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Abstract: The accumulation of pollutants on the surface of a Concentrating Solar Power (CSP) station
reduces the power generation efficiency of the whole power plant, affects electricity output, and
decreases sales income; therefore, it is particularly important to develop a reasonable and effective
cleaning process. Surface pollutants which have a strong interaction with the cleaning process of
power stations can determine the quality of cleaning to a certain extent. In this paper, the pollutants
on the surface of a trough CSP station with different usage times were collected and characterized
using a scanning electron microscope (SEM), a particle size analyzer (PSA), and a transmission
electron microscope (TEM). It was found that most of the surface pollutants were of a fine size and
included amorphous particles which mainly resulted from the sedimentation of particles suspended
for a short time or particles in the process of atmospheric circulation for a long time. Considering the
service life of the mirror and the scarcity of water resources in the area where the trough CSP power
station is located, a brush-based dry cleaning process with different cleaning times was developed. By
comparing the changes in the reflectivity and micro-morphology of the mirror surface before and after
cleaning, the feasibility and superiority of the brush-based dry cleaning process were fully confirmed.

Keywords: concentrating solar power station; surface pollutants; microstructure; deposition mode;
brush-based dry cleaning

1. Introduction

Trough Concentrating Solar Power (CSP) stations are currently the most mature
technology installed globally [1] and have been widely researched and applied due to their
advantage of a high installed capacity which enables one to store heat for later use [2,3].
It is also worth mentioning that with the progress and development of technology, the
advantages of a low development risk, low cost, simple structure, and high commercial
maturity of CSP stations are emerging [4,5]. CSP stations realize the conversion of light
energy to heat energy through the process of mirror aggregation, reflection, and collector
tube absorption [6,7].

Reflectors work in the field environment for more than 20 years and even up to
30 years [8], during which time they can easily stick to dust, debris, etc., thus reducing the
optical focus of the system. The heat collection efficiency decreases as the average effective
reflectance decreases [9], which directly leads to a decrease in power plant output [10] and
electricity sales revenue [11]. Pollutant particles can greatly reduce the performance of a
collector. For example, dust particles on CSP mirrors installed on the rooftop of a W12
building with coordinates of 25◦17′16′′ NL and 55◦28′42′′ EL could reduce the emissivity
of the mirror surface by approximately 63% after 3 months of exposure [12]. Furthermore,
an amount of 1.5 g/m2 of dust could reduce the instantaneous performance of the collector
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by up to 60% and also reduce the average performance during dust deposition by up to
37% [13]. The sizes and chemical compositions of pollutant particles vary greatly with the
different locations of photothermal power stations [14], which leads to different patterns
of deposition on the surfaces of the reflectors. The location of particle accumulation also
affects the reflectivity of the station [15,16]. For example, after 120 days without using any
cleaning system, the horizontal, vertical, and local tilt angle positions showed decreases
of 17.48%, 7.94%, and 14.13% in % transmittance, respectively [15]. In an another study,
transmission decreased the most at the bottom edge of the reflector and the least at the
center and top edge [17].

Extensive and detailed literature has been published on the exploration of cleaning
technology, the optimization of cleaning frequency intervals in solar power plants [18], and
the design of dedicated measurement systems [19,20], while the compositions and types of
pollutants on the surfaces of photothermal power stations are rarely studied [16]. According
to incomplete statistics [21], the literature related to cleaning technology accounts for 59.7%
of the total, while the literature on the adhesion mechanisms of micro-particles on matrix
surfaces accounts for 19.3% of the total. Fali Ju proposed a photovoltaic dust accumulation
coefficient to evaluate the influence of ash accumulation on photovoltaic power generation
performance [22]. E.Y Chen et al. fundamentally discussed the interaction between particles
and the adhesion between particles and substrates [23]. Dust particles were collected using
various suitably designed, 3D-printed jigs, and Si, O, C, and Fe were the most abundant
elements [15]. Inhalable particulate matter has a strong relationship with the cleanliness
index of a power station [24]. With the different locations of various solar power stations,
different types of pollutant particles are deposited in different areas of the reflectors, and
the cleaning processes also change [25]. Therefore, in order to ensure the efficiency of
trough CSP stations, it is of great significance to determine the types and deposition modes
of the pollutant particles gathered on the surfaces of the reflectors for the formulation of an
appropriate cleaning process.

Parabolic trough collectors (PTC) are the most commonly utilized types of concen-
trating solar collectors in solar thermal power plants [26]. The Delingha 50 MW CSP
station selected for this paper is of this type, and it is currently the largest photo-thermal
power station in China in terms of its installed capacity and energy storage scale. The
area selected for the construction of this trough CSP station is located in the vast Gobi
Desert in the northwestern area of China, with sparse precipitation, drought, and few water
resources. Large-scale CSP power stations over-rely on the cleaning process of spraying
with large amounts of water, which will lead to the failure of sustainable regeneration of
water resources and even damage the ecological balance of the environment [27]. In view
of this, a reasonable dry brush cleaning process should be used to meet the cleaning needs
of the trough CSP station in order to minimize the dependence of the cleaning process
on water resources. Studies have shown that dry brush cleaning can improve the power
generation effect by approximately 3% per week, and the effect can be improved by 5.4% if
a vacuum cleaner is used [28]. Moreover, the use of a dry brush cleaning process to clean
dusty reflector surfaces will not have significant and permanent effects on the CSP station’s
optical properties [29]. AliAl Shehri used an accelerated wear testbed to simulate 20 years’
worth of cleaning and then compared the effects of different brushes made of nylon, cloth,
and rubber on the cleaning efficiency. They found that rubber has a strong cleaning effect
on fine particles and wet dust layers, and the cleaned surface is very smooth [30]. The dry
dust removal brush of the photovoltaic module designed by Ru Kang, which integrates
dust vacuuming, dust transport, and dust cleaning, can realize the cleaning of photovoltaic
panels without water or a cleaner [31].

By designing a pollutant collection experiment, we analyzed the morphology and
composition of the main pollutants gathered on the reflector surface of the CSP station,
compared them with the soil in the surrounding environment of the CSP station, and
concluded by examining the deposition modes of the pollutants in the CSP station. Based
on these results, we designed a brush-based dry cleaning method and verified the feasibility
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and excellent performance of the process by quantifying the increase in reflectivity and the
change in microstructure before and after cleaning.

2. Materials and Methods
2.1. Pollutant Collection

The compositions of contaminants on the reflector surface of a CSP station are complex
and influenced by the natural environment of the site and the frequency of cleaning. In
order to better simulate the contaminants on site, the reflector fragments were selected
and placed in the area of the reflectors on site (which would not be cleaned during daily
cleaning), the placement time was set to one or two months, and in each case, five samples
were placed in the area. The dust on the reflector surface and the soil from the ground
on the site were also collected using a clean non-woven cloth for comparative analysis.
After the collection, the samples and the cloth were sealed in a box. At the same time, data
including the meteorological conditions and air quality during the pollutant collection
period were recorded.

2.2. Brush-Based Dry Cleaning Process

For the reflector surface cleaning needs of the CSP station, two structures (brushes
with 8 or 10 loops; see Figure 1) were designed by considering the specificity of the
field application, the type of contaminants on the surface, and the deposition mode. The
diameter of all the holes used to mount the brushes in Figure 1 was 8 mm, and there were
differences in the diameter of the mounted brushes. The diameter was 1 mm in the outest
2 circles (1 in Figure 1) and 0.8 mm in the remaining inner circles (2 in Figure 1). Both brush
structures had the same design but varied in the number of loops (8 and 10 loops).

Energies 2023, 16, x FOR PEER REVIEW 3 of 15 
 

 

By designing a pollutant collection experiment, we analyzed the morphology and 
composition of the main pollutants gathered on the reflector surface of the CSP station, 
compared them with the soil in the surrounding environment of the CSP station, and con-
cluded by examining the deposition modes of the pollutants in the CSP station. Based on 
these results, we designed a brush-based dry cleaning method and verified the feasibility 
and excellent performance of the process by quantifying the increase in reflectivity and 
the change in microstructure before and after cleaning. 

2. Materials and Methods 
2.1. Pollutant Collection 

The compositions of contaminants on the reflector surface of a CSP station are com-
plex and influenced by the natural environment of the site and the frequency of cleaning. 
In order to better simulate the contaminants on site, the reflector fragments were selected 
and placed in the area of the reflectors on site (which would not be cleaned during daily 
cleaning), the placement time was set to one or two months, and in each case, five samples 
were placed in the area. The dust on the reflector surface and the soil from the ground on 
the site were also collected using a clean non-woven cloth for comparative analysis. After 
the collection, the samples and the cloth were sealed in a box. At the same time, data in-
cluding the meteorological conditions and air quality during the pollutant collection pe-
riod were recorded. 

2.2. Brush-Based Dry Cleaning Process 
For the reflector surface cleaning needs of the CSP station, two structures (brushes 

with 8 or 10 loops; see Figure 1) were designed by considering the specificity of the field 
application, the type of contaminants on the surface, and the deposition mode. The diam-
eter of all the holes used to mount the brushes in Figure 1 was 8 mm, and there were 
differences in the diameter of the mounted brushes. The diameter was 1 mm in the outest 
2 circles (1 in Figure 1) and 0.8 mm in the remaining inner circles (2 in Figure 1). Both 
brush structures had the same design but varied in the number of loops (8 and 10 loops). 

 
Figure 1. Schematic diagram of the brush structures. 1, 2—holes for mounting brushes; 3—holes 
for mounting plastic chassis; 4—plastic chassis. 

In order to clarify whether the brush-based dry cleaning process caused damage to 
the reflector, we considered the cleaning speed, cleaning frequency, and contact area. The 
brush diameter was 1.5 m, the cleaning speed was 3 km/h, and each point of the single 
contact time was approximately 1.8 s. The full service life of the reflector is 25 years and 
the use frequency of cleaning is twice a week for 6 months per year; therefore, the total 
number of cleanings is 1350. The mathematical formula for the equivalent cleaning time 
is: T = t ⋅  k60   (1)

Figure 1. Schematic diagram of the brush structures. 1, 2—holes for mounting brushes; 3—holes for
mounting plastic chassis; 4—plastic chassis.

In order to clarify whether the brush-based dry cleaning process caused damage to
the reflector, we considered the cleaning speed, cleaning frequency, and contact area. The
brush diameter was 1.5 m, the cleaning speed was 3 km/h, and each point of the single
contact time was approximately 1.8 s. The full service life of the reflector is 25 years and the
use frequency of cleaning is twice a week for 6 months per year; therefore, the total number
of cleanings is 1350. The mathematical formula for the equivalent cleaning time is:

T =
t · k
60

(1)

where T is the equivalent cleaning time, min; t is the single contact time between the
brush and the mirror, s; and k is the number of times that the brush is used. Then, we can
determine that the equivalent cleaning time T is approximately 40 min.

Accordingly, we designed experiments with different cleaning durations of 30, 60,
and 120 min and compared the results with those for the unwashed samples. During the
cleaning, we continuously sprayed the simulated contaminant particles.
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2.3. Scanning Electron Microscope Characterization

Due to the requirement for sample conductivity of a scanning electron microscope
(SEM), it is necessary to spray gold onto the sample surfaces to improve the conductivity
in order to ensure that the sample morphology can be clearly characterized. The samples
were first sprayed with gold (120 s) by an Ion Sputter Coater (Quorum, model: SC7620,
Laughton, UK), and then they were observed by scanning electron microscopy (TESCAN,
model: MIRA3, Brno, Czech Republic). The presence of gold on the surface of the samples
caused them to slightly yellow in terms of the macroscopic morphology but did not affect
the observation and testing of the samples. In order to determine the composition of the
pollutants, a composition analysis of the pollutants on the reflector was carried out with
energy spectrometer equipment (Oxford Instruments Nanoanalysis, model: Aztec Energy,
Wycombe, UK).

2.4. Particle Size Analyzer Characterization

In order to accurately grasp the characteristics of the reflector contaminant parti-
cles, the particle sizes were investigated. The collected contaminants were dispersed in
water, and a laser particle size analyzer (Malvern Panalytical, Model: Mastersizer 3000,
Malvern, UK) was selected to test the prepared liquid. When the laser beam passed through
the dispersed particle sample, the particle size measurement was completed by measuring
the intensity of the scattered light. Then, the data were used to analyze and calculate the par-
ticle size based on the scattering pattern. After three tests, the final results were obtained.

2.5. Transmission Electron Microscopy Characterization

For very fine (nanoscale) dusts in the contaminant particles, high-resolution trans-
mission electron microscopy (JEOL, model: JEM-2100Plus, Tokyo, Japan) was operated at
200 kV for analysis.

2.6. Reflectance Measurement Equipment

The instrument used for measuring the mirror reflectance was the portable specular
reflectometer (D&S EXPORTS, model: 15R-USB, Norwalk, CT, USA). This equipment
operates at a 15◦ incidence angle, with standard acceptance angles of 15, 25, and 46 mrad.
After three tests, the final results were obtained.

3. Results and Discussion
3.1. Morphology and Composition of Pollutants

Figure 2 shows the macroscopic morphology of the samples after 1 or 2 months of use.
It can be seen that with the increase in the usage time, the severity of dust accumulation on
the reflector surface of the CSP station increased and the transmittance decreased. The dust
accumulation in different areas showed different and uneven macroscopic distributions,
including the mud-like zone left after rain or after cleaning and the severe area of dust
accumulation that completely covered the surface.
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Figure 3 shows the microscopic morphology of the samples after 1 month of use. The
particles of accumulated dust in the microscopic state are divided into two areas (Figure 3a).
The left side of the separation line is dominated by a scattered deposition of partial large
particles, similar to that shown in Figure 3f, while the right side is dominated by an
overlapping accumulation of multi-size particles, similar to that shown in Figure 3c,e. The
direction of mud-belt accumulation (see Figure 3a) was judged by a comparison with the
mud-like zone area. In the non-mud-like zone area shown in Figure 3b,d,g, large scattered
particles were observed. The diameters of the larger particles in the whole observation area
were up to approximately 50 µm, which indicated that the main effect of the adsorption
force on the particles was Van der Waals force [15].
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Considering the influence of the original composition of the photothermal component
glass sample on the contaminant composition, the surface contaminant particles were
transferred to a conductive adhesive before the composition analysis. The composition of
the contaminants on the surface of the sample after 1 month of use is shown in Figure 4.
Based on the types of elements contained in the samples and their corresponding contents,
the main detected elements consisted of the crustal elements oxygen, silicon, carbon,
aluminum, iron, calcium, sodium, potassium, and magnesium.
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Figure 4. Schematic diagram of the pollutant composition on the surface of the sample after one
month’s use.

Figure 5 shows the surface morphology of the samples after 2 months of use. It can
be seen that the particle sizes of the pollutants were generally less than 85 µm, and their
morphologies were mostly amorphous, with a few nearly spherical particles (Figure 5a–d).
At the same time, traces of biomass were found (see Figure 5e–g). In addition, fine particle
dust agglomeration was very clear in some specific areas (see Figure 5f).

The surface pollutant compositions of the samples after 2 months of use were similar
to those after 1 month of use (see Figure 6). The samples were mainly composed of carbon,
oxygen, and silicon. However, they were not exactly the same, with the main difference
being that the particulate pollutants contained sulfur and chlorine, which were related to
biological activities in the surrounding environmental.

Figure 7 shows a high-resolution transmission electron microscopy (TEM) image of
the contaminants on the surfaces of the samples. It can be seen that the dust particles are
very fine, ranging from less than 1 µm to a few nanometers on the microscopic scale. The
agglomeration status is also shown more clearly. The adhesion between the pollutants in
the aggregated state and the reflector became larger over time, which was not conducive to
cleaning and thus reduced the photothermal conversion efficiency.

3.2. Size of Pollutant Particles

The particle size distribution of contaminants on the sample surface is shown in
Figure 8. It can be seen that the main distribution sizes of the sample pollutant particles are
in the range of 2–70 µm, which indicates small-sized particles, being similar to the results
observed by SEM. The median diameter of the particles was 12.61 µm (D50), indicating
that 50% of the particles were less than 12.61 µm in diameter. The coarse particles were
evaluated by D97, which revealed that particles approximately 39.49 µm and 17 µm in size
were the most abundant, accounting for up to 6.985%. The contents of clay (<5 µm), silt
(5–50 µm), and sand (50–2000 µm) were 15.03%, 84.33% and 0.64%, respectively.
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Particle size is one of the most basic properties of soil. In general, this property is
obtained through relatively simple and easily interpretable methods. This is evidenced by
the widespread use of one of the best-known soil classification systems: the texture triangle
of the USDA (1951, 2017), as shown in Figure 9 [32]. The clay–silt–sand analysis of the
pollutants studied in this paper showed that they belonged to the category of silt loam.
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3.3. Morphology of Environmental Soil and Composition

The pollutants deposited on the reflector surface of the CSP station were mostly related
to their surrounding environment; thus, the source of the pollutants on the reflector surface
was further determined by studying the morphology and composition of the surrounding
environmental soil. Figure 10 below shows the micro-morphology of the soil around the
CSP station. It can be seen that the size distribution of the particles spans a wide range,
and the shapes are generally amorphous. The particle shapes can basically be divided into
two major categories: relatively hard and large bulk particles (Figure 10a), and lamellar
particles with loose structures (see Figure 10b, shown more clearly in Figure 10c,d).
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Figure 11 shows the soil composition of the environment around the CSP station.
The environmental composition was very close to the sample composition, both of which
contained certain elements (e.g., oxygen, silicon, carbon, aluminum, iron, calcium, sodium,
potassium, and magnesium, sulfur, and chlorine).
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Bagnold divided wind and sand motions into three interrelated forms, leap, creep,
and suspension [33], which can be roughly divided into the following cases according to
the particle size: First, when the particle size is larger than 70 µm, the particles leap or
creep on the surface, which belongs to the local substance category. Second, when the
particle size is in the range of 20–70 µm, the particles are transported in a short suspension
belonging to the regional substance category. Third, when the particle size is smaller than
20 µm, the accumulated dust particles are suspended in the troposphere for a long time
and can be carried several kilometers away by airflow as a remote substance. The settling
velocity, retention time, and removal process of atmospheric particles with different sizes
are given in Table 1 [34]. The particle size of pollutants on the reflector surface is generally
within 70 µm; thus, most of the pollutants are regional or distant-source substances. It was
indicated that the pollutants on the reflector surface of the CSP station originated from
particles formed during atmospheric circulation in the short- or long-term suspensions
settling on the surface.

Table 1. Sedimentation velocity, residence time, and removal process of atmospheric particles with
different sizes.

Particle Size
(µm)

Settling Velocity
(cm/s) Retention Time Removal Process

0.001 4.0 × 10−7 ~1 day Agglomeration
0.01 1.5 × 10−4 ~1 week Agglomeration
0.1 2.5 × 10−2 – Nucleation (scoured by rain, etc.)
1 2.5 ~1 month Sedimentation

10 150 ~12 h Sedimentation
100 – ~10 min Sedimentation

Throughout all of the above analyses of pollutants on the reflector surface of the
CSP station, it was possible to roughly simulate the deposition of the dust particles. It is
recommended that the composition of the simulated dust should be 85% silica (5–70 µm
in diameter) and 5% clay (less than 5 µm in diameter), with an average diameter close to
13 µm. The remaining particles can be added as carbon black.
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3.4. Brush-Based Dry Cleaning Process

After cleaning with a brush with eight loops, the specular reflectivity of the reflector
surface rose from 70 to 92, which met the reflectivity requirements of the site. After cleaning
with a brush with 10 loops, the specular reflectivity increased from 68 to 93.5, which was
slightly better than the effect of the first brush structure (see Figure 12).
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Figure 12. Two kinds of brushes used during work and the reflector surfaces after cleaning (a) 8 loops
(b) 12 loops.

We next examined the surface microstructure of the reflector before and after cleaning
at different times in Figure 13. The reflector surface without cleaning had many particles of
dust and was smooth in other areas (see Figure 13a). After cleaning for 30 min, the reflector
surface had some shallow scratches, but the depth and width of the scratches were not
great (see Figure 13b), indicating that the degree of damage was relatively minor. After
cleaning for 60 min, the reflector surface had a greater wear depth, with pits in addition
to shallow scratches (see Figure 13c). Dust particles become scattered and embedded in
such pits during dusting and sweeping, further increasing the difficulty of cleaning and
reducing the efficiency of dust removal to a certain extent. After cleaning for 120 min, the
reflector surface damage had become serious. The depth of wear of the pits was no longer
relatively localized but was instead continuously distributed along the cleaning track (see
Figure 13d). The number of dust particles falling into the wear pits also increased, while a
larger area of damage in the cleaning process intensified the wear of the adjacent areas and
ultimately reduced the overall efficiency.



Energies 2023, 16, 3260 12 of 15

Energies 2023, 16, x FOR PEER REVIEW 12 of 15 
 

 

were not great (see Figure 13b), indicating that the degree of damage was relatively minor. 
After cleaning for 60 min, the reflector surface had a greater wear depth, with pits in ad-
dition to shallow scratches (see Figure 13c). Dust particles become scattered and embed-
ded in such pits during dusting and sweeping, further increasing the difficulty of cleaning 
and reducing the efficiency of dust removal to a certain extent. After cleaning for 120 min, 
the reflector surface damage had become serious. The depth of wear of the pits was no 
longer relatively localized but was instead continuously distributed along the cleaning 
track (see Figure 13d). The number of dust particles falling into the wear pits also in-
creased, while a larger area of damage in the cleaning process intensified the wear of the 
adjacent areas and ultimately reduced the overall efficiency. 

 
Figure 13. SEM images of the microstructure of the reflector before and after cleaning. (a) not 
cleaned, (b), (c) or (d) after cleaning for 30, 60 or 120 min. 

Since there was an interaction between the reflector surface, the pollutants, and the 
brushes, we analyzed the brushes used for cleaning simultaneously. The SEM images of 
the surface states of the brushes before and after cleaning are shown in Figure 14. It can 
be observed that before use, the surfaces of the brushes with diameters of 1.47 mm (outer 
two loops) or 0.81 mm (remaining inner loops) were flat with some small manufacturing 
defects (see Figure 14a,c). When the brushes were used after 120 min, it was observed that 
both brushes also had serious degrees of frictional damage to the track, while dust parti-
cles from the reflector could be observed (see Figure 14b,d). A transfer of pollutants oc-
curred during the brush-based dry cleaning process, and these particles partially adhered 
to the brush, which was a source of secondary pollution that also increased the wear of 
the brush and the cleaned reflector surface. 

Figure 13. SEM images of the microstructure of the reflector before and after cleaning. (a) not cleaned,
(b), (c) or (d) after cleaning for 30, 60 or 120 min.

Since there was an interaction between the reflector surface, the pollutants, and the
brushes, we analyzed the brushes used for cleaning simultaneously. The SEM images of
the surface states of the brushes before and after cleaning are shown in Figure 14. It can
be observed that before use, the surfaces of the brushes with diameters of 1.47 mm (outer
two loops) or 0.81 mm (remaining inner loops) were flat with some small manufacturing
defects (see Figure 14a,c). When the brushes were used after 120 min, it was observed that
both brushes also had serious degrees of frictional damage to the track, while dust particles
from the reflector could be observed (see Figure 14b,d). A transfer of pollutants occurred
during the brush-based dry cleaning process, and these particles partially adhered to the
brush, which was a source of secondary pollution that also increased the wear of the brush
and the cleaned reflector surface.
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Overall, the brush-based dry cleaning process caused wear damage to the reflector
surface and the cleaning brushes, and the correlation between the damage and cleaning
time was also strong. However, using a brush-based dry cleaning process during the service
life of a reflector, one can complete the cleaning task to a relatively comprehensive degree
and save significant amounts of water in winter or at other low temperatures.

4. Conclusions

In this paper, by collecting pollutants on the CSP station, analyzing their morpholo-
gies and compositions, and designing a brush cleaning process, conclusions were finally
obtained as follows. The main size distribution of pollutants on the reflector surface was
2–70 µm. We found fine-sized and amorphous particles with obvious agglomeration, which
mainly resulted from the sedimentation of particles suspended for a short time or from
particles in the process of atmospheric circulation for a long time. The composition of the
particles was dominated by crustal elements such as carbon, oxygen, silicon, aluminum,
iron, calcium, sodium, potassium, magnesium, etc. The pollutant composition of the
particles was simulated by selecting a dust package composed of 85% silica (5–70 µm
in diameter); 5% clay (less than 5 µm in diameter), preferably with an average diameter
close to 13 µm; and 10% carbon black, which was useful for developing a cleaning process.
Although a brush-based dry cleaning process will cause wear damage to the reflector
surface and cleaning brushes, using this process during the service life of a reflector, one
can complete the cleaning task to a relatively comprehensive degree and save significant
amounts of water in winter or at other low temperatures.
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