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ABSTRACT

Dust deposition on photovoltaic modules induces coupled
significantly reduce energy yield. This study developedgas

combining a temperature-dependent Beer-Lambert i ith computational fluid
dynamics based thermal analysis of soiled photo i to quantify performance losses
as a function of dust thermophysical propertie transmittance decreased from

1.0 to 0.852, corresponding to a 14.8% opti ¢ temperature increased by 13.3
K under stagnant conditions, producing a fife .3%. The combined effect yielded
a total daily energy loss of 20.1% at i ensitivity analysis revealed that low-
conductivity dust (x = 0.1 W/mK) t layer caused the highest thermal rises,

e study showed that excludmg thermal effects in
degradation and the coupled model in this study

@WPproperties, optical transmissivity, computational fluid dynamics, solar PV
odelling, dust shading, energy loss.

lar Bhotovoltaics (PV) are an integral part of the global energy transition to sustainable
energ nologies. Projections in literature have shown that PV may be able to supply about
10% of global electricity requirements by 2030, especially in sun-rich, arid, and semi-arid
regions [1]. However, dust deposition heavily affects the performance of such solar systems in
these environments. Field observations done under arid conditions have shown that intense
soiling can increase optical losses by up to 70% which lead to proportional power losses [2].
Dust deposition is influenced by dust particle size, wind speed, humidity, and other
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environmental factors, and humidity combined with fine dust particles, and low wind speeds
increase performance losses [3,4]. Seasonal rainfall and humidity affect dust size composition
and distribution [5], while dust potency, characterised by fine and carbon-rich particles cause
higher losses due to enhanced surface coverage and light scattering [6,7].

Wind speed and relative humidity determine atmospheric dust concentration levels, and
strong winds coupled with low humidity increase particle mobilization [8]. High wind speeds
also increase dust removal and enhance convective cooling on solar PV modules [9]. In
addition, dust in humid environments forms a hard, adherent layer that resist natural cleaning
thus promoting soiling [10].

Dust deposition impacts the PV thermal behaviour through modifying the convective

rStgrccavily
reliant on its composition and materials like silica, fly ash, and cement exhibit 4 % Mpact

Cab\V Q
these effects by promoting drier conditions, which accelerate dust acculg OR afd clevate
module temperatures [14]. Therefore, excluding dust-induced @mpagl oth optical
E Nerformance losses

transmittance and thermal behaviour result in underprediction
[15].

The optical, thermophysical, and chemical charactg
electrical, and thermal behaviour of PV modules [12]¢

electrical output. In another study, Chitek
size, density, conductivity, and specific
and increase thermal losses.

Advanced optical-thermal mod@ls need to\jncorporate dust particle characteristics to
correctly predict both optical th8mal Mnpacts [19]. Finite element analysis show that
crystalline silicon PV modul eral temperature gradients of up to 5 °C caused
d orientation, which influence the localized heat
accumulation and dissipagi fici 0]. Three-dimensional CFD simulations have shown
roof angle, wind spea pangicle size affect wind flow causing non-uniform dust deposition
and efficiency losgesQf ‘
SiO2, and carbo
increases h
optical

hceo :
d hodule temperature [22]. Modelling studies which integrate both
ermal ¥

power output by more than 13% [23]. Many existing models have relied
assumptions, and treat dust as an optical attenuator and neglecting
| parameters [24]. Such simplifications often reduce the predictive accuracy
licability across diverse operating conditions [25].

Mitigation strategies in literature have focused on material and design innovations to offset
PV soiling and thermal degradation. Nanostructured superhydrophobic and antireflective thin
films enhance solar performance by reducing dust adhesion and thermal accumulation. This
offers PV efficiency improvements of up to 30% under dusty outdoor environments [26]. For
instance, Mishra et al. [26] developed nano-silica and nano-titania antireflective
superhydrophobic coatings which showed enhanced light absorption, dust repellence, and a
reduction in surface temperature of approximately 2-3 °C. This led to power output gains of
up to 0.48% under high irradiance. Ehsan et al. [27] also showed that hydrophobic nanocoatings
significantly reduce soiling and thermal degradation in tropical environments, achieving
surface temperature reductions of up to 10 °C. Ghosh et al. [28] further demonstrated that



hybrid nanostructures such as TiO—CNT and TiO.-ZnO composites can enhance
photocatalytic cooling and self-cleaning effects thereby improving thermal stability.

Recent advances in predictive modelling have been shown to significantly improve
forecasting of PV degradation under dusty conditions. Maftah et al. [31] used artificial neural
networks to predict daily soiling ratios on PV and CSP systems and achieved superior
correlations compared to linear models. Similarly, Costa Silva et al. [32] used advanced
supervised learning algorithms, particularly multilayer perceptrons and LSTM networks, wich
could accurately capture complex interactions among dust deposition, temperature, humidity,
and orientation. Despite these advances, most modelling frameworks overlook critical dust
properties including density, emissivity, and specific heat capacity which govern heat

a substantially improved accuracy in temperature predictions.

Existing coupled optical-thermal modelling studies have been focu e C
dust deposition on PV performance using either stand-alone optial Mgchgatiogi models or
CFD-based thermal analysis, treating them in isolation. For ingta % and Abdolzadeh

omygant@ptical properties,

[23] developed a coupled radiative—thermal model which ass
and did not consider the temperature dependence of dust i

investigated the influence of dust chemical compositid ermal behaviour but the
optical variability was not considered. In their comp y , Younis and Alhorr [24]
further showed that regardless of the significangfadvanyg optical, empirical, and CFD

to incorporate dust thermophysical pr i S both heat transfer and irradiance
attenuation. These limitations highlj d for a fully integrated, temperature-
sensitive optical-thermal framework to simu¥gneously capture the optical and thermal
er anc

The present study adva tanding of PV soiling by moving beyond
conventional approaches g€ gcd dust as an optical attenuator only. A coupled
thermal and optical mogdg was developed to explicitly incorporate the key dust
thermophysical prope a temperature-dependent Beer—Lambert optical model coupled
to a CFD-based heat t™g guMysis. This integration allowed the partitioning of PV yield
losses into opticd cfygal components, thereby quantifying their synergistic interaction in
driving per e degfadation. The novelty of this work is based on its fully integrated,

nder of this manuscript is organized as follows. Section 2 discusses the
thods employed in the present study. Section 3 presents the results and
ile section 4 provides the main conclusions.

MATERIALS AND METHODS

In this study, an integrated numerical approach shown in Figure 1 was developed to
appropriately quantify the coupled thermal-optical effects of dust on soiled PV module
performance. Dust thermophysical and morphological properties including density (p), thermal
conductivity (x), specific heat capacity (cp), and particle diameter (dp,) were used as input
variables. Computational fluid dynamics (CFD) simulations were applied to determine the
thermal behaviour of soiled PV modules, while an optical transmissivity model based on a
temperature-dependent Beer-Lambert law evaluated light attenuation as a function of dust
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composition and size distribution. The two models were then coupled, to enable a unified
thermal-optical analysis in which energy losses were partitioned into distinct thermal and
optical contributions.
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Figure 1. Methodology framework f@€ass g dyst®nduced photovoltaic performance
deghgdati
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Computational Fluid Dyna
and the model incorporate

lations of soiled PV modules were performed,
rmophysical properties (d = 50 pm, x =5 W/mK, ¢, =3

from reported experig literature [34-36]. In the present study, dust deposition
on the PV surfacggy as a uniform, homogeneous layer covering the entire PV
surface. The thid i dust layer was derived from the surface mass density and dust
density. In i e Dase simulations, some selected simulations were run and these
aussian) deposition profile to evaluate localised thermal gradients
in uneven PV soiling conditions.
1 geometry was modelled as a two-dimensional (2D) domain which was
structured mesh. This 2D domain had its dimensions defined in terms of the
ight (H,), representing the vertical height of the PV module above the ground.
e from the inlet to the PV module and from the PV module to the outlet were
respectively 7H,, and 15H,, and the top open boundary was 6H,, from the ground.

The computational domain and the boundary conditions used in the CFD simulations are
illustrated in Figure 2. The left boundary was defined as a velocity inlet with a logarithmic

atmospheric boundary layer profile, u(y) = %ln (%), where u, is the friction velocity,
0

Kk = 0.41 is the von Karman constant, and y, is the surface roughness length. This profile
represented a realistic near-ground wind flow behaviour over the PV installation site. The right
boundary was specified as a pressure outlet to allow fully developed flow to exit the domain,
while the top boundary was modelled as an open pressure outlet to simulate an unconfined flow
field. The ground and PV panel surfaces were taken as stationary no-slip walls, with the latter
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representing the soiled PV surface. The inlet air temperature was set to 300 K, and the panel
surface temperature was obtained from the coupled thermal—optical solution.

A 2D structured mesh was applied, and a grid independence study was performed as shown
in Figure 3. The predicted temperature represented the area-averaged PV surface temperature
obtained from the steady-state CFD results, ensuring that the grid independence analysis was
based on an integral thermal quantity rather than a single-point value. The grid independence
results indicated that further refinement beyond 40x10* grid size only changed surface
temperatures by <1%. As such, a grid size of 40x10* was used in the CFD simulations.
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Figure 3. Grid independency study

The governing equations solved in the CFD model (ANSYS FLUENT, v2020 R2) included
the steady-state Reynolds-Averaged Navier-Stokes (RANS) equations for fluid flow and the
energy equation for heat transfer. The airflow was assumed to be steady, incompressible, and
Newtonian, and turbulence effects were modelled using a RANS eddy-viscosity approach
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based on the k—® turbulence model. The resulting governing momentum equation [Eq. (1)] is
consistent with the derivations presented in literature [37,38]:

p(@- VU= -Yp+V - {(u+u)Va+ (V)']} (1)

where; # denotes the Reynolds-averaged velocity vector and p is the fluid density. p(u - V)u,
is the convective acceleration. Vp is the mean pressure gradient force per unit volume, where
p is the Reynolds-averaged pressure. The term, V - {(u + p.)[Vu + (Vi)T]} represents the
combined viscous and turbulent diffusion of momentum in which x is the molecular dynamic
viscosity, while p; is the turbulent viscosity. In this study, the k—® model was us
ue = pk/w. The use of the k—» model was due to its reliable near-wall resolution.
equation governing heat transfer in the system is expressed as shown by eq. (
the Reynolds-averaged energy equation by modelling the turbulent heat flux
diffusion approximation, following the approach of [39]:

aT a oT
— %a
8q = Pd %

Geonv = N (Ts g (4)

accounting for both molecular and

ity, modelled as k, = ’;fc“. In this

Tt
study, u, and Pr; are respectively theturb ty and the turbulent Prandtl number,
taken as 0.85. c, is the specific heat{€apacity ofgir (J/kgK), 7(K) is temperature, and the dust
layer thickness, §; was determud®d Mom tig surface mass density, o4 and dust density p,
according to eq. (3) and was us&gto he dust deposit as a homogeneous thermal layer
in the CFD model. Dust sicalgproperties governed heat transfer within this layer,
while the particle diamg duced solely in the optical model to determine the
extinction coefficient@nd S ramcter governing radiative attenuation.

Boundary congasi de®a constant solar irradiance G (1000 W /m?) on the module
surface and con cag transfer to ambient air, modelled as in eq. (4) [40], where h is the

turbulent heat diffusion. k, is the turbulent

he convective heat transfer coefficient h was not prescribed a priori
pirical correlations. Instead, it emerged implicitly from the CFD solution,
resolved near-wall velocity, turbulence, and temperature fields obtained
momentum and energy equations. To represent the insulating effect of the
effective thermal conductivity k. at the dust-covered surface was modified as

d
were coupled through boundary and source-term interactions within the CFD-optical
framework. Eq. (2) is the energy equation that governs the temperature field of the PV module
and dust layer. This temperature output serves as an input to eq. (4), which defines the
convective heat flux at the module—air interface, and influences heat dissipation.
Simultaneously, eq. (3) links the dust layer thickness derived from mass loading to the effective
thermal conductivity term in eq. (2), modifying the heat transfer path. Thus, the temperature
solution from eq. (2) dynamically affects both the convective boundary condition [eq. (4)] and
the optical transmittance model. Air properties were modelled as temperature-dependent and
the thermophysical properties of the dust layer were assumed to be constant, as their variation



within the simulated temperature range is negligible. The CFD solver employed second-order
spatial discretization while the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was adopted for its robustness and computational efficiency in handling
pressure-velocity coupling in incompressible flows. Iterations ran until a residual threshold of
10-% was achieved for all governing equations.

The aerodynamic validation of the CFD model was conducted against experimental data by
Tominaga and Blocken [41] (Figure 4), which involved wind tunnel experiments under a
neutral atmospheric boundary layer. In their study, velocity and pressure data were provided
although thermal measurements were not provided. However, convective heat transfer in the
CFD model is governed by the local velocity field and turbulence characteristics. This meant

computational domain, corresponding to the position where flow velog
along the logarithmic atmospheric boundary layer profile. The validag
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Figure 4QCqmpari experimental measurements and Computational Fluid Dynamics
simulgtion fol the incident profiles of (a) normalized mean velocity /Uy and (b)
norifgl ent kinetic energy k/U} as a function of the dimensionless height z/H.
Opti delling

The optical performance degradation of PV modules was quantified using the Beer-
Lambert law, which describes the reduction in transmittance of soiled PV glass by
incorporating both scattering and absorption as functions of dust properties and layer thickness.
The transmittance (T) of the dust-covered surface is given by eq. (5) [42], where S, [43] is the

extinction coefficient of the dust layer and &, is the dust layer thickness determined from mass
loading:



31 (©)

Be = Qe Zd_pq)
Be(Ts) = Be,O[1 + ar (Ts — Tp)] (7
T](Ts,T) = ﬂo[l - o_(Ts - TO)]T (8)

B. was expressed in terms of dust particle properties through the extinction efficiency factor
(Q.), as shown in eq. (6). Here, d, is the mean particle diameter and ¢ is the volume fraction

of dust. The factor Q, depends on the size parameter x = % [44], which relates

to the wavelength (1) of incident light. For the representative dust particle dia
this study (d, = 50 pm) and a single effective wavelength of A = 0.55 pum, ©
standard solar irradiance conditions (1000 W/m?), an optical size parame

and emissivity of dust under solar loading. This temperaturg
(7), where B, is the extinction coefficient at the refergggce ] C
@ ipNgetween module efficiency
aSgescrited by n(Ts, ©) =no[1 —
o(Ts; — Ty)] [45] and in the present work, this rgf her extended to include the

Omywas
optical transmittance factor t, accounting for opffica’ Avielding eq. (8). In this expression,
1o represents the reference module efficie u all conditions at To, while o is the

temperature coefficient of efficiency.

Energy computations

Energy loss due to dust aSgunafla as quantified using an integrated framework
partitioning total yield r to gptical and thermal components. The instantaneous
power output of a dust-ladc ¢ expressed as in eq. (9), where the efficiency n(Ts, T)
depends on surface te @ ptical transmittance, G(?) is the incident solar irradiance,

gm0 N Mmgg. Yhe daily energy yield under dusty conditions was obtained

clean modu @™ ined under dust-free conditions with nominal efficiency 7, given in
eq. (11):
Pa(t) =n[Ts(8), 1] G() A )

t
E, = J "pt) dt (10)
0
t
0
AE = Ey — E, (12)

The total energy loss attributable to dust was then computed as the difference between clean
and dust-laden yields, as defined in eq. (12). To separate the effects, optical loss was calculated
from transmittance reduction alone, expressed as AE; = E, — E4, while thermal loss was
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determined as AE; = E; — E;, where E; accounts only for dust-induced reduction in
transmittance and E; incorporates both optical and thermal effects.

RESULTS AND DISCUSSION

The thermal behaviour of dust-laden photovoltaic modules was examined using CFD
simulations to compute the surface temperature rise under representative operating conditions.
A sensitivity analysis was then carried out to assess the influence of dust thermophysical
properties and environmental parameters, including wind speed and dust layer characteristics,
on thermal performance of the PV module. The optical attenuation and thermal penalties were
then combined to determine total energy yield losses, with particular emphasis on partitioning
the relative contributions of optical and thermal effects and identifying saturatiopg¥ehaviour
under heavy dust loading.

Computational Fluid Dynamics Simulation Results

. ¢ onductivity
of 5 W/mK, specific heat capacity of 3 kJ/kgK, and density o creased the peak
90 Wi tgure 5). This 13.3 K

rise corresponds to a wind speed of 0 m/s (i.e., natural ¢ dly), which served as the

baseline condition for all subsequent sensitivity sig

Temperature Temperature
TempClean TempClean
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Fig perature contours of PV module (a) clean surface, (b) dust-loaded surface

e 1gulating nature of the dust layer was the primary contributor to the performance
degra of the PV module. A reduction in the effective thermal conductivity of the PV
surface caused dust impeding heat dissipation to the ambient environment, thus elevating
surface temperatures. This thermal resistance lead to steep temperature gradients promoting
localized hotspots. As shown in Figure 5, these effects are visible in the simulated temperature
contours. Figure 5 shows both the PV module surface temperature and the surrounding fluid
temperature field, which shows the development of a thermal gradient on the heated PV
surface. The analysis of velocity vectors indicated that the dust used in this study had a
negligible effect on flow separation and turbulence intensity. This shows that that thermal
insulation and not aerodynamic drag, was responsible for the elevated temperatures.
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Sensitivity Analysis of Dust Thermophysical Properties and Environmental Parameters

A sensitivity analysis was carried out to assess the suitability of the CFD model under
different operating conditions, relative to a defined base case representing typical soiled PV
operating conditions. A base case was developed with a wind speed and dust layer thickness
of respectively 0 m/s, and 50 pum. This was coupled with a thermal conductivity of 1 W/mK,
uniform dust deposition, and an ambient temperature of 300 K under a constant solar irradiance
of 1000W/m? applied to the module surface. Parametric variations of the wind speed, thermal
conductivity, and dust layer thickness were performed independently while holding all other
parameters fixed at the base case values. The module temperature was evaluated as the area-
averaged photovoltaic module surface temperature obtained from the steady-state CFD
solution.

Wind speed was varied between 0 and 5 m/s, corresponding to increases in the'\gQnygctive
heat transfer coefficient from approximately 10 to 45 W/m?K. Here, wind spgft to the
inlet velocity evaluated at the photovoltaic module height from the prescrib % ric

boundary layer profile. Results indicated that the surface temperature risgfdc gin 13.3
K at 0 m/s to 8.5 K at 2 m/s, and further down to 6.1 K at 5 m/s. It was\geveal@gd tHat higher
wind speeds improve convective cooling although it does not full§ aRgte tile insulating

effect of the dust layer.

k was evaluated from 0.1 to 10 W/mK to analyse the effe
on temperature. An inverse relationship was noticed sgiqulations and lower-
conductivity dust particles produced higher temperature
effect (Figure 6). For instance, at k = 0.1 W/mK, rggresentdgve of soot or fly ash, the surface
temperature increase reached 16.8 K, whereas at,_# ONY/mKMtypical of metallic oxides, the

rise was 5.4 K highlighting the critical inﬂu% ineralogy on thermal loading (see
Table 1). &
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Table 1. Parameter sensitivity analysis

Parameter Varied  Range Temperature Rise (K) Key Insight
Tested
Wind Speed (m/s) 0-5 Reduced from 13.3 K to 6.1 K Increased airflow
mitigates thermal

insulation
Dust Thermal 0.1-10 Reduced from 16.8K to 5.4 K  Low-k dusts trap more
Conductivity heat
(W/mK)
Dust Layer 20—-100 Increased until 60 um, then Thermal saturatign
Thickness (um) plateau at 13.2 K beyond critic&
thickness g,
Deposition Uniform Local peak in temperature Uneven s@iling
Uniformity VS. upto 340 K

Gaussian

Both area-averaged photovoltaic module surface tempg
temperature measured at the hottest spot on the photovoltas

for both umform and non- -uniform dust deposition (F1 g@6b al c). The area-averaged
ant to power performance. On
ized thermal stress, occurring at a
e hottest surface location under
20 to 100 pm to simulate different
perature rise increased from 6.0 K at

the other hand, the hottest-spot temperature
dust-induced hotspot for non-uniform de
uniform dust coverage. Dust layer thickn

silicon modules. The magnitude of the thermal loss was in line with the CFD
ing that the observed efficiency reduction is not purely a function of shading but
also of dust-induced heat retention. The modelled 20.1% efficiency reduction aligns well with
experimental observations. For instance, Rashid et al. [35] reported a 15-25% efficiency losses
for polycrystalline PV modules under natural dust densities of 6.4 — 10.3 g/m?, which was
accompanied by temperature rises of up to 5 °C. Another study by Almukhtar et al. [17] also
reported similar results in which they observed 5-18% power losses and module temperature
increases of up to 12 °C depending on dust type and thickness.

Partitioning analysis demonstrated in Figure 7 further reveals the shifting dominance of the
two mechanisms. In this analysis with a light dust loading of approximately 0.05 kg/m?, optical
attenuation accounted for about 70% of the total loss, whereas at higher loading of
approximately 0.20 kg/m?, thermal effects contributed as much as 45%. This pattern reflects



the progressive suppression of convective cooling as dust layers thicken, reinforcing the results
from sensitivity analysis where low-conductivity and thick dust deposits produced the highest
temperature rises. Furthermore, the dust-induced temperature elevation had an effect of
increasing the extinction coefficient, slightly worsening optical attenuation, thus creating a
feedback loop between heating and light loss.

—e—  Optical loss
201+ —e— Thermal loss .
—e— Total loss

Loss(%)

0 / . n n n L n n n n L n n n n n n
0 0.05 0.1
Dust mass g/m’)

Figure 7. Variation of optical, the a e loss with dust mass loading on
photov modtle sufbaces.

The plateau effect was noted b@yond 0.208kg/m? in the coupled analysis where yield
reduction longer grew proportiQ@lly With m@ss loading. This saturation effect was explained
by the thermal saturation behavi®yr i ce a critical dust thickness is reached, additional
layers no longer significa hegpdissipation but still maintain high optical blockage.

bout 22%, suggesting that extreme soiling may not

enalties beyond a certain threshold. However, this was
. Therefore, the results in this study indicate that the coupling

aled that dust cause dual penalties which include a direct reduction in transmittance
and an indirect thermal impact due to its insulating effect. The CFD simulation runs revealed
that surface temperatures increased by up to 13.3 K under stagnant conditions, leading to a
thermal efficiency penalty of about 5.3%. Sensitivity analysis showed that low-conductivity
dust (x = 0.1 W/mK) and thicker layers caused the greatest thermal rise, while wind speed
partially mitigated although it did not eliminate the insulating effect.

The optical model showed a 14.8% irradiance loss caused by reduced transmittance, and
when combined with the thermal losses, produced an overall energy yield reduction of about
20.1% under standard irradiance. Partitioning analysis revealed that optical effects dominated
at light dust loading with 70% of total loss at 0.05 kg/m?. However, thermal effects were



significant at higher dust loading with up to 45% at 0.20 kg/m? This shows the synergistic
interactions between optical attenuation and thermal insulation, in which dust-induced heating
further increased the extinction coefficient thereby strengthening the optical losses. A
saturation trend was observed beyond 0.20 kg/m?, with energy yield losses plateauing near
22% due to both thermal and optical saturation.

This study shows that neglecting thermal effects leads to a significant underestimation of
PV yield losses, particularly in hot, arid regions where fine and low-conductivity dust such as
soot or fly ash are common. The present work explains the importance of dust mineralogy and
morphology in determining soiling severity and set the base line for mitigation strategies
tailored to both optical and thermal impacts. Future research work may incorporate
heterogeneous dust deposition, humidity effects, and temperature-dependent dust prgfferties to
further improve the predictive accuracy, which in turn improve PV system reliabWNjty @cross
diverse environments.

NOMENCLATURE QQ
Symbols Q
A Active module area [m?]
Cp Specific heat capacity [J/kgK]

Ca Specific heat capacity of air [J/kgK]
dp Dust particle diameter / mean du e diawgeter [m]
G(t) Incident solar irradiance [W/m?]
h Convective heat transfer ¢ ci [W/mK]
K Thermal conductivity [W/mK]
Ketr Effective thermal co tivity of ~covered surface [W/mK]
Gd Surface mass dengit§ of dust [kg/m?]
dd Dust layer thickg€ss [m]
p Reynolds-aver es [Pa]
Qe T faggor
P [kg/m’]
pd [kg/m?]
T [K]
Ta temperature [K]
Ts llle Surface temperature K]
To C temperature [K]
a Reymolds-averaged velocity vector [m/s]
) me fraction of dust

odule efficiency [%]
n Nominal reference efficiency at T, (%) [%]
T Optical transmittance
Be Extinction coefficient [m™]
Be,o0 Reference extinction coefficient at T, (m™) [m™]
Be(Ts) Temperature-dependent extinction coefficient (m™) [m™]
c Temperature coefficient of efficiency [%/K]
o Temperature sensitivity coefficient of extinction [K™]
AE Total energy yield loss [%]
AE; Optical energy loss [%]
AET Thermal energy loss [%]
A Wavelength of incident light [wm]

1) Molecular dynamic viscosity [Pa-s]



Lt Turbulent viscosity [Pa-s]

X Optical size parameter [rdp/A]
q” conv Convective heat flux [W/m?]
Vp Mean pressure gradient force per unit volume [Pa/m]
Abbreviations

Al Artificial Intelligence

ANN Artificial Neural Network

BIPV Building-Integrated Photovoltaics

CFD Computational Fluid Dynamics

CpPV Concentrating Photovoltaics

CRediT Contributor Roles Taxonomy

FEM Finite Element Method

ML Machine Learning

PV Photovoltaic

RANS Reynolds-Averaged Navier-Stokes

SIMPLE Semi-Implicit Method for Pressure-Linked Equati@
REFERENCES 2

[1] Garg A, Sarojwal A, Sharma DD. Probing
Performance Using Cutting Edge Techniqyé
Region 10 Symposium (TENSYMP), 202
32.2024.1052232.

[2] LiM, Colvin D, Gao M, Gorricho

mpact of Soiling on PV Modules and

Strings of Field-Exposed PV, IEEE 48th Photovoltaic Specialists
Conference (PVSC), 2021 4p. . Meps://doi.org/10.1109/PVSC43889.2021.951
8429.

[3] Zhao W, Lv Y, Zhou QY4 1gation on particle deposition criterion and dust
accumulation impac M Py module performance. Energy 2021;233:121240.
https://doi.org/1Q ;

[4] i 3 Myonioui H, Ghennioui A, Azouzoute A. Evaluation of Aerosols

Bpirradiance attenuation under clear sky condition: A case study
5 Sustainable Development of Energy, Water and Environment

sdiling loss. Solar Energy 2021;220:1040-52. https://doi.org/10.1016/j.solener.

704.015.

[7] Fan S, Wang Y, Cao S, Sun T, Liu P. A novel method for analyzing the effect of dust
accumulation on energy efficiency loss in photovoltaic (PV) system. Energy 2021;
234:121112. https://doi.org/10.1016/j.energy.2021.121112.

[8] Csavina J, Field J, Félix O, Corral-Avitia AY, Sdez AE, Betterton EA. Effect of wind
speed and relative humidity on atmospheric dust concentrations in semi-arid climates.
Science of The Total Environment 2014;487:82-90. https://doi.org/10.1016/j.scitotenv.
2014.03.138.

[9] Salimi H, Mirabdolah Lavasani A, Ahmadi-Danesh-Ashtiani H, Fazaeli R. Effect of dust
concentration, wind speed, and relative humidity on the performance of photovoltaic



panels in Tehran. Energy Sources, Part A: Recovery, Utilization, and Environmental
Effects 2023;45:7867—77. https://doi.org/10.1080/15567036.2019.1677811.

[10] Zlateva P, Terziev A, Yordanov K, Ivanov M, Stankov B. Influence of Limestone Dust
on PV Panel Efficiency in a Small Solar Park in Bulgaria. Eng 2025;6:10. https://doi.org/
10.3390/eng6010010.

[11] Islam MdI, Jadin MS, Mansur AA. Impact of Dust Deposition on PV Performance and
Hotspot Generation: I-V and Thermal Analysis with SEM and UV-VIS-NIR. 2024 IEEE
14th International Conference on Control System, Computing and Engineering
(ICCSCE), 2024, p. 118-23. https://doi.org/10.1109/ICCSCE61582.2024.10696246.

[12] Almukhtar H, Lie TT, Al-Shohani WAM, Anderson T, Al-Tameemi Z. Comprehenswe
Review of Dust Properties and Their Influence on Photovoltaic Systems:
Optical, Thermal Models and Experimentation Techniques. Energies 20
https://doi.org/10.3390/en16083401.

[13] Bhattacharya S, Sadhu PK, Singh NK. Effect of soiling loss in solar photo

Conference (IRSEC), Tangier: IEEE; 2017,
7249.

[16] Hossain MI, Rahman A, Khandakar A
Light Management in Bifacial Per i
Anti-Reflection Coatings for
preprints202501.1415.v1.

[17] Almukhtar H, Lie TT, A
photovoltaic module te
Solar Energy 2023;

[18] Chiteka K, Enwergsg
properties on @
2024;64:1034

. Comprehensive analysis of dust impact on
imental insights and mathematical modeling.
://doi.org/10.1016/j.solener.2023.112125.

tigating the influence of dust particle thermophysical
temperature. Case Studies in Thermal Engineering
org/10.1016/j.csite.2024.105407.

[20] Torgsi ipQWel#B, Bokali¢ M, Topi¢ M. Unraveling Temperature Distribution Within

ilffon PV Modules by Different Finite Element Method-Based Thermal

oaches. Advanced Theory and Simulations 2025;8:2401026. https://doi.

/adts.202401026.

Lu H, Chang X, Zheng C, Wang Y. 3D CFD modelling of dust deposition
teristics and influences on building-mounted photovoltaic system. Case Studies in
Thermal Engineering 2022;35:102138. https://doi.org/10.1016/j.csite.2022.102138.

[22] Almukhtar H. The Role of Accumulated Dust Chemical Composition on Photovoltaic
Thermal Performance: Advanced Modeling and Experimental Analysis. PhD Thesis.
Auckland University of Technology, 2024.

[23] Zarei T, Abdolzadeh M. Optical and thermal modeling of a tilted photovoltaic module
with sand particles settled on its front surface. Energy 2016;95:51-66. https://doi.org/
10.1016/j.energy.2015.11.045.

[24] Younis A, Alhorr Y. Modeling of dust soiling effects on solar photovoltaic performance:
A review. Solar Energy 2021;220:1074—88. https://doi.org/10.1016/j.solener.2021.04.
011.



[25] Sharma S, Malik P, Sinha S. The impact of soiling on temperature and sustainable solar
PV power generation: A detailed analysis. Renewable Energy 2024;237:121864.
https://doi.org/10.1016/j.renene.2024.121864.

[26] Mishra A, Gill FS, Bhatt N, Rathod APS, Rajput A. Fabrication of antireflective
superhydrophobic coating for self-cleaning solar panels and study of energy efficiency.
Physics of Fluids 2024;36:017111. https://doi.org/10.1063/5.0180015.

[27] Ehsan RM, Simon SP, Sundareswaran K, Kumar KA, Sriharsha T. Effect of Soiling on
Photovoltaic Modules and Its Mitigation Using Hydrophobic Nanocoatings. [EEE
Journal of Photovoltaics 2021;11:742-9. https://doi.org/10.1109/JPHOTOV.2021.306
2023.

[28] Ghosh A, Chakraborty R, Das A, Kumar A. Abating air pollution using nanop

Thermal Degradation of Solar Cells. Master’s Thesis. University o

[30] Kale PG, Singh KK, Seth C. Modeling Effect of Dust Particlg

Parameters of the Solar PV Module. 2019 Fifth Internationa e

Energy Systems (ICEES), 2019, p. 1-5. https://doi.org/10.

[31] Maftah A, Azouzoute A, El Ydrissi M, Oufadel A, Maa

PV and CSP system: experimental and ANN modelli

climate. International Journal of Sustainable En :629-45. https://doi.org/

10.1080/14786451.2021.1965605.

[32] Araujo Costa Silva L, Baca Ruiz LG, Cria

inipg Rsoiling on photovoltaic efficiency

using supervised learning techniques. 023;231. https://doi.org/10.1016/
j.eswa.2023.120816.

[33] Aweenagua F, Isaacs S, Takyi

International Conference ] telligence & Green Energy (ICAIGE), 2024, p.
1-6. https://doi.org/10.11
[34] Javed W, Guo B, W, Figgis BW. Photovoltaic performance degradation
due to soiling andgch¥gagfli of the accumulated dust. 2016 IEEE International
Conference on ReneWable Energy (ICPRE), Shanghai, China: IEEE; 2016, p.
580—4. httpsgseQi N’ e O/ICPRE.2016.7871142.
Rashid M,

the performance of polycrystalline silicon photovoltaic modules.
nergy 2017;101:1273-84. https://doi.org/10.1016/j.renene.2016.10.009.

4:279-89. https://doi.org/10.1134/S0015462819020083.

[38] Kajishima T, Taira K. Reynolds-Averaged Navier—Stokes Equations. In: Kajishima T,
Taira K, editors. Computational Fluid Dynamics: Incompressible Turbulent Flows,
Cham: Springer International Publishing; 2017, p. 237—-68. https://doi.org/10.1007/978-
3-319-45304-0 7.

[39] Heyerichs K, Pollard A. Heat transfer in separated and impinging turbulent flows.
International Journal of Heat and Mass Transfer 1996;39:2385-400. https://doi.org/
10.1016/0017-9310(95)00347-9.

[40] Ermolaev V. Thermal Engineering. Cham: Springer Nature Switzerland; 2024.
https://doi.org/10.1007/978-3-031-50373-3.



Chiteka, K., Enweremadu, C. C. Year 2026
Coupled Thermal and Optical Impact of Dust Thermophysical... Volume 14, Issue 2, 1140695

[41] Tominaga Y, Blocken B. Wind tunnel experiments on cross-ventilation flow of a generic
building with contaminant dispersion in unsheltered and sheltered conditions. Building
and Environment 2015;92:452—-61. https://doi.org/10.1016/j.buildenv.2015.05.026.

[42] Zhong H, Li G, Tian B, Wen Y, Li W, Li T. Attenuation Characteristics of Laser Fuzes
in Low-Visibility Dust Environments. 2024 [4th International Symposium on Antennas,
Propagation and EM Theory (ISAPE), 2024, p. 1-4. https://doi.org/10.1109/
ISAPE62431.2024.10840631.

[43] Nilsson TK, Sundén B. Thermal radiative coefficients of cylindrically and spherically
shaped soot particles and soot agglomerates. Heat Mass Transfer 2004;41:12-22.
https://doi.org/10.1007/s00231-004-0519-3.

[44] Sharma SK. Light scattering and absorption characteristics of optically soft paafecles. In:

Kokhanovsky AA, editor. Light Scattering Reviews: Single and Multiple Ligh ing,
Berlin, Heidelberg: Springer; 2006, p. 73—123. https://doi.org/10.1007/3- 0-0 3.
[45] Bayrakci M, Choi Y, Brownson JRS. Temperature Dependent Powd 18g of
Photovoltaics. Energy Procedia 2014;57:745-54. https://doi.g pro.

2014.10.282.

Journal of Sustainable Development of Energy, Water and Environment Systems 18



	Coupled Thermal and Optical Impact of Dust Thermophysical Properties on Solar Photovoltaic Performance
	ABSTRACT
	KEYWORDS
	INTRODUCTION
	MATERIALS AND METHODS
	Computational Fluid Dynamics Model
	Optical Modelling
	Energy computations

	RESULTS AND DISCUSSION
	Computational Fluid Dynamics Simulation Results
	Sensitivity Analysis of Dust Thermophysical Properties and Environmental Parameters
	Coupled Thermal-Optical Effects and Energy Yield Loss Quantification

	CONCLUSIONS
	NOMENCLATURE
	REFERENCES


