
median size, both sites showed broad, right-skewed distributions, as evidenced by similar geometric
standard deviations (= 2.7 - 2.8) and large upper-tail percentiles. In particular, the high g¢g values of
10.89 pum for Harare and 25.91 um for Roodepoort confirm the presence of a non-negligible coarse
fraction that can dominate surface coverage and scattering behaviour even when the median remains in
the few-micron range. In operation, the finer Harare dust is more likely to form optically effective,
persistent layers with greater surface area to mass and stronger short-wavelength attenuation. Conversely
the coarser Roodepoort dust suggests faster gravitational settling and potentially higher resuspension
thresholds, but with a coarse tail that can still drive substantial optical loss at elevated loading.

3.2. Spectral optics

The composition-resolved optical model indicated that dust layers enriched by strongly absorbing
phases of graphitic carbon and iron oxides depress spectral transmittance ( ) predominantly in the
blue-green portion of the spectrum, where the absorptive contribution is strongest. For a representative
mass loading  and particle-size distribution defined by  and , the transmittance penalty increased
toward shorter wavelengths. On the other hand, reflectance ( ) changes remained comparatively
modest because attenuation was dominated by absorption rather than purely scattering processes. This
distinction is important because it shows that the optical penalty was not only caused by light being

redirected away from the module, but also by radiation being absorbed within the dust layer, which then
contributed to thermal loading,
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Figure 3. (a) Spectral transmittance T(A), (b) reflectance R(A), and (c) absorptance A(A) for silica
dominant, mixed, and carbon/Fe oxide rich dust compositions at fixed dust mass loading , mean

particle radius  , and incidence angle

As the absorber fraction increased at fixed , spectral absorptance ( ) developed a broader and
higher plateau in the range of 420 - 600 nm. This confirmed that mineralogical variability governed the
wavelength-selective losses rather than deposited mass alone. Therefore, Figure 3 supports the main
argument of this study that dust composition, particularly the presence of carbonaceous and iron oxide
phases, can control both the magnitude and spectral location of PV losses. Coarsening the PSD reflected
by larger  reduced extinction per unit mass and flattened the spectral penalty. However, finer PSDs
steepened the short-wavelength attenuation by increasing both absorption and scattering contributions.
This implies that two dust layers with the same mass loading  may produce different performance
losses if their particle-size distributions and absorber fractions differ. Angular effects further modulated
the magnitude of loss, and oblique incidence reduced ( ) across the band without materially changing
the spectral shape. This meant that composition remained the primary determinant of where losses occur
in the spectrum. Figure 3 therefore provides the optical basis for the later thermal and electrical results,
because higher ( )in absorber-rich dust directly increases absorbed heat input and strengthens the link
between spectral attenuation, cell temperature rise, and power loss.

3.3. Absorbed heat flux and cell temperature rise

The integration of () against the incident spectrum yielded a composition-sensitive absorbed heat
flux . Absorber-rich dust increased = by a factor of 1.2 - 1.6 compared to silica-dominant
mixtures under clear-sky conditions. The surface energy balance converted this excess radiative input
into a measurable rise in cell temperature A , and the magnitude of A was moderated by
wind-driven convection and longwave exchange with the sky. This is important because Figure 4 shows
that the thermal penalty was not only controlled by the amount of deposited dust, but also by the
absorbing nature of the dust composition. As the absorber mass fraction increased at fixed mass loading
M and wind speed u, both the normalised absorbed heat flux and the predicted temperature rise increased,
confirming that mineralogy directly influenced thermal loading.
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mid-day conditions.

Under typical daytime ranges of irradiance and wind speed, predicted A spanned approximately 1
- 6 °C for mixed dust and reached about 8 °C for dust rich in carbon and/or iron-oxide at higher loadings
within the considered range. Therefore, this indicated that thermal penalties were not constant with mass
loading but increased systematically with absorber fraction and reduced convective dissipation. PSD
effects were consistent with the optical trends, where finer dust increased A at the same  because
higher absorptance concentrates near the front stack, while coarser dust attenuates thermal loading in
parallel with its reduced spectral extinction. Thus, Figure 4 shows that composition-resolved soiling
models are needed because two dust layers with similar mass loading can produce different thermal
responses when their absorber fraction and PSD differ.

3.4. Electrical performance dependency on optical loss and thermal amplification

The electrical outputs reflected a photon-limited current and a temperature-limited voltage and fill
factor. Optical attenuation reduced  through the spectral overlap of ( ) with the crystalline-silicon
spectral response and produced an approximately linear decrease in with the AM1.5-weighted
transmittance drop. However, the dust-induced temperature rise simultaneously reduced and the fill
factor through standard temperature coefficients. This introduced an additional composition-dependent
loss beyond optical effects alone. This distinction is important because it shows that dust affected PV
output through two linked pathways, namely photon loss through reduced transmission and electrical
loss through increased . Therefore, the same optical loss did not always translate into the same
reduction when dust composition, mass loading , and thermal conditions differed.

For further clarity, losses were decomposed into an optical-only case, computed from the dust
modified spectrum while holding fixed, and a coupled optical thermal case using the modelled
The difference between these cases was treated as the thermal amplification component. Across the
explored parameter space, thermal amplification increased the total power loss by approximately 20 to
60% over the optical-only estimate, with the upper range occurring under high absorber fraction, low
wind speed , and larger mass loading . For example, cases with an optical-only loss of 9 to 10%
typically increased to 12 to 16% once thermal effects were included. This was consistent with the
temperature rises reported in this study and aligned with the representative case where total loss
increased from 9.1% in the optical-only case to 14.2% in the coupled optical thermal case at

= 2.0g/m? as shown in Figure 5. Figure 5 therefore indicates that optical attenuation alone can
underestimate PV performance loss when dust contains strongly absorbing phases. Its main value is that
it separates the direct spectral loss from the additional thermal penalty, making the contribution of
thermal amplification clear and measurable.
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Figure 5. Loss decomposition of optical-only versus total loss across compositions and mass loadings at
fixed incidence conditions and wind speed.

The experimental validation provided further support for this coupled interpretation. At the same
representative dust loading of 2.0 g/m?, the model predicted a temperature rise of 4.80°C for the
Roodepoort dust case, while the measured temperature rise was 4.52°C. This gave a deviation of 5.73%.
For the Harare dust case, the model predicted a temperature rise of 4.60°C, while the measured value was
4.29°C, giving a deviation of 6.81%. Using the crystalline silicon temperature coefficient of 0.45%
power reduction per 1°C increase in cell temperature, the Roodepoort thermal power loss was 2.16% for
the model and 2.04% for the measured case. For Harare, the corresponding values were 2.07% and 1.93%,
respectively. As a result, the temperature-aligned experimental total power loss was approximately
14.08% for Roodepoort, compared with the model value of 14.20%. For Harare, the measured
temperature response reduced the corresponding total power loss from 13.80% to approximately 13.66%.
The small differences between the measured and predicted values indicate that the developed model
reasonably captured the coupled optical, thermal, and electrical effects of dust deposition under
controlled conditions.

3.5. Parametric maps and sensitivity

Two-dimensional response maps in Figure 6 represent the operational thresholds, where contours of
total power loss on the plane show a rapid escalation in loss. This happens as both mass loading and
absorber fraction increase and the steepening becomes pronounced when absorber fraction exceeds about
40%. Increasing wind speed shifted the loss contours upward, showing that stronger convective cooling
reduced the thermal component of the power loss. Although ambient temperature was not plotted as a
separate axis in Figure 6, its effect was considered in the broader parametric analysis, where higher
ambient temperature increased the thermal penalty and lowered the conditions at which cleaning became
necessary. This confirms that thermal amplification depends on both convective cooling capacity and the
background thermal state. Figure 6 translates the coupled optical and thermal response into practical
operating regions rather than only showing numerical loss trends. It shows that the same dust mass
loading can produce different power losses depending on absorber fraction and wind speed, while
ambient temperature further modifies the severity of the thermal penalty. Therefore, figure 6 shows that
PV soiling risk cannot be assessed from deposited mass alone but must also account for dust mineralogy
and local thermal conditions.

Global sensitivity analysis was conducted to quantify the relative influence of absorber fraction ,
dust mass loading , wind speed , particle size distribution parameters  and , and incidence angle

on |, , ,and , as shown in Figure 7. The results show that and  were the dominant
contributors to the variability of the electrical outputs, followed by , while PSD parameters and had
secondary effects within the investigated parameter range. This trend is physically consistent with the
coupled framework. Absorber rich dust increased spectral attenuation and absorbed heat generation,
while larger  increased the optical path and active area obstruction. Wind speed mainly controlled
convective heat removal and therefore affected , , ,and more strongly than . PSD
effects remained relevant because finer particles increased extinction and absorption per unit mass, while
incidence angle modified the angular optical path through the dust layer. Therefore, Figure 7 confirms
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that the main changes in PV output were governed by dust composition, deposited mass, and wind
dependent thermal dissipation, rather than by optical attenuation alone. This sensitivity hierarchy also
provides the basis for the cleaning trigger envelope discussed in Figure 8, where absorber rich dust,
higher mass loading, fine PSDs, low wind speed, and elevated ambient temperature jointly define the
conditions under which cleaning becomes more urgent.
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Figure 6. Contour maps of total power loss (%) showing pairwise effects of (a) mass loading M and wind
speed u, (b) absorber fraction and wind speed u, and (c) absorber fraction and mass loading M, with the
remaining variables held constant (ambient condition fixed).

To examine whether the use of literature derived optical constants could influence these findings, the
uncertainty associated with the effective optical properties was propagated through the coupled optical,
thermal, and electrical model. This was done using the variation obtained from the Bruggeman and
Maxwell Garnett effective medium approximations. The propagated uncertainty was more pronounced at
shorter wavelengths, where the imaginary refractive index component of iron rich and carbonaceous
phases has a stronger influence on light absorption. However, within the investigated ranges, this
uncertainty contributed less to the total power loss variability than absorber fraction and dust mass
loading. This indicates that the main conclusions were mainly governed by the measured dust
composition and deposited dust mass, although direct site-specific optical measurements would further
improve the reliability of the optical parameterisation and reduce uncertainty.
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3.6. Operational implications

The coupled spectral-thermal framework provided actionable insights for PV system operation and
maintenance. Building on the sensitivity hierarchy established in Figure 7, the analysis revealed that
cleaning thresholds are mainly governed by absorber fraction and dust mass loading , while wind
speed , ambient temperature, and particle-size distribution modify the magnitude of thermal
amplification. This means that maintenance strategies based only on broadband transmittance or
deposited mass may underestimate the cleaning requirement when the dust layer is absorber-rich,
because such dust not only reduces transmitted irradiance, but also increases heat generation under high
irradiance conditions. For crystalline silicon arrays operating under hot and low-wind conditions,
composition-dependent cleaning triggers can mitigate an additional 3 to 5% of thermally amplified loss
during peak load periods, which would otherwise be missed if only optical-only losses were considered.
It is important to recognize that this operationally relevant additional loss is consistent with the upper
range of thermal amplification observed across the broader parameter space, where total power loss
increased by approximately 20 to 60% relative to the optical-only estimate under high absorber fraction,
low wind speed, and elevated mass loading conditions. In practical terms, this translates to initiating
cleaning when optical-only losses reach approximately 6 to 8% for dust layers dominated by
carbonaceous or iron-oxide phases. Therefore, the proposed framework modifies maintenance
decision-making most clearly in environments where absorber-rich dust coincides with high irradiance,
elevated ambient temperature, fine PSDs, and weak convective cooling, conditions under which
conventional optical-only approaches are likely to underestimate the true performance loss.

In contrast, predominantly silica or clay dust supports longer cleaning intervals at comparable surface
mass loadings, since the temperature penalty remains modest. Particle size distribution provides an
additional discriminator, because persistently fine dust particles can increase extinction and absorption
per unit mass, thereby requiring tighter cleaning thresholds than coarser dust that may be more easily
removed by resuspension. This means that Figure 8 is not only a summary of model outputs, but also a
decision support tool for identifying when the same dust loading should lead to different maintenance
actions depending on dust composition, particle characteristics, and thermal environment. The insight is
practically important because it allows cleaning to be prioritized for modules exposed to high absorber
fractions, fine PSDs, or both, particularly under high irradiance, elevated ambient temperature, and low
wind speed.

Figure 8 translates these trends into an operating envelope for cleaning decisions by showing how
absorber fraction and surface mass loading jointly define the recommended cleaning trigger band under
different thermal and environmental conditions. The widening of the trigger band under low wind speed
and high ambient temperature confirms that environmental conditions modify the urgency of cleaning,
even when dust loading remains similar. Therefore, the study indicates that cleaning strategies should not
be based only on how much dust is present, but also on what the dust is made of, how fine the particles
are, and the thermal conditions under which the module operates.
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Figure 8. Operating envelope indicating recommended cleaning-trigger band as a function of absorber
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The framework also clarifies the type and level of input data required to implement such
decision-oriented strategies in practice. Site specific measurements of dust composition, surface mass
loading, and particle size distribution, together with local environmental conditions such as ambient
temperature, wind speed, and solar incidence, are sufficient to parameterize the model for actionable
cleaning decisions. This indicates that the framework can be applied without overly complex monitoring,
since even partial characterization of these inputs can improve performance forecasting and maintenance
planning compared with generic periodic cleaning schedules.

3.7. Model limitations, applicability, and future directions

Although the proposed framework was experimentally validated under controlled laboratory
conditions, it is expected to perform well when the dust layer is reasonably uniform, the dust composition
and particle-size distribution are representative of the deposited material, and the PV device operates
under steady or near-steady thermal conditions. This is consistent with the validation procedure used in
this study, where clean and dust-covered mono PERC crystalline silicon solar cells were tested under the
same irradiance, dust loading, ambient conditions, and dust types used in the model.

However, the model may be less reliable under outdoor conditions where dust deposition is highly
non-uniform, where particles form compacted or chemically bonded layers, or where humidity, rainfall,
biological matter, and wind-driven resuspension alter the optical and thermal properties of the dust layer.

A further limitation is that cell level hotspot and mismatch effects were not explicitly evaluated. Since
the model uses spatially averaged irradiance, dust loading, and cell temperature, it cannot predict local
reverse biasing, bypass diode response, substring mismatch, or hotspot growth caused by patchy shading.
This does not weaken the optical-thermal-electrical coupling developed in the study, but it limits the
interpretation of the electrical results to average PV performance losses. Future work should combine
spatial dust mapping, infrared thermography, and cell or substring resolved electrical modelling to
evaluate hotspot and mismatch behaviour under non-uniform soiling.

The use of effective medium approximations and literature-based optical constants may also
introduce uncertainty, particularly at shorter wavelengths where absorbing phases strongly influence
spectral attenuation. In addition, the steady-state thermal formulation does not fully represent transient
outdoor effects such as rapidly changing irradiance, fluctuating wind speed, precipitation, and
progressive natural cleaning. Accordingly, the effective refractive indices used in this study should be
interpreted as composition-resolved representative estimates rather than direct measurements of the
exact mineral phases present in the local dust samples. The reliability of the framework is therefore
expected to improve where the measured oxide composition closely corresponds with the reference
mineral phases used to obtain the literature-based optical constants. However, higher uncertainty may
arise where the local dust contains hydrated minerals, salts, organic matter, amorphous aluminosilicates,
or industrial residues that are not fully represented in the available optical-constant database. Future
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studies should therefore include direct measurement of site-specific dust optical constants using spectral
reflectance, transmittance, or ellipsometry, followed by uncertainty propagation through the optical,
thermal, and electrical sub-models. This would further improve the physical realism of the optical
parameterization and strengthen the predictive reliability of the coupled modelling framework.

The experimental validation performed in this study therefore supports the reliability of the coupled
optical, thermal, and electrical framework under controlled and repeatable conditions. Nevertheless,
future work should extend the validation to long-term outdoor PV systems using simultancous
measurements of dust loading, dust composition, particle-size distribution, module temperature, wind
speed, ambient temperature, irradiance, and electrical output. This would allow further calibration under
naturally evolving soiling conditions and improve the use of the framework for site-specific performance
forecasting and maintenance planning.

4. Conclusion and Future Directions

The present study developed a composition-resolved optical-thermal framework that links measured
dust mineralogy and particle-size distributions to wavelength-dependent optical attenuation,
dust-induced heating, and electrical-performance degradation in crystalline silicon photovoltaic modules.
The study derived effective complex refractive indices from oxide fractions and applied Mie-based
scattering and radiative-transfer modelling coupled to a surface energy balance. The framework showed
that soiling losses were not governed by deposited mass alone, because absorber-rich dust produced
stronger spectral attenuation and additional thermal loading that amplified power loss beyond
optical-only estimates.

Future work should prioritize field validation using concurrent measurements of spectral
transmittance, module temperature, and electrical outputs under naturally evolving soiling. The model
should therefore be further extended to account for non-uniform dust deposition, transient weather
forcing, and cell level hotspot and mismatch effects. This can be achieved through spatially resolved
electrothermal modelling, supported by infrared thermographic validation, to capture the local thermal
and electrical behaviour of individual cells or substrings under realistic soiling conditions.
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