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Abstract 

Dust accumulation on photovoltaic (PV) modules is a major source of performance degradation in dusty environments, 
leading to reduced energy yield and increased operation and maintenance requirements. This study presents a com-
prehensive experimental evaluation of different PV cleaning methods under controlled and field-representative dusty 
conditions. A field-based experiment was conducted at a solar test site in Kampala, Uganda, using 15 identical 100 W 
monocrystalline silicon PV modules arranged in a triplicate design. Controlled laterite-based dust was applied at stand-
ardized densities of 10, 20, and 30 g/m2 to simulate light, moderate, and heavy soiling conditions. Five cleaning strategies 
were investigated: no cleaning (control), manual brushing with water, mechanical wiping, automated robotic cleaning, 
and electrostatic cleaning. Module performance was monitored at 15-min intervals between 10:00 and 15:00 using 
calibrated irradiance, temperature, and current–voltage measurement systems. Each dust-level tests was repeated on 5 
clear-sky days. Dust was characterized in terms of particle size distribution, morphology, and composition to support 
the interpretation of soiling behavior and cleaning effectiveness. Statistical analysis was conducted using two-way analy-
sis of variance (ANOVA), Tukey HSD post-hoc testing, and regression modeling, complemented by uncertainty propaga-
tion and effect size evaluation. In addition to instantaneous efficiency, cumulative energy yield was calculated to assess 
practical performance implications. The results show that PV efficiency decreases systematically with increasing dust 
density, with uncleaned modules exhibiting substantial performance losses. All cleaning methods significantly improved 
module efficiency relative to the control (p < 0.001). Automated robotic cleaning achieved the highest efficiency 
and energy yield across all dust levels, while electrostatic and mechanical cleaning demonstrated comparable intermedi-
ate performance. Manual cleaning provided moderate improvement but was limited by water and labor requirements. 
Regression analysis revealed a strong linear relationship between dust density and efficiency loss (R2 > 0.99), confirming 
the predictability of soiling effects. Techno-economic analysis further showed that while robotic cleaning offers the best 
technical performance, its economic viability depends on system scale and local cost conditions. This study provides 
a high-resolution, controlled, and statistically robust comparison of PV cleaning strategies in a dust-intensive urban envi-
ronment. The findings offer practical and context-aware guidance for optimizing PV maintenance strategies, highlight-
ing the importance of combining technical performance, resource efficiency, and economic considerations to enhance 
the reliability and sustainability of solar energy systems in dusty regions.
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Introduction
The global transition toward renewable energy has 
positioned solar photovoltaic (PV) technology as a cor-
nerstone of sustainable electricity generation. Declin-
ing module costs, policy incentives, and improved 
conversion efficiencies have accelerated PV deploy-
ment across diverse climatic regions, including rapidly 
urbanizing areas in sub-Saharan Africa (Demirci et al., 
2026; Kichonge & Mwakapoma, 2026; Uzorka et  al., 
2026). Despite these advances, the operational per-
formance of PV systems in real-world environments 
often deviates from their rated capacities due to envi-
ronmental stressors, among which dust accumula-
tion, commonly referred to as soiling, remains one of 
the most persistent and underestimated challenges 
(Alshareef, 2023; Hesham et  al., 2026; Uzorka et  al., 
2026). Soiling reduces solar irradiance transmittance 
through the module glass surface, leading to decreased 
power output, localized heating, and long-term reli-
ability concerns (Maghami, 2025; Rahman et  al., 2025; 
Shahzad et  al., 2025). In dust-prone environments, 
efficiency losses ranging from 10% to over 30% have 
been reported depending on exposure duration, parti-
cle composition, and meteorological conditions (Aissi 
et al., 2025; Yakubu et al., 2025; Zhang et al., 2026).

The magnitude of soiling losses presents a significant 
operational and economic problem. Even modest effi-
ciency reductions translate into substantial energy yield 
deficits over the lifespan of a PV installation, thereby 
affecting return on investment and grid reliability 
(Aziz et  al., 2024)., This issue is particularly critical 
in developing regions where solar energy is increas-
ingly relied upon to bridge electricity access gaps and 
enhance energy security. In many urban and peri-urban 
areas characterized by construction activities, unpaved 
roads, seasonal dryness, and wind-driven particulates, 
dust deposition rates can be considerable, yet cleaning 
practices are often inconsistent or poorly optimized. 
As PV deployment expands under such environmental 
conditions, identifying effective, sustainable, and eco-
nomically viable cleaning strategies becomes essential.

The mechanisms governing PV soiling are strongly 
influenced by dust properties, including particle size 
distribution, morphology, chemical composition, and 
optical characteristics. Experimental investigations 
have shown that fine particles (< 10 µm) contribute dis-
proportionately to optical attenuation due to enhanced 
adhesion and light scattering, while coarse particles 
contribute to surface coverage and shading effects 
(Chanchangi et  al., 2020). In addition, environmental 
parameters such as humidity, wind speed, and rain-
fall play a critical role in dust deposition and removal 
processes. Field studies conducted in Northern Nigeria 

demonstrated that soiling rates and performance deg-
radation are highly sensitive to seasonal weather varia-
tions, with prolonged dry periods leading to accelerated 
efficiency losses (Chanchangi et  al., 2021). These find-
ings highlight the importance of considering both dust 
characteristics and climatic conditions when evaluating 
PV cleaning strategies.

Within the African context, several studies have 
reported significant soiling-related performance degrada-
tion across different regions. Investigations in West and 
East Africa indicate that PV systems operating in urban 
and semi-arid environments can experience efficiency 
losses comparable to those observed in desert regions, 
particularly during dry seasons with high particulate con-
centrations (Chanchangi et al., 2022; Ebhota & Tabakov, 
2023; Mwebe et  al., 2025). More recent studies in sub-
Saharan Africa emphasize the growing importance of 
maintenance strategies as solar deployment expands in 
dust-prone urban settings (Uzorka et  al., 2026). Despite 
these contributions, there remains a lack of detailed com-
parative studies focusing on cleaning performance under 
controlled and region-specific dust conditions.

Various cleaning methods have been proposed and 
investigated to mitigate soiling effects, including manual 
washing with water, mechanical brushing systems, auto-
mated robotic cleaners, electrostatic dust removal, and 
emerging self-cleaning surface technologies. Manual 
cleaning remains the most widely practiced method due 
to its simplicity; however, it is labor-intensive and con-
sumes significant amounts of water, raising sustainability 
concerns in water-scarce regions (Akteruzzaman, 2025; 
Dixit et al., 2026; Fonseka & Sellami, 2025). Mechanical 
and robotic cleaning systems have demonstrated prom-
ising performance in maintaining high irradiance trans-
mission while reducing labor requirements (Al-Omari 
et  al., 2025; Mishra et  al., 2025; Murshiduzzaman et  al., 
2025). Electrostatic cleaning techniques, which rely on 
electrically induced forces to detach dust particles, offer 
a water-free alternative and have shown encouraging 
results in controlled experiments (Chiteka & Enwere-
madu, 2025; Dickhardt et al., 2025; Mashuk et al., 2025).

In addition to these conventional approaches, self-
cleaning strategies based on advanced surface engi-
neering have gained increasing attention. These include 
hydrophobic and superhydrophilic coatings, photocata-
lytic surfaces, and nanostructured materials designed 
to reduce dust adhesion and enhance natural cleaning 
through rainfall or condensation. Studies have shown 
that such functional surfaces can reduce dust accumu-
lation and maintain higher optical transmittance over 
time, although their long-term durability and cost-effec-
tiveness remain areas of active research (Qin & Lu, 2023; 
Rajbahadur et al., 2024; Thongsuwan et al., 2022). While 
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self-cleaning technologies are promising, they are not 
yet widely adopted in large-scale PV installations, par-
ticularly in developing regions, due to cost and durability 
considerations.

Despite the availability of multiple cleaning technolo-
gies, a notable gap in the literature lies in the scarcity of 
studies that systematically compare different cleaning 
methods under identical environmental conditions using 
controlled soiling and high temporal resolution data. 
Many previous investigations focus on single cleaning 
approaches, short-term laboratory simulations, or desert 
environments with extreme soiling characteristics. Con-
sequently, there is limited empirical evidence regarding 
the relative effectiveness of different cleaning technolo-
gies in non-desert yet dust-intensive urban contexts, par-
ticularly within sub-Saharan Africa. Furthermore, few 
studies incorporate dust quantification, physicochemical 
characterization, uncertainty analysis, and techno-eco-
nomic evaluation within a unified experimental frame-
work. These limitations hinder the ability to draw robust 
and practically relevant conclusions regarding optimal 
cleaning strategies.

Motivated by these gaps, the present study provides 
a comprehensive comparative evaluation of five clean-
ing conditions—no cleaning, manual brushing with 
water, mechanical wiping, automated robotic cleaning, 
and electrostatic cleaning—using 15 identical PV mod-
ules arranged in a triplicate experimental design. This 
work employs controlled laterite-based dust deposition 
at standardized levels of 10, 20, and 30  g/m2, enabling 
direct correlation between dust density and PV perfor-
mance. The dust was characterized in terms of particle 
size distribution, morphology, and composition to better 
understand its influence on soiling behavior and clean-
ing effectiveness. Performance was monitored at 15-min 
intervals between 10:00 and 15:00 under outdoor field 
conditions, and results were analyzed using two-way 
analysis of variance (ANOVA), Tukey HSD post-hoc 
testing, and regression modeling. In addition to instan-
taneous efficiency, the study incorporates uncertainty 
propagation, effect size analysis, and cumulative energy 
yield evaluation to provide a more comprehensive assess-
ment of PV performance. A techno-economic analysis is 
also included to evaluate the cost-effectiveness of the dif-
ferent cleaning strategies within the Ugandan context. By 
integrating controlled experimentation, high-resolution 
monitoring, statistical rigor, and economic analysis, this 
study provides robust and practically relevant insights 
into PV cleaning performance in dusty urban environ-
ments. The findings contribute to a deeper understand-
ing of soiling mitigation and support the development 
of optimized operation and maintenance strategies for 

sustainable solar energy deployment in sub-Saharan 
Africa and similar regions worldwide.

Materials and methods
This study adopted a controlled experimental field meth-
odology to evaluate and compare the effectiveness of dif-
ferent photovoltaic (PV) module cleaning methods under 
standardized dusty conditions. Unlike natural outdoor 
dust exposure, which may vary spatially and temporally, 
the present study employed controlled artificial soiling to 
ensure uniform dust loading and repeatable comparison 
across cleaning methods. The experiment was conducted 
at an outdoor solar test field in Kampala, Uganda, under 
clear-sky conditions representative of tropical urban 
environments.

A total of 15 identical 100 W monocrystalline silicon 
PV modules were used in the study. The modules were 
divided into five experimental groups, corresponding to 
the cleaning strategies investigated: uncleaned control, 
manual brushing with water, mechanical wiper clean-
ing, automated robotic wiping, and electrostatic clean-
ing. Each cleaning method was represented by three 
replicate panels, giving a total of 15 modules. All mod-
ules had a rated maximum power voltage of 18.5  V, a 
maximum power current of 5.41 A, a temperature coef-
ficient of − 0.45%/°C, and an effective active area of 0.65 
m2. Before the experiment, all modules were visually 
inspected and electrically tested to confirm comparable 
baseline performance. The modules were installed out-
doors at a fixed tilt angle of 20° and oriented for maxi-
mum solar exposure. By maintaining a consistent tilt 
angle across all modules, the present study isolates the 
effects of cleaning method and dust density without 
introducing additional variability from geometric factors. 
Therefore, the reported performance differences can be 
attributed primarily to the cleaning strategies rather than 
installation angle. Also, care was taken to ensure that all 
panels experienced similar irradiance, wind exposure, 
and ambient environmental conditions. The experiment 
was based on controlled application of laterite-based 
dust, selected because it is representative of mineral-rich 
dust commonly encountered in Kampala from exposed 
soils, road shoulders, and construction activities. Fig-
ure 1a is the experimental setup and the schematic of the 
experimental setup, shown in Fig. 1b.

Because PV soiling behavior depends strongly on 
dust physicochemical properties, the laterite-based 
test dust was characterized before use. Particle-size 
distribution was determined by sieve analysis for the 
coarser fraction and laser diffraction for the fine frac-
tion. Morphology was examined using scanning elec-
tron microscopy (SEM), while elemental composition 
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was determined using energy-dispersive X-ray spec-
troscopy (EDS). Mineralogical constituents were iden-
tified by X-ray diffraction (XRD). These analyses were 
included to establish the representativeness of the dust 
and to allow interpretation of soiling effects in relation 
to particle size, angularity, and composition. To impose 
standardized soiling conditions, the laterite dust was 
air-dried, sieved, and weighed before application. Dust 

loading was expressed as mass per unit surface area (g/
m2) and was applied at three levels: 10, 20, and 30  g/
m2, representing light, moderate, and heavy soil-
ing conditions, respectively. For each experimental 
run, the required dust mass was calculated from the 
exposed panel area and then uniformly spread over 
the front glass surface of each module. The same set of 
replicate panels for each cleaning method was tested 

Fig. 1  a The experimental setup. b Schematic diagram of the test system
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sequentially under all three dust densities in separate 
runs. After each run, cleaned groups were restored 
according to their assigned cleaning method, and the 
next dust level was then applied. In this way, dust den-
sity was treated as a controlled experimental variable 
rather than a permanent attribute of a specific panel. 
The uncleaned control modules were left soiled during 
each test cycle. Manual brushing was performed using 
a soft non-abrasive brush and water. Mechanical wiper 
cleaning was carried out using a fixed-contact wiping 
mechanism. Automated robotic cleaning employed a 
programmed wiping device moving at constant speed 
over the panel surface. Electrostatic cleaning used a 
dust-removal device based on electrostatic repulsion. 
All cleaning operations were performed before the next 
experimental cycle to ensure repeatable and compara-
ble starting conditions.

Electrical and environmental measurements were taken 
throughout the day for each test condition. Solar irra-
diance incident on the plane of the array was measured 
using a calibrated pyranometer placed adjacent to the PV 
modules. Module back-surface temperature and ambient 
temperature were measured using calibrated thermocou-
ples connected to a data logger. Current–voltage meas-
urements were obtained using maximum power point 
tracker. Data were recorded at 15-min intervals from 
10:00 to 15:00, corresponding to the period of stable and 
relatively high solar irradiance. Measurements affected 
by transient shading, cloud interruption, or sensor mal-
function were excluded during data quality screening.

The instantaneous output power of each module was 
determined at the maximum power point, and conver-
sion efficiency was calculated as

where Pout is the electrical output power, G is the inci-
dent solar irradiance, and A is the effective module area.

Each dust-loading condition was repeated on five 
clear-sky days, and the results reported in this study are 
expressed as mean ± standard deviation of the three rep-
licate modules for each cleaning method at each time 
point. This design ensured robust comparison of cleaning 
performance while accounting for day-to-day environ-
mental variability.

To complement the instantaneous efficiency analysis, 
the daily energy yield for each PV module was calculated 
by integrating the measured power output over the mon-
itoring period from 10:00 to 15:00. Because measure-
ments were recorded at 15-min intervals, the energy yield 
was estimated as

(1)η(%) =
Pout

G × A
× 100

where Pi is the measured output power at time interval i, 
Δt = 0.25 h, and n is the number of measurement inter-
vals. The resulting energy values were expressed in Wh 
per day for the monitored time window. This allowed 
comparison of cumulative performance among cleaning 
methods and dust densities, beyond instantaneous power 
and efficiency alone.

Measurement uncertainty was evaluated for the prin-
cipal quantities used in the efficiency calculation, namely 
output power, solar irradiance, and module area. The 
combined uncertainty in photovoltaic (PV) efficiency was 
estimated using standard error propagation techniques. 
The relative uncertainty in efficiency was determined 
from

where µη , µp , µG , and µA represent the uncertainties in 
efficiency, output power, irradiance, and module area, 
respectively. The uncertainty in power measurement was 
derived from the accuracy of the maximum power point 
tracking system, while the irradiance uncertainty was 
based on the calibration specifications of the pyranom-
eter used in the experiment. The uncertainty in module 
area was determined from dimensional measurement tol-
erance and was relatively small due to the fixed geometry 
of the panels. The reported ± values in the performance 
tables reflect the combined effects of replicate variability 
and measurement uncertainty. This approach provides 
a more rigorous and reliable basis for interpreting dif-
ferences in PV efficiency among the cleaning methods, 
ensuring that the observed performance variations are 
not artifacts of measurement error.

Statistical analysis was performed to determine 
the significance of differences in PV efficiency among 
cleaning methods and dust densities. Because the 
study involved two controlled factors, namely clean-
ing method and dust density, a two-way analysis of 
variance (ANOVA) was used. ANOVA was still deemed 
robust due to the balanced experimental design and the 
use of replicate measurements. This approach is con-
sistent with standard statistical practice in PV perfor-
mance studies (Al Hazza et al., 2024; Li & Howe, 2023). 
In addition, the underlying statistical assumptions of 
normality and homogeneity of variance were evaluated 
to ensure the validity of the test results. The normal-
ity of residuals was assessed using the Shapiro–Wilk 
test, complemented by visual inspection of Q–Q plots. 
Homogeneity of variances across groups was tested 
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using Levene’s test. The results indicated that the resid-
uals were approximately normally distributed and that 
variances were statistically homogeneous across clean-
ing methods and dust density levels (p > 0.05). Tukey’s 
honestly significant difference (HSD) post-hoc test was 
applied for pairwise comparison of means. Regression 
analysis was also conducted to evaluate the relationship 
between dust density and PV module efficiency. All sta-
tistical analyses were performed at a 95% confidence 
level.

To complement the technical performance assess-
ment, a techno-economic evaluation was conducted 
for all cleaning methods. The analysis considered the 
direct operational costs associated with each cleaning 
strategy, including water use, labor, electricity con-
sumption, equipment cost, and maintenance require-
ments. Because the study was conducted in Uganda, 
the cost inputs were interpreted primarily within the 
Ugandan operational context, where labor costs are rel-
atively low, water availability may vary seasonally, and 
imported automation equipment may involve higher 
capital expenditure. However, the analytical framework 
is general and may also be adapted to other locations 
by substituting local cost parameters. The techno-eco-
nomic analysis was conducted assuming continuous 
system operation over a full year of 365 days. The moni-
tored energy production window (10:00–15:00) was 
considered representative of the dominant daily energy 
generation period and was therefore scaled to approxi-
mate daily operation. The monetary value of electric-
ity was estimated using a representative Ugandan tariff 
of 0.20 USD/kWh (UEDCL,  2026). For each cleaning 
method, the daily cleaning cost per module was esti-
mated as

where Cd is the daily cleaning cost, Clab the labor cost, 
Cwater the water cost, Cenergy the electricity cost, Cmaint the 
maintenance cost, and Ccap is the amortized capital cost 
of cleaning equipment. The economic benefit of clean-
ing was quantified from the additional recoverable daily 
energy yield relative to the uncleaned control. The added 
energy benefit was calculated as

where Eclean is the daily energy yield of a cleaned mod-
ule and Econtrol is that of the uncleaned module. The daily 
monetary value of recovered energy was then estimated 
as

(4)Cd = Clab + Cwater + Cenergy + Cmaint + Ccap

(5)�E = Eclean − Econtrol

(6)Bd = �E × T

where Bd is the daily benefit and T is the electricity tariff 
or value of generated electricity. A benefit–cost ratio was 
calculated as

Annual energy gain:

Annual energy value:

Annual O&M cost:

Net benefit:

Payback:

Results
The physicochemical properties of the laterite-based 
dust are presented in Table 1 and Fig. 2. The particle size 
distribution shows that the dust is dominated by fine-to-
medium particles, with a mean diameter of 28.6 ± 3.2 µm 
and a median diameter (D50) of 24.1 ± 2.8  µm. Approxi-
mately 18.5% of the particles fall within the fine fraction 
(< 10 µm), which is particularly important for photovol-
taic (PV) soiling because fine particles exhibit strong 
adhesion to glass surfaces and contribute significantly to 
optical attenuation.

Figure  2a(i) is SEM image of the laterite dust and 
Fig. 2a(ii) is the particle size distribution. The SEM anal-
ysis reveals that the particles are predominantly irregu-
lar and angular with rough and porous surface textures. 
These morphological features enhance mechanical inter-
locking and increase resistance to removal, explaining the 
persistence of dust on the module surface. The rough sur-
face also promotes multiple scattering of incident light, 
reducing optical transmittance.

The mineralogical composition identified by XRD 
(Fig. 2b) confirms quartz, hematite, and kaolinite as the 
dominant phases. The presence of hematite (Fe2O3) is 
particularly significant due to its strong absorption in the 
visible region of the solar spectrum, which contributes to 
reduced photon transmission to the solar cells. Quartz 
contributes to the abrasive and scattering properties of 

(7)BCR =
Bd

Cd

(8)Eannual =
Daily Energy Gain(Wh)

1000
× 365

(9)Value = Eannual × tariff

(10)O&M = Cd × 365

(11)Net = Energy Value− O&M

(12)Payback =
Co

Annual Benefit
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the dust, while kaolinite enhances adhesion due to its 
plate-like structure.

EDS analysis (Fig. 2c) shows that the dust is primarily 
composed of oxygen (46.2 ± 1.8 wt%), silicon (22.8 ± 1.5 
wt%), iron (18.7 ± 1.2 wt%), and aluminum (12.3 ± 1.0 
wt%), consistent with the mineralogical composition 
obtained from XRD. These results confirm that the dust 
is mineral-rich and typical of lateritic soils. The com-
bined effects of particle size, morphology, and composi-
tion explain the observed efficiency losses and highlight 
the importance of effective cleaning strategies, particu-
larly for strongly adhering, iron-rich dust.

Table  2 summarizes the measurement uncertainties 
associated with the key variables used in PV perfor-
mance evaluation, along with the propagated uncertainty 
in calculated efficiency. The dominant sources of uncer-
tainty arise from irradiance measurement and power 
determination, while the contribution from module 
area is minimal due to its fixed geometry. The combined 
relative uncertainty in efficiency was estimated to range 
between ± 3.6 and ± 4.2%, depending on operating condi-
tions. Importantly, the observed differences in efficiency 
among cleaning methods exceed the calculated uncer-
tainty bounds, confirming that the reported performance 
improvements are statistically and experimentally signifi-
cant rather than artifacts of measurement error.

The results of the peak power output at peak irradi-
ance of 930 ± 50 (W/m2) are presented in Table 3 for all 
dust densities. The data clearly show that power output 
decreases with increasing dust density for all cases, but 
the magnitude of reduction varies significantly depending 
on the cleaning method. The uncleaned control module 
exhibited the lowest power output at all dust levels, con-
firming that dust deposition reduces incident irradiance 

and consequently electrical output. At 30 g/m2, the con-
trol module produced only 86.7 ± 4.7 W, representing 
substantial degradation relative to cleaner conditions.

All cleaning methods improved power output com-
pared to the control. Among the manual methods, brush-
ing increased power moderately, while the mechanical 
wiper achieved consistently higher values due to more 
uniform particle removal. Advanced cleaning methods 
showed superior performance: electrostatic cleaning 
enhanced output further, while the automated robotic 
system delivered the highest power across all dust densi-
ties. Even at heavy soiling (30 g/m2), the robotic system 
maintained 102.1 ± 4.7 W, indicating strong resilience to 
dust accumulation.

Overall, the results demonstrate that while dust density 
negatively affects PV performance, appropriate cleaning 
strategies particularly automated systems can substan-
tially mitigate these losses. The time-based data of the 
effect of controlled dust deposition on photovoltaic (PV) 
module performance is presented in Appendix Tables 11, 
12 and 13.

Table  4 presents the corresponding peak conversion 
efficiencies for all cleaning methods under identical 
dust density conditions. A consistent trend is observed 
in which efficiency declines with increasing dust den-
sity for all cases; however, the rate of decline is strongly 
dependent on the cleaning approach. The control mod-
ule showed the lowest efficiencies, decreasing from 
13.2 ± 0.5% at 10  g/m2 to 11.4 ± 0.6% at 30  g/m2, repre-
senting a significant performance loss due to soiling. 
Manual brushing improved efficiency across all dust 
levels, though its effectiveness diminished slightly at 
higher dust densities due to incomplete removal of fine 
or adhered particles.

Table 1  Physicochemical properties of laterite-based test dust

Property Parameter Result

Particle-size distribution Mean particle diameter (µm) 28.6 ± 3.2

Median diameter, D50 (µm) 24.1 ± 2.8

Fine fraction (< 10 µm, %) 18.5 ± 1.6

Coarse fraction (> 50 µm, %) 21.3 ± 2.1

Morphology (SEM) Particle shape Irregular, angular

Surface texture Rough, porous

Elemental composition (EDS/EDX, wt%) O 46.2 ± 1.8

Si 22.8 ± 1.5

Fe 18.7 ± 1.2

Al 12.3 ± 1.0

Mineralogy (XRD) Dominant phases Quartz (SiO₂), hema-
tite (Fe₂O₃), kaolinite 
(Al₂Si₂O₅(OH)₄)

Bulk density (g/cm3) 1.32 ± 0.05
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Fig. 2  a (i) SEM image of laterite dust (ii) Particle-size distribution. b XRD pattern of laterite dust. c EDS spectrum

Table 2  Measurement uncertainties and propagated uncertainty in PV efficiency

Quantity Symbol Measured range Instrument/method Absolute uncertainty Relative 
uncertainty 
(%)

Solar irradiance G 710–930 W/m2 Secondary standard pyranometer  ± 25 W/m2  ± 2.7–3.5

Output power Pout 67.7–108.3 W MPP tracker  ± 2.0 W  ± 1.8–3.0

Module area A 0.65 m2 Tape measurement  ± 0.003 m2  ± 0.5

Module temperature Tm 28–55 °C Type-K thermocouple  ± 1.0 °C –

Ambient temperature Ta 25–35 °C Type-K thermocouple  ± 1.0 °C –

Efficiency (propagated) η 11.4–15.5% Derived from P, G, A –  ± 3.6–4.2
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The mechanical wiper outperformed manual brushing, 
maintaining higher efficiency values through improved 
cleaning uniformity. More advanced techniques deliv-
ered even better performance: electrostatic cleaning 
achieved efficiencies above 14% across all dust condi-
tions, while the automated robotic system consistently 
produced the highest efficiencies, reaching 15.5 ± 0.4% at 
low dust density and maintaining 14.6 ± 0.4% even under 
heavy soiling. These results confirm that while increasing 
dust density degrades PV efficiency, advanced cleaning 
technologies particularly robotic systems, offer the most 
effective mitigation, sustaining high conversion efficiency 
even under severe soiling conditions.

Although electrostatic cleaning achieved substantial 
improvement in PV power output and efficiency rela-
tive to the uncleaned control, its performance remained 
slightly lower than that of the automated robotic system 
across all dust densities. This difference can be explained 
by the physicochemical characteristics of the laterite-
based dust used in the study. The dust contained a broad 
particle size distribution with both fine and coarse frac-
tions, as well as irregular, angular particles with rough 
surfaces. Electrostatic cleaning is generally most effec-
tive for fine, loosely adhered, and dry particles because 
removal depends on electrostatic detachment forces 
overcoming particle adhesion. However, larger parti-
cles and irregular mineral grains may exhibit stronger 
mechanical interlocking and gravitational settling, which 
reduce the effectiveness of electrostatic removal alone. 
In addition, the presence of clay-rich and iron-rich com-
ponents in lateritic dust may increase adhesion through 
surface charge interactions and moisture-assisted cohe-
sion under ambient outdoor conditions. By contrast, the 
robotic wiper provides direct physical contact with the 

module surface, enabling more complete removal of both 
fine and coarse adhered particles. This likely explains the 
consistently higher efficiency observed for robotic clean-
ing, particularly under moderate and heavy dust loading.

The consolidated presentation highlights clear per-
formance hierarchies among the cleaning methods. 
Across all dust densities, the ranking remains consist-
ent: robotic > electrostatic > mechanical wiper > manual 
brushing > control. The relative improvement becomes 
more pronounced at higher dust densities, indicating that 
advanced cleaning methods are particularly beneficial 
under severe soiling conditions. For instance, at 30 g/m2, 
the robotic system improves efficiency by approximately 
28% relative to the control, demonstrating its effective-
ness in maintaining PV performance in dusty environ-
ments such as semi-arid and urban regions.

Overall, these findings emphasize the importance of 
selecting appropriate cleaning strategies based on envi-
ronmental dust conditions, with automated systems 
offering the most reliable and scalable solution for sus-
tained PV performance.

Table 3  Peak power output under different cleaning methods and dust densities

Dust density (g/
m2)

Control power (W) Manual power (W) Mechanical power 
(W)

Robotic power (W) Electrostatic 
power (W)

10 95.2 ± 4.8 99.8 ± 4.8 103.7 ± 4.9 108.3 ± 4.9 104.5 ± 4.9

20 91.5 ± 4.8 96.4 ± 4.7 100.8 ± 4.8 105.6 ± 4.8 101.2 ± 4.8

30 86.7 ± 4.7 92.1 ± 4.6 96.2 ± 4.7 102.1 ± 4.7 97.8 ± 4.7

Table 4  Peak efficiency under different cleaning methods and dust densities

Dust density (g/m2) Control efficiency (%) Manual efficiency (%) Mechanical efficiency (%) Robotic efficiency (%) Electrostatic 
efficiency 
(%)

10 13.2 ± 0.5 14.2 ± 0.5 14.9 ± 0.5 15.5 ± 0.4 15.0 ± 0.4

20 12.8 ± 0.6 13.8 ± 0.5 14.5 ± 0.5 15.1 ± 0.4 14.6 ± 0.4

30 11.4 ± 0.6 13.2 ± 0.5 13.8 ± 0.5 14.6 ± 0.4 14.1 ± 0.4

Table 5  Daily energy yield from 10:00 to 15:00 under controlled 
dust densities

Cleaning 
method

Energy yield at 
10 g/m2 (Wh/
day)

Energy yield at 
20 g/m2 (Wh/
day)

Energy yield at 
30 g/m2 (Wh/
day)

Control 436.5 ± 18.4 418.3 ± 17.9 389.6 ± 17.2

Manual brushing 467.8 ± 19.0 452.2 ± 18.6 428.5 ± 18.1

Mechanical 
wiper

486.4 ± 19.7 470.2 ± 19.1 447.0 ± 18.7

Electrostatic 491.8 ± 19.8 476.1 ± 19.3 454.2 ± 18.9

Robotic wiper 507.2 ± 20.3 492.0 ± 19.8 470.6 ± 19.4
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The daily energy yield from 10:00 to 15:00 under 
controlled dust densities is presented in Table 5. Daily 
energy yield analysis confirmed the same performance 
ranking observed in the instantaneous efficiency data. 
For all cleaning methods, cumulative energy output 
decreased as dust density increased from 10 to 30 g/m2. 
The uncleaned control showed the lowest daily energy 
yield at all dust levels, while the robotic cleaner consist-
ently produced the highest cumulative output. Mechan-
ical and electrostatic cleaning achieved intermediate 
performance, with electrostatic cleaning slightly below 
robotic cleaning but generally above manual brushing.

A two-way analysis of variance (ANOVA) was per-
formed to evaluate the effects of cleaning method 
and dust density on PV module efficiency. The results 
(Table 6) show that both factors have statistically signif-
icant effects on efficiency (p < 0.001), with a significant 
interaction between cleaning method and dust density.

Tukey HSD post-hoc analysis (Table  7) confirms 
that all cleaning methods significantly outperform the 
uncleaned control (p < 0.001). The automated robotic 
system provides significantly higher efficiency than all 
other methods (p < 0.05), while the difference between 
mechanical and electrostatic cleaning is not statistically 
significant at higher dust densities.

The effect size for cleaning method and dust den-
sity on PV efficiency is presented in Table  8. For the 
two-way ANOVA, partial eta-squared η2p was used as 
a measure of effect size. The analysis showed a large 
effect of cleaning method on PV efficiency, indicating 
that the observed differences are not only statistically 
significant but also practically meaningful in opera-
tional terms. Dust density also exhibited a large effect 
size, confirming that increasing soiling substantially 
degrades PV performance. The interaction between 
cleaning method and dust density showed a moderate 
effect, indicating that the relative effectiveness of each 
cleaning method depends on the severity of soiling.

From a practical perspective, the superiority of 
robotic cleaning is meaningful because the observed 
improvement in efficiency over the uncleaned control 
and over manual cleaning translates directly into higher 
recoverable energy output. Although some pairwise 
differences, such as between mechanical and electro-
static cleaning, may appear statistically small, their 
operational relevance depends on the frequency of 
soiling, system scale, water availability, labor cost, and 
maintenance strategy. Thus, both statistical significance 
and practical significance were considered in interpret-
ing the results.

The regression results for efficiency versus dust density 
is presented in Table 9. The regression analysis reveals a 

Table 6  Two-way ANOVA results for PV module efficiency

Source of variation SS Df MS F-value p-value

Cleaning method 92.6 4 23.15 58.4  < 0.001

Dust density 41.3 2 20.65 52.1  < 0.001

Interaction 18.7 8 2.34 5.9  < 0.001

Error 39.5 100 0.39 – –

Total 192.1 114 – – –

Table 7  Tukey HSD pairwise comparisons

Comparison Mean 
difference 
(%)

p-value Significance

Control versus manual 1.40  < 0.001 Significant

Control versus mechanical 1.95  < 0.001 Significant

Control versus robotic 2.70  < 0.001 Significant

Control versus electrostatic 2.10  < 0.001 Significant

Manual versus mechanical 0.55 0.028 Significant

Manual versus robotic 1.30  < 0.001 Significant

Mechanical versus robotic 0.75 0.004 Significant

Mechanical versus electrostatic 0.15 0.861 Not significant

Robotic versus electrostatic 0.60 0.019 Significant

Table 8  Effect size for cleaning method and dust density on PV efficiency

Source of variation F-value p-value Partial eta squared ( η2p) Magnitude

Cleaning method 58.4  < 0.001 0.70 Large

Dust density 52.1  < 0.001 0.61 Large

Cleaning method × dust density

Table 9  Regression results for efficiency versus dust density

Cleaning method Intercept, a (%) Slope, b 
(%/g·m⁻2)

r2 p-value

Control (no cleaning) 13.45 0.067 0.998  < 0.001

Manual brushing 14.55 0.043 0.996  < 0.001

Mechanical wiper 15.20 0.038 0.997  < 0.001

Electrostatic cleaning 15.05 0.030 0.998  < 0.001

Robotic cleaning 15.75 0.029 0.999  < 0.001
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strong linear relationship between dust density and PV 
efficiency for all cleaning methods, with coefficients of 
determination (R2) exceeding 0.996, indicating excellent 
model fit. The uncleaned control module exhibits the 
highest degradation rate, with a slope of 0.067% per g/
m2, confirming that efficiency loss is most severe in the 
absence of cleaning.

In contrast, cleaning methods significantly reduce the 
rate of efficiency degradation. Manual brushing reduces 
the slope to 0.043% per g/m2, while mechanical wiping 
further lowers it to 0.038% per g/m2. Electrostatic and 
robotic cleaning methods demonstrate the lowest deg-
radation rates, at 0.030 and 0.029% per g/m2, respec-
tively, indicating superior effectiveness in mitigating the 
impact of dust accumulation. The higher intercept values 
observed for cleaned modules reflect improved base-
line efficiency due to effective dust removal. The robotic 
cleaning system shows the highest intercept (15.75%), 
indicating optimal restoration of module performance 
after cleaning.

Techno-economic evaluation of PV cleaning methods 
under Ugandan conditions is presented in Table 10. The 
techno-economic results indicate that none of the clean-
ing methods are economically viable when evaluated at 
the single-module level due to the relatively low mone-
tary value of recovered energy compared to operational 
costs. However, this result does not reflect real PV sys-
tem operation, where cleaning is performed at the array 
level. When applied to large-scale installations, the cost 
per module decreases significantly due to economies of 
scale, and automated cleaning methods such as robotic 
systems become economically favorable.

The techno-economic results presented in this study 
are primarily reflective of the Ugandan context, where 
labor costs are relatively low and automated cleaning 
systems are typically imported, leading to higher capital 
costs. In regions with higher labor costs or limited water 
availability, the economic balance may shift in favor of 

automated or water-free cleaning technologies. There-
fore, while the technical findings of this study are broadly 
applicable to dusty PV environments globally, the eco-
nomic conclusions should be interpreted within the local 
cost and operational context.

Discussion
The results of this study clearly demonstrate that dust 
accumulation significantly degrades photovoltaic (PV) 
module efficiency in dusty environments, while the appli-
cation of appropriate cleaning strategies can substantially 
mitigate these losses. Under both natural exposure condi-
tions and controlled dust deposition, the uncleaned con-
trol modules exhibited substantial efficiency reductions, 
confirming that soiling remains a major non-technical 
loss factor for PV systems operating in dry and dust-
prone regions. This magnitude of loss is consistent with 
earlier field studies conducted in arid and semi-arid cli-
mates, which have reported efficiency reductions ranging 
from 15% to over 30% depending on dust characteristics, 
exposure duration, and rainfall patterns (Uzorka et  al., 
2026; Zhang et al., 2026). The introduction of controlled 
soiling levels (10–30  g/m2) in the present study further 
strengthens this conclusion by demonstrating a clear and 
quantifiable relationship between dust density and effi-
ciency loss, supported by regression analysis with high 
coefficients of determination (R2 > 0.99). These findings 
confirm that efficiency degradation is not only significant 
but also predictable within practical operating ranges.

In line with existing literature, all cleaning methods 
investigated in this study produced statistically sig-
nificant efficiency improvements relative to the control. 
Manual brushing with water resulted in a mean effi-
ciency gain of about 10%, which is comparable to values 
reported by Dixit et  al. (2026), who noted that periodic 
manual cleaning can partially restore optical transmit-
tance but is limited by labor intensity, inconsistent clean-
ing quality, and water consumption. While effective, 

Table 10  Techno-economic evaluation of PV cleaning methods under Ugandan conditions

Cleaning 
method

Initial cost 
(USD/
module)

Daily O&M 
cost (USD/
module/
day)

Daily 
energy gain 
(Wh/day)

Annual 
energy gain 
(kWh/year)

Annual 
value of 
energy 
(USD/year)*

Annual 
O&M cost 
(USD/year)

Net annual 
benefit 
(USD/year)

Payback 
period 
(years)

Practical 
assessment

Control 0 0 0 0 0 0 0 – Baseline

Manual 
brushing

8 0.045 33.9 12.4 2.48 16.43  − 13.95 Not viable Low-cost 
but labor-
intensive

Mechanical 
wiper

25 0.038 51.9 18.9 3.78 13.87  − 10.09 Not viable Moderate 
improvement

Electrostatic 
cleaning

70 0.032 57.8 21.1 4.22 11.68  − 7.46 Not viable Water-free 
advantage
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manual cleaning is therefore less attractive for long-term 
or large-scale deployment, particularly in water-scarce 
regions. Mechanical wiper systems achieved higher effi-
ciency recovery than manual cleaning, with mean gains 
approaching 14%. This finding aligns with studies by 
Mishra et  al. (2025), which showed that mechanically 
assisted cleaning provides more uniform dust removal 
and reduces dependence on skilled labor. However, some 
literature has cautioned that repeated mechanical con-
tact may increase surface abrasion over time, potentially 
affecting module longevity. Although surface degradation 
was not assessed in the present study, the relatively stable 
efficiency trends observed over repeated experimental 
cycles suggest that short-term mechanical cleaning does 
not introduce measurable performance penalties.

Automated robotic cleaning emerged as the most 
effective strategy, yielding the highest mean efficiency 
and daily energy yield and significantly outperforming 
all other methods in the Tukey HSD post-hoc analy-
sis. These findings are in strong agreement with recent 
studies that highlight the advantages of automated 
cleaning systems in maintaining near-optimal module 
performance under heavy soiling conditions (Al-Omari 
et al., 2025; Murshiduzzaman et al., 2025). The superior 
performance of robotic cleaning can be attributed to its 
ability to provide consistent and uniform surface contact, 
thereby removing both fine and coarse particles regard-
less of adhesion strength. In addition, the automated 
and frequent operation of robotic systems reduces the 
residence time of dust on the module surface, limiting 
the formation of strongly bonded layers and minimizing 
optical attenuation. The present results reinforce the view 
that cleaning frequency is as critical as cleaning method, 
particularly during dry, windy periods characterized by 
high dust deposition rates.

Electrostatic cleaning also demonstrated substantial 
efficiency recovery, statistically comparable to mechani-
cal wiping but slightly inferior to robotic cleaning. This 
outcome is broadly consistent with experimental and 
laboratory-based studies that report efficiency improve-
ments of 10–15% using electrostatic dust-removal tech-
niques (Mashuk et al., 2025). However, the slightly lower 
performance observed in this study can be explained by 
the physicochemical properties of the laterite-based dust 
used. The dust exhibited a broad particle size distribu-
tion with irregular, angular morphology and significant 
coarse fractions, which increase mechanical interlocking 
and adhesion to the glass surface. Electrostatic cleaning 

is most effective for fine, dry, and weakly adhered parti-
cles, whereas larger and more irregular particles may not 
be fully detached by electrostatic forces alone. Further-
more, the presence of iron-rich and clay-like components 
may enhance adhesion through surface charge interac-
tions and moisture effects under ambient conditions. In 
contrast, robotic cleaning provides direct mechanical 
removal of adhered particles, resulting in more com-
plete surface restoration. This mechanistic interpreta-
tion is consistent with recent studies on dust adhesion 
and removal dynamics in PV systems (Chiteka & Enwer-
emadu, 2025; Rahman et al., 2025).

A key advancement of the present study is the inte-
gration of uncertainty analysis into the evaluation of PV 
performance. While previous studies often report mean 
values without formal error propagation, this work incor-
porates uncertainty propagation in the efficiency calcula-
tion, accounting for measurement uncertainties in power 
output, irradiance, and module area. The propagated 
uncertainty was found to be within acceptable limits for 
outdoor PV experiments, and importantly, the observed 
differences among cleaning methods were significantly 
larger than the estimated uncertainty bounds. This con-
firms that the reported performance improvements are 
robust and not artifacts of measurement variability. Simi-
lar approaches have been recommended in PV perfor-
mance assessment literature to enhance the reliability of 
comparative studies (Akteruzzaman, 2025).

In addition to statistical significance, this study also 
evaluates the practical importance of the observed dif-
ferences through effect size analysis. While ANOVA 
results indicated highly significant differences (p < 0.001), 
the calculated effect sizes showed that cleaning method 
and dust density have large practical impacts on PV effi-
ciency, while their interaction exhibits a moderate effect. 
This distinction is important because statistically signifi-
cant differences do not always translate into meaningful 
operational benefits. In the present case, the magnitude 
of efficiency improvement achieved by advanced cleaning 
methods, particularly robotic systems, is sufficiently large 
to justify consideration in real-world PV maintenance 
strategies. This approach aligns with best practices in 
applied energy research, where both statistical and prac-
tical significance should be evaluated (Li & Howe, 2023).

Another important contribution of this study is the 
inclusion of energy yield analysis, which provides a more 
comprehensive assessment of PV performance than 
instantaneous efficiency alone. By integrating power 
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output over the daily measurement period, the study 
demonstrates that the differences among cleaning meth-
ods translate into significant variations in cumulative 
energy production. The robotic cleaning system con-
sistently produced the highest daily energy yield, fol-
lowed by electrostatic and mechanical cleaning, while 
the uncleaned control exhibited the lowest output. This 
result highlights the importance of considering cumula-
tive energy recovery in addition to peak performance, as 
PV system operation and economic return are ultimately 
determined by total energy generation over time. Similar 
conclusions have been reported in PV soiling studies that 
emphasize energy-based performance metrics (Alsha-
reef, 2023).

From a techno-economic perspective, the results 
indicate that the most technically effective cleaning 
method is not necessarily the most economically via-
ble at small scale. While robotic cleaning delivered the 
highest efficiency and energy yield, its higher capital 
and maintenance costs reduce its economic attractive-
ness for single-module or small-scale systems. Manual 
and mechanical cleaning methods, although less effec-
tive, may offer more favorable short-term cost–benefit 
ratios in contexts such as Uganda, where labor costs are 
relatively low. However, when scaled to larger PV instal-
lations, automated cleaning systems become more eco-
nomically attractive due to economies of scale, reduced 
labor requirements, and consistent performance. Elec-
trostatic cleaning also presents a promising alternative 
in water-scarce environments, despite its slightly lower 
efficiency compared to robotic systems. These findings 
are consistent with broader analyses of PV operation and 
maintenance strategies (Aziz et al., 2024).

The economic interpretation of the results is inher-
ently context-dependent. In Uganda, factors such as 
labor cost, water availability, and equipment import costs 
strongly influence the relative attractiveness of different 
cleaning methods. In regions with higher labor costs or 
severe water scarcity, automated and water-free clean-
ing technologies may offer greater economic benefits 
despite higher initial investment. Therefore, while the 
technical findings of this study are broadly applicable to 
dusty urban environments globally, the techno-economic 
conclusions should be interpreted primarily within the 
local context. Nevertheless, the analytical framework 

developed in this study can be readily adapted to 
other regions by incorporating location-specific cost 
parameters.

A key strength of this research lies in its comprehen-
sive and integrated approach, combining controlled 
dust application, time-resolved measurements, statis-
tical analysis, uncertainty evaluation, regression mod-
eling, and techno-economic assessment. Unlike many 
prior studies that focus on a single cleaning method or 
rely solely on short-term observations, this work pro-
vides a holistic evaluation of PV cleaning strategies under 
realistic field conditions. The use of controlled laterite 
dust further enhances the relevance of the findings for 
sub-Saharan urban environments, which are underrep-
resented in the existing literature. Overall, the results 
confirm and extend existing knowledge by demonstrating 
that advanced cleaning technologies, particularly auto-
mated robotic systems, offer superior and statistically 
robust performance benefits. At the same time, the study 
highlights the importance of considering uncertainty, 
practical significance, energy yield, and economic factors 
in evaluating PV cleaning strategies. These insights pro-
vide a strong and comprehensive basis for optimizing PV 
operation and maintenance in dusty environments, bal-
ancing technical performance with economic feasibility 
and resource constraints.

Limitations of the study
This study was conducted under controlled dust condi-
tions and over a limited number of test cycles, which may 
not fully capture long-term soiling dynamics, seasonal 
variability, or cumulative effects of repeated cleaning 
such as surface wear. The analysis focused on a single PV 
module type and installation configuration, which may 
limit generalization to other technologies and system 
designs. Although dust characterization and uncertainty 
analysis were incorporated, variability in real-world 
dust composition and environmental conditions may 
still influence performance outcomes. In addition, the 
techno-economic assessment was based on simplified 
assumptions and small-scale analysis, and may not fully 
represent large-scale deployment scenarios or life-cycle 
cost considerations.
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Conclusion
This study systematically evaluated the impact of differ-
ent cleaning methods on the performance of photovoltaic 
(PV) modules operating under controlled and field-rep-
resentative dusty conditions. The results confirm that 
dust accumulation is a major non-technical loss factor, 
with uncleaned modules exhibiting substantial efficiency 
reductions consistent with both time-resolved measure-
ments and controlled dust loading (10–30  g/m2). The 
introduction of standardized soiling levels and regres-
sion analysis further demonstrated that PV efficiency 
decreases predictably with increasing dust density, high-
lighting the importance of effective cleaning strategies in 
maintaining system performance.

All cleaning methods investigated—manual brush-
ing with water, mechanical wiping, automated robotic 
cleaning, and electrostatic cleaning—produced statisti-
cally significant improvements in efficiency relative to 
the uncleaned control. Among these, automated robotic 
cleaning consistently delivered the highest perfor-
mance, achieving the greatest efficiency recovery and 
daily energy yield across all dust densities. Mechanical 
and electrostatic cleaning methods also demonstrated 
strong performance, while manual brushing, although 
effective, was limited by labor requirements and water 
dependence. The slightly lower performance of elec-
trostatic cleaning compared to robotic systems was 
attributed to the physicochemical characteristics of the 
laterite-based dust, particularly the presence of coarse, 
angular, and strongly adhered particles that are more 
effectively removed through mechanical contact.

A key strength of this study lies in its comprehensive 
methodology, which integrates controlled dust quanti-
fication, time-resolved measurements at 15-min inter-
vals, replicate-based experimental design, and robust 
statistical analysis. The inclusion of uncertainty propa-
gation ensures the reliability of the reported efficiency 
differences, while effect size analysis confirms that the 
observed improvements are not only statistically sig-
nificant but also practically meaningful. Furthermore, 
the incorporation of energy yield analysis demonstrates 
that differences in instantaneous efficiency translate 

directly into substantial variations in cumulative energy 
production, which is critical for real-world PV system 
operation.

The techno-economic evaluation provides additional 
insight into the practical applicability of the cleaning 
methods. While robotic cleaning offers the highest tech-
nical performance, its economic viability depends on 
system scale and cost structure. Manual and mechani-
cal cleaning methods may be more suitable for small-
scale installations in low-labor-cost environments such 
as Uganda, whereas automated and water-free solu-
tions become increasingly attractive for larger systems 
or regions with water scarcity. These findings emphasize 
that optimal cleaning strategy selection requires a bal-
ance between technical effectiveness, operational cost, 
resource availability, and system scale. Although the 
experimental work was conducted in Kampala, the tech-
nical findings are broadly applicable to dusty urban and 
tropical environments beyond Uganda. However, the 
economic conclusions are context-specific and should be 
adapted to local conditions, including labor cost, water 
availability, and energy pricing. The analytical framework 
developed in this study can therefore be applied globally 
with appropriate localization of economic parameters.

In conclusion, the study demonstrates that effective 
and appropriately selected cleaning strategies can sig-
nificantly mitigate soiling losses, improve PV efficiency, 
and enhance overall energy yield. Automated and water-
efficient cleaning technologies, particularly robotic 
systems, offer the most robust performance under mod-
erate to heavy dust conditions, while simpler methods 
may remain viable under specific economic constraints. 
The integration of physical, statistical, and economic 
analysis presented in this work provides a comprehen-
sive foundation for optimizing PV operation and main-
tenance strategies in dusty environments, contributing 
to improved system reliability, energy output, and long-
term sustainability.

Appendix
See Tables 11, 12 and 13.
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Table 11  Control group (no cleaning): power output, irradiance, and efficiency under controlled dust densities

Time Solar irradiance 
(W/m2)

10 g/m2 20 g/m2 30 g/m2

Power (W) Efficiency (%) Power (W) Efficiency (%) Power (W) Efficiency (%)

10:00 720 ± 35 77.6 ± 3.9 12.9 ± 0.5 74.2 ± 3.8 12.3 ± 0.6 68.9 ± 3.7 11.5 ± 0.6

10:15 745 ± 38 79.5 ± 4.0 13.0 ± 0.5 76.0 ± 4.0 12.4 ± 0.6 70.7 ± 3.8 11.5 ± 0.6

10:30 770 ± 40 81.6 ± 4.1 13.0 ± 0.5 78.1 ± 4.1 12.4 ± 0.6 72.7 ± 3.9 11.6 ± 0.6

10:45 795 ± 42 83.8 ± 4.2 13.1 ± 0.5 80.3 ± 4.2 12.5 ± 0.6 74.8 ± 4.0 11.7 ± 0.6

11:00 820 ± 45 86.0 ± 4.3 13.1 ± 0.5 82.5 ± 4.3 12.6 ± 0.6 76.9 ± 4.1 11.8 ± 0.6

11:15 845 ± 46 88.3 ± 4.4 13.2 ± 0.5 84.7 ± 4.4 12.7 ± 0.6 79.0 ± 4.2 11.9 ± 0.6

11:30 870 ± 48 90.4 ± 4.5 13.2 ± 0.5 86.8 ± 4.5 12.7 ± 0.6 81.0 ± 4.3 11.9 ± 0.6

11:45 895 ± 50 92.6 ± 4.6 13.2 ± 0.5 88.9 ± 4.6 12.8 ± 0.6 83.0 ± 4.4 11.9 ± 0.6

12:00 920 ± 52 94.5 ± 4.7 13.2 ± 0.5 90.8 ± 4.7 12.8 ± 0.6 85.1 ± 4.5 11.9 ± 0.6

12:15 930 ± 54 95.2 ± 4.8 13.2 ± 0.5 91.5 ± 4.8 12.8 ± 0.6 86.7 ± 4.7 11.4 ± 0.6

12:30 925 ± 53 94.8 ± 4.8 13.2 ± 0.5 91.1 ± 4.8 12.7 ± 0.6 86.2 ± 4.6 11.4 ± 0.6

12:45 915 ± 52 93.9 ± 4.7 13.1 ± 0.5 90.2 ± 4.7 12.7 ± 0.6 85.3 ± 4.5 11.4 ± 0.6

13:00 900 ± 50 92.3 ± 4.6 13.0 ± 0.5 88.6 ± 4.6 12.6 ± 0.6 83.7 ± 4.4 11.3 ± 0.6

13:15 880 ± 48 90.6 ± 4.5 13.0 ± 0.5 86.9 ± 4.5 12.6 ± 0.6 82.1 ± 4.3 11.3 ± 0.6

13:30 860 ± 47 88.8 ± 4.4 12.9 ± 0.5 85.1 ± 4.4 12.5 ± 0.6 80.4 ± 4.2 11.2 ± 0.6

13:45 835 ± 45 86.7 ± 4.3 12.8 ± 0.5 83.0 ± 4.3 12.4 ± 0.6 78.4 ± 4.1 11.1 ± 0.6

14:00 810 ± 43 84.5 ± 4.2 12.8 ± 0.5 80.8 ± 4.2 12.4 ± 0.6 76.3 ± 4.0 11.0 ± 0.6

14:15 785 ± 41 82.2 ± 4.1 12.7 ± 0.5 78.5 ± 4.1 12.3 ± 0.6 74.1 ± 3.9 11.0 ± 0.6

14:30 760 ± 39 79.9 ± 4.0 12.6 ± 0.5 76.3 ± 4.0 12.2 ± 0.6 72.0 ± 3.8 10.9 ± 0.6

14:45 735 ± 37 77.6 ± 3.9 12.5 ± 0.5 74.0 ± 3.9 12.2 ± 0.6 69.8 ± 3.7 10.8 ± 0.6

15:00 710 ± 35 75.3 ± 3.8 12.4 ± 0.5 71.8 ± 3.8 12.1 ± 0.6 67.7 ± 3.6 10.7 ± 0.6
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