
SolarPACES 2022, 28th International Conference on Concentrating Solar Power and Chemical Energy Systems 

Solar Collector Systems  

https://doi.org/10.52825/solarpaces.v1i.722 

© Authors. This work is licensed under a Creative Commons Attribution 4.0 International License 

Published: 19 Jan. 2024 

Design and Implementation of a Soiling Forecasting 
Tool for Parabolic Through Collector Mirrors 

Athanasios Voukelatos1[https://orcid.org/0000-0001-5589-6359], Aggeliki Anastasiou2[https://orcid.org/0000-0002-2613-

9815], Johannes Christoph Sattler3[https://orcid.org/0000-0001-6796-9439], Spiros Alexopou-
los3[https://orcid.org/0000-0001-7380-8172], Siddharth Dutta4[https://orcid.org/0000-0002-2789-5858],  

and Ioannis Kioutsioukis2[https://orcid.org/0000-0002-4653-8442]

1 MSc, PhD candidate, University of Patras, Laboratory of Atmospheric Physics, Greece 
2 University of Patras, Laboratory of Atmospheric Physics, Greece 

3 Solar-Institut Jülich (SIJ) of the FH Aachen University of Applied Sciences, Germany 
4 Protarget AG, Germany 

Abstract. This study presents a new soiling forecasting algorithm that was designed to pre-
dict the deposition of dust on mirror of Parabolic Through Collector (PTC) plants. The PTC 
soiling model developed in this work is based on existing models for the dust dry deposition 
over geographic regions. The soiling forecast algorithm is characterized by specific mecha-
nisms. The sedimentation mechanism, also known as “gravitational settling”, is proportional 
to the sun’s position. Brownian motion is defined as a diffusion process and depends on the 
air’s wind speed and temperature. Impaction mechanism depends on the wind speed and 
wind direction and occurs when particles do not follow the curved streamlines of their flow 
due to the inertia. All three mechanisms depend also on aerosol’s size. Two mechanisms 
contribute to the mirror’s cleaning, namely rebound and washout. Soiling rate (SR) is the 
daily rate of dust accumulation on the mirror’s surface and depends on deposition velocity, 
rebound, the number of particles and their size. The modelled reflectivity is a function of SR 
and the reflectivity of a cleaned mirror. The model was calibrated using reflectivity measure-
ments which were acquired during a previous project campaign in the period July 2018 – 
May 2019. The validation of the model for June 2019 showed that it accurately captured the 
phasing and the magnitude of reflectivity. The results of this study can help the PTC’s opera-
tor to choose the optimal cleaning strategy to minimize the energy loss and to reduce O&M 
cost.  
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1. Introduction

After the 20th century, many countries have focused on renewable energy sources for ther-
mal and electricity production having the general objective to reduce the environmental im-
pact due to the increased use of fossil fuels [3]. The most abundant renewable energy 
source available is solar energy, and many technologies were developed to exploit its re-
source, such as solar thermal plants and photovoltaic (PV) [3]. In order to decrease the use 
of fossil fuels and based on the European Union (EU) regulations, the use of renewable en-
ergy systems has increased during the last years, especially the solar energy-based systems 
[3]. Considering the large amount of fuel that is needed to cover the energy needs of the in-
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dustrial sector, the Parabolic Through Collector (PTC) technology seems to be the best sys-
tem to balance the needs of several industrial plants [3].  

The PTC systems belong to the of solar concentrating systems called Concentrating So-
lar Power (CSP). PTC plants are being installed in dusty environments such as the Middle 
East and North Africa (MENA) regions [1]. The trade-off between minimizing soiling-induced 
losses and cleaning cost is a challenge for operators and project planners while reducing 
drastically the water amount dedicated to solar field cleaning is the final goal [1]. Measure-
ment campaigns for the effect of soiling on PTC mirrors are time consuming and costly. 
There are no standardize methods to determine the soiling of PTC solar fields.  

This study presents a soiling forecasting (SF) tool developed at the University of Patras 
in the frame of the Smart Solar System (S3) project (Horizon 2020 Solar-Era.net), to estimate 
the deposition of dust on PTC mirrors. The implementation of the tool’s algorithm is based on 
an existing soiling model [1], adapted to estimate soiling on PTC mirrors. This model is de-
veloped based on the physical principles implemented in existing Atmospheric Dust 
Transport Models (ADTM).  

2. Soiling model for dust accumulation on PTC mirrors

The SF estimation is derived from the ADTM models where the particle deposition on the 
ground from the atmosphere is presented as particle flux 𝐹𝐹. The particle flux towards the mir-
ror surface is calculated in equation: 

Fmirr(ⅆP)=vD�ⅆp� ⋅ C�ⅆp�, (1) 

where 𝑑𝑑𝑝𝑝 is the particle diameter, 𝑣𝑣𝐷𝐷 is the deposition velocity (m/s), and 𝐶𝐶�𝑑𝑑𝑝𝑝� is the num-
ber of particles in a cubic meter (m-3). Dust accumulation from sedimentation, Brownian mo-
tion and impaction are considered in the estimation of 𝑣𝑣𝐷𝐷. To estimate the rate of dust parti-
cles that can be accumulated on the surface of a PTC mirror, the computational procedure 
was divided in two different paths: the first one has the equations for the laminar flow regime 
and the second has the turbulent flow regime.  

2.1 Deposition velocity and soiling mechanisms 

In the laminar flow model, deposition velocity is calculated as a sum of velocities caused by 
the mechanisms of sedimentation, Brownian motion, and impaction [2].  

vD=vS+ vB+ vI (2) 

The 𝑣𝑣𝑆𝑆 term corresponds to sedimentation. Sedimentation of a particle is the result of the 
ratio between the gravity force exerted on the particle and the drag force that opposes the 
movement of the particle [4]. The deposition velocity from sedimentation of a spherical parti-
cle is perpendicular to the mirror’s surface and the sun’s position. The 𝑣𝑣𝐵𝐵 term corresponds 
to Brownian motion which is defined as a diffusion process where the soil particles will tend 
to be spread evenly throughout the medium in a function of temperature and surrounding air 
molecules and other aerosol characteristics. The last term, 𝑣𝑣𝐼𝐼 is called impaction and occurs 
when particles do not follow the curved streamlines of the flow due to their inertia, resulting in 
the collision with the obstacle. The small particles that are interacting with on obstacle, in this 
case the PTC mirror, are partly following the direction of surrounding air stream, if the trans-
ferred momentum can overcome their kinetic inertia, otherwise they hit or impact the mirror 
surface. Impaction is a function of particle size, wind speed and wind direction.  
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Turbulent flow must be considered when the wind speed exceeds the threshold value 
6.8 m/s, so the air volumes do not follow the main flow [7]. In this case, air shows turbulenc-
es and fluctuations that are described from equation 3 for particle removal and deposition 
velocity. The deposition velocity for a turbulent flow case is calculated as: 

 vD,turb=αturb ⋅ (1+uwind⋅bturb) ⋅ freb,turb,   (3) 

where  α𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the weighting factor for the adhesion of the particles on the PTC’s surface 
and 𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the weighting factor that calibrates the impact of the wind speed to the deposition 
velocity. The 𝑓𝑓𝑡𝑡𝑟𝑟𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 term is a model parameter that was determined from [1].  According to 
literature [1], for wind speed values that exceed the threshold of 6.8 m/s, the turbulent flow 
equations are selected to estimate soiling correctly.  

2.2 Rebound and washout  

Apart from the mechanisms that estimate the formation of dust layers on a mirror’s surface, 
the SF algorithm has considered the mechanisms that remove dust particles from the surface 
and therefore provide a natural cleaning effect to the mirror. The first process that appears to 
reduce dust accumulation on PTCs is called “rebound”, and it is described as the removal of 
dust particles that occurs due to adhesion forces between the particles and the mirror sur-
face. Individual rainfall events can also affect the concentration of dust deposited on solar 
mirrors. The contribution of both Rebound and rain washout processes to the soiling estima-
tion is determined by mapping the values to the existing meteorological conditions [1]. 

2.3 Reflectivity estimation  

The level of dust accumulation on a PTC mirror’s surface is estimated from the cleanliness 𝜉𝜉, 
defined as the fraction of soiled mirror’s reflectivity in time t to the mirror’s reflectivity in clean 
state. The soiling rate (SR) is expressed as the decrease of cleanliness with time t: 

 
SR = 

dξ
dt

 
(4) 

In this study, the assumption is made that the SR (%) is the daily rate estimation of dust 
accumulation on the mirror’s surface. To quantify the SR, a metric is used that is proportional 
to the SR, namely the rate of coverage (CR) calculated as: 
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 ⋅ dp
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(5) 

where the respective categories of the 𝑑𝑑𝑝𝑝 for each model make up the summation. Deposi-
tion flux  𝐹𝐹𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 is defined by the concentration of the number of spherical particles 𝐶𝐶�𝑑𝑑𝑝𝑝� (1/
𝑚𝑚3) and the deposition velocity 𝜈𝜈𝐷𝐷�𝑑𝑑𝑝𝑝� (m/s). SR is approximated by CR and the proportion-
ality coefficient ζ. This proportionality coefficient ζ was the primary goal of the training phase 
(RMSE minimization in the training dataset):  

 SR =CR ⋅ ζ (6) 

The predicted estimation of the mirror’s reflectivity ρ is calculated as: 
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 ρ(t+1day)=ρ(t) - ρClean ∙ SR(t), (7) 

where 𝜌𝜌𝐶𝐶𝑙𝑙𝑟𝑟𝑙𝑙𝑙𝑙is the reflectivity of the clean mirror.  

3. Validation of the soiling model  

The meteorological data used for the training and validation of the model were taken from a 
weather station at the company KEAN Soft Drinks Ltd in Limassol, Cyprus (location of the 
PTC plant) while the particle concentrations were retrieved from the CAMS global atmos-
pheric forecasts [5]. Furthermore, reflectivity measurement data from aforementioned PTC 
plant acquired between 2018-2019 [3] has been used.  

To provide an efficient prediction of the soiling rate, two similar versions of the model 
were used. The first model includes particle concentration information from the Particulate 
Matter (PM) forecasts. Because of that, the first model is calibrated with PM2.5 and PM10 
(kg/m3) only (i.e., 𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 10 μm). The second model uses a wider distribution of aerosols, 
including coarse particles. Specifically, dust aerosol mixing ratio in the bins 0.03-0.55 μm, 
0.55-0.9 μm and 0.9-20 μm were used in the CR estimation for the impact of the fine, medi-
um and coarse particles (i.e., 𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 20 μm). 

To verify the performance of the SF tool, the reflectivity predictions from model 1 and 
model 2 were compared with the available PTC mirror reflectivity measurements. These re-
flectivity measurements had been acquired during previous project campaign that occurred in 
June 2019 at KEAN factory and has been described in detail in [3]. The measurement valida-
tion campaign was carried out for the period from 3rd until 7th June 2019, with one missing 
entry on 6th June. During the first 3 days, there was a significant soiling event that increased 
gradually until 5th June 2019 and then recedes the days afterwards.  

Figure 1 illustrates the predicted reflectivity estimations of model 1 (top graph) and mod-
el 2 (bottom graph) against the reference reflectometer measurements. Both models accu-
rately captured the phasing and the magnitude of reflectivity during the calibration period. To 
assess the effect of each mechanism on the model outputs, additional analysis with hourly 
data is presented in the following figures.  

 

Figure 1. Daily reflectivity estimation and comparison with validation measurements.  
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Figure 2 shows the total aerosol optical depth (AOD), the dust AOD and some meteorologi-
cal variables (e.g., air temperature). During the validation period, a dust event occurred, af-
fecting the PTC system. The dust event can be verified from the values of dust AOD, shown 
in 1st and 2nd graph (from the top) of Figure 2. This is expected to be anticipated in the mod-
el’s results, increasing the soiling rate and decreasing the estimated reflectivity. For that pe-
riod no rain events happened. Relative humidity was mostly over 60%, resulting in no re-
bound effect.  

 

Figure 2. Hourly aerosol optical depth and meteorological conditions. 

The outputs of model 1 are demonstrated in Figure 3 and Figure 4. Firstly, in Figure 3, the 1st 
and the 2nd graph from above show the hourly variability of the particulate matter (PM) con-
centration. PM patterns are not identical to AOD due to the occurred dust event that affected 
the PTC plant. Dust particles with diameters bigger than 10 μm are not included, resulting to 
different graph patterns of coarse particles (2nd graph in Figure 3). The deposition velocity, 
calculated with the equation for laminar flow, is presented in the 3rd graph of Figure 3. Zero 
deposition velocities are documented due to nighttime hours where the PTC plant is off. As 
presented in detail previously, the soiling rate is proportional to the deposition velocity. This 
is apparent by the 3rd and 4th graph in Figure 3. The hourly forecast reflectivity is presented in 
the 5th graph of Figure 3. As the soiling rate increases, the reflectivity decreases but if 𝑆𝑆𝑆𝑆 = 0 
the estimated reflectivity does not change.  

In Figure 4, the mechanisms of the 1st model are illustrated. As presented before, sedi-
mentation velocity is proportional to sun’s position, also known as “gravitational settling”. Ac-
cording to previous session, at night there is no effect of sedimentation, justifying the missing 
values. The impaction (3rd graph in Figure 4) is a function of wind speed and wind direction. 
Values of zeroes appear at many times, even in daytime hours caused by the interaction of 
the wind’s direction and the angle of the PTC mirror. Brownian motion (2nd graph in Figure 4) 
among the other parameters presents the lower impact to the total deposition velocity, 
whereas sedimentation provides the opposite behavior. The wind speed (Figure 4) does not 
exceed the threshold value of 6.8 m/s, indicating the activation of laminar flow under the 4-
day period. 

For both models, deposition velocity is calculated based on fine and medium particles in-
formation and only for model 2, deposition velocity is calculated also for coarse particles. The 
outputs of model 2 are demonstrated in Figure 5 and Figure 6. Sedimentation, in Figure 6, 
has the same profile as model 1 but with different magnitudes due to use of different particle 
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sizes. Larger particles result in higher values in Brownian motion. Impaction has the same 
values range because the wind is the dominant factor of this mechanism. Larger particles 
increase the “gravitational settling” resulting in the increase of deposition velocity and soiling 
rate. Like model 1, the sedimentation has the highest influence of models estimated deposi-
tion velocity.  

 

Figure 3. Hourly PM2.5 and PM10 concentration, deposition velocity, soiling rate and fore-
cast reflectivity for model 1. 

 

Figure 4. Hourly sedimentation, Brownian and impaction mechanisms, wind speed and wind 
direction for model 1. 

The biggest drop of reflectivity estimation appears at the time of the highest soiling rate as 
shown in Figure 5. At that period, sedimentation, impaction and Brownian motion haves their 
highest values, the dust aerosol mixing ratio was high and the dust AOD was over 0.4, which 
describes the intense dust event. Furthermore, relative humidity was over 60% resulting in 
no rebound effect. This indicates that there was no mechanism that removed dust particles 
from the surface and “cleaned” the mirror. The timing of the favorable environmental condi-
tions for dust accumulation is aligned with the period exhibiting the maximum reduction of the 
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predicted reflectivity, demonstrating a correct replication of the underlying physical mecha-
nisms.  

 

Figure 5. Hourly dust aerosol mixing ratio, soiling rate and forecast reflectivity for model 2. 

 

Figure 6. Hourly sedimentation, Brownian and impaction mechanisms, wind speed and wind 
direction for model 2. 

4. Results and Discussion  

During the calibration period, both models correctly estimated the reduction and the phasing 
of the reflectivity. The sedimentation mechanism had the highest influence of SF’s estimated 
deposition velocity. The wind (speed and direction) had the biggest impact on the deposition 
velocity relative to other meteorological variables. In general, the model 2 is more efficient 
than model 1 because it uses a wider distribution of aerosols.  
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The next step will be further optimize the model by mean of implementing a wider range 
of atmospheric conditions (e.g. warm-humid, red-rain events) in view of its operational im-
plementation in refl ectivity forecasts.  
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