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A METHOD TO PREDICT FOULING ON MULTI-STOREY BUILDING MOUNTED
SOLAR PHOTOVOLTAIC PANELS: A COMPUTATIONAL FLUID DYNAMICS
APPROACH

Kudzanayi Chiteka', Rajesh Arora', S. N. Sridhara?

ABSTRACT

The influence of installation and environmental parameters on dust particle deposition behavior on solar
photovoltaic collectors were investigated using Computational Fluid Dynamics (CFD) simulation. Parameters
including tilt, height of installation, dust particle size and wind speed were investigated. Modeling of wind flow
on the building and the photovoltaic array was achieved using the Shear Stress Transport k-o turbulence model.
The discrete phase model was adopted for dust motion prediction and a model was developed to assess the impact
of dust accumulation on the performance of the photovoltaic array. The study revealed that rooftop installations
have less dust deposition unlike the ground-mounted installations. The wind flow characteristics on rooftop
installations are greatly affected by the building while on ground mounted installations wind flow is only
influenced by the tilt of the solar photovoltaic collector. Different tilt angles, wind speeds and particle sizes had
different deposition characteristics. The lower impact velocities experienced on ground mounted Photovoltaic
(PV) arrays resulted in more deposition for smaller sized (10um) dust particles compared to the larger sized (50pm
and 150um) particles. On rooftop installations, dust particle size of 150um had the most deposition at a velocity
of 5m/s and hence it resulted in a 22.61% reduction in solar photovoltaic efficiency while the least reduction in
efficiency of 1.32% was recorded at 15m/s and 10um size dust particles. The tilt angles of 0° and 22.5° had large
sized turbulent eddies compared to the tilt of 45°. The study revealed that ground mounted photovoltaic arrays
had more dust deposition compared to rooftop mounted photovoltaics.

Keywords: Solar Photovoltaics, Dust Deposition, CFD Simulation, Installation Configuration,
Empirical Modelling

INTRODUCTION

Solar energy is a developing alternative source of clean energy which has been in the picture for some
decades. It is rapidly growing with more than 50% market growth rate for solar PV in 2016 and more than 75 GW
of solar photovoltaic (PV) installed worldwide [1-4]. However, fouling also known as soiling which is the buildup
of dust particles on the solar PV module is a major concern for the wider deployment of solar energy and this has
attracted the attention of many researchers [5-10].

Fouling losses may range from 5% to 70% depending on the place, climatic conditions and time of
exposure [12-14]. In a study by Pavan et al. [11], which was done to evaluate fouling power losses, it was reported
that for poly-crystalline PV modules power losses of between 1% and 5% are expected within a year of operation.
In a different study, Adinoyi and Said [13] investigated fouling effects on PV collectors in Saudi Arabia’s Eastern
region for a period of six months and they recorded 50% power loss due to fouling.

El-Nashar [12] evaluated the effect of fouling on transmittance and power efficiency in the United Arab
Emirates for a period of one year and the results revealed a 10% decrease in transmittance while power efficiency
loss of the PV system was 70%.

The installation configuration also influence fouling of PV collectors. Elminir et al. [5] explored the
influence of tilt angles on fouling and transmittance and their observation revealed that higher tilt angles are
associated with less fouling and hence have a higher transmittance compared to lower tilt angles. Similar
investigations by Mekhilef et al. [6] confirmed the reduction in fouling with increasing tilt angle. The installation
orientation in relation to wind flow was also found to affect fouling and studies have revealed that PV surfaces
facing away from the wind direction experiences four times less fouling when compared to those facing the wind
ward side and they have 50% less fouling compared to horizontal surfaces [14-17]. The influence of wind velocity
on fouling was also investigated by several researchers [6, 15, 18, 19] and it was found that higher wind speeds
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are associated with higher dust deposition. However, other researches have reported otherwise with some reports
suggesting that strong winds have a cleaning effect whilst slow breezes actually promotes dust accumulation [4,
11, 18].

Dust particle characteristics such as size and density have an effect on dust deposition behaviour on the
PV collector. Studies by EI-Shobokshy and Hussein [21] have indicated that smaller sized dust particles have a
more detrimental effect on the PV collector efficiency when compared to large sized dust particles.

Attempts have also been made to ascertain the impact of PV module types on fouling and it was reported
that there are no notable differences in fouling in different PV collectors [22].

Some fouling mitigation strategies have been suggested by several researchers [21-24] proposing novel
coatings either hydrophobic or hydrophillic which they found to reduce dust deposition on PV collectors. Moghimi
and Ahmadi [27] further cited the importance of minimizing soiling due to the excessive expense of cleaning
requiring millions of litres of water every year.

Some studies have indicated that natural cleaning mechanisms in form of wind and rain do exist [26, 27]
but the subject has not been extensively explored. Many investigations mainly concentrated on the effects of
fouling on performance [5, 28, 29]. Although some few simulation studies have been done to examine fouling
characteristics on PV collectors [29-32], a lot still need to be understood. For example, Moghimi and Ahmadi
[27] carried out simulation studies to optimize wind barriers to minimize soiling on parabolic dish solar power
plant and were able to prevent more than 86% of dust particles to settle on the collectors. In most of these studies,
the effect of parameters such as tilt, wind speed, dust particle concentration and dust particle size have been
studied. The characteristic behaviour of dust deposition on roof top solar PV collectors still need to be explored
to devise mitigation procedures to minimise fouling while maximising the energy harvested. Rooftop solar
requires special consideration as it is not easy to clean unlike ground mounted solar PV modules. CFD has proven
to be a useful tool in modeling solid-gas flows and provides a platform for further optimization [33, 34]. Although
CFD simulations were performed by Lu et al. [31] on rooftop solar installation, their study focused on a single
storey building with inclined roof where the PV module was directly attached to the inclined roof. In their study,
the airflow on the solar panel was obviously similar to that on the roof since the panel was attached directly to the
roof. The wind flow and hence fouling characteristics are, however, different for flat rooftops of multi-storey
buildings which have a different mounting structure. PV modules on rooftops of multi storey buildings cannot be
easily cleaned and for this reason a different fouling mitigation strategy that takes cognisance of the natural
mitigation agencies need to be developed based on the simulated flow and fouling characteristics. In this study,
the turbulent air flow characteristic behaviour on the building together with the dust deposition phenomenon is
analysed. The effect of different particle sizes, wind speeds and tilt angles are investigated in this study. Further,
a method by Jiang et al [22] was employed to assess the PV efficiency dependency on fouling as a function of
the time of exposure.

This study is organized as follows: Section 1 is the introduction integrated with the literature review
leading to the research gap. Section 2 highlights the materials and methods used in the study with detailed
equations for CFD computations. Section 3 involves a full report and discussion of the outcomes of the
investigation, and lastly section 4 is the conclusion of the study.

SOLUTION STRATEGY AND NUMERICAL METHODOLOGY
Turbulence Modelling and Fluid Flow Analysis

The fluid flow analysis was performed using the Reynolds Averaged Navier Stokes (RANS) governing
equations. Turbulence modelling was executed using Shear Stress Transport (SST) k- turbulence model as this
turbulence model has been found to have better performance than other RANS models on dust deposition
applications and it captures the best from k-o and k-¢ two-equation models [32, 35, 36].

Dust motion was analysed by making use of the Discreet Phase Model (DPM) and particle-particle
interactions were ignored. The DPM was employed in this study owing to its suitability in modelling two phase
flow problems consisting of a single continuous phase and the discrete phase of a volume fraction less than 12%.
Having considered the concentration of dust particles in a normal atmosphere, it was therefore necessary to
consider negligible the particle—particle interaction and that the fluid flow field was not affected by the existence
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of the particles in the atmosphere [39]. The Discreet Random Walk model (DRW) was employed in modeling the
turbulent dispersion of particles to correctly envisage dust particle accumulation behavior.

The RANS governing equations were utilized in modelling fluid flow (Equation 1) [33] and these
equations describes the relationship between velocity, pressure, temperature and density. The RANS equations
based on the conservation laws which are conservation of energy, mass and momentum are depicted in Equations
2-4 [40].
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where, p is the density (kg/m?), « is thermal conductivity (Wm™'K™"), t is the time (s), u is the velocity vector
(ms™), Do is effective diffusion coefficient (m?/s), @ is the independent flow variable, and S is the source
term (kg/m’s).

Turbulence modelling was attained using the SST k- turbulence model and it is formulated as shown in
Equations 5 and 6. This model is able to better predict the commencement and magnitude of flow separation
happening at adverse pressure gradients. The model SST k- which was used can be described by the following
equations [41],
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where, G, is a generation term for specific dissipation rate o (s%), Gy, is a generation term for the turbulent kinetic
energy k (m?/s?), Ly and L, represents the dissipation rate of k and o, T, and Tk are the effective diffusivity of o
and k, K, stands for the cross-diffusion term.

Dust Motion Modelling

Dust motion was modelled using the Discreet Phase Model (DPM) and the formulation is shown in
Equations 7 and 8. The interactions of dust particles with wind was taken into account in the CFD computation.
The particle-particle interactions of dust particles were considered insignificant in the diluted air-dust flow with
the dilution considered less than 12%. In the CFD simulation, the following forces were considered, drag force,
gravitational force and thermophoresis force. Equation 7 predicts dust particle motion and is given as follows [33],
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where, u}f =1u; +uj, u; = mean ﬂow taken at the position of the particle,d = diameter, u; =
velocity of flow fluctuation, x]p position of particle; u; = particle center velocity,t = time (s),S =

particle to fluid density ratio, g; = acceleration due to graV1ty, Re = Particles’ Reynolds number.
The DRW model was employed in modelling the turbulent dispersion of dust particles to correctly

predict dust particle deposition behaviour [41]. The study assumed no rebound of dust particles on the solar panel
surface. Values of 0.5 and 0.55 were respectively assumed for the roughness constants (Cs) for the PV module
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and the wall because the PV module surface is more uniform compared to the building wall. Further, a roughness
length z, of respectively 0.0001 and 0.001 for the PV and the building wall were adopted and the formulation in
Equation 9 was used to find the roughness height ks used for both the PV and the wall [40, 41].

ksCs = 9.793z, )

Wind velocities U, of 5m/s and 15m/s were used for wind flow velocity while the standard atmospheric
pressure was used for the initial pressure. In the simulation model, the inlet wind velocity profile and the Turbulent
Kinetic Energy (TKE) profile were compared to profiles obtained in wind tunnel experiments. The results are
presented in Figure 1 and 2 where Z (m) is height from the ground at any particular location of interest in the
computational domain and K (m?/s?) is turbulent kinetic energy, h (m) is the PV module height and U (m/s) is the
speed at PV module height h. The dust particles used were Calcium Carbonate with a density of 2800kg/m?.
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Figure 1. Wind velocity profile at inlet
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Figure 2. Turbulent Kinetic Energy (TKE) profile
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Computational Domain

The computational geometry was developed using ANSYS design Modeller 17. Figure 3 shows the
schematic of the model of a 3-storey building with a rooftop solar PV array installed. The length (L), width (W)
and height (H) of the building were taken as 20m, 15m and 10m respectively. The installed solar PV array had a
surface area of 24m?2. The computational domain used mimicked the one used by Abiola-Ogedengbe et al. [44] in
their wind tunnel experiments.

BUILDING

Figure 3. Schematic of the 3-storey building with a PV array installed

The tilt of the PV array was varied between 0°, 22.5° and 45°. H + 0.5m gave the height of the PV module
(h) from the ground where H is the height of the building thus h was equal to 10.5m. The wind velocity was varied
between 5m/s and 15m/s while the dust particle sizes used were 10 um, 50 um and 150 pm. The computational
domain had its length, height and width of 21.4h, 6h and 9h respectively corresponding to 224.7m, 63m and
94.5m. The distance between the computational inlet and the building was 5h (52.5m) and the distance behind
the PV module was 15h (157.5m). These dimensions made sure that the channel wall boundary layers do not
obstruct air flow on the PV module surface.

ANSYS ICEM 17 was used to develop structured grids with 495 618 nodes. The computational domain
was open in all sides and had different zones including the inlet, the building, the solar PV array and the outlet.
The solar PV array is fixed on top of the building and a no slip condition is assumed. The boundary condition for
the inlet consists of a velocity inlet with a velocity large enough to achieve a Reynolds’s number greater than 100
000 to achieve turbulent flow.

The Finite Volume Method (FVM) was utilized in resolving the conservation equations of wind flow
while the pressure and velocity fields were decoupled using the SIMPLE algorithm. The diffusion and convection
terms were discretized making use of the second-order upwind scheme as shown in Equation 10 [45]. To resolve
the dust particles’, motion equations, the Runge-Kutta technique was adopted. The Solution was considered to be
converged when the Residual Mean Square Error (RMSE) value of 10 was attained for the fine mesh selected.

@r,SOU =@+ VQ.7 (10)

where, @+, SOU is the face value (using second order upwind, SOU), T is the displacement vector from the
upstream cell centroid to the face centroid, @ & V@ are the cell-cantered value and its gradient in the upstream
cell.

Grid Independence

The minimum grid size that gives the best results was determined using the grid independence study and
three grids were identified in the study as coarse (52 059), medium (190 918), and fine (495 618) were used in the
study. The quantity of particles deposited on the solar PV module for each mesh size was noted and a comparison
of the different mesh sizes was carried out. The results showed that that the percentage difference on the deposition
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rate for the coarse and medium meshes compared to the fine mesh was respectively 39% and 8%. It was therefore
established that a fine mesh was the most desirable in giving accurate results. Air flow fields near the PV module
were simulated to evaluate the fouling on the solar PV collector. The simulations were validated using
experimental data by Abiola-Ogedengbe’s et al. [44] results of wind tunnel experiments as shown in Figure 5,
where, w represents the distance measured along the solar panel width from the leading edge and W, is solar panel
width. The results verified that the pressure coefficient (Cp) profile correctly followed the experimental data and
hence it was established that the CFD model was capable of accurately calculating air flow fields around the solar
PV module.
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Figure 4. Experimental validation of the mean pressure coefficient (Cp)

RESULTS AND DISCUSSIONS

Experimental Design
The influence of different particle sizes, wind speeds and tilt angles were investigated in this study using

CFD. Wind flow characteristics were predicted by solving the RANS equations with the turbulence model SST k-
® being used to resolve wind flow turbulence in the vicinity of the PV collector. The DPM model was used in
trajectory tracking of dust particles and the DRW model was employed to model the turbulent dispersion. Software
Fluent v.17 was used in the simulation process.

Dust Deposition and Wind Flow Fields on PV Module

The fouling rates and behaviour were computed using the characteristic wind flow fields on the solar PV
array. The simulations revealed that at elevated places such as rooftops of high rise buildings, the wind flow and
hence the fouling characteristics are completely different from ground mounted PV collectors. The velocity
contours shown in Figure 5 indicates that the maximum wind speed experienced on ground mounted PV collectors
is lower than the wind velocity acting on rooftop PV collectors. This scenario is due to the effect of surface
roughness of the ground which significantly reduces the wind velocity near the ground [46]. Frictional resistance
affects airflow near the ground and hence its velocity is reduced a phenomenon known as wind shear. Equation
11 [47] explains the variation of wind velocity with height where V, is the wind velocity at height z, V is the
characteristic speed, z, is the roughness length and d is the zero plane displacement and it value is slightly less
than the height of the local obstructions.
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Figure 5. Wind flow characteristics of a) ground mounted, and b) rooftop PV collector

Figure 6. a) — d) depicts the velocity fields near the PV collector at varying tilt angles. The velocity fields
are very complicated due to the existence of the solar PV collector as a barrier to wind flow a phenomenon also
noted by Lu and Zhao [35]. The velocity fields for all the configurations have very small differences and are
almost identical for the three different tilt angles as given in Figure 6 a) — d). The huge similarity is due to high
rise building having much influence on wind flow due to its bigger relative size compared to the PV array used in
the simulation. As such, the wind flow characteristics and hence the dust deposition characteristics on the rooftop
mounted PV collectors are dependent on those slight differences observed on the wind flow profiles.

As shown in Figure 5, there are regions of high velocity around the ground mounted horizontal PV
module unlike the roof mounted PV module, which is surrounded by a region of very low velocity. This could be
the reason for more fouling recorded on a ground mounted PV module compared to the roof mounted PV module.
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Figure 6. Velocity fields around the PV collector: a) 0°,15 m/s b) 22.5°, 15 m/s c) 45°, 15 m/s d) 45°, 5
m/s

As indicated in Figure 6, the velocity fields around the PV collector are almost identical regardless of the
tilt angle used for the PV array. The deposition characteristics based on impact velocity were analyzed and they
agreed well with the results by Klinkov et al. [48] and these results are depicted in Figure 7. Different tilt angles
had particle deposition dependent on particle size. Particles of 10um deposited more on the horizontal and 22.5°
tilt angles at impact velocities between 4.5 m/s and 9.1 m/s. 50 pm and 150 um particles had almost similar
deposition characteristics. More of these particles were deposited on the 45°tilt angle at impact velocities between
0.7 m/s and 9.0 m/s.
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The wind velocity of 5m/s had a significantly more dust deposition than a wind velocity of 15m/s for
dust particle sizes of 50um and 150pum. For the velocity of Sm/s the impact velocity was found to be in the range
1.4 m/s — 4.2 m/s as shown in Figure 6 d). There was an average deposition of at least 11% more for 5 m/s
compared to the average deposition for 15m/s wind velocity for particle sizes of 150um for all tilt angles with
28% more deposition being recorded on the 0° tilt at an impact velocity of 2.3 m/s as in Figure 6 a).

Although reference is made to the velocities of 5m/s and 15m/s, it is the impact velocities resulting from
these velocities that is important for the tilted surfaces being studied. The normal velocity component to the
surface should equal the threshold impact velocity for particle adhesion and influence of oblique impact on
surfaces on particle fate was also reported elsewhere [25, 47].

Hypervelocity —lﬂnpﬁ_cts
- SDP | |

Cold Spray

‘Ballisticks

Erosion

Impact Velocity (m/s)

Sticking

10 1d 10° 10°

Particle Diameter (um)

Figure 7. Particle characteristics as influenced by particle size and impact velocity

The fate of dust particles on a surface is affected by several factors including the angle of incidence and
the properties of the materials used in the study [50]. Oblique angle of incidence result in different characteristics
of dust particle deposition when compared to normal angles of incidence [49]. It should also be noted that the
force of gravity also affects deposition where heavier particles tend to be deposited faster than light particles
which may remain suspended in air for a longer time [51].

The Turbulent Kinetic Energy (TKE) profiles for the three tilt angles used for roof-mounted PV collectors
are illustrated in Figure 8. The TKE profiles are almost similar for all tilt angles although a slight difference exist
for the 45°tilt angle where their initial occurrence is behind the PV module unlike other tilts indicating the little
influence of tilt angle on wind flow on rooftop PV modules.

Airflow streamlines over the PV collector are shown in Figure 9 and turbulent eddies occurred away
from the PV module vicinity behind the building. Streamlines represent the path followed by particles suspended
in the fluid and they describe flow in terms of velocity and direction. The spacing between the streamlines is
inversely proportional to the flow velocity.

The installation tilt angle on rooftop mounted PV collector seemed to have a slight influence on the
location of occurrence and size of the turbulent eddies behind the building. The tilt angles of 0° and 22.5° had
large sized turbulent eddies compared to the tilt of 45°. Comparison of ground mounted and roof mounted PV
collectors indicated that there was more deposition on ground mounted collectors for all particle sizes although
particles of 150um had more deposition. Similar results were also reported in a study by Lu and Zhao [51] on
their evaluation of the effects of particle sizes on deposition characteristics. The reason for lower deposition rates
for roof mounted collectors compared to ground mounted collectors could be attributed to the location of the
turbulent eddies on these PV collectors. Comparison of rooftop and ground mounted PV collectors shows that
there is a relatively broader spectrum of impact velocity on ground mounted PV collectors as shown in Figure
5(a). This prompted more deposition of dust particles especially those of 10um size which agrees well with the
results obtained elsewhere [48].
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Dependency of PV Module Efficiency on Dust Deposition

Empirical relationships established from experimental and simulation studies by Jiang et al. [22]
(Equation 12) and Lu et al. [32] (Equation 13) together with the CFD simulations in this study were used to
analyze and model the effects of fouling on the efficiency of the PV collector.

me _
=2p (12)
s = nAST 22 x 100% (13)

where, ns is the efficiency with fouling and n. is the efficiency without fouling, while A and p (kg/m®) are
respectively the fitting factor and the density of the deposited dust. A was taken as 0.0139 for the monocrystalline
PV modules used as determined from experimentation [22]. 3, ¢ (m) and T (days) are respectively representing
the deposition rate, the particle diameter, exposure time taken as 7 days. N is the number of particles introduced
in time t taken as 1000 per second and A is the PV module’s surface area.

Table 1. Relationship between dust deposition and efficiency of the PV array

D | Velocity Tilt Particles = Efficiency

(um)  (m/s) © Deposited (%)
(x10°)
10 5 45 6 2.31
50 5 45 107.8 12.50
150 5 45 320 22.61
10 15 45 1.2 1.32
50 15 45 66 9.58
150 15 45 215 17.67
10 15 45 35 13.48
(ground
mounted)

An evaluation of the impact of dust particle size, flow velocity and PV tilt angle was carried out. The
results indicated that the tilt angle on roof mounted PV modules had little influence on dust deposition compared
to ground mounted PV modules and hence its influence on efficiency was small. However, flow velocity and dust
particle size had a significant influence. The results in Table 1 shows that there was more deposition at lower
velocities compared to higher velocities while large particle sizes had more deposition. It was therefore shown in
this study, that on rooftop solar PV arrays, the flow impact velocity and particle sizes rather than the installation
configuration mainly control the dust deposition.

CONCLUSIONS
The turbulent air flow characteristic behaviour on a multistorey building together with the dust deposition

phenomenon were analysed in this study using CFD. The effect of varying sizes of dust particles, wind speeds
and tilt angles were investigated and a model was developed to assess the influence of fouling on solar PV
efficiency as a function of dust particle size and time of exposure. In this study, the following observations were
reported:

The grid independency study established that a fine mesh was the most desirable in giving accurate
results and it had 8% difference in the amount of particles accumulated compared to a medium sized mesh.

At elevated places such as rooftops of high-rise buildings, the wind flow and hence the fouling
characteristics are completely different from ground mounted PV collectors. The maximum wind speed
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experienced on ground mounted PV collectors is lower than the wind velocity acting on rooftop PV collectors.
This has a significant effect on dust deposition characteristics and ground mounted PV collectors have more dust
deposition. The relatively lower impact velocities experienced on ground mounted PV collectors cause more dust
deposition for particle sizes of 10pm leading to a 13.48% drop in efficiency.

The velocity fields for all the configurations on rooftop solar PV collectors have very small differences
and are almost identical. The huge similarity is due to high rise building having much influence on wind flow due
to its bigger relative size compared to the PV array size used in the simulation.

Dust deposition is more dependent on wind impact velocity and particle size. The wind velocity of 5m/s
had a significantly more dust deposition than a wind velocity of 15m/s with the average deposition of at least 11%
more for 5m/s compared to the average deposition for 15 m/s wind velocity.

The particles with diameter of 150 um had more deposition compared to other dust particle sizes at lower
impact velocities. This phenomenon is attributed to inertia and the force of gravity where heavier particles tend to
be deposited faster than light particles, which may remain suspended in air for a longer time.

NOMENCLATURE

p density, kg/m?

t time, s

K thermal conductivity, Wm™'K"!
u velocity vector, m-s™!

Iperr  effective diffusion coefficient, m?/s
D independent flow variable

So source term, kg/m’s
G

generation term for specific dissipation rate, o s

G, generation term for turbulent kinetic energy k, m?/s?

Lk dissipation rate of, k

Lo dissipation rate of,

I, the effective diffusivity of, ®
I' the effective diffusivity of, k
Ko cross-diffusion term

d diameter, m

S particle to fluid density ratio

o gravitational acceleration, m/s?

Re Particles’ Reynolds number

] Wind velocity, m/s

Cp pressure coefficient

Ns power efficiency with fouling, %

Ne power efficiency without fouling, %
A fitting factor

) deposition rate, particles/day
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