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Abstract 

Purpose. The research aims to substantiate the possibility of optimizing solar panel placement on mine spoil heaps, account-

ing for aerodynamic dust transport processes, thereby minimizing dust deposition on module surfaces and enhancing energy 

generation efficiency. 

Methods. The study employs numerical modelling of turbulent airflow using Computational Fluid Dynamics (CFD) based 

on Reynolds-Averaged Navier-Stokes (RANS) equations with the Shear Stress Transport (SST) k-ω turbulence model in ANSYS 

Fluent, discrete modelling of dust particle deposition trajectories using Discrete Phase Model (DPM), field measurements of dust 

deposition intensity at test sites, and parametric optimization of the geometric characteristics of solar panel placement. 

Findings. The optimal tilt angle for solar panels was determined to be 28-32°, reducing dust deposition by 18-25% due to 

enhanced near-surface shear flow. The recommended inter-row spacing-to-panel height ratio was set at S/H ≥ 2.5 to minimize 

stagnation zones. Orienting rows at 10-15° deviation from the prevailing wind direction reduces dust deposition by 12-18%. 

Model validation showed that the discrepancy between the model predictions and experimental data ranged from 12 to 18%. 

Originality. For the first time, a CFD-DPM methodology has been specifically adapted and validated for the aerodynamic 

and geomorphological conditions of mine spoil heaps, incorporating their complex terrain geometry, multi-source dust emis-

sions, and regional wind rose data to optimize solar panel placement. 

Practical implications. The developed methodology determines the rational parameters for solar panel placement on mine 

spoil heaps, reducing annual productivity losses due to dust soiling by 5-8%. The results can be applied to spoil heap reclamation 

and to the design of solar power plants at industrial sites with elevated dust levels. 
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1. Introduction 

The development of renewable energy in industrial territo-

ries is an essential component of the transition to a low-carbon 

economy and of improving environmental efficiency in the 

mining industry. One of the most promising solutions is the 

utilization of mine spoil heaps as sites for solar panel installa-

tion. Such territories are typically degraded and unsuitable for 

traditional agricultural use, yet they have sufficient land area 

to install solar panels without additional land acquisition [1], 

[2]. The integration of solar generation on spoil heaps helps 

reduce the carbon footprint, enhance energy efficiency in pro-

duction, and advance sustainable development principles [3]. 

The escalating global demand for sustainable energy has 

spurred interest in the widespread deployment of solar panels. 

Concurrently, there is growing impetus to repurpose brown-

field sites, such as mine spoil heaps, for renewable energy gen-

eration, thereby addressing both energy needs and land reme-

diation challenges [1], [4]. These sites, often unsuitable for ag-

riculture or urban development, offer significant potential for 

large-scale solar installations, thereby contributing to land-use 

efficiency and sustainability goals [5], [6]. The successful im-
plementation of such projects requires not only technical ex-
pertise, but also the training of qualified mining engineers to 
integrate innovative technologies into mining operations [7]. 

However, the successful implementation of solar panel ar-
rays on mine spoil heaps is often hindered by a critical opera-
tional challenge: dust deposition. The dusty environment is 
shaped by the unstable structure of the spoil heaps, the fine-
grained composition of the rock, transport operations, and lo-
cal wind regimes. Numerous studies demonstrate that dust 
soiling is a major factor in the degradation of solar panel per-
formance, with power losses reaching 20-40% depending on 
particle-size distribution and dust intensity [8], [9]. Dust not 
only reduces light transmission, but also causes hot spots, ac-
celerates material ageing, and increases operational costs. 

Although dust soiling has been well documented in scien-

tific literature, most existing models and engineering ap-

proaches are oriented towards desert or flat, open terrain. Nu-

merous reviews emphasize that these models do not account 

for the complex geometry of technogenic landscapes, local 

dust sources, and the turbulent airflow over spoil heaps [8]-
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[10]. For instance, CFD studies demonstrate that traditional 

assumptions about flow uniformity and wind direction do not 

hold true in areas with artificially constructed embankments, 

which create complex aerodynamic effects [11], [12]. It has 

also been established that dust processes at industrial sites dif-

fer from those in natural desert conditions: dust can originate 

from multiple sources, exhibit different vertical distributions, 

and undergo recirculation, which dramatically complicates 

predictions of deposition on panels [9], [10]. 

Traditional dust mitigation strategies, including manual 

cleaning, automated cleaning systems, and anti-soiling coatings, 

are often costly, labor-intensive, water-dependent, and envi-

ronmentally burdensome, particularly on steep or unstable ter-

rain [13]. This necessitates exploring more sustainable, pas-

sive mitigation techniques. Modern control systems based on 

fuzzy logic and neuro-fuzzy approaches have demonstrated 

their effectiveness in optimizing energy consumption in min-

ing operations [14], [15], paving the way for the development 

of intelligent dust mitigation management systems. 

Furthermore, contemporary reviews highlight the lack of 

methodologies that integrate spatial planning for solar panel 

arrays with dust-soiling models [10], [16]. Parameters such as 

panel tilt angle, installation height, orientation relative to dust 

sources, and row spacing critically affect the intensity of con-

tamination on the panel surface. Wind-tunnel experiments 

demonstrate that altering the geometry of solar panel arrays 

can both significantly reduce and increase dust deposition,  

depending on the configuration [12]. At present, comprehen-

sive, scientifically grounded recommendations for the spatial 

optimization of solar panel placement on mining enterprise 

spoil heaps do not exist. 

Thus, developing a scientifically grounded approach to  

optimizing solar panel placement on technogenic spoil heaps, 

accounting for environmental aerodynamic characteristics and 

dust deposition processes, is highly relevant. Such a method-

ology will minimize generation losses, increase the efficiency 

of green electricity production, and create new opportunities 

for the reclamation of degraded lands through energy-focused 

repurposing. This study aims to address this gap by developing 

and validating a CFD-based model for mine spoil heaps, ulti-

mately quantifying reductions in dust accumulation and im-

provements in energy yield. 

2. Literature review 

2.1. Impact of dust deposition on solar panel performance 

The problem of dust contamination of solar panels (soiling) 

has been the subject of intensive scientific research over the 

past two decades. A comprehensive review of the impact of 

dust on solar energy is presented in the work of Sarver et 

al. [8], which systematizes the history of research, experi-

mental results, and approaches to mitigating dust deposition. 

The authors emphasize that power losses due to contamination 

can reach 20-40%, depending on climatic conditions and the 

particle-size distribution of the dust. 

Dust accumulation on solar panel surfaces is a well-docu-

mented phenomenon that severely reduces energy conversion 

efficiency and overall performance [17], [18]. Studies have 

shown that even a thin layer of dust can significantly reduce 

solar panel power output, with reported losses ranging from 5 

to over 50%, depending on environmental conditions, dust 

characteristics, and cleaning frequency [17]. El-Shobokshy 

and Hussein [19] investigated how dust with different physical 

properties affects the performance of photovoltaic modules, ex-

perimentally establishing relationships between dust type and 

concentration and reductions in panel efficiency. 

Subsequently, Costa et al. [9] presented an updated litera-

ture review covering 2012-2015 on dust and soiling in solar 

energy systems, emphasizing the need to develop region-spe-

cific forecasting models. The problem is particularly acute in 

arid or dusty environments, as well as at industrial sites such 

as mine spoil heaps, where airborne particulate matter is abun-

dant [17], [20]. More recent studies have confirmed these 

findings and provided further insight into the mechanisms of 

dust-induced performance degradation [21], [22]. 

2.2. Computational fluid dynamics in dust deposition studies 

Computational fluid dynamics (CFD) has emerged as a 

powerful tool for investigating complex airflow patterns and 

dust particle behaviour around solar panels [12], [17]. CFD  

simulations enable researchers to model gas-solid flows, predict 

dust deposition rates, and identify key parameters that influence 

accumulation [23]. A significant contribution to the develop-

ment of numerical dust deposition modelling methods was 

made by Lu and Zhao [24], [25], who used CFD to predict con-

tamination in isolated, ground-mounted solar panel systems. 

In their work [24], the authors employed the SST k-ω tur-

bulence model and the Discrete Phase Model (DPM) to simu-

late gas-solid flow. Results showed that the dust deposition 

rate initially increases and then decreases with particle diam-

eter, reaching a maximum of 13.71% at 100 μm at a wind 

speed of 1.3 m/s. In a subsequent study [25], the authors  

extended the model to solar panel arrays, revealing complex 

aerodynamic interactions between panel rows. 

Detailed CFD modelling of dust deposition on solar panels 

was conducted by researchers at Cairo University [11], [17] 

using ANSYS Fluent 18.2 with the SST k-ω turbulence model. 

The study was carried out under Egyptian climatic conditions, 

with wind speeds ranging from 1 to 11.5 m/s. It was found that 

increasing wind speed reduces the dust deposition rate, whilst 

at speeds above 2 m/s, an increase in particle diameter or dust 

density leads to increased deposition intensity. Model valida-

tion was performed by comparing the model output with ex-

perimental data obtained in a wind tunnel. 

A study by Peng et al. [26] presents a 3D model of dust 

deposition on solar panels installed on buildings, using the 

SST k-ω turbulence model with inlet profiles and a discrete 

particle model. The authors thoroughly examined the influence 

of dust size, wind speed, and building roof inclination on depo-

sition behavior. The study established that 3D modelling 

shows significant differences in flow structure compared with 

2D modelling, with the separation vortex size in the 3D model 

being significantly smaller. The maximum deposition rate of 

2.54% was observed for particles with a diameter of 150 μm. 

Zhang et al. [11] proposed a promising CFD-DEM (dis-

crete element method) approach for modelling the dynamic 

dust deposition process on solar panels in railway systems. 

Unlike previous studies, a soft-sphere model was used to cap-

ture dust-panel surface interactions. The simulations showed 

that most clay particles (d = 10 μm) bypass the panel with the 

airflow (deposition rate only 4.6%), whilst the deposition rate 

of fine sand (d = 100 μm) reaches 32%. 

Hu et al. [27] conducted a numerical study of dust deposi-

tion on solar panels using a 3D simulation model. They 
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applied the results to optimize panel installation parameters. 

The study examined how inter-row spacing affects actual dust 

deposition in arrays. A commercial CFD software package 

with the SST k-ω turbulence model and a discrete particle 

model was employed. Results demonstrated that wind speed 

is the primary factor affecting dust deposition. 

Wang et al. [12] present experimental studies of dust  

deposition characteristics on solar panel arrays conducted in a 

wind tunnel. The authors emphasize that CFD has become 

widely used among researchers to study dust deposition phe-

nomena and panel cooling under wind influence. The research 

aims to quantify the environmental factors affecting solar  

generation and to integrate the results into intelligent power 

plant management systems. 

2.3. Aerodynamic approaches and passive dust mitigation 

Insights from CFD simulations have paved the way for aero-

dynamic approaches to passive dust mitigation. These methods 

aim to harness natural wind forces to minimize dust accumu-

lation, often by optimizing the physical configuration of the 

solar panels or introducing specific design elements. 

Research indicates that optimizing installation parameters, 

such as tilt angle, orientation, and height, can significantly affect 

dust deposition [22]. Higher installation heights and specific tilt 

angles can alter local wind flow, potentially reducing soiling [23]. 

Wind-tunnel experiments show that modifying the geometry 

of solar panel arrays can either significantly reduce or increase 

dust deposition, depending on the configuration [12]. 

The strategic placement of wind barriers or dust shields has 

been explored as a means of modifying airflow around solar 

panels. These structures can reduce wind velocity in certain 

areas, preventing dust from reaching the panel surface, or, 

conversely, create turbulence that dislodges settled parti-

cles [28]. Studies have demonstrated that dust shields can re-

duce deposition rates by a notable percentage by obstructing 

dust paths and inducing air drafts [29]. 

Dagher and Kandil [17] investigated vortex generators as 

a novel passive cleaning method and demonstrated their po-

tential to reduce dust deposition. This highlights the potential 

of engineering airflow to actively prevent or remove dust. 

2.4. Solar panel placement on mine spoil heaps and tailings 

The potential to utilize tailings impoundments as sites for 

solar panel installation is supported by Wies et al. [30], who 

analysed the long-term economic benefits (payback period) of 

installing solar panels on mining facilities. The authors note 

that, because extraction, processing, and transportation of 

minerals are energy-intensive, most mines already have devel-

oped electricity transmission infrastructure, which eliminates 

one of the principal costs associated with solar farms. Energy 

can initially be used for mining operations and, following 

mine closure, fed into the power grid. 

Geotechnical aspects of solar panel placement on mining 

tailings are detailed in another publication [31]. It was estab-

lished that active tailings deposition zones consist of a coarse-

grained, freely draining, relatively stable solid mass around 

the perimeter, with a fine-grained mass of low shear strength 

around the supernatant pond. Assessing the geotechnical sta-

bility of solar panel supports, the foundations of which are 

placed on mining tailings, is critical for maintaining panel  

orientation within acceptable limits. 

A comprehensive review of opportunities to utilize and re-

cover mining waste is presented in Mancini et al. [32], which 

discusses various sustainable rehabilitation schemes, with par-

ticular emphasis on the technical viability of developing re-

newable energy infrastructure. The authors note that more 

than 4.7 billion tons of mining waste and 1.2 billion tons of 

tailings are stored across the European Union, representing a 

significant opportunity for energy-focused repurposing. 

The SUMAD (Sustainable Use of Mining Waste Dumps) 

project [33] presents a comprehensive approach to spoil heap 

rehabilitation, emphasizing renewable energy infrastructure, 

including solar panels and wind farms. The project aims to 

deepen understanding of the heterogeneity and time-depend-

ent mechanical behaviour of spoil heap rock and to advance 

new modelling methods to support spoil heap reuse. An as-

sessment of the advantages and limitations of placing solar 

panels on abandoned dumps has been conducted [1], whilst 

the broader potential for deploying solar panels in open-pit 

mines worldwide to support the clean energy transition has 

been evaluated [4]. 

2.5. Research gap and study objectives 

Whilst significant progress has been made in understanding 

dust deposition on flat solar panel surfaces and in developing 

mitigation strategies, a notable research gap remains regarding 

the specific application of aerodynamic optimization to com-

plex topographies such as mine spoil heaps. The unique ge-

ometry and material properties of these heaps are likely to cre-

ate distinct wind-flow patterns and dust-generation mecha-

nisms that warrant dedicated investigation. Existing CFD 

studies have primarily focused on standard ground-mounted 

or rooftop installations [23], [24]. 

Therefore, there is a clear need for studies that model wind 

flow over representative spoil heap geometries and identify 

optimal panel orientations and elevations to harness natural 

airflow for passive dust minimization. Furthermore, compre-

hensive, scientifically grounded recommendations for the spa-

tial optimization of solar panel placement on mining enterprise 

spoil heaps do not currently exist. This study aims to address 

this gap by developing and validating a CFD-based model for 

mine spoil heaps, ultimately quantifying reductions in dust ac-

cumulation and improvements in energy yield. 

3. Methods 

The research methodology adopts an integrated approach 

that combines numerical modelling of aerodynamic processes 

and dust particle transport with experimental validation. The 

aerodynamic characteristics of airflow in the zone of solar 

panel placement on mine spoil heaps were determined using 

Computational Fluid Dynamics (CFD) based on Reynolds-

Averaged Navier – Stokes (RANS) equations with the Shear 

Stress Transport (SST) k-ω turbulence model. The transport 

and deposition of polydisperse dust particles were modelled 

using the Discrete Phase Model (DPM), accounting for parti-

cle size distribution, aerodynamic forces, and particle – sur-

face interactions. Within the parametric analysis framework, 

the geometric parameters of panel placement (tilt angle, inter-

row spacing, and azimuthal orientation) and airflow velocity 

were varied according to regional climatic conditions. The re-

liability of the numerical results was verified by comparing 

them with field measurements of dust deposition intensity at 

test sites, thereby ensuring the validity of subsequent spatial 

optimization of solar panel placement. The conceptual frame-

work for aerodynamic dust transport processes on industrial 

spoil heaps with solar panels is illustrated in Figure 1. 
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Figure 1. Aerodynamic processes of dust particle transport on  

industrial spoil heaps with solar panels 

 

These complex flow patterns require a robust mathemati-

cal framework that can capture turbulent structures, separation 

zones, and particle-flow interactions. To accurately represent 

these phenomena, the airflow field is described by the Reyn-

olds-Averaged Navier-Stokes equations, coupled with the 

SST k-ω turbulence model: 
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where: 

ρ – air density, kg/m3; 

uᵢ – the velocity vector components, m/s; 

p – pressure, Pa; 

μ – dynamic viscosity of air, Pa·s; 

μₜ – turbulent viscosity, Pa·s. 

The turbulent viscosity is determined as: 
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1

1/ , /


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t

k

max SF a
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where: 

k – turbulent kinetic energy, and ω is the specific dissipa-

tion rate. 

The SST k-ω model was selected for its ability to accurately 

capture near-wall flows and separation zones, which are critical 

for modelling flow around solar panels. Unlike the standard k-ε 

model, the SST model provides a superior description of recir-

culation zones behind obstacles. The RANS approach is em-

ployed as a compromise between physical accuracy and com-

putational efficiency for serial optimization variants. 

The logarithmic law of the atmospheric surface layer  

describes the inlet velocity profile of the airflow at the  

entrance of the computational domain: 

( )
*

0

u z
U z ln

z

 
=  

 
,              (3) 

where: 

u* – friction velocity, m/s; 

κ – von Kármán constant (0.41); 

z – height above the surface, m; 

z0 – surface roughness parameter, m. 

For industrial spoil heaps, z0 = 0.03 m was adopted, corre-

sponding to a coarse-textured surface in the Davenport classi-

fication. The inlet roughness profile was matched to the wall 

roughness using the equivalent aerodynamic roughness. 

The inlet profiles of turbulent kinetic energy and dissipa-

tion rate are given by: 
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where: 

Cμ – turbulence model constant (0.09). 

Numerical modelling was performed using ANSYS Fluent 

2023 R1. The computational domain was discretized with a hy-

brid unstructured mesh comprising hexahedral elements in the 

main domain and tetrahedral elements in regions of complex 

geometry. The total number of elements ranged from 3.2 to 

4.8 million, depending on the configuration. Near-wall resolu-

tion was achieved by placing the first layer at y⁺ < 1 and using 

5 prismatic layers with a growth ratio of 1.2. Element dimen-

sions were specified as follows: 0.02 m on panel surfaces; 0.05-

0.1 m in the spoil heap zone; and 0.5-1.0 m in the far-field re-

gion. Mesh quality criteria were maintained with Orthogonal 

Quality > 0.25, Aspect Ratio < 35, and Skewness < 0.85. 

The computational domain represents a section of the solar 

panel array with the following characteristic dimensions: 

length (along the main flow direction) of 200 m (50 m up-

stream of the panels, 100 m panel zone, 50 m downstream) and 

width of 120 m. The spoil heap geometry was modelled as a 

conical structure with a 30° slope, a height of 25-35 m, and a 

base diameter of 80-100 m. Each row of solar panels com-

prised 8-12 individual modules, each measuring 2.0 × 1.0 m. 

The following boundary conditions were applied: inlet 

boundary-velocity inlet with logarithmic profile; velocity 

range of 3-12 m/s at 10 m height; turbulence specified through 

k and ω profiles. Outlet boundary – pressure outlet with 

p = 0 Pa (gauge pressure) – upper and lateral boundaries –

symmetry condition. Spoil heap and panel surfaces-no-slip 

wall with roughness; spoil heap roughness ks = 0.05 m; panel 

roughness kₛ = 0.0001 m (smooth surface). The numerical 

scheme employed the SIMPLE method for pressure – velocity 

coupling, second-order schemes for momentum and turbulent 

quantities, a time step of 0.01 s for transient calculations, and 

convergence criteria of residuals < 10⁻4 for all equations, with 

stabilization of integral characteristics to < 1%. Each calcula-

tion variant was executed until reaching 3000-5000 iterations 

or until the convergence criteria were met. 

The dust particle transport and deposition model is based 

on the Discrete Phase Model (DPM), in which the equation 

determines the particle trajectory: 

( )
1

2
= − − +

p

p d p p p p

dv
m C A u v u v m g

dt




∣ ∣ .        (6) 

Deposition occurs when particles contact the panel surface 

and is determined by particle size (1-100 μm) and local flow 

velocity. The drag force is defined as: 

( )
1

2
= − −d d

p p pF C A u v u v ,           (7) 

where: 

Cᵈ – drag coefficient; 

Aₚ – particle cross-sectional area (Aₚ = πdₚ2/4); 

u – air velocity, m/s; 

dₚ – particle diameter, m. 
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The drag coefficient is computed using the Morsi-Ale-

xander correlation: 

( )24
1 0.15 0.687d

p
p

C Re
Re


 

=  + 
 
 

,          (8) 

where: 

Reₚ – particle Reynolds number (Reₚ = ρdₚ|u − vₚ| / μ). 

Based on analysis of industrial dust composition from spoil 

heaps of the Kryvyi Rih Basin, the following particle parame-

ters were determined. The size distribution follows a log-normal 

distribution with a median diameter d50 = 25 μm and a geomet-

ric standard deviation σg = 2.1. It is modelled over the range  

1-100 μm, divided into 10 fractions. Physical properties include 

particle density ρₚ = 2650 kg/m3 (iron oxides and silica) and 

sphericity form factor Φ = 0.85. Particle velocity at the inlet 

equals the air velocity, with a mass flow rate of 0.001-0.01 kg/s, 

depending on dust emission intensity, at a temperature of 293 K. 

Upon particle contact with the panel surface, one of three 

scenarios occurs: deposition when St < Stcrit; rebound when 

St > Stcrit and the impact angle > 45°; or sliding for fine par-

ticles at small impact angles. The deposition criterion is based 

on the Stokes number: 

( )2 / 18= p p nSt p d v Dc ,             (9) 

where: 

vₙ – standard velocity component at impact, m/s; 

Dc – characteristic dimension of surface inhomogeneity, m. 

The selection of Stcrit = 0.15 was based on a combination 

of literature evidence and experimental calibration. Theoreti-

cal studies of particle impaction on surfaces report critical 

Stokes numbers in the range of 0.10-0.30, depending on sur-

face roughness, particle shape, and impact angle. For rough 

industrial surfaces (kₛ > 0.01 m) with irregular mineral parti-

cles (sphericity Φ = 0.80-0.90), values in the range of  

0.12-0.18 are typically reported. 

To identify the optimal value for the specific conditions of 

spoil heap dust from the Kryvyi Rih Basin, a sensitivity calibra-

tion was conducted by running the DPM model with Stcrit val-

ues of 0.10, 0.12, 0.15, 0.18, and 0.20, and comparing the pre-

dicted deposition fluxes with the field measurements described 

in above Equation (3). The root mean square error (RMSE) be-

tween simulated and measured values was minimized at 

Stcrit = 0.15, yielding an RMSE of 0.09 g/m2·day, compared 

with 0.14-0.21 g/m2·day for the other tested values. This result 

aligns with mid-range values reported in the literature for simi-

lar particle – surface systems, confirming that Stcrit = 0.15 is an 

appropriate engineering parameter for the present study. 

To account for the influence of air humidity on dust depo-

sition, an empirical correction factor was introduced: 

( )1 0.35 30 / 70= +  −khumid RH ,        (10) 

where: 

RH – relative humidity, %. 

At RH > 70%, particle agglomeration increases the ave-

rage particle size by 20-40%. 

Modelling was conducted for the climatic conditions of the 

Kryvyi Rih Basin area (Dnipropetrovsk Oblast, Ukraine). 

Wind rose data from meteorological station records (2018-

2023) indicate that the dominant directions are north-westerly 

(32%) and northerly (24%), with a mean annual wind speed of 

4.2 m/s and a maximum speed (5% exceedance probability) of 

12 m/s. The temperature regime comprises a summer period 

(May-September) of +18 to +28°C and a winter period of -5 

to +2°C, with an air density of 1.15-1.25 kg/m3. Mean annual 

relative humidity is 65%, with a minimum of 45-50% in July 

and a maximum of 80-85% in December. Dust emission in-

tensity ranges from a baseline of 0.2-0.5 g/(m2·day) to up to 

2.0 g/(m2·day) during strong winds exceeding 8 m/s. 

The optimization criterion minimizes the mean dust depo-

sition flux J (g/m2·day): 

1

1


== 

N i
i

m
J

A t
,             (11) 

where: 

J – deposition intensity, g/(m2·day); 

A – total panel area, m2; 

N – number of deposited particles; 

mi – mass of the i-th particle, g; 

Δt – observation period, days. 

Simultaneously, energy yield is considered: 

( )0 1 = − dustE E k ,            

(12) 

where: 

E – actual energy yield, kWh; 

E0 – yield of clean panels, kWh; 

δ – dust mass per unit area; 

kdust – power-loss coefficient (≈ 0.004-0.007). 

For fine dust (d50 < 20 μm) – kdust = 0.007 m2/g; for coarse 

dust (d50 > 40 μm) – kdust = 0.004 m2/g. 

The comprehensive economic indicator accounts for the 

balance between generation losses and cleaning costs: 

( )
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t t

R C M
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r I
,          (13)  

where: 

NPV – net present value; 

Rt – revenue from electricity sales in year, t; 

Ct – panel cleaning costs;  

Mt – losses due to underproduction from dust; 

r – discount rate (8%);  

T – service life (25 years); 

I0 – initial investment, subtracted as a lump sum at t = 0. 

To determine the optimal configuration, a series of cal-

culations was performed with variations in the following pa-

rameters: panel tilt angle (20, 25, 28, 30, 32, 35°); relative 

inter-row spacing S/H (1.5, 2.0, 2.5, 3.0, 3.5); azimuthal an-

gle deviation from the wind direction (0, 10, 15, 20, 30°); 

wind speed at 10 m height (4, 6, 8, 10, 12 m/s); and wind 

direction (NW, N, NE). The total number of variants was 

216. For each configuration, temporal averaging was per-

formed over 600 seconds of real time after steady state was 

established, with spatial averaging over the entire area of 8-

12 panels, and 5 realizations with different initial conditions 

to assess variability. Statistical measures included the mean 

value J̄, standard deviation σⱼ, and the 95% confidence inter-

val: J̄ ± 1.96σj / √n. Modelling error estimates comprised: 

discretization error (Grid Convergence Index) 3.2%; turbu-

lence model error ~10%; total error 15-20%. All calculations 

were performed in accordance with ISO 50001:2018, IEC 

61724-1:2021, and ASME V&V 20-2009. 

Field measurements were conducted at two test sites on 

spoil heap No. 5 of the Ingulets Mining and Processing Plant 
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(Kryvyi Rih, Ukraine) during the summer monitoring period 

(June-August 2025). Site 1 was on the windward slope (south-

western exposure) at an elevation of 18 m above the heap 

base; Site 2 was on the leeward slope at 12 m elevation. Both 

sites are characterized by fine-grained iron ore dust with a me-

dian particle diameter d50 = 22-27 μm, consistent with the 

modelled particle distribution. 

Dust deposition intensity was measured at 12 fixed points 

per site (24 points in total), distributed across the panel surface 

to capture spatial variability. Passive dust collectors (Berger-

hoff-type glass cylinders, 80 mm diameter) were installed at 

panel height (1.2-1.5 m above ground) and replaced every 

14 days, yielding 6 measurement cycles over the three months. 

Deposited dust mass was determined gravimetrically: col-

lectors were dried at 105°C for 2 hours and weighed on an an-

alytical balance (±0.1 mg accuracy) before and after exposure. 

Deposition flux was calculated as mass per unit collector area 

per day (g/m2·day). 

Meteorological conditions were recorded by an auto-

matic weather station installed at the site: wind speed and 

direction (10-minute averages), air temperature, and relative 

humidity. The mean wind speed during the monitoring pe-

riod was 4.6 m/s; the dominant direction was north-westerly 

(NW, 315°), consistent with the long-term wind rose. No  

significant precipitation events (> 5 mm/day) occurred  

during the measurement cycles; cycles affected by rainfall 

were excluded from validation. Panel surfaces were not 

cleaned during the monitoring period to ensure comparabi-

lity with model predictions. 

The measured deposition values were compared with 

CFD-DPM simulation results for identical geometric configu-

rations and meteorological boundary conditions. A summary 

of mean values across six measurement cycles (field measure-

ments, uncertainty ±8%) is presented in Table 1. 

 
Table 1. Comparison of measured and simulated dust deposition 

values 

Test 

point 
Location 

Measured, 

g/m2·day 

Simulated, 

g/m2·day 

Difference, 

% 

P1 
Site 1, panel 

centre 
0.84 0.97 +15.5 

P2 
Site 1, panel 

top edge 
0.61 0.71 +16.4 

P3 
Site 1, panel 

bottom edge 
1.12 1.28 +14.3 

P4 
Site 2, panel 

centre 
0.53 0.60 +13.2 

P5 
Site 2, panel 

top edge 
0.38 0.43 +13.2 

P6 
Site 2, panel 

bottom edge 
0.79 0.90 +13.9 

 

To enable consistent comparison across 216 modelling 

variants, a baseline configuration was defined as follows: 

panel tilt angle 25°; inter-row spacing-to-height ratio 

S/H = 2.0; wind speed at 10 m height U10 = 8 m/s; dominant 

wind direction NW (315°); relative humidity RH = 65%; par-

ticle size distribution log-normal with d50 = 25 μm and 

σg = 2.1; spoil heap geometry – conical structure with slope 

angle 30°, height 30 m, and base diameter 90 m. This confi-

guration represents a typical, non-optimized installation on a 

spoil heap of the Kryvyi Rih Basin area and serves as the ref-

erence point for all reported percentage reductions in dust dep-

osition and gains in energy yield. 

4. Results and discussion 

The CFD modelling results were validated against field 

measurements at two test sites. As summarized in Table 1 and 

illustrated in Figure 2, CFD predictions show good agreement 

with experimental data, with discrepancies ranging from 12% 

to 18% and no systematic bias, confirming the adequacy of the 

RANS-SST/DPM approach for industrial spoil heap condi-

tions. Velocity profile deviations did not exceed 8%. 

 

 

Figure 2. Validation of CFD-DPM model against experimental 

dust deposition measurements 

 

Experimental points represent field measurements at 24 

monitoring locations across two test sites on spoil heap No. 5 

of the Ingulets Mining and Processing Plant (summer 2025), 

supplemented by wind tunnel measurements conducted at 

Kryvyi Rih National University (Re = 105-106). Error bars on 

the experimental points represent the combined measurement 

uncertainty (±8%), comprising gravimetric weighing error 

(±0.1 mg) and spatial variability across replicate collectors. 

Error bars on the CFD predictions represent the 95% confi-

dence interval derived from 5 simulation realizations with dif-

ferent initial conditions (±1.96 σ/√n). The comparison shows 

good agreement between numerical predictions and field data, 

with deviations within ±20%, consistent with the estimated to-

tal model uncertainty of 15-20%. A sensitivity analysis of the 

results with respect to key parameters was conducted to iden-

tify the most influential factors on dust deposition predictions. 

As shown in Table 2, wind speed and dust dispersity have the 

greatest influence on the results, underscoring the need for ac-

curate measurements of these variables for reliable predictions. 

Analysis of airflow characteristics provides essential  

insights into dust transport mechanisms. The logarithmic ve-

locity profile over the spoil heap surface, shown in Figure 3, 

compares CFD-simulated and theoretical profiles and con-

firms their close agreement (deviation < 8%). 
 

Table 2. Model sensitivity analysis 

Parameter Variation Effect on J 

Wind speed ±20% ±28% 

Particle size ±30% ±42% 

Panel tilt angle ±5° ±15% 

Inter-row spacing S ±20% ±22% 

Surface roughness ×2 +8% 
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Figure 3. Air velocity profiles over the spoil heap surface at the 

panel installation zone 

 

Both profiles show a sharp increase in velocity from 0  

to 4 m above the surface, which explains the intensity of dust 

uplift in the near-surface layer. 

The solid line shows the CFD-simulated velocity profile 

obtained with the RANS SST k-ω model; the dashed line 

shows the theoretical logarithmic profile calculated from 

Equation (3) using friction velocity u* = 0.31 m/s and surface 

roughness z0 = 0.03 m. The close agreement between the two 

profiles (deviation < 8%) confirms the correct implementation 

of the inlet boundary conditions and the adequacy of the 

roughness parameterization adopted in the model. All results 

below are reported relative to the baseline configuration de-

fined in Section 3. Modelling showed that increasing the tilt 

angle from 20° to 30° reduces dust deposition by 18-25%  

owing to enhanced near-surface shear flow. CFD simulations 

revealed that placing solar panels at the summit of the spoil 

heap leads to high deposition rates due to turbulence. In con-

trast, optimal placement is on slopes oriented at 45° to the 

wind direction. Particle trajectories in these zones were com-

puted using motion Equation (6), with drag and gravitational 

forces as the governing terms. 

The relationship between dust deposition and the inter-row 

spacing ratio S/H reveals a critical threshold. As shown in  

Table 3, increasing the spacing ratio from 2.0 to 3.0 reduces 

dust deposition to 69% of the baseline value. At S/H < 2.0, 

stagnation zones form, increasing deposition sharply, whilst 

S/H ≥ 2.5 effectively minimizes recirculation effects. 
 

Table 3. Dust deposition as a function of inter-row spacing ratio 

S/H 

(spacing-to-height ratio) 

Dust deposition, 

% of baseline 

2.0 100 

2.5 81 

3.0 69 

 

In this analysis, H denotes the panel height above ground 

level. All reported values are normalized relative to the baseline 

configuration, defined as a tilt angle of 25°, a spacing-to-height 

ratio (S/H) of 2.0, a wind speed (U10) of 8 m/s from the north-

west (NW) direction, and a relative humidity (RH) of 65%. 

The azimuthal orientation of panel rows also plays a sig-

nificant role in minimizing dust deposition. Minimum deposi-

tion occurs when panel rows are oriented at a 10-15° deviation 

from the dominant north-westerly wind direction (32% of the 

frequency), thereby reducing particle flux in the near-surface 

layer by 12-18% compared with a perpendicular arrangement. 

This effect is associated with reduced particle flow in the 
surface layer and a modification of the turbulence structure 
around the panels. 

The complete dataset of 216 variants underpins the contour 
maps shown in Figure 4, providing a continuous visual repre-
sentation of the design space. In the following, representative 
numerical values are reported for the most practically signifi-
cant parameter combinations; a summary of key results across 
the main parameter ranges is provided in Table 4. 

 
Table 4. Summary of dust deposition reduction for selected model-

ling variants (U10 = 8 m/s, NW wind direction, RH = 65%) 

Tilt 
angle, ° 

S/H 
Azimuth  

deviation, ° 

Dust depo-
sition, % 

of baseline 

Energy 
yield gain, 

% 

20 2.0 0 118 -1.2 

25 2.0 0 100 0 (baseline) 

28 2.5 10 83 +4.1 

30 2.5 10 79 +5.6 

32 2.5 15 76 +6.3 

32 3.0 15 72 +7.1 

35 3.0 20 75 +5.8 

25 1.5 0 138 -3.5 

30 3.5 15 71 +7.4 

Note: baseline configuration – tilt = 25°, S/H = 2.0, U10 = 8 m/s, azi-
muth = 10°, RH = 65%. Negative energy yield gain indicates losses relative 
to baseline 

 
The dependence of the dust deposition rate on panel tilt an-

gle and inter-row spacing ratio is markedly non-linear, as illus-
trated in Figure 4. The minimum relative deposition rate (70-
85% of the baseline value) occurs at tilt angles of 28°–32° com-
bined with S/H ≥ 2.5. At smaller spacing ratios (S/H < 2.0), 
near-surface recirculation zones form, causing rapid increases 
in deposition that can exceed baseline levels by up to 40%. The 
contour map highlights the optimal region, characterized by a 
15-30% reduction in dust deposition relative to the baseline case 
(tilt = 25°, S/H = 2.0, U10 = 8 m/s, azimuth = 10°, RH = 65%). 

 

 

Figure 4. Relative dust deposition rate Jrel as a function of panel 

tilt angle and inter-row spacing ratio S/H 

 
All values are normalized relative to the baseline configu-

ration, defined as a tilt angle of 25°, a spacing-to-height ratio 
(S/H) of 2.0, a wind speed (U10) of 8 m/s, an azimuth of 10°, 
and a relative humidity (RH) of 65%. Integrated optimization 
of geometric parameters for solar panel placement on mine 
spoil heaps increases annual electricity generation by 5-8% 
due to reduction of dust-related losses. The economic effi-
ciency of the optimized configuration is further enhanced by 
less frequent panel cleaning and an extended effective 
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operational lifespan. These findings provide a quantitative ba-
sis for engineering design recommendations applicable to so-
lar installations on industrial sites with elevated dust levels. 

The findings of this study have direct implications for the 
reclamation and productive reuse of mine spoil heaps – a  
priority challenge for the mining industry in Ukraine and 
globally. Spoil heaps are a significant legacy of extractive 
activity: in the Kryvyi Rih Basin area alone, more than  
30 active and abandoned spoil heaps occupy over 2500 hec-
tares of degraded land, most of which is currently unsuitable 
for agricultural or urban development [32], [33]. The pro-
posed methodology provides a site-specific engineering ba-
sis for converting these areas into productive renewable en-
ergy assets without requiring land remediation. 

From a mining engineering perspective, the aerodynamic 
optimization approach developed in this study addresses a key 
barrier to deploying solar panels on spoil heaps: accelerated 
soiling of panels caused by ongoing dust generation from un-
stabilized heap surfaces and active mining transport opera-
tions in adjacent zones. By quantifying the relationship be-
tween panel geometry, heap topography, and dust accumula-
tion, the methodology enables engineers to design solar instal-
lations that remain economically viable even under high-dust 
conditions typical of active mining sites. The recommended 
parameters – tilt angle 28-32°, S/H ≥ 2.5, and azimuthal  
deviation 10-15° – were derived specifically for the geomor-
phological and aerodynamic conditions of conical spoil heaps 
and are therefore directly applicable to mine closure planning, 
post-mining land use assessments, and environmental impact 
documentation for new heap formations. 

Furthermore, integrating solar generation infrastructure 
into spoil heap reclamation plans creates a revenue stream  
during the post-operational period, improving the financial 
sustainability of mine closure programs and easing the burden 
on mining companies and regional administrations. This 
aligns with circular economy principles, increasingly adopted 
in European and Ukrainian mining regulation, and supports 
the broader transition of the Kryvyi Rih Basin mining district 
towards sustainable land use. 

The present model was calibrated and validated for summer 
conditions (June-August 2025), when dust emission intensity 
is highest due to dry surface conditions and prevailing wind 
speeds. Seasonal variations in dust emission intensity, reduced 
in winter due to precipitation and surface freezing, and elevated 
in spring during snowmelt, are not captured by the current 
steady-state parametrization. Therefore, applying the model to 
annual energy yield estimates requires a seasonal correction 
factor, which is identified as a priority for future work. 

The DPM model also treats each deposition event inde-
pendently and does not account for the progressive consolida-
tion of accumulated dust layers on panel surfaces. In practice, 
older deposited layers develop cohesive bonds through humid-
ity cycling and partial cementation, altering surface roughness 
and modifying subsequent deposition behavior. This effect is 
particularly relevant to assessments that extend beyond the  
14-day validation cycle. 

A further limitation concerns the idealized geometry of the 
spoil heap, which was modelled as a symmetric cone with a 
fixed slope angle and height. Real spoil heaps exhibit asym-
metric profiles, surface irregularities, and variable slope sta-
bility zones that may create localized aerodynamic effects not 
captured by this geometry. Site-specific adaptation of the 
model geometry is recommended for design applications. 

In addition, the RANS approach with fixed inlet velocity 
profiles assumes steady-state wind conditions and does not cap-
ture transient events such as gusts, directional shifts, or local 
thermal convection. These phenomena can produce short-dura-
tion deposition spikes that contribute disproportionately to total 
accumulation but are absent from time-averaged predictions. 

Finally, the influence of relative humidity on particle  
agglomeration is accounted for using a simplified empirical 
correction coefficient (Eq. (10)), derived from literature data 
rather than from site-specific measurements. Under extreme 
humidity conditions (RH > 85%), the actual agglomeration 
behaviour may deviate from the linear approximation assumed 
in the model. 

Notwithstanding these limitations, the model provides a 
robust engineering tool for comparative optimization of panel 
placement parameters under the prevailing summer dust con-
ditions in the Kryvyi Rih Basin area, which account for the 
dominant share of annual soiling losses. 

5. Conclusions 

An integrated CFD-DPM model was developed and vali-
dated (12-18% deviation from field data) to optimize solar 
panel placement on mine spoil heaps, accounting for aerody-
namic dust transport. The optimal panel tilt angle for spoil 
heap conditions was found to be 28-32°, reducing dust depo-
sition by 18-25% compared with the conventional 25° confi-
guration, while maintaining optimal insolation for the Kryvyi 
Rih Basin area (47-48° N). A critical inter-row spacing-to-
height ratio of S/H ≥ 2.5 was identified; below this, recircula-
tion zones increase dust deposition by 30-40%. Orienting 
panel rows 10-15° from the dominant wind direction further 
reduces deposition by 12-18°. Combined optimization of these 
parameters increases annual electricity generation by 5-8% 
through reduced soiling losses, less frequent cleaning, and an 
extended operational lifespan. 

The novelty of this research lies in the first application of 
the CFD-DPM framework to the specific conditions of mine 
spoil heaps, including conical topography, multi-source dust 
emissions, and industrial wind regimes, rather than to instal-
lation on flat surfaces or on building roofs. In practice, the 
methodology provides site-specific design parameters for so-
lar deployment on active and post-mining land, supporting 
mine closure planning and the energy-focused reclamation 
of degraded spoil-heap territory (over 2500 ha in the Kryvyi 
Rih Basin region), in line with circular-economy principles 
for the mining industry. 

Future research will extend the model to account for seasonal 
variations in dust regimes, incorporate the effects of humidity 
and temperature on deposition, and integrate intelligent monito-
ring systems to support predictive panel-cleaning schedules. 
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Оптимізація розміщення фотоелектричних панелей на гірничих відвалах:  

аеродинамічний підхід до мінімізації запилення 

В. Щокін, В. Ткачук, Р. Макарейко 

Мета. Обґрунтування можливості оптимізації розміщення сонячних панелей на гірничих відвалах з урахуванням аеродинамічних 

процесів переносу пилу для мінімізації запилення поверхні модулів і підвищення ефективності енергогенерації. 

Методика. Дослідження базується на чисельному моделюванні турбулентних повітряних потоків методом CFD із застосуванням 

RANS-моделі турбулентності SST k-ω у програмному комплексі ANSYS Fluent, дискретному моделюванні траєкторій осідання  

пилових частинок методом DPM, польових вимірюваннях інтенсивності запилення на тестових ділянках протягом трьох місяців та 

параметричній оптимізації геометричних характеристик розміщення сонячних панелей. 

Результати. Встановлено оптимальний кут нахилу сонячних панелей 28-32°, що забезпечує зниження запилення на 18-25%  

завдяки посиленню пристінного зсувного потоку. Визначено рекомендоване відношення міжрядної відстані до висоти панелі 

S/H ≥ 2.5 для мінімізації застійних зон. Доведено, що орієнтація рядів з відхиленням 10-15° від домінуючого напрямку вітру знижує 

інтенсивність осідання пилу на 12-18%. Валідація моделі підтвердила розбіжність із експериментальними даними у межах 12-18%. 

Наукова новизна. Вперше цілеспрямовано адаптовано методологію CFD-DPM до специфічних умов гірничих відвалів – склад-

ної конічної топографії, багатоджерельного полідисперсного пилоутворення та промислових вітрових режимів – на відміну від  

наявних досліджень, орієнтованих на рівнинні наземні або дахові установки. 

Практична значимість. Розроблена методологія дає змогу обґрунтувати раціональні параметри розміщення сонячних панелей 

на гірничих відвалах, знижуючи втрати продуктивності від запилення на 5-8% на рік. Результати можуть застосовуватися під час 

рекультивації відвалів і проєктування сонячних електростанцій на запилених промислових майданчиках. 

Ключові слова: фотоелектричні панелі; гірничі відвали; запилення поверхні; аеродинамічна оптимізація; CFD-моделювання;  

розміщення панелей; відновлювана енергетика 
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