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ANALYSIS OF SOILING MEASUREMENT SYSTEMS AND CLEANING
METHODS OF SOLAR PHOTOVOLTAIC MODULES
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Enhancing the efficiency of photovoltaic solar energy converters is of paramount
importance. This study presents a comprehensive analysis of soiling measurement systems
and cleaning methods for photovoltaic modules aimed at improving their efficiency. The
research highlights the significant impact of dust and dirt accumulation on the surface of PV
modules, which can reduce efficiency by more than 35%. Various soiling measurement
systems are discussed, including optical systems and systems using paired photovoltaic
modules, along with their respective advantages and disadvantages. The analysis also covers
different cleaning methods, such as natural cleaning, manual cleaning, automated cleaning,
and self-cleaning coatings. Each method's benefits and drawbacks are examined in terms of
efficiency, cost, and applicability. The integration of digital technologies and automation,
including artificial intelligence and IoT systems, is identified as a promising direction for
future development in the field of solar panel soiling measurement and cleaning systems.
This study provides valuable insights and comparative analyses for researchers, solar energy
professionals, and solar plant owners to enhance the efficiency, longevity, and economic
returns of photovoltaic installations. The implementation of efficient cleaning methods and
advanced soiling measurement systems can lead to significant increases in the efficiency and
durability of solar modules, as well as environmental benefits by reducing dependence on
fossil fuels.

Keywords: photovoltaic module, cleaning method, efficiency improvement, soiling
measurement system, digital technologies, automation.

Introduction. Photovoltaic (PV) converters are used to convert solar energy
into electrical energy. Quantitative characteristic of transformed energy is efficiency.
The efficiency value depends on a number of external influences, among which the
degree of contamination of the glass surface plays an important role. The
accumulation of dust particles and dirt on the surface of photoelectric modules has a
very negative effect on their efficiency, because in the presence of dust, sunlight does
not penetrate to the semiconductor converters [1,2]. In order to solve the mentioned
problem, the development and researches of solar PV modules surface cleaning
methods, sensors for recording the presence of dust and systems for measuring the
level of pollution are currently being carried out all over the world. The paper
presents the importance of surface cleaning of solar PV modules, types of pollution
measurement systems, cleaning methods and their analysis.
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The importance of surface cleaning of solar PV modules. The accumulation
of dust and dirt on the surface of solar PV modules depends on many parameters:
the inclination of the PV module installation, the type of glass coating, the roughness
of the surface, the external environmental conditions (wind speed, humidity,
temperature, air pollution), as well as the geographical location. Biological,
electrostatic, and chemical properties of dust, as well as the shape, size, and weight
affect dust deposition on the surface of PV modules [3]. Fig. 1 shows the causes of
pollution of solar PV modules [4].
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Fig. 1. Causes of dust accumulation on the surface of solar photovoltaic modules

Studies show that the Middle East and North Africa are the areas with the
highest dust accumulation in the world [4]. Fig. 2 shows the levels of pollution
intensity by regions [5].
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Fig. 2. Dust intensity worldwide

The presence of dust and dirt can reduce the efficiency of solar photovoltaic
modules by more than 35% [6]. That is why the process of cleaning the surface of
solar PV modules is very important. Cleaning methods of solar PV modules are
important for increasing their efficiency and maintaining their durability. The
importance of cleaning methods is summarized as follows:
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sEfficiency increase. The implementation of regular cleaning process is an
incentive for the maximum efficiency of the modules, potentially increasing their
efficiency by 5-35%, depending on the severity of the soiling and environmental
conditions [6].

e Longevity maintenance. Solar PV modules are installed with the expectation
of operating for several decades. The presence of dirt and dust on their surface leads
to a reduction in the working time. The use of appropriate cleaning methods is an
incentive to extend the service life of the modules by up to 10-15 years, as it prevents
the degradation and overheating caused by soiling [7].

eEconomic advantages. Regular surface cleaning of solar PV modules can
lead to increased financial returns for solar PV plant owners. Studies have shown
that clean modules can increase annual energy yield by up to 10%, translating to a
significant boost in revenue, particularly for large-scale installations [8].

eImpact on the environment. Working at the maximum efficiency of clean
solar PV modules makes it possible to reduce the need to obtain additional energy
from fossil fuels, which in turn contributes to the reduction of greenhouse gas
emissions. It is estimated that every megawatt-hour (MWh) of electricity generated
from clean solar modules can reduce CO, emissions by approximately 0.5 to 0.6
metric tons, significantly aiding in the fight against climate change [7,8].

Types of soiling measurement systems for solar PV modules and their
comparative analysis. Incorporating the measurement of surface contamination of
PV modules as part of the monitoring system is important for the quantitative
characterization of efficiency reductions due to dust and dirt. There are two main
types of PV module soiling monitoring systems.

1. Soiling measurement optical systems. Measurements are carried out on the
basis of optical sensors included in the system. The following soiling systems and
dust sensors working with this method are known in the world: "DustlQ" soiling
monitoring system (Kipp & Zonen company, USA), "MarsTM" soiling measurement
sensor (Atonometrics company, USA), "RK210-03" soiling monitoring system
(Rika company, China). The main advantages and disadvantages of this type of
system and sensors are:

Advantages:

» Real-time monitoring: Optical soiling systems can provide real-time
monitoring of pollution levels.

* Convenience for use in large solar PV plants. They can be installed in large
solar plants and measure the pollution of modules in several areas at the same time.

* Cost-effectiveness: Compared to other methods, it is cost-effective to use in
large solar PV plants.

Disadvantages:

» Accuracy of measurement: A large error in the measurement of pollution
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depending on the factors of the external environment. 4-20% error of the soiling
ratio, depending on the system used for the measurement [9].

* Initial calibration: For the accurate operation of the sensors in the system, it
is necessary to perform a preliminary calibration. During operation, it is necessary
to carry out checks and regular calibration in order to maintain the accuracy of the
measurement.

2. Systems of two PV modules. These systems include two solar PV modules,
one of which is cleaned manually or by an automated system before measurement.
After cleaning, measurements of the electrical characteristics of the two solar PV
modules are carried out. The results of the measurements are compared and the effect
of the presence of dust and dirt on the efficiency of the PV module is determined.
The following systems working with this method are known: "RDE300i"
(Atonometrics company, USA), "DustVue" pollution sensor (Campbell Scientific
company, USA), "SEVEN" sensors (USA), "FLIP-SMU" (“Frugal Labs Tech
Solutions", India), "ARES" ("Fracsun", USA).

Advantages:

* High accuracy: They provide high accuracy, up to 7% error in contamination
ratio [9].

* Advanced data analysis: Measurements of electrical characteristics of PV
modules and analysis of these data are performed.

Disadvantages:

* Application in large solar PV plants. Concentrating and measuring at one
location does not provide an overview of the pollution of the entire solar PV plant.

» Time consumption: Measurements can be time-consuming, especially for
large solar PV plants.

* Risk of module damage. There is a potential risk of damage to the modules
during the measurement process, especially if there is physical contact.

Methods of cleaning solar PV modules. The process of cleaning the surface
of solar PV modules is performed by different methods. Fig. 3 shows the block
diagram of groups of cleaning methods [10].
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Fig. 3. The solar photovoltaic module surface cleaning methods
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The surface cleaning methods of solar PV modules widely used in the world,
differing from each other in their advantages and disadvantages, have been
considered:

1. Natural cleaning. The simplest cleaning option is natural cleaning. In this
version, the surfaces of the solar PV modules are cleaned by rain, wind and melting
snow.

2. Manual cleaning. Manual cleaning involves physical cleaning of the
surface of the PV modules using tools such as squeegees, brushes, water and cleaning
chemicals (Fig. 4).

Fig. 4. Manual surface cleaning of solar PV modules

The following world-famous organizations are engaged in the production of
manual cleaning tools: "UNGER" (Germany), "Tucker" (USA), "LEHMANN"
(Germany), "WCW" (Australia) and "SolarGlanzz" (Netherlands).

3. Automated cleaning. Automated cleaning systems use technologies such as
cleaning robots, drones, and automated water systems that perform the cleaning
process without human intervention (Fig. 5). These types of cleaners remove dust
from the surface of PV modules using a brush, air, water and detergents [11].

Fig. 5. Automated surface cleaning of solar PV modules: cleaning robots, drones and
automated water systems

Cleaning robots and drones are widely used mainly in large solar PV plants.
Along with the development of technologies, new software and hardware packages
of robot systems are being developed, which are based on 10T systems and elements
of artificial intelligence [12]. Cleaning robots and drones equipped with the latest
technologies also enable monitoring and maintenance services for solar PV modules.
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The following companies producing similar robots are known in the world:
"hiCLEANER" (Germany), "SolarCleano™ (Luxembourg), "CleanSolar Solution"
(Great Britain), "Ecoppia” (Israel), "SCM" (Spain) and "Serbot AG". (Switzerland).
Drones are widely used in the monitoring and cleaning processes of PV modules.
Drone cleaning of solar PV modules has been shown to increase the efficiency by up
to 35% and reduce maintenance costs by up to 60% [13].

4. Self-cleaning coatings. Self-cleaning coatings of PV modules are used to
reduce the adhesion of dirt and dust to the surface of the modules. The use of self-
cleaning coatings should be based on the specific requirements and conditions of the
installation of solar PV modules. A cost-benefit analysis should be performed to
determine whether the benefits outweigh the initial investment and maintenance
costs.

The table below shows the advantages and disadvantages of the above solar
PV module surface cleaning methods [14].

Table
Advantages and disadvantages of surface cleaning methods of solar photovoltaic modules
Cleaning Advantages Disadvantages
Methods
1 2 3
1. Natural | eReduction in purchase and labor eUnable to control.
cleaning costs of cleaning systems. eLight precipitation increases
e Effective cleaning of large dust deposition on the PV
particles of dust and dirt. module surface.
¢ The presence of wind and rain eDust removal depends on wind
reduces the temperature of the direction and speed.
solar PV module, which in turn o\Wind carries dust particles.
ensures an increase in efficiency. Light wind can increase the level

of contamination on the surface
of the PV module.

2. Manual | eReliable type of cleaning with eHigh costs for labor and cleaning
cleaning human supervision. tools.
|t is done periodically according  |[#High costs of labor training.
to the required time. eRelatively large consumption of
o Fully restores the efficiency of PV | water, which limits the work of
modules. this cleaning method in regions
o If necessary, the cleaning with little water.
supervisor can take corrective eRisk of falling from high places
actions during the cleaning when cleaning the PV module by
process. hand.
o Cleaning work can remove all o Itisimpractical in large solar
kinds of dust and dirt particles. plants and regions with high dust
threshold.
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Table (continued)

1 2 3
3. e Lack of manpower. eHigh operating and maintenance
Automated | eReducing the possibility of costs.
cleaning damaging the surface of the solar | eLimited applicability in small
PV module. stations.
eWidely found in water-rich and eFrequent checking of the system
water-scarce regions (dry cleaning is required.
robots and automatic systems). ePower is required to operate.
eLow energy consumption.
e Speed of cleaning.
4. Self- e Maintain the efficiency of the eHigh cost, which can be an
cleaning solar PV module by reducing the obstacle for some owners of PV
coating accumulation of dirt and dust on systems.
the surface of the module. ePerformance may vary
eReducing the frequency of depending on environmental
cleaning operations. conditions.
e They extend the service life of the | eThey decay and wear out over
solar PV module. time.

Natural cleaning does not require additional costs, but the effectiveness of this
method depends on unpredictable weather conditions. Manual cleaning is reliable
but has high labor costs, which in turn limits the application of this method to large
solar PV plants. Automated cleaning systems that include automatic recording of
dust presence and measurement of contamination levels are a promising way to
minimize manual intervention, although there are challenges such as high operating
costs and limited applicability in small solar PV plants. Self-cleaning coatings
provide a long-term solution to cleaning problems, but initial costs can be a deterrent
to choosing this method. Each method has certain advantages and disadvantages, and
the choice of cleaning method depends on factors such as the geographical location
of the solar PV plant, its size, and the initial cost of cleaning.

Conclusion

1. The types of existing solar photovoltaic module soiling measurement
systems and cleaning methods, along with their comparative analysis, are presented.

2. Cleaning the surface of solar photovoltaic modules ensures increased
efficiency of the modules, maintenance of longevity of operation, increased income
of solar plant owners and positive impact on the environment.

3. The integration of digital technologies and automation in solar photovoltaic
module soiling measurement and cleaning systems is a promising development. The
analysis carried out in the article highlights the importance of incorporating elements
of artificial intelligence, 10T systems, and automation in the further development of
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these systems.

4. Valuable insights and comparative analyses are provided, which can be
used by researchers, solar energy professionals, and solar plant owners to enhance
the efficiency and longevity of photovoltaic installations.
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AHAJIN3 CUCTEM U3MEPEHUSA 3ATPASHEHUIN 1 METOJIOB OYUCTKH
COJIHEYHBIX ®OTOBOJIbTAUYECKUX MOAYJIENA

H.K. bBagaasn

[oBeienne 3¢dexTBHOCTH (HOTOBOIBTANYECKUX IpeoOpa3oBaTeNieldl CONHEYHON
SHEPrUM HUMEEeT IEPBOCTENIEHHOEC 3HaueHWe. B JaHHOM HCCleOBaHMM TPECTaBICH
KOMIUIEKCHBI ~ aHalIM3 CHCTEM M3MEpEHMs 3arps3HeHHss W METOAOB  OYUCTKHU
(OTOBONIBTAaMYECKUX MOJYJICH, HANpaBICHHBI Ha MOBBILEHHE HX J()PEKTUBHOCTH.
HccnenoBanne TOTYCPKUBACT 3HAYUTENBHOC BIHMSHHE HAKOIUICHHS NBUIM M TPS3M Ha
MOBEPXHOCTH (POTORJIEKTPHUYECKUX MOAYJICH, YTO MOXET CHH3HTh 3(Q(PEKTUBHOCTH Ooee
yeM Ha 35%. OOcyxknmaioTcs pasiMyHBIE CHCTEMBI H3MEPEHMsS 3arpsi3HCHUs, BKIIIOYAs
OINITHYECKHE CUCTEMBI M CHCTEMBI, HCIIOJIB3YOIINE MapHble (JOTOBOIBTANYECKUES MOIYIIH, &
TaK)Ke MX COOTBETCTBYIOUIME NPEHMYIIECTBa M HENOCTATKU. AHAlM3 TaKKe OXBaThHIBACT
pa3NMyHbIe METOJbl OYUCTKH, TaKMe KaK eCTECTBEHHAs OYMCTKA, pydyHas OYMCTKa,
ABTOMaTHYECKasl OYMCTKA M CaMOOYHIIAIOIIIECs TOKpHITUS. [IperMyIecTBa 1 HEJOCTATKU
KQKIOTO METOJa PacCMaTPHBAIOTCS C TOYKH 3peHHsA 3()(PEKTUBHOCTH, CTOMMOCTH M
npuMeHuMocTH. MHTerpanus iudpoBbIX TEXHOJIOTHH M aBTOMaTH3aI[|UH, BKIIIOYasi CUCTEMbI
UCKyCCTBEHHOTO HHTelulekta u loT, ompemeneHa Kak HEpPCHEKTUBHOE HaIpaBlCHHUE
Oynyiiero pasBHTHs B OOJACTH CHUCTEM HM3MEPEHHs 3arpsi3HEHHI M OYHMCTKU COJHEYHBIX
naHeneld. Pabora mpenocTaBiseT NEHHYI0 WHGOPMAIMIO U CPaBHUTEIBHBIM aHAIN3 IS
uccie/ioBaresiell, CHeluaMCTOB 110 COJIHEYHOH SHEPreTHKE W BIIAJEIbLEB COJHEYHBIX
NIEKTPOCTAHIHMH, YTOOBI HMOBBICUTH (P(HEKTUBHOCTD, JOITOBEYHOCTH U IKOHOMHYECKYIO
otaady (OTOBOJBTAMYECKUX YCTAHOBOK. BHenpeHue 3(QEeKTUBHBIX METOJOB OYHUCTKH U
MEepeOBbIX CHCTEM M3MEPEHUs] 3arpsi3HEHHS MOXXET NPUBECTH K 3HAYUTEILHOMY
HOBBIIECHUIO 3(Q(YEKTUBHOCTH U JOJITOBEYHOCTH COJHEYHBIX MOAYJICH, a Takke K
9KOJIOTMYECKMM TPEHMYIIECTBAM 32 CYET CHIDKCHHS 3aBHCHMOCTH OT HCKOIaeMOTO
TOILINBA.

Kntouesvie cnosa: (HOTOBONBTAMYECKHHA MOIYJIb, METOJ OYUCTKH, IOBBIIICHHE
3pdexTUBHOCTH, cHCTEMa W3MEPeHWs] 3arpsA3HEHHOCTH, UHU(QPOBBIE TEXHOJOTHH,
aBTOMAaTH3AlIUSI.
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