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1. Introduction 

Solar photovoltaic (PV) systems play a critical 

role in the global energy transition toward low-carbon 

energy systems due to their environmental benefits 

and rapidly declining costs. The deployment of solar 

energy systems in residential, commercial, and 

utility-scale applications is accelerating worldwide, 

contributing to both climate change mitigation and 

enhanced energy security [1]. The efficiency and 

reliability of these PV systems are, however, 

influenced by several environmental and design 

 

A B S T R A C T 

The global expansion of solar energy has been met with dust soiling which is a critical 

performance-limiting factor, especially in dusty climates. The present study proposed a 

dynamic numerical approach for quantifying the time-dependent effects of dust shading 

on fixed-tilt, single-axis tracking, and dual-axis tracking PV systems. The approach was 

to distinguish between direct and diffuse irradiance and account for diurnal and seasonal 

solar geometry while incorporating angular-dependent shading dynamics. Single-axis 

and dual-axis trackers achieved daily yields of 5.02 kWh/day and 5.16 kWh/day 

respectively under a surface-soiling fraction of 32.7% determined from binary image 

segmentation and pixel-area ratio surpassing the clean fixed-tilt baseline of 4.41 

kWh/day. A laboratory validation was used to confirm the ability of model to capture 

angular-dependent losses. A techno-economic analysis done revealed a trade-off where 

tracking systems maximise the absolute energy generated. However, fixed-tilt systems 

delivered superior cost-effectiveness due to lower capital and maintenance 

requirements. The results revealed the need for a dynamic, time-resolved model to 

improve optimisation and performance prediction, and guide maintenance strategies in 

soiling-prone environments. 
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parameters, including solar irradiance, installation 

geometry, temperature, soiling, and overall system 

configuration [2]. Exposure of PVs to environmental 

stressors increasingly affects long-term performance 

as these PV installations are expanding into a wide 

range of climates spanning from arid deserts to humid 

coastal and urban regions. Among these, soiling, 

which is the accumulation of airborne particulates on 

PV surfaces, has emerged as a globally recognised 

performance-limiting factor [3-5]. 

Empirical studies and simulation-based analyses 

have shown that soiling can reduce PV energy output 

by 5% to over 40% annually, depending on a range of 

factors including geographic location, atmospheric 

composition, environmental dust load, particle 

characteristics, panel design and orientation, and the 

frequency of cleaning. These losses often result in 

substantial operational and financial impacts, 

particularly for utility-scale PV systems, where even 

modest efficiency reductions translate into significant 

revenue loss over time [6,7]. For example, Al Garni 

[8] observed performance reductions from as little as 

2% to over 50%, driven by site-specific dust 

characteristics and storm events in arid regions. 

Soiling is not confined to desert regions alone and 

even areas with frequent rainfall are also affected due 

to the deposition of pollution-related particulates and 

organic matter [9]. Field observations in Bangladesh 

have confirmed the severity of this issue and show 

that dust can block up to 55% of visible light in one 

month. As such, these observations indicate that 

weekly cleaning can recover approximately 3% of 

energy yield [10]. In another study, de Souza et al. 

[11] found that energy losses increased from 4.8% to 

38.1% over five weeks depending on tilt and location. 

The financial impacts of soiling are significant and 

annual revenue losses can reach millions of dollars 

and this justifies the need for accurate, site-specific 

soiling models to guide operational decisions [12]. 

Moreover, the variability in soiling-induced 

degradation patterns between large-scale and small-

scale PV systems calls for context-specific strategies, 

as highlighted by Cormode [13]. In a different 

environment, Pavan et al. [14] also reported annual 

soiling losses of about 6.9% at a utility-scale plant 

situated in Italy. This justifies the need for targeted 

cleaning strategies even in temperate climates. 

Soiling usually affects PV performance primarily 

through optical attenuation mechanisms which 

include absorption, scattering, and reflection of 

incident light, and this is governed by the physical, 

chemical, and spatial characteristics of the deposited 

dust particles [15-17]. Darker, iron-rich dusts often 

exhibit higher absorptivity which leads to more 

severe transmittance losses, while lighter, silicate-

based particles usually cause less attenuation due to 

their lower absorption coefficients [16,18]. The 

morphology and size of dust particles further 

influence attenuation with small particles (<45 µm) 

and soot-like aggregates which have fractal 

geometries significantly increasing scattering. This 

occurs especially at oblique angles of incidence, and 

form optically dense films that suppress transmittance 

across a broad spectral range [19-21]. Non-uniform 

dust deposition further compounds these optical 

effects leading to localised irradiance mismatches, 

hot spots, and a reduction in string-level efficiency. 

This particularly happens in large-scale installations 

exposed to heterogeneous environmental conditions 

[7,22]. Such spatial and temporal variability of 

soiling is often poorly captured in conventional 

performance models. These typically neglect the fine-

scale interactions between particle properties, 

incidence angle, and module layout. 

Module installation geometry plays a crucial role 

in modulating both soiling accumulation and angular 

losses. Steeper tilt angles promote gravitational 

removal of coarse particles but also expose the 

surface to higher angular losses during early morning 

and late afternoon hours, whereas shallower tilts tend 

to accumulate more dust due to reduced self-cleaning, 

yet benefit from lower optical attenuation near solar 

noon [23-25]. Dynamic PV tilt strategies seem to 

offer promising mitigation pathways. Dahlioui et al. 

[26] demonstrated that adjusting PV tilt angle from 

30° at sunrise to 0° at sunset often reduce daily soiling 

by two-thirds. Khan et al. [27] showed that optimal 

PV tilt angles are strongly dependent on the latitude 

and seasonal variations, which justify the need for 

location-specific configurations. Studies have shown 

that azimuth orientation, in combination with tilt, also 

affects soiling rates and energy yield [28,29]. 

Nwokolo et al. [29] provided an empirical validation 

showing that optimised tilt angles not only reduce 

soiling but also significantly improve performance. 

Similarly, Feteh [30], highlighted the importance of 

optimised tilt strategies in maximising lifetime 

energy yield, demonstrating the comparative 

performance advantages of tracking systems under 

varying solar angles and seasonal shifts.  

Solar tracking systems have been widely adopted 

particularly in large-scale PV installations to mitigate 

angular losses and optimise irradiance capture 

[31,32]. These tracking systems keep solar irradiance 

at normal incidence angles throughout the day by 

continuously adjusting panel orientation relative to 

incoming solar irradiance. Single-axis trackers work 

through correcting azimuthal alignment to the solar 
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irradiance while dual-axis trackers modify both 

azimuth and tilt angles to follow the sun’s path [33]. 

Empirical reports have indicated that tracking 

systems can enhance energy harvest by 30 – 85% 

when compared to fixed-tilt arrays [34]. With regards 

to this, a study by Barbón et al. [33] showed that 

horizontal single-axis trackers delivered an 8.5% 

annual energy gain over fixed systems under real 

environmental conditions and the strongest gains 

occurred from March to September. Despite tracking 

systems having an angular optimisation advantage, 

they remain vulnerable to soiling because the 

continuously varying orientation introduces complex 

interactions between irradiance angles and dust 

shading geometry. Studies have revealed some 

mechanical challenges encountered in implementing 

reliable actuator designs for mobile tracking 

platforms, especially in dual-axis systems, which 

remain an underexplored area of research [35]. 

Abdulkarim [36] reported enhanced energy yield by 

approximately 30% in dual-axis trackers compared to 

fixed systems despite single-axis configurations 

providing a more favourable balance between cost, 

complexity, and performance. However, the benefits 

of tracking were found to diminish sharply under 

conditions of heavy soiling unless frequent cleaning 

regimes are employed [37]. Conventional static 

soiling correction approaches fail to capture the 

effects of dynamic orientation and uneven dust 

distribution. Some recent innovations such as the self-

cleaning “NightFlip” tracker proposed by Pouladian-

Kari et al. [38] and AI-enhanced dual-axis systems 

with nanocoatings proposed by Mamodiya et al. [39] 

offer promising solutions for mitigating soiling losses 

while enhancing adaptability and operational 

efficiency in diverse operating environments. 

The dynamic interaction of dust with the solar 

incidence angle is a critical yet underexplored aspect 

of soiling, which varies continuously throughout the 

day and across seasons. The incidence angle of solar 

irradiance on the PV surface influences both the 

optical path length through the dust layer and the 

degree of scattering. Soiling losses therefore tend to 

be most severe at oblique incidence angles typically 

during early morning and late afternoon hours when 

the sun is low on the horizon and diffuse irradiance 

dominates [40]. A study by Chala et al. [41] reported 

that such angular effects led to power losses up to 

18.8% in desert environments. Gedifew and Benor 

[23] also showed that dual-axis tracking systems 

significantly mitigate angular-dependent losses by 

maintaining near-normal incidence angles for longer 

durations and this achieves energy gains of up to 

44.9% over fixed-tilt systems.  

Regardless of these insights obtained from 

literature, most modelling approaches continue to 

represent soiling-induced shading as static or daily 

averaged phenomena, thereby overlooking the 

continuous diurnal variability of incidence-angle-

dependent attenuation. Traditional models apply 

static or daily-averaged correction factors and fail to 

account for sub-daily variability, changing solar 

angles, and the interaction between diffuse radiation 

and angular transmittance [42]. Although there are 

growing insights into soiling mechanisms and their 

effects on PV performance, predictive models have 

mostly remained oversimplified and assume uniform 

soiling, neglecting the angular dependence of 

irradiance losses. For example, Pagani et al. [43] 

proposed a soiling index suitable for operational use, 

but it lacked temporal resolution thereby limiting its 

accuracy. 

As a result, the temporal interaction between sun-

path geometry, dust morphology, and irradiance 

partitioning into direct and diffuse components 

remains inadequately resolved within existing 

frameworks. Existing research generally treats 

soiling-induced shading as static or averaged 

phenomena, which leads to an incomplete 

understanding of diurnal soiling evolution under 

varying tracking and environmental conditions. 

Moreover, comparative studies which simultaneously 

quantify the combined impact of soiling and solar 

tracking geometry in fixed-tilt, single-axis, and dual-

axis systems under identical environmental 

conditions remain limited in literature. This limitation 

constrains the development of robust cleaning 

schedules, tilt adjustment strategies, and tracking 

optimisation in dust-prone regions. 

The present study seeks to address these 

limitations and develop a comprehensive numerical 

framework to explicitly model the time-dependent 

evolution of dust-induced shading on PV modules 

installed in fixed-tilt, single-axis, and dual-axis 

tracking configurations. The proposed approach 

enables sub-daily predictions of shading-induced 

transmittance losses and corresponding energy yield 

reductions through the integration of dynamic solar 

geometry, spectral-angular irradiance profiles, and 

dust layer characteristics. This approach allows for an 

improved representation of soiling interactions with 

changing solar incidence angles. This offers a step 

change from conventional static models toward a 

more physically grounded and temporally resolved 

performance analysis. This approach advances the 

scientific understanding of soiling–shading dynamics 

and their real-time impacts on PV performance by 

resolving the complex interplay between dust 
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morphology, incidence-angle variability and system 

geometry. The proposed framework captures the 

diurnal distribution of optical losses with more 

precision unlike the traditional models which 

overlook angular dependence and time-varying 

effects of soiling. The proposed framework therefore 

serves as both a diagnostic tool for performance 

degradation and a decision-support system for 

optimising cleaning schedules, tilt angle 

configurations, and tracking strategies in dust-prone 

regions. 
 

2. Methodology 

2.1. Simulation Framework 

The simulation framework developed for this 

study employs MATLAB as the computational 

environment to implement the numerical analysis of 

dust-induced shading effects on PV systems. The 

simulation provided a platform to integrate solar 

geometry, parametric studies of PV array 

configurations, and time-series simulations which are 

essential for the modelling of the dynamic nature of 

soiling losses [44]. The study considered three main 

configurations commonly encountered in practice 

and these were fixed-tilt, single-axis tracking, and 

dual-axis tracking systems. The simulated PV system 

corresponds to a 1 kW array configuration, 

represented by two commercially available 500 W 

modules connected as a single string.  

Fixed-tilt arrays were modelled with an 

inclination angle, β of 26°, which was selected as the 

latitude-based annual optimum for the study location 

(University of South Africa, Florida campus). Single-

axis trackers were modelled and simulated as 

azimuth-tracking systems rotating about a vertical 

axis such that γ(t) = γs(t) while maintaining a constant 

tilt β, where γ(t) and γₛ(t) are respectively the array 

azimuth angle at time t and solar azimuth angle at 

time t. This was done to reduce the incidence-angle 

mismatch over the diurnal cycle. On the other hand, 

the dual-axis trackers were designed to continuously 

adjust both azimuth and elevation angles to maintain 

a near-normal solar incidence throughout the day. 

Hourly meteorological data comprising the Direct 

Normal Irradiance (DNI), Diffuse Irradiance (DI), 

ambient temperature, and wind speed were obtained 

from January 2014 to December 2024 using the 

NASA POWER database (https://power.larc. 

nasa.gov/data-access-viewer/). The hourly DNI and 

DI values were averaged across all days of the year 

for each hour to construct an annual-mean 

representative diurnal cycle. The multi-year 

meteorological dataset was thus compressed into a 

single representative day profile for modelling 

purposes. 

For every hour within the selected daylight 

analysis window from 05:00 - 18:00 hours local time, 

the solar position and module incidence angle were 

computed using Eqs. (1) - (3). The corresponding 

direct and diffuse shading areas were then computed 

from the projected shadow which in turn is dependent 

on the incidence angle (Eqs. (4) - (5)). Solar tracking 

affects the irradiance incidence angles and was 

incorporated in these computations, and the hourly 

energy output was computed cognisant of the 

resulting direct and diffuse shading-based energy 

formulations as shown in Eq. (8). 

The analysis window was selected to capture the 

dominant daylight contribution in the annual-mean 

profile, and there was negligible irradiance outside 

this window. All comparisons made for the different 

configurations were therefore based on this annual-

mean representative diurnal cycle instead of the 8760-

hour year-by-year simulations. 

2.2. Incidence Angle Modelling 

The solar zenith angle, θz (Eq. (1)) and solar 

azimuth angle, γₛ (Eq. (2)) were calculated as 

functions of geographic latitude (ϕ), solar declination 

(δ), and hour angle (ω) using solar geometry relations. 

 

𝑐𝑜𝑠𝜃𝑧 = 𝑠𝑖𝑛𝜙 ⋅ 𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜙 ⋅ 𝑐𝑜𝑠𝛿 ⋅ 𝑐𝑜𝑠𝜔 (1) 

 

𝛾𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛2(−sin𝜔, tan𝛿 ⋅ cos𝜙 − sin𝜙 ⋅ cos𝜔) 
 (2) 
𝑐𝑜𝑠(𝜃𝑖) = cos(𝜃𝑧) 𝑐𝑜𝑠(𝛽) + 𝑠𝑖𝑛(𝜃𝑧) 𝑠𝑖𝑛(𝛽) 𝑐𝑜 𝑠(𝛾𝑠 − 𝛾)

             (3) 

The incidence angle (θi) on the tilted PV array was 

given by Eq. (3) where β and γ are respectively the tilt 

and azimuth angles of the array. The models resolve 

these quantities at hourly intervals from sunrise to 

sunset based on the annual-mean representative 

diurnal profile derived from the multi-year dataset.  

2.3. Fixed-Tilt PV Array Model 

The fixed-tilt model simulated arrays mounted at 

a constant tilt angle of β = 26°, based on the latitude-

based annual optimum for the study location. The 

model used in the simulation distinguished between 

direct and diffuse shading effects. Direct shading 

occurs when dust particles block the direct beam 

component of solar irradiance. For a spherical dust 

particle of radius r, the projected area (Ag) onto the 

tilted module surface under an angle of incidence θi is 

given by: 

 

https://power.larc/
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𝐴𝑔 = 𝜋𝑟2 ⋅ 𝑐𝑜𝑠𝜃𝑖   
= 𝜋𝑟2 ⋅ 𝑐𝑜𝑠𝜃𝑧 ⋅ 𝑐𝑜𝑠𝛽 + 𝑠𝑖𝑛𝜃𝑧 ⋅ 𝑠𝑖𝑛𝛽 ⋅ 𝑐𝑜𝑠(𝛾𝑠 − 𝛾)

                  (4) 

 

This angular dependence reflects the reduced 

shadow projection at oblique angles, especially 

during early morning and late afternoon periods. 

Diffuse shading (Ad) arises from elliptical shadows 

cast by dust particles under diffuse sky radiation. 

Assuming the dust particles form ellipsoidal 

projections due to oblique angles, the diffuse shaded 

area is expressed as: 

 

𝐴d = 𝜋𝑎𝑏 =
π𝑟2

cos𝜃𝑖
           (5) 

 

where 𝑎 =
𝑟

cos(θ𝑖)
 is the major axis and b = r is the 

minor axis of the ellipse. 

Solar incidence angles have hourly variations, 

hence the direct (Ag) and diffuse (Ad) shaded areas 

were integrated over time. The total daily direct and 

diffuse shaded areas were obtained by integrating Ag 

and Ad from 05:00 to 18:00 hrs where Ag(t) and Ad(t) 

are the daily time-integrated shaded areas over 

daylight hours respectively for direct and diffuse 

shaded areas. t5 and t18 are respectively the 5th and 18th 

hours of the day corresponding to local time 05:00 

and 18:00 hrs. 

 

𝐴g(𝑡) = ∫ (𝜋𝑟2 ⋅ 𝑐𝑜𝑠𝜃𝑧 ⋅ 𝑐𝑜𝑠𝛽 + 𝑠𝑖𝑛𝜃𝑧 ⋅ 𝑠𝑖𝑛𝛽 ⋅
𝑡18

𝑡5

𝑐𝑜𝑠(𝛾𝑠 − 𝛾))(𝑡) ⋅ 𝑑𝑡                    (6) 

 

𝐴d(𝑡) = ∫ (
𝜋𝑟2

|cos𝜃𝑖|
)

𝑡18

𝑡5

(𝑡) ⋅ 𝑑𝑡          (7) 

 

The instantaneous energy output, E(t), accounting for 

shading was formulated as shown in Eq. (8), 

 

𝐸(𝑡) = 𝐴. [(𝐵1). 𝐴𝑐  −  (𝐵2). 𝑛. 𝐴𝑔(𝑡) − (𝐵2). 𝑛. 𝐴𝑑(𝑡)]

                     (8) 

where, 

𝐴 = 𝑃𝑆𝑇𝐶 . [1 +  × (𝑇 − 𝑇𝑆𝑇𝐶)], 𝐵1 = (
𝐺b(𝑡)+𝐺𝑑(𝑡)

𝐺𝑆𝑇𝐶
), 

and 𝐵2 (
𝐺b(𝑡)(1−𝑇(𝜃𝑖))

𝐺𝑆𝑇𝐶
). n is the number of dust 

particles per unit area, Ac is the active array area and, 

α is the temperature coefficient. A is the temperature-

adjusted power scaling factor based on the rated 

Standard Test Conditions (STC) maximum power 

(PSTC) and T is the operating module temperature. 

TSTC is the STC temperature taken as 25oC, and  is 

the power temperature coefficient. The term B1 is a 

dimensionless irradiance normalisation factor 

determined from the direct irradiance Gb(t) and 

diffuse irradiance Gd(t), normalised by the STC 

irradiance GSTC (1000Wm2). B2 is a beam-weighted, 

dimensionless loss term which accounts for 

optical/transmissivity effects dependent on the angle 

of incidence. T(θi) is the angular-dependent 

transmissivity function. The hourly conversion 

efficiency was computed as: 

 

𝜂(𝑡) =
𝐸(𝑡)

𝐴𝑐 𝐺𝑃𝑂𝐴(𝑡) 𝛥𝑡
,                         (9) 

 

where 𝐺𝑃𝑂𝐴(𝑡) = 𝐺𝑏(𝑡) + 𝐺𝑑(𝑡) is the plane-of-

array irradiance and 𝛥𝑡 is the time step equal to 1 h. 

The daily-average conversion efficiency 𝜂̄ was 

obtained by averaging 𝜂(𝑡) over the daylight hours, 

and the efficiency loss due to soiling was reported 

as:  

 

𝛥𝜂(%) =
𝜂̄𝑐𝑙𝑒𝑎𝑛−𝜂̄𝑠𝑜𝑖𝑙𝑒𝑑

𝜂̄𝑐𝑙𝑒𝑎𝑛
× 100%.             (10) 

where 𝜂̄𝑐𝑙𝑒𝑎𝑛 is the daily-averaged efficiency of the 

clean array and 𝜂̄𝑠𝑜𝑖𝑙𝑒𝑑  is the daily-averaged 

efficiency of the soiled array. Δ𝜂 is the percentage 

efficiency reduction caused by soiling. 

2.4. Single-Axis Tracking PV Model 

In this configuration, the PV array was mounted 

on a vertical-axis azimuth-tracking system to 

maintain a constant tilt β while rotating in azimuth to 

satisfy γ(t) = γs(t). The tracker used a constant tilt 

angle β while allowing the panel to rotate azimuthally 

throughout the day, following the sun’s apparent 

motion from east to west. This rotation was meant to 

always ensure that the azimuthal offset (γs - γ) = 0. 

This was done to reduce the incidence angle and 

enhance irradiance capture compared to fixed-tilt 

systems. Since γ(𝑡) = γ𝑠(𝑡), the incidence angle 

simplifies to: 

 

cos θ𝑖 = cos θ𝑧 cos β + sin θ𝑧 sin 𝛽 .       (11) 

 

The projected dust shadow areas for direct and diffuse 

shading were thus expressed as: 

 

𝐴𝑔(𝑡) = π𝑟2 cos θ𝑖 (𝑡),                      (12) 

𝐴𝑑(𝑡) =
π𝑟2

cos θ𝑖(𝑡)
.          (13) 

 

The total daily shading areas were computed by 

integrating over the daylight period: 
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𝐴𝑔(𝑡) = ∫ π𝑟2𝑡18

𝑡5
cos θ𝑖 (𝑡) 𝑑𝑡,        (14) 

𝐴𝑑(𝑡) = ∫
π𝑟2

|cos θ𝑖(𝑡)|

𝑡18

𝑡5
 𝑑𝑡.                (15) 

 

The instantaneous energy output accounting for dust 

shading was then computed using Eq. (8). 

2.5. Dual-Axis Tracking PV Model 

The tracker of this configuration adjusts the tilt 

angle β and azimuth angle γ dynamically at every 

time step to ensure that θᵢ(t) ≈ 0° whenever the sun is 

above the horizon. This is done to maintain a near-

normal incidence throughout the effective daylight 

period. As such, the cosine of the incidence angle 

simplifies to unity, cos θ𝑖 (𝑡) = 1. Since the 

irradiance incidence angle is minimised continuously, 

the shadow projection areas are simplified. For dual-

axis tracking, 𝐴𝑔(𝑡) = 𝐴𝑑(𝑡) = π𝑟2. This shows the 

fact that the projected area of a spherical particle 

becomes constant under normal incidence, 

eliminating the angular dependence seen in the fixed 

and single-axis configurations. The total daily 

shading areas are integrated over the sunlight hours 

as, 

 

𝐴𝑔(𝑡) = 𝐴𝑑(𝑡) = ∫ π𝑟2𝑡18

𝑡5
 𝑑𝑡        (16) 

 

The instantaneous energy output was then determined 

using Eq. (8). 

2.6. Optical - Electrical Coupling Framework 

The optical model used in the study was first used 

to define an effective irradiance on the solar array by 

applying the direct and diffuse shading to the 

configuration-specific POA components as shown in 

Eq. (17). Here 𝐺eff(𝑡)𝑊/𝑚2 is the effective POA 

irradiance incident on the PV array surface after 

soiling losses. The 𝐺eff(𝑡) was obtained from the sum 

of the configuration-specific beam and diffuse POA 

components, 𝐺𝑏,POA(𝑡) and 𝐺𝑑,POA(𝑡), reduced by the 

corresponding fractional soiling attenuation terms 

𝑆𝑏(𝑡) = 𝑚𝑖𝑛 (1, 𝑛 𝐴𝑔(𝑡)

𝐴𝑐
), is the fraction of beam POA 

blocked by particle geometric shadows and 

𝑆𝑑(𝑡) = 𝑚𝑖𝑛 (1, 𝑛 𝐴𝑑(𝑡)

𝐴𝑐
) is the fraction of diffuse 

POA blocked. τsoil is the residual transmittance of the 

unshaded area. 

 

Geff(t) = [Gb,POA(t)(1 − Sb(t)) 

              +Gd,POA(t)(1 − Sd(t))]τsoil.        (17) 

 

Geff(t) and the modelled cell temperature Tc(t) were 

used to model a standard single-diode PV module to 

obtain Imp, Vmp, and Pmp for the three configurations 

under clean and soiled conditions. The differences in 

these electrical parameters therefore emanate from 

configuration-dependent POA irradiance and 

incidence angle under identical meteorological 

forcing, rather than changes in deposited dust 

coverage. In this study, τsoil was taken as a controlled 

reference parameter and this was consistent with the 

silica-based dust used in the laboratory experiments. 

The geometric shadow projection terms Ag(t) and  

Ad(t), and the dust-layer transmittance factors were 

treated as complementary attenuation mechanisms. 

The former accounted for the direct particle-induced 

occlusion of incident irradiance, and the latter 

represents partial optical attenuation within the 

unshaded surface area, which avoids double 

accounting of losses. 

2.7. Experimental Validation  

Validation was achieved through a controlled 

laboratory experiment conducted using a solar 

simulator and monocrystalline PV cells (Figure 1), 

done in a single day. The validation had repeated 

measurements taken at each inclination angle for both 

clean and soiled cells under identical irradiance and 

ambient conditions.  

 

 
Figure 1. Experimental laboratory validation with 

solar simulator 

 

This experimental validation was designed to 

replicate key conditions represented in the model 

under controlled settings. It eliminated environmental 

variability and allowed for systematic evaluation of 
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dust-induced shading effects. Uniform layers of 

silica-based dust particles with an average size 

distribution of 30 µm were deposited on the surface 

of PV test cells. After deposition, the geometric 

soiling fraction was quantified experimentally using 

image-based area analysis through binary 

segmentation and pixel-area ratio from the top-view 

images. Here, the geometric soiling fraction refers to 

the top-view fractional area of the cell surface 

occupied by particles and not the projected optical 

shadow fraction at operating incidence angles. This 

procedure yielded a measured uniform soiling 

fraction of 32.7%, which was adopted as the reference 

‘uniform soiling’ condition in both the experiment 

and the numerical simulations. While this value 

represents a substantial geometric surface coverage, 

it was selected as a controlled, moderate-to-high 

reference condition for mechanistic evaluation rather 

than as a climatological average for the study 

location. It is important to note that this 32.7% value 

is a geometric top-view surface soiling fraction, and 

the effective irradiance penalty in the model was 

governed by the shadow projection based on the 

incidence angle, and dust-layer transmittance. 

Therefore, this surface soiling fraction does not 

translate linearly into an equivalent percentage 

energy loss. 

The PV cells were mounted on a tilting platform 

beneath a calibrated and computerised solar simulator 

capable of providing and recording irradiance across 

the cell surface. The incident irradiance levels were 

monitored and recorded throughout the experimental 

process using the inbuilt pyranometer. In addition, an 

infrared camera was used to monitor cell temperature. 

Tests were only conducted once the incoming 

irradiance stabilised to maintain identical forcing 

conditions for the clean and dust-covered cases. The 

experimental procedure involved varying the tilt of 

the PV cell to simulate a range of solar incidence 

angles from normal incidence (0°) to highly oblique 

angles up to about 85°, to mimic the diurnal solar 

paths. At each inclination angle, power output 

measurements were made for both clean and dust-

covered cells under identical irradiance and ambient 

conditions. The power output from the PV cells was 

derived using a PV analyser which measured the full 

I-V curve and reported 𝑃mp, 𝑉mp, and 𝐼mp at each test 

condition. The data collected was used to provide a 

basis for comparison between predicted and 

experimentally observed reductions in PV output due 

to dust-induced shading. 

2.8. Assumptions and Limitations 

The modelling framework and laboratory-based 

validation presented in this study relied on 

simplifying assumptions. The model assumed that 

dust particles are perfectly spherical, homogeneous in 

size and composition, and uniformly distributed 

across the PV module surface. This idealisation 

allowed for analytical formulation of shadow 

projection areas but does not capture the diversity of 

particle morphologies, mineralogies, and deposition 

patterns observed under real-world conditions, where 

dust can be irregular, clustered, or exhibit spatial 

nonuniformity due to environmental factors. In 

contrast, actual PV installations often experience 

heterogeneous soiling patterns resulting from wind-

driven deposition, rain streaking, or microclimatic 

effects that can produce localised hot spots and 

nonuniform performance degradation. The model 

further assumed a single static dust layer throughout 

each simulation period, neglecting time-dependent 

processes such as continuous deposition, 

resuspension by wind, and removal by precipitation, 

all of which dynamically influence soiling severity 

and recovery in field conditions. 

The material and optical properties of dust were 

treated as constant, with no allowance for variations 

due to humidity, particle agglomeration, or surface 

cementation effects. These variations can modify the 

interaction between dust and incident light. Thermal 

conditions were assumed to be homogeneous across 

the PV module surface, and the temperature was 

modelled as uniform and independent of localised 

irradiance mismatches or shading-induced hot-spot 

effects. While the laboratory validation experiments 

were designed to isolate angular-dependent shading 

effects under controlled conditions, they simplified 

the complexity of outdoor environments. Moreover, 

they do not replicate the full range of dust 

compositions, deposition patterns, or environmental 

interactions encountered in field deployments. 

To incorporate transmittance losses due to dust 

deposition into the numerical model, an average 

transmittance value (𝜏soil) of approximately 0.85 was 

applied for silica-based dust layers reflecting partial 

attenuation from both absorption and scattering 

effects. This value was selected as a moderate 

baseline consistent with measured 10 - 20% reduction 

in transmittance under laboratory-controlled dust 

deposition conditions [16,45]. This was based on 

literature findings indicating that dust layers 

composed predominantly of silica can reduce 

transmittance by 10–20% depending on thickness and 

composition [46,47].  
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An uncertainty check was applied to the dominant 

uncertain inputs in the model to ascertain the impact 

of the simplifying assumptions on the reported 

performance metrics. The concerned metrics include 

the representative POA irradiance forcing, the 

estimated module temperature, and the optical soiling 

terms, which are geometric soiling fraction and the 

assumed dust-layer transmittance τsoil. These inputs 

were perturbed within reasonable bounds and the 

resulting spread in the daily energy produced was 

examined to confirm that the main comparative 

conclusion that the energy from fixed-tilt is less than 

single-axis also less than dual-axis under identical 

forcing, is robust and not a result of a single-point 

assumption set. 

 

 

3. Results and Discussion  

3.1. Time-Resolved Analysis of Direct and Diffuse 

Shading Profiles 

The dynamic characteristics of dust-induced 

shading were examined for the three configurations 

using time-resolved profiles of direct shading as 

shown in Figure 2(a). Hour 5 is the first daylight hour 

in the annual-mean representative diurnal profile. The 

shading fraction was determined at an hourly time 

step using the same formulations derived in Section 

2. The values shown at hour 5 corresponds to the 

early-morning period when solar elevation is still low 

and incidence angles are still highly oblique. This 

eventually result in a larger effective shadow than 

around solar noon. This is simply because steep solar 

incidence angles magnify the effective shadow area 

cast by dust particles. Such behaviour highlights a 

fundamental limitation of fixed-tilt designs. They are 

unable to adapt orientation results in shading losses 

that accumulate over critical daily periods. This leads 

to a significant reduction in energy yield despite 

midday stability. 

Single-axis tracking systems revealed a noticeable 

improvement in energy generation. They reduced 

direct shading substantially around midday, when 

solar irradiance is highest due to the continuous 

azimuthal adjustment. This reduces the angular 

mismatch between the irradiance and the module 

surface thereby mitigating shading during peak hours. 

However, single-axis systems showed some 

vulnerabilities during early morning and evening 

hours revealing their partial although not complete 

effectiveness.  

Dual-axis tracking on the other hand presented the 

most favourable performance. This configuration 

effectively minimised angular amplification of 

shading. It maintained a near-constant projected 

shading area but energy losses from scattering and 

transmittance loss were still evident.  

The strong angular dependence shown in the 

direct shading profiles in Figure 2(a) was consistent 

with recent findings. Studies show that soiling losses 

tend to increase significantly at oblique incidence 

angles due to enhanced geometric shading and 

scattering effects. This was in agreement with Guo 

and Javed [40] who reported that PV soiling losses 

increase with incidence angle. They indicated that 

soiling losses follow a clear angular amplification 

following a sec(θ)-type relationship. 

 

 
(a) 

 

 
(b) 
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Figure 2. Hourly variation of (a) direct shading 

fraction (b) diffuse shading fraction, reflecting 

differences in angular alignment throughout the day 

 

Figure 2(b) illustrates the diffuse shading profiles 

showing that the differences among the three 

configurations were comparatively minor compared 

to direct shading. This behaviour emanates from the 

fact that diffuse irradiance is scattered across a broad 

range of sky angles. The multidirectional arrival 

characteristic of diffuse irradiance mean that even 

advanced tracking systems cannot fully align 

modules to mitigate their shading effects. This 

reduces the influence of orientation compared to 

direct irradiance. Although this was the case, some 

advantages were still noticeable. Both single-axis and 

dual-axis tracking configurations exhibited marginal 

reductions in diffuse shading, particularly during 

midday when irradiance levels are highest. Their 

orientations which are meant for direct beam capture 

can partially reduce angular mismatches with diffuse 

irradiance. It can therefore be shown that although 

orientation cannot eliminate diffuse shading, it can 

slightly moderate its impact during peak periods of 

energy generation. Therefore, the benefits of solar 

tracking are more pronounced for direct shading with 

limited impact for diffuse shading 

3.2. Energy Performance of Different 

Configurations Under Soiling Conditions 

The simulated ideal clean 1kW PV array under 

fixed-tilt configuration produced about 4.41 kWh/day 

based on the annual-mean representative diurnal 

profile. This served as the baseline for evaluating 

performance across all the other different types of 

configurations. The reported 4.41 kWh/day represent 

the energy generation integrated over the annual-

mean representative diurnal profile. The single-axis 

tracking system showed an improved energy output 

by about 20%, with approximately 5.29 kWh/day. 

This improved generation is attributed to its reduced 

incidence angles which enhances the direct irradiance 

capture. The dual-axis tracking configuration, on the 

other hand, showed the highest performance by 

yielding about 5.74 kWh/day, which was almost 30% 

increase in energy generated compared to the fixed-

tilt configuration. These tracking-related yield 

improvements were found to be consistent with 

results reported in literature for tracking systems 

relative to fixed-tilt arrays under comparable 

irradiance conditions [31,48]. The energy 

improvements reported in the present study were 

moderate because the analysis was based on an 

annual-mean representative diurnal profile.  

 

Table 1. Daylight-averaged MPPT electrical variables for the simulated 1 kW PV string (series connection) under 

clean and soiled conditions across three configurations 

 Configuration 𝑬̅𝒅𝒂𝒚 (kWh/day) 𝑷̅𝒎𝒑 (W) 𝑽̅𝒎𝒑 (V) 𝑰̅𝒎𝒑 (A) 

Clean Fixed-tilt 4.41 339.23 65.80 5.16 

Single-axis 5.29 406.92 65.80 6.18 

Dual-axis 5.74 441.54 65.80 6.71 

Soiled Fixed-tilt 4.28 329.23 65.47 5.03 

Single-axis 5.02 386.15 65.47 5.90 

Dual-axis 5.16 396.92 65.47 6.06 

Table 1 provides the daily averaged maximum 

power point tracking (MPPT) electrical performance 

metrics for the simulated PV string under clean and 

soiled conditions for the three configurations. The 

table outlines the reported daily averaged energy 

yield (𝐸̅𝑑𝑎𝑦), maximum-power-point power (𝑃̅𝑚𝑝), 

voltage (𝑉̅𝑚𝑝), and current (𝐼𝑚̅𝑝).  These metrics 

provide a comparative analysis of the electrical 

representation of the tracking and soiling effects from 

the coupled optical–electrical framework. Although 

this is a 48 V nominal system, the MPPT metrics in 

Table 1 were reported on the PV-string side. The 

system was made up of 2 x 500 W modules with 

electrical parameters presented in Table 2. The 

modules were connected in series and the array 

operated near Vmp ≈ 2×32.96 ≈ 65.9 V. The 

effective irradiance from the optical attenuation 

model was mapped to photocurrent in the single-

diode (𝐼𝑝ℎ ∝ 𝐺𝑒𝑓𝑓), to translate the soiling-induced 

optical losses into electrical performance metrics.  

 

Table 2. Electrical parameters of the used solar PV 

modules 

Parameter Symbol Value 

1 𝑃𝑚𝑎𝑥 500 W 

2 𝑉𝑚𝑝 32.96 V 

3 𝐼𝑚𝑝 15.17 A 
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4 𝑉𝑜𝑐  38.60 V 

5 𝐼𝑠𝑐  15.81 A 

6 𝛾𝑃𝑚𝑎𝑥
 −0.26 %/°C 

7 𝛽𝑉𝑜𝑐
 −0.24 %/°C 

8 𝛼𝐼𝑠𝑐
 0.046 %/°C 

 

Table 1 shows that the daylight-averaged power 

(𝑃̅𝑚𝑝) increased with tracking under clean conditions.  

𝑃̅𝑚𝑝 increased from 339.23 W in a fixed tilt 

configuration to 406.92 W and 441.54 W respectively 

in single- and dual-axis tracking. Under soiling 

conditions, the corresponding MPPT power 

decreased to 329.23 W, 386.15 W, and 396.92 W 

respectively.  This reduction was derived from the 

averaged operating current which dropped from 6.71 

- 5.16 A for the clean configurations to 6.06 - 5.03 A 

for the soiled configurations. The reduction in the 

operating current confirmed that dust-induced optical 

losses is shown as photocurrent penalty. The 

operating voltage in all the configurations for both 

clean and soiled modules remained nearly constant 

(𝑉̅𝑚𝑝 ≈ 65.8 V and 65.47 V) respectively for clean 

and soiled modules. The performance gap was 

therefore governed mainly by current and not the 

voltage. This is because soiling normally attenuates 

the effective irradiance 𝐺eff, which reduces the light-

generated current (𝐼𝑝ℎ ∝ 𝐺eff) almost linearly and 

MPP voltage is only weakly dependent on irradiance 

and is therefore generally less sensitive to moderate 

optical losses. 

 

3.2.1. Fixed-Tilt PV Configuration  

The simulated uniform soiling with geometric 

fractional coverage of about 32.7% decreased the 

energy of the simulated clean array from 4.41 to 4.28 

kWh/day which was a percentage loss of about 

2.95%. This relatively modest loss is expected 

because the 32.7% value represents a top-view 

geometric fractional shading and does not translate 

linearly into an equivalent diurnal beam-occlusion 

fraction. This is because projected particle shadows 

contract near solar noon under near-normal 

incidence, and diffuse irradiance is less sensitive to 

orientation. Furthermore, the adopted silica-based 

dust transmittance, 𝜏 of 0.85 represents partial 

attenuation of the unshaded surface rather than 

complete optical blockage. 

Although the reported loss was lower than values 

often reported in desert environments, published field 

studies indicate a wide variability depending on dust 

composition, deposition characteristics, and angular 

effects. For example, Pavan et al. [14] reported annual 

losses of  about 6.9% in temperate climates, whereas 

Chala et al. [41] and Al Garni [8] observed 

substantially higher reductions of up to 18 - 50% in 

arid regions associated with darker and more cohesive 

dust layers. In the present study dominated by silica 

dust, uniformly distributed fractional coverage shows 

a controlled moderate-to-high optical scenario, and 

the resolved angular-shading formulation explains 

why geometric shading does not translate directly to 

proportional energy loss. 

 

 
Figure 3. Diurnal profiles of direct normal irradiance 

(DNI), diffuse irradiance (DI), and hourly energy 

output (kWh) from a 1 kW fixed-tilt PV system 

under soiling conditions (Δt = 1 h) 

 

Figure 3 shows the diurnal profiles of the DNI, DI, 

and PV system energy output. The DNI curve peaks 

sharply around midday, showing the strong 

directional component of solar radiation, while the DI 

curve is broader and less intense due to scattering in 

the atmosphere. The PV output profile closely 

follows these irradiance patterns but consistently lags 

in magnitude. This indicate both inherent conversion 

efficiency limits and the added influence of soiling 

and suboptimal incidence angles. Of note is the 

energy output curve which rises later in the morning 

and falls earlier in the evening than the irradiance 

curves. This reveals the fixed-tilt system reduced 

capacity to capture low-angle sunlight in the early 

morning and late afternoon. The observed diurnal 

mismatch illustrates why tracking systems can 

outperform fixed-tilt designs under identical soiling 

conditions. This is achieved by their capability to 

maintain favourable orientations particularly during 

morning and evening periods. 
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3.2.2. Single-Axis Tracking PV Configuration  

Under the same uniform soiling conditions, the 

single-axis tracking system achieved a daily energy 

yield of about 5.02 kWh/day, surpassing even the 

ideal clean fixed-tilt system, which produced 4.41 

kWh/day. At first glance, this outcome may appear 

counterintuitive given the perceived extent of 

fractional dust coverage. However, it illustrates the 

inherent strength of tracking technologies which 

minimises shading losses dependent on incidence 

angle. This dynamic alignment ensures more 

favourable exposure to incoming solar radiation. This 

substantially mitigates the negative impacts of dust 

particles when compared to the static geometry of 

fixed-tilt arrays. 

 

 
Figure  4. Diurnal profiles of direct normal 

irradiance (DNI), diffuse irradiance (DI), and hourly 

energy output (kWh) from a 1 kW single-axis 

tracking PV system under soiling conditions (Δt = 1 

h) 

 

Under identical irradiance conditions shown in 

Figure 4, the single-axis tracker extended productive 

hours compared to the fixed-tilt configurations by 

reducing incidence-angle penalties during morning 

and evening periods. The fixed-tilt energy output 

generally followed these trends but was consistently 

impacted by conversion losses and dust shading. As 

such, generation begins later in the morning and ends 

earlier in the evening, indicating the system’s limited 

ability to capture oblique-angle sunlight. In contrast, 

the single-axis tracker extended the productive hours 

of energy generation by maintaining more favourable 

orientation throughout the day. This capability not 

only reduced the relative penalty of soiling but also 

allowed the system to outperform the clean fixed-tilt 

reference. 

 

3.2.3. Dual-Axis Tracking PV Configuration  

The dual-axis tracking system is capable of 

continuously adjusting both the tilt and azimuth 

angles. It delivered the highest energy yield under 

uniform soiling conditions, producing approximately 

5.16 kWh/day. This output exceeds both the soiled 

fixed-tilt system (4.28 kWh/day) and the soiled 

single-axis tracker (5.02 kWh/day). The superior 

performance could be attributed to the elimination of 

incidence-angle–dependent shadow amplification in 

the geometric beam component (cosθᵢ = 1). This leads 

to a constant projected particle area, while diffuse and 

transmittance-related losses retain their inherent 

diurnal dependence. 

 

 
Figure 5. Diurnal variation of direct normal 

irradiance (DNI), diffuse irradiance (DI), and energy 

output from a soiled dual-axis tracking PV system 

 

When compared to both fixed-tilt and single-axis 

systems, the dual-axis tracker (Figure 5) maintained a 

near-normal alignment between the PV array and the 

solar irradiance throughout the day. This had an effect 

of widening the effective energy production window 

during the day. The output curve of the dual-axis 

system closely mirrors the irradiance profiles but 

demonstrates superior temporal consistency. The 

dual-axis system exhibited higher output even during 

low-solar-elevation morning and late-afternoon hours 

compared to both fixed-tilt and single-axis systems. 

This extended energy generation reflects improved 

alignment with the direct beam irradiance 
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component, while diffuse irradiance remained 

comparatively less sensitive to the array geometry. 

The operational efficiency of the three 

configurations was averaged over the daylight hours 

of the annual-mean representative diurnal profile. 

These operational efficiencies were found to be 

approximately 22.45% for the fixed-tilt and 

respectively 21.95% and 20.80% for the single-axis 

and dual-axis configurations. This corresponds to 

relative efficiency losses of 2.95%, 5.10%, and 

10.10%, respectively. It is important to note that these 

are configuration-dependent operational efficiencies 

defined with respect to 𝐺𝑃𝑂𝐴(𝑡). Furthermore, the 

angular or soiling penalties, and the intrinsic STC 

module conversion efficiency of 23.13% were treated 

as a fixed reference electrical baseline. 

It is also important to recognise that the technical 

gains of tracking were not without trade-offs. Dual-

axis trackers are associated with higher capital 

investments, increased mechanical complexity, and 

more intensive maintenance requirements. In dusty or 

remote environments, where servicing and cleaning 

schedules may already be constrained, these demands 

can present additional operational challenges. Thus, 

while dual-axis systems clearly maximise daily yield 

and minimise shading-induced losses, their practical 

deployment requires a balanced evaluation of 

performance benefits versus economic and logistical 

realities. For many applications, especially in 

resource-limited settings, the decision may hinge not 

only on maximising technical output but also on 

ensuring long-term reliability and manageable 

lifecycle costs. 

3.3. Comparative Energy Yields Across PV 

Configurations 

Figure 6 summarises the daily energy yields of the 

different configurations together with an 

experimentally measured result for a dust-covered 

fixed-tilt array. The results highlight the distinct 

performance hierarchy across configurations and the 

pronounced benefits of solar tracking technologies. 

Under clean conditions, tracking systems were found 

to substantially outperformed the fixed-tilt baseline. 

The experimental fixed-tilt energy of 3.65 kWh/day 

diverged significantly from the simulated soiled 

fixed-tilt value (4.28 kWh/day). This lower output 

indicates additional practical losses which are 

inherent in laboratory conditions. Such losses include 

optical non-idealities, spectrum mismatch of the solar 

simulator, minor electrical losses, and unavoidable 

micro-scale non-uniformities in dust deposition that 

are not explicitly resolved in the idealised uniform-

coverage numerical model. The numerical model, 

instead, isolates angular-dependent shading under 

controlled geometric assumptions. This represents an 

idealised upper-bound estimate under identical 

fractional soiling conditions. The experimental value 

can therefore be interpreted as a lower-bound 

benchmark that validates the numerical model while 

highlighting the additional complexity of real-world 

conditions. 

Figure 7 provides further insights by comparing 

the diurnal profiles of DNI, diffuse irradiance DI, and 

hourly energy output across the three soiled 

configurations. The dual-axis tracker produced the 

highest hourly energy yield by maintaining optimal 

alignment throughout the day. The single-axis tracker 

on the other hand, also performed strongly but 

showed reduced effectiveness during the early 

morning and late afternoon, when tilt misalignment 

limited its capture of low-angle sunlight. In contrast, 

the fixed-tilt array, which is constrained by its static 

orientation, delayed the energy generation in the 

morning and ceased earlier in the evening. This 

revealed its inability to adapt to changing solar 

geometry. 
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Figure 6. Daily energy output for six PV configurations, showing ideal and soiled conditions for fixed-tilt, single-

axis tracking, and dual-axis tracking systems

 
Figure 7. Diurnal profiles of DNI, DI, and energy 

output from different configurations under soiling 

conditions 

 

The results from the present study demonstrated 

some critical points. First, tracking systems not only 

enhance performance under clean conditions but also 

sustain substantial yield advantages under soiling. 

Moreover, the time-varying incidence angle alters the 

effective projected shading which partially mitigates 

the expected transmittance-driven losses. This yields 

energy reductions in soiled fixed-tilt output which are 

smaller than expected. 

3.4. Techno-economic Performance Evaluation 

A techno-economic analysis was performed to 

evaluate the comparative performance and cost-

effectiveness of the seven configurations. The 

analysis was based on a standard 500 W solar module 

used in the present study. The market-aligned costs 

were taken as follows; US$150 for the panel, US$30 

for a fixed-tilt mount, US$100 for a single-axis 

tracker, and US$200 for a dual-axis tracker. 

Accordingly, the estimated capital expenditures 

(CAPEX) were US$180 for fixed-tilt, US$250 for 

single-axis, and US$350 for dual-axis configurations 

(See table 3 and Figure 8). 

 

Table 3. Daily energy yield, capital expenditure (CAPEX), and energy-per-dollar performance (kWh/day/US$) for 

seven PV system configurations under ideal, soiled, and experimental conditions 

Configuration Daily Energy (kWh) CAPEX (US$) kWh/day/US$ 

Ideal fixed-tilt 4.41 180 0.0245 

Ideal single-axis 5.29 250 0.0212 

Ideal dual-axis 5.74 350 0.0164 

Soiled fixed-tilt 4.28 180 0.0238 

Soiled single-axis 5.02 250 0.0201 

Soiled dual-axis 5.16 350 0.0147 

Experimental fixed-tilt 3.65 180 0.0203 
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Table 4. Levelised cost of energy (LCOE) for seven PV system configurations over a 25-year lifetime, 

incorporating capital expenditure (CAPEX), discounted operation and maintenance (O&M) costs, and discounted 

lifetime energy yields 

Configuration Daily 

Energy 

(kWh) 

CAPEX 

(US$) 

O&M rate 

(%CAPEX/yr) 

PV Energy 

(kWh, 

discounted 

over 25y) 

PV Costs 

(US$, 

discounted) 

LCOE 

(US$/kWh) 

Ideal fixed-tilt 4.41 180 1.0 16497.6 199.21 0.0121 

Soiled fixed-tilt 4.28 180 1.0 16011.3 199.21 0.0124 

Experimental fixed-tilt 3.65 180 1.0 13654.5 199.21 0.0146 

Ideal single-axis 5.29 250 1.5 19789.6 290.03 0.0147 

Soiled single-axis 5.02 250 1.5 18779.6 290.03 0.0154 

Ideal dual-axis 5.74 350 2.0 21473.1 424.72 0.0198 

Soiled dual-axis 5.16 350 2.0 19303.3 424.72 0.022 

 

 

 
Figure 8. Comparison of daily energy output (blue bars, left axis) and cost-efficiency (red line, right axis) across 

different PV system configurations under ideal and soiled conditions

The fixed-tilt configuration reported the highest 

cost efficiency of 0.0245 kWh/day/US$ under clean 

conditions and 0.0238 kWh/day/US$ under soiling 

when assessed in terms of energy-per-dollar invested. 

The experimental fixed-tilt case had a cost efficiency 

of 0.0203 kWh/day/US$ which outperformed both 

single- and dual-axis tracking systems on this metric. 

In contrast, while tracking systems were technically 

superior in absolute energy generation, they exhibited 

lower cost efficiency due to their higher CAPEX, 

with dual-axis tracking recording the lowest values in 

the range 0.0147 - 0.0164 kWh/day/US$. When 

benchmarked against a reference electricity tariff of 

US$0.10/kWh, daily revenue potential ranged from 

US$0.36/day for the experimental fixed-tilt system to 

US$0.57/day for the ideal dual-axis tracker. Despite 

the latter’s revenue advantage, fixed-tilt systems 

offered shorter simple payback periods because of 

their lower upfront investment and higher energy-per-

dollar ratios. 

Table 4 presents the levelized Cost of Energy 

(LCOE) for the different configurations. The results 

revealed a clear performance–cost trade-off in which 

fixed-tilt systems emerged as the most cost-effective, 

with LCOE values in the range US$0.0121 - 

0.0124/kWh under clean and soiled conditions. Even 

the experimental fixed-tilt configuration, which 

delivered lower output due to dense laboratory dust 

coverage, achieved an LCOE of US$0.0146/kWh, 

which is still competitive in comparison to tracking 
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systems. Single-axis trackers on one hand achieved 

higher absolute energy yields. However, this came at 

the expense of higher capital and Operation and 

Maintenance (O&M) costs which raising their LCOE 

to US$0.0147 - 0.0154/kWh. Dual-axis systems 

exhibited the highest LCOEs ranging from 

US$0.0198 - 0.0220/kWh due to their high cost 

despite being technically superior in terms of daily 

output. These findings underscore a fundamental 

trade-off in which tracking maximises energy 

generation, while fixed-tilt maximises cost-

efficiency. Under the controlled modelling 

assumptions and comparative energy estimates 

adopted in this study, fixed-tilt systems provided the 

strongest economic case in dust-prone regions, while 

tracking systems may still be justified where 

maximising yield is prioritised over minimising unit 

energy cost. It should be noted that the techno-

economic evaluation presented here was intended as 

a comparative decision-support analysis under 

controlled cost assumptions rather than a full 

discounted cash-flow feasibility assessment. 

Parameters such as discount rate variation, tracker 

maintenance escalation under severe dust exposure, 

and dynamic cleaning costs were not explicitly varied 

in this framework. The primary objective was to 

evaluate relative performance-cost trade-offs across 

configurations under identical modelling conditions. 

Accordingly, the reported payback and LCOE 

metrics should be interpreted as indicative 

comparisons rather than site-specific investment 

forecasts. 

3.5. Limitations, Recommendations, and 

Implications for PV System Design in Dusty 

Environments 

The limitations identified in this study provide a 

roadmap for future research directions. The current 

numerical framework may be improved by the 

integration of dynamic environmental processes. 

These include time-varying dust deposition, wind-

driven resuspension, and precipitation-induced 

cleaning effects which will reflect the evolving nature 

of soiling in real-world settings. Moreover, 

incorporating transient atmospheric conditions and 

spatially resolved thermal effects would improve the 

predictive realism and operational relevance of future 

models. Field validation which considers the 

heterogeneous nature of dust properties and varying 

climatic conditions are also critical to strengthen the 

applicability of the findings. 

In addition to these recommendations, the 

findings bear some important practical implications 

for PV system design, particularly in dusty 

environments. The comparative analysis 

demonstrated that dynamic solar tracking systems 

substantially mitigate the adverse effects of dust-

induced shading and achieved up to 30% energy yield 

improvements over static installations, even under 

considerable soiling conditions. This reinforces the 

strategic advantage of tracking technologies in 

regions prone to dust accumulation. 

However, the adoption of tracking systems 

requires some considerations with regards to the 

trade-offs. These include higher capital costs, 

mechanical complexity, and increased maintenance 

demands. Single-axis trackers emerge as a promising 

compromise, offering significant performance gains 

over fixed-tilt systems while avoiding the higher 

costs and operational intricacies associated with dual-

axis trackers. As such, system designers and 

operators must balance technical performance with 

site-specific economic, operational, and logistical 

factors when selecting an appropriate configuration. 

 

4. Conclusions 

The present study developed and validated a 

comprehensive numerical framework to evaluate the 

time-dependent impacts of dust-induced shading. 

Three different configurations including fixed-tilt, 

single-axis tracking, and dual-axis tracking were 

evaluated and analysed. The developed the model 

provided a realistic assessment of soiling losses than 

conventional static approaches. This was achieved 

through explicitly resolving diurnal variations in 

incidence angles and distinguishing between direct 

and diffuse irradiance. It should be emphasised that 

the framework isolates incidence-angle-dependent 

optical shading under controlled uniform coverage 

conditions. As such, it does not explicitly resolve cell-

level mismatch, bypass diode activation, or spatially 

heterogeneous deposition patterns encountered in 

field environments. Accordingly, the results should 

be interpreted as mechanistic upper-bound 

performance comparisons under uniform soiling 

assumptions, rather than direct predictions of 

heterogeneous field degradation. Laboratory 

experiments under controlled dust coverage 

confirmed the ability of this framework to capture 

angular-dependent shading dynamics reliably. 

The results showed that while tracking systems 

substantially reduce direct shading through improved 

orientation, their advantage is less pronounced for 

diffuse shading. Nevertheless, both single- and dual-

axis trackers consistently outperformed even clean 

fixed-tilt systems under uniform dust coverage of 

~32.7%, indicating the geometric benefits of dynamic 
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alignment. A techno-economic evaluation further 

revealed a critical trade-off where tracking maximises 

absolute energy yield while fixed-tilt systems remain 

the most cost-effective option due to their lower 

capital and maintenance requirements. 

These insights carry important implications for 

PV deployment in dusty regions. Dual-axis trackers 

provide the strongest technical resilience and 

maximise output. However, their higher costs and 

operational complexity may limit suitability in 

resource-constrained settings. Single-axis trackers 

offer a compromise between yield and cost, while 

fixed-tilt systems remain the most economically 

attractive where simplicity and reliability are 

prioritised. 

Future work should incorporate spatially non-

uniform soiling, heterogeneous dust properties, and 

dynamic deposition–cleaning processes to improve 

real-world predictive accuracy and enable optimised 

cleaning, tilt, and tracking control strategies in dust-

prone environments. 

 

Nomenclature 

a Major axis of elliptical shadow (due to diffuse 

irradiance) 

Ac Active module area 

Ad Instantaneous diffuse shaded area due to dust 

Ad,t Total daily diffuse shaded area (integrated 

from Ad) 

Ag Instantaneous direct shaded area due to dust 

Ag,t Total daily direct shaded area (integrated from 

Ag) 

b Minor axis of elliptical shadow; defined as 

equal to the particle radius (r) 

E(t) Instantaneous PV energy output at time t, 

adjusted for shading and losses 

n Number of dust particles per unit area 

r Radius of spherical dust particle 

T Module temperature 

T(θi) Angular-dependent transmissivity factor 

TSTC Standard test condition temperature (25 °C) 

α Temperature coefficient 

β Tilt angle of the PV panel 

β(t) Time-varying tilt angle for dual-axis tracker 

γ Azimuth angle of the PV panel surface 

γ(t) Time-varying azimuth angle for dual-axis 

tracker 

γs Solar azimuth angle (sun position) 

δ Solar declination 

θi Incidence angle on the tilted PV module 

θz Solar zenith angle 

ϕ Geographic latitude 

ω Hour angle 
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