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Abstract

Introduction. Construction plays a major role in the economy of the Russian Federation contributing to sustainable devel-
opment and improving the living conditions of the population. Modern construction facilities include residential and com-
mercial buildings, municipal and infrastructural structures such as roads and bridges, as well as industrial and energy facili-
ties, including wind power facilities. Wind energy is becoming an important part of the construction industry, contributing
to innovation and technological progress. As objects of the construction industry, wind power facilities go through their life
cycle which includes the main stages: design, construction, operation and disposal (renovation). Each stage requires effective
management to ensure reliable operation and safety of the facility. Thus, in order to ensure the future generation of environ-
mentally safe energy by a wind power plant, it becomes necessary to analyze the planned construction site and, as a result,
manage solutions at the design and construction stages. During such an analysis, it becomes possible to identify potential
problems during the operation phase of a wind power facility. These include, first of all, wear, corrosion of structural ele-
ments and frostbite of the blades. These problems are the reason for the decrease in performance and service life of the object.
The aim of the work was thus to search for the possibility of extending the service life in the life cycle of wind power facilities
by solving the problem of blade icing at the design and construction stages.

Materials and methods. The research is based on the method of analyzing the life cycle of construction facilities, includ-
ing the systematization and optimization of their management processes. The model of the life cycle of wind power
facilities, developed by the author earlier, helped to identify the problems of the facility's operation phase. The most
significant problem that significantly affects the duration of the operation phase is the problem of blade icing. An analysis
of the life cycle of a wind power facility has shown that it is advisable to ensure a successful solution to this problem at
the design and construction stages of the facility. The data of the conducted analysis of the problem are based on the
research results of domestic and foreign authors.

As a result, a generalization and systematization of existing anti-icing methods was carried out, on the basis of which a
new method of implementation was set forth and an appropriate work methodology was developed. Such a solution,
envisaged at the design stage of the construction facility, will enable one to successfully manage its life cycle, and, in
particular, the operation stage.

Results. Throughout the course of the research, the author has been able to increase the duration of the operation stage in
the life cycle of wind power facilities. To this end, an analysis of the life cycle of construction facilities was carried out,
during which the causes affecting the life of the facility were identified. The most significant reason leading to a sharp
reduction in the service life of the construction site is the problem of icing of the blades during the cold season.

Based on the analysis of operating conditions, the causes of icing of the blades of wind power structures have been
determined, the basic principles of anti-icing protection have been established, and a new method for solving this problem
using UAVs (unmanned aerial vehicles) has been set forth, as well as a technique for applying hydrophobic coatings to
prevent the icing process. The implementation of the research results will ensure the required performance, which, in turn,
will increase the service life of the wind power plant.

Discussion and conclusion. Successful lifecycle management of such construction facilities as wind power plants requires
attention not only at the stage of operation of the facility, but also at the stages of design and construction. The key task of
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the operation stage of a wind power facility is to ensure the necessary productivity and increase the service life of the facility.
This can be solved by carefully analyzing the life cycle and preventing future operational problems at the design and con-
struction stages. The method set forth in the study to combat blade icing can be implemented not only for existing wind
power plants that do not have special anti-icing systems, but also for projected facilities. Moreover, the suggested solutions
for combating icing of the blades can be included in the design documentation as mandatory types of work carried out during
the construction phase, as well as subsequently during the operation phase with a certain frequency.

Solving the problem at the design stage of the facility will ensure an increase in productivity and an increase in the service
life of a wind power plant operating in cold and humid climates. Thus, the results of the study provide a theoretical basis
for managing the life cycle of wind power facilities, as one of the promising construction projects.
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OpueuHaJleoe amnupudeckoe ucciedosamue

AHaIN3 JKU3HEHHOI 0 IUKJIA 00bEKTOB CTPOMTEIBCTBA HA IIPUMEPE
BETPOIHEPI€TUICCKUX coopyme}mifl
H.C. Camapckas D4

JloHCKOM rocyaapCTBEHHbIN TEXHUUECKUI YHUBEpCUTET, T. PocToB-Ha-Jlony, Poccuiickas deneparus
P4 nat-samars@yandex.ru

AHHOTAUUA

Beeoenue. CTpouTeNIbCTBO UIPAET KIIIOYEBYIO POJIb B 9KOHOMUKE Poccuiickoit @enepannu, criocoOCTBYs YCTOHYHMBOMY
Pa3BUTHIO U YIIYUYIICHUIO YCIIOBHI )KU3HU HaceeHus.. COBPEMEHHBIC CTPOUTEIILHBIC 00BEKTHI MPEICTABIISAIOT COO0H K-
JIble 1 KOMMEpPUYECKHUE 3/JaHus, KOMMYHAIIbHBIE U HHPPACTPYKTYPHBIE COOPYKEHUS, TAKHE KaK JOPOTH U MOCTHI, a TaKkKe
MPOMBILIJICHHBIE U dHEPreTHYeCKue 0OBEKTHI, BKIIIOUasl BETPOIHEPIreTHUECKUE COOPYKeHHs. BeTposHepreTrka craHo-
BUTCS Ba)KHOH 9aCThIO CTPOUTENBHON OTPaciy, CIOCOOCTBYSI MHHOBAIMSIM M TEXHOJIOTHYECKOMY ITPOTPeccy.

Kak 0OBEKTHI CTPOHTENBHOW OTpaciu BeTpodHepreTudeckue coopyxkeHus (BOC) mpoxomst cBoi KU3HCHHBINA IIHKII,
BKJIFOYAIONINH OCHOBHBIC 3Talbl: IPOSKTHPOBAHUE, CTPOUTEIIHCTBO, KCIUTyaTallMIo M YTHIN3aLHio (peHoBarmo). Kax-
IIeIH 3Tan TpedyeT 3(h(HEeKTUBHOTO YIIpaBICHUS s 00ecTieUeHIsI HaIe)KHOTO (PYHKIIMOHUPOBAHHS ¥ O€30MIaCHOCTH 00h-
ekta. Tak, g odecrieueHns B OyIylieM reHepaliy 3K0JIOrHYecKr 0€30MacHO SHEPIHH BETPOIHEPTETHUECKUM COOPY-
JKEHHEM BO3HHKAET HEOOXOAMMOCTh aHaIN3a IUIAHUPYEMOT0 00bEKTa CTPOUTENBCTBA U, KaK CIEACTBHE, YIIPaBICHUE pe-
IMEHUAMHU €1I€ Ha dTallaX MPOCKTUPOBAHUA U CTPOUTCIILCTBA. B X0A€ TaKOTo0 aHajIn3a NnoABJISACTCA BO3SMOXHOCTDH BBIIBUTH
IIOTCHIMAJIbHBIC HpO6HeMLI gTana SKCIryaTaluy BETPOIHEPTECTUUCCKOT'O COOPYKECHU. K num MpexKaC BCETO MOKHO OT-
HECTH U3HOC, KOPPO3UIO KOHCTPYKTUBHBIX JIEMEHTOB 1 0OMOPOXKEHHUE JIONaCcTei.

JlarHbIe TIPOOIEMBI ABISIOTCA IPUYMHON CHMKECHUS NPOU3BOAUTENBHOCTH U CPOKa CIIY)KOBI 00bekTa. B cBs3u ¢ 3TUM
LETTBI0 PAOOTHI SIBIISUICS TOMCK BO3MOXKHOCTH YBEIMYEHHS CPOKa AKCIUTyaTalliy B )KM3HEHHOM IMKJIE BETPOIHEpreTHYe-
CKHX COOPY>KCHHH 3a CUET pelIeHus IpooieMbl 00JIeIeHeH s JIoTIacTell Ha Tarax MPOSKTHPOBAHUS M CTPOUTEIIBCTBA.
Mamepuanst u memoost. ViccnenoBanus 0a3upyroTcss Ha METOJIE aHAIN3a )KU3HEHHOTO IIMKJIa CTPOUTEIBHBIX 00BEKTOB,
BKJTIOYAIOIIEM CHCTEMaTH3AIMIO M ONTUMHU3ALIUIO IPOIIECCOB YIPaBJICHU] UMU. MoJ1elb )KN3HEHHOTO UKJIAa BETPOIHEpre-
THYECKUX COOPYXEHHH, pa3paboTaHHas aBTOPOM paHee, MOMOIVIA BBISIBUTH HMPOOJIEMBI 3Tala SKCIUTyaTallid OOBEKTa.
Haubonee 3naunMoii mpoOIeMoH, CYIIeCTBEHHO BIMSIONIEH Ha MPOAODKUTEIHLHOCTD dTara SKCIUTyaTalluy, SBISETCS MPpo-
Os1emMa o0JieieHeH s JIonacTei. AHAJIN3 )KU3HEHHOTO [IUKJIA BETPOIHEPIeTHYECKOTO COOPYIKEHHS MOKa3ajl, YTO 00ECTIeUHTh
YCHEIIHOE PelIeHHe ITOW MPoOIIeMBI 11e1ecO00pa3HO Ha ATarax IMPOEKTUPOBAHUS U CTPOUTENILCTBA 00beKTa. JJaHHBIe TIpo-
BEJICHHOT'0 aHaJIn3a Mpo0JIeMbl 0a3UPYyIOTCs Ha pe3yJibTaTaX MCCIE0BaHHUI OTEUECTBEHHBIX U 3apYOeKHBIX aBTOPOB.

B pesynbTare mpomsBeaeHO 0000IIeHNE U CHCTEMAaTH3alus CYIIECTBYIOIINX METOI0B OOpHObI ¢ 00sieieHeHreM, Ha OC-
HOBE YEero Ipe;UIoKEeH HOBBIH CIIoco0 peanu3anuy 1 pa3paboTaHa COOTBETCTBYIONIAsS METO/IMKA BBITOJIHEHHUS padoT. Ta-
KO€ pellIeHue, NPeJyCMOTPEHHOE €Ile Ha 3Tale NPOSKTHPOBAHMS CTPOUTEIHHOTO 00BEKTA, IIO3BOJIMT YCHEIIHO yIpaB-
JISITH €70 )KU3HEHHBIM LIUKJIOM U, B YaCTHOCTH, 3TAIIOM SKCIUTyaTallUH.

Pesynemamut uccnedoganus. B xone NpoBeeHHBIX UCCIIEIOBAHUI aBTOPOM JIOCTUTHYTA 1IEJIb — YBEINUYEHHE MPOIOIDKH-
TEJIbHOCTH ATara SKCIUTyaTalliy B )KU3HEHHOM IIMKJIE BETPOIHEPIETHUECKHX COOpYKeHHH. sl JOCTH)KeHHsl IOCTAaBICHHOM
LIEJIM MIPOBEJICH aHAaJIU3 KU3HEHHOTO IMKJIa 0OBEKTOB CTPOUTENBCTBA, B X0O/I€ KOTOPOTO BBISBJICHBI PHYKHBI, OKAa3bIBAIOIINE
BIMSIHUE Ha CPOK DKCILTyaTaluu oO0bekTa. Hambomee 3HAaUMMON NPUYWHOMN, MPHUBOMIAIICH K PE3KOMY COKpAIICHHIO CPOKa
ciry)0BI 00BEKTa CTPOUTENBCTBA, SIBIISIETCS TpodIieMa 00JIeIeHEeH S JIOTIACTeH B XOJIOAHBIHN MEPHO Tojia.
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Ha ocHoBe aHanm3a yciaoBHid SKCIUTyaTalluk ONpeIesIeHbl IPUYMHbI 00JIeICHEHHS JIOTIACTE BETPOIHEPIeTHYECKUX CO-
OPY’>KCHUH, yCTaHOBJICHBI OCHOBHBIC MPUHIUIIBI 3aIUTHI OT OOJICIEHEHNS M IPEAJIOKEH HOBBI CrIOCcO0 penieHus 3Tol
poOIeMbl ¢ IPUMEHEHHEM OeCTIMIIOTHOTO JieTaTeNbHoOTo anmapara (mainee — BITJIA), a Takke pa3zpaboTaHa METOIUKA
HaHEeCeHHUs rHAPOOOHBIX MOKPHITUIH I IPEJOTBPAICHHS MpoLecca obieieHeHns. BHeApeHne pe3ybTaToB HCCIeno-
BaHUS TTO3BOJIUT 00CCIEUUTH TPEOYEeMYIO0 IIPOU3BOJUTEIBHOCTD, YTO, B CBOIO OYEPEeb, YBEIMIUT CPOK CIIYKObI BETPO-
9HEPTETHYECKOTO COOPYKESHHS.

Oécyancoenue u 3akntouenue. Y CIIeIHOE YIIPABICHUE )KU3HEHHBIM IUKJIOM TaKUX 00BEKTOB CTPOUTENILCTBA KaK BETPO-
SHEPreTUYECcKHe COOPYKeHHs TpeOyeT BHUMaHHs He TOJILKO Ha dTare dKCIUIyaTalluy 00beKTa, HO ¥ Ha dTanax MpoeKTHU-
poBaHuMs U cTpouTenbeTBa. KitroueBas 3aa4a stamna 3KCIuTyaTalii BETPOIHEPIeTHUECKOT0 COOPYKEHHsI — oDecrieueHne
HE0OX0AMMOM MPOU3BOJUTEIILHOCTH U YBEINYEHHE CPOKa CITYKOBbI 00bEKTa — MOJKET OBITh pellleHa MyTEeM TIIATEIEHOTO
aHaJIM3a )KM3HEHHOTO IMKJIa ¥ PeI0TBpalleHreM Oy IyIuX MpobieM 3KCIUTyaTally elle Ha 3Tanax IpOeKTHPOBAHUS U
cTpouTeNnbeTBa. [IpenoKeHHBI B HCCIIEOBAaHIH CIT0c00 OOPBOBI ¢ 00JIeICHEHNEM JIOTIACTEH MOXKET OBITh BHEIPEH HE
TOJIBKO JUISl CYLIECTBYIOLINX BETPOIHEPIETHUESCKUX COOPYKEHHH, He HMEIOIINX CIICLIHAIbHBIX CHCTEM IPOTHB o0Jene-
HEHUA, HO M I NPOSKTUPYEMbIX 00BEeKTOB. [IpnueM npemiaraemsle penieHns Uit 00pbObI ¢ 00JIefeHEHHEM JIonacTel
MOTYT OBITH BKIIFOUCHBI B IPOSKTHYIO JOKYMEHTAIIHIO KaK 00s3aTeNbHbIe BUABI paOOT, OCYIIECTBIISIEMBIC Ha 3TaIle CTPO-
UTEJIBCTBA, & TAKXKE BIIOCJICACTBUM — Ha 3Talle YKCIUTyaTallH C ONPEIeIeHHON IePHOIUYHOCTBIO.

Pemenue HpO6ﬂeMLI Ha 3Tane MpOCKTUPOBAHUA O6LeKTa IIO3BOJIMT O6eCHe‘-II/ITI) TMOBBIIICHUE MPOU3BOAUTECIIBHOCTU U
yBEJIMYEHUE CPOKA CIIY)KOBI BETPOIHEPTETHIECKOTO COOPYKEHHUS, (DYHKIIMOHUPYIOIIETO B YCIOBUSIX XOJIOAHOTO U BIIAX-
HOro ki1uMata. TakuMm o0pa3oM, pe3ybTaThl HCCIEA0BAaHUSA PEJICTABILIIOT COO0M TeOpeTHUEeCKyIO 0a3y A YIpaBIeHUS
KU3HCHHBIM HHUKJIOM BETPOIHCPICTUICCKUX COOpy)KeHI/Iﬁ KaK OAHUX U3 NEPCICKTUBHBIX O6LCKTOB CTPOUTEJILCTBA.

KaioueBble ci10Ba: )KM3HEHHBIH UKJI, 00BEKTHI CTPOUTENBCTBA, BETPOIHEPTETHIECKUE COOPYXKEHUs, bopr0a ¢ obuese-
HEHHEM JIOTIACTEeH, THAPOPOOHBIE TOKPBITHS

Jst mutupoBanus. Camapckast H.C. AHanu3 >KW3HEHHOTO IMKJIa 00BbEKTOB CTPOUTENHCTBA HAa IPUMEPE BETPOIHEPTe-
THYECKUX coopykeHuil. Cogpemennvie menoeHyuu 6 Cmpoumenscmeae, 2padoCmpoumenscmee U niaHuposKe meppumo-
puii. 2025;4(1):76-85. https://doi.org/10.23947/2949-1835-2025-4-1-76-85

Introduction. Construction is one of the major sectors of the country’s economy playing a key role in its sustainable
social and economic development and improving the living conditions of the population. Modern construction industry
facilities are made up of a diverse range of structures with each having its unique role in the infrastructural development
of society. These include residential and commercial buildings, infrastructure facilities such as roads, bridges, and tunnels,
as well as industrial structures. Recent years have seen special attention paid to wind power facilities becoming increas-
ingly crucial in sustainable development and the search for alternative energy sources. Wind power facilities not only
help reduce dependence on fossil fuels, but also minimize the environmental footprint by providing clean and renewable
energy. Their integration into the construction industry opens up new avenues for innovation and technological progress
making wind energy a key element of modern construction practice. Like any other construction projects, wind power
facilities go through a specific life cycle including a few key stages: design, construction, operation and liquidation or
renovation. Each calls for thorough management and control for ensuring efficiency, safety and durability of structures.
At the design stage it is thus important to account for climatic conditions, topography, and potential wind resources to
maximize productivity of structures to be built in the future. The construction phase of wind power facilities calls for the
use of high-quality materials and advanced technologies to guarantee reliability and stability of structures. The operation
of wind power plants is a crucial stage, since their economic feasibility and environmental efficiency are dependent on it.
Regular maintenance and monitoring of equipment condition can serve to prevent breakdowns and extend the service life
of structures. The liquidation or renovation stage involves either dismantling outdated structures or upgrading them to
improve efficiency. This is similar to the life cycle of other construction projects where it is also critical to account for
aspects of sustainable development and minimize environmental impact. The tasks of managing the life cycle of wind
power facilities at each stage are thus unique and call for a variety of approaches and solutions. At the same time, it is to
be noted that to maximize the efficiency of generating environmentally friendly energy by wind power facilities in the
long term, it is necessary to perform a comprehensive analysis of a facility being planned at the initial stages of its life
cycle. This entails implementing a comprehensive approach to managing design and construction solutions as early as at
the stage of designing and constructing a structure. Performing such a multifactorial analysis enables potential problem
areas to be encountered during the operation of the construction site to be pinpointed.
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The most major factors include:

— mechanical wear of structural elements;

— corrosion impacting metal components;

— icing of the rotor blades, particularly at low temperatures;

— degradation of electronic components under the influence of aggressive external factors.

The impact of these negative factors causes a considerable decrease in the operational characteristics of a facility,
including a decline in power output and a reduction in maintenance intervals. In the long term, this involves a decrease in
the overall efficiency of a wind power plant and calls for extra costs for maintenance and restoration.

Timely identification and consideration of potential problems at the early stages of the life cycle of a facility enable it
to develop preventive measures to improve the reliability and durability of a structure, which in the long run optimizes
the operational characteristics of a facility throughout its entire period of operation.

One of the major problems having a considerable impact on the life of a wind power plant is the icing of the blades.
This problem seems to be crucial for facilities situated in regions with a cold and humid climate (Fig. 1). This curbs the
efficient energy production (with ice thickness up to 30 cm power generation is reduced by 80 %) resulting in an imbal-
ance due to the uneven distribution of ice on the blades, heavier structure and reducing the efficiency of rotation [3]. As
a result, there is accelerated wear of the equipment: a shift in the center of gravity, increased load on the rotation mecha-
nisms and mechanical damage to the surface of the blades. Icing might thus lead to malfunctions and need for premature
maintenance [4].

Icing, which is the deposition of ice on the streamlined parts of a wind power plant commonly takes place during fogs,
rains or sleets. At the same time, sufficient conditions to induce icing are high humidity, negative air temperature and low
temperature of the working surfaces [5].

Fig. 1. Example of icing on a wind turbine blade
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An essential parameter inherent to blade icing is the icing intensity, i.e., the thickness of the ice forming per unit
surface area in contact with precipitation [6]. There are three degrees of icing intensity:

— mild icing, which is an accumulation of ice caling for no considerable effort to be eliminated. It does not pose a
severe threat to wind power plants;

— moderate icing when the rate of ice accumulation is still not sufficient to seriously impact the safety and stability of
wind power plants;

— severe icing, which is a large-scale accumulation of ice likely to cause a noticeable loss of wind turbine rotation
speed. This degree of icing intensity will be crucial in terms of safety and involve serious economic repercussions (reduced
productivity, increased maintenance costs and shorter service life of equipment).

Given the significance of the issue of icing on the blades of wind power structures, the scholarly community sets forth
a few of strategies to reduce the negative impact of ice formations [7, 8]. Modern anti-icing methods comprise:

— the use of heating systems in the turbine design or heating elements at the ends of the blades. By means of main-
taining temperatures above zero, the aerodynamic properties of the blades are retained and the stable operation of the
wind power plant is ensured in icing conditions;

— the use of hydrophobic plastic in the design of the blades reduces the adhesion of water and mineral particles to the
surface. Moisture retention on the blade surface is thus curbed and icing is less likely;

— applying special coatings to the blades of a wind power plant to create a protective layer. Such coatings have prop-
erties preventing ice structures from forming;

— mechanical de-icing using climbing equipment or a lift, as well as ice removal from a helicopter using hot liquids.
However, this method enables one to address the problem of icing in the short term and calls for considerable organiza-
tional costs.

Based on the analysis of modern anti-icing methods, applying special coatings to the blades of a wind power plant can
be regarded as the most efficient solution. This method of anti-icing is fairly simple to use, has lower energy consumption
compared to heating systems, provides relatively long-term protection, retains aerodynamic characteristics of an object
and causes almost no changes to the mass of the blades.

However, accounting for the size of wind power facilities and the need for repeated and routine application of special
coatings, choosing the way of implementing this method is still a considerable problem.

Materials and Methods. The ongoing study relies on a methodology for analyzing the life cycle of construction facilities
including a comprehensive systematization and optimization of managing all stages of a life cycle of a structure [9].

The model of the life cycle of wind power facilities previously developed by the author enabled a detailed analysis of
potential problems that might occur during the operation of a facility [2]. Among the factors identified, special attention
was given to blade icing, which has a considerable effect on the duration and efficiency of the operational stage.

The analysis of the life cycle of a wind power facility has indicated that the most appropriate solution is to address the
problem of icing at the initial stages of the design and construction of a facility. The empirical foundation of the research
relies on the analysis of the results of the studies by domestic and foreign researchers in the field. Through the course of
the research, the existing anti-icing methods were classified making it possible to come up with an innovative approach
to solving this problem and design an appropriate methodology for implementing anti-icing measures.

Implementing the suggested solution in the design concept of a construction facility will be conducive to effective
management of a life cycle of a wind power facility prioritizing its operation efficiency.

Research Results. The problem of anti-icing of wind turbine blades can be successfully addressed by means of ap-
plying hydrophobic coatings to create a protective layer and prevent ice formation. These coatings are typically designed
using materials with micro- or nanostructures lending the surface extremely high water-repellent properties [10]. Micro-
structures on the coating surface contribute to water droplets not being able to be evenly distributed over the surface, but
instead forming into balls and roll off, carrying moisture with them and preventing ice formation.
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In order to address the problem of icing of wind turbine blades, two compositions (Silokor-Anti-Ice and graphene)
were chosen, which, owing to their physical and chemical characteristics and the capacity to sustain hydrophobic proper-
ties for a long time, are best suited for appropriate climatic operating conditions of wind turbines. The major components
and chemicals comprising Silokor-Antiled are siloxane polymer (the major component providing the hydrophobic properties
of the coating), solvents for polymer dilution, technological additives improving the performance of a coating and fillers
enhancing the mechanical properties of a coating [11].

Unlike Silokor-Antiled, graphene is a two-dimensional allotropic modification of carbon comprised of carbon atoms
arranged in a hexagonal crystal lattice [12]. Graphene consists exclusively of carbon atoms. Each has 6 electrons: 2 in the
inner shell and 4 in the outer one. Graphene is thus chemically identical to diamond and graphite, since it is made up of the
same carbon atoms. However, the difference in physical properties is owing to their special spatial arrangement. It is thanks
to this feature that the material posseses unique properties such as hydrophobicity, high strength and electrical conductivity.
Hence it can also be employed to combat icing of wind turbine blades.

For the preferred choice of the composition, a comparative analysis was performed shown in Table 1.

Table 1
Comparative analysis of hydrophobic compositions for combating anti-icing of wind turbine blades

Hydrophobic composition

Index
«Silokor-Anti-lce» Graphene
- . . . High durability owing to its strength and re-
- Long service life provided there is appropriate | . . .
Durability g P pprop sistance to external influences, suitable for

surface preparation and application .
prep PP extreme conditions

A more cost-effective solution, particularly for

Economic effectiveness s
large facilities

High cost of production and application

An environmentally friendly material pro-
vided that safe production and application
methods are utilized

Diverse, can be applied to a variety of ma-

terials, including complex and delicate sur-
faces

Environmental
friendliness

It contains solvents, which might call for addi-
tional disposal and safety measures to be taken

Compatibility with
surfaces

Suitable for metal, concrete, painted and other
surfaces

Light transmission

High light transmission coefficient, which
might be critical for some types of applications

Does not affect light transmission, can be
used in transparent coatings

Application and
treatment

Easy to apply owing to a two-component sys-
tem. Calls for thorough surface preparation
prior to application

A more complex application procedure
commonly calling for the use of specialized
methods

Analyzing the data in Table 1, it can be concluded that Silokor-Antiled composition might be the preferred choice for
most applications due to its accessibility and effectiveness. Graphene may actually be an optimal solution for specialized
and high-load operating conditions, where its unique properties can be enhanced. Both compositions are successfully utilized
to protect pitched roofs, gutters, mast structures from icing, for processing ceramic and polymer tiles, slate [11]. Given such
a wide range of applications, these compositions can be considered for protecting the blades of a wind turbine in constantly
recurring cycles of freezing and thawing. On top of that, the results of the analytical studies have confirmed that coatings
using graphene are extremely promising. For example, Rice University scientists have proposed graphene nanoribbons
should be employed as an effective de-icer for various surfaces including airplane wings, power lines, and helicopter blades
[13, 14]. Graphene nanoribbons make up a bond in a composite by conducting an electric current through the material with
a minimum load. The resulting electrothermal heat results in heating of an object surface. Meltwater forms between the
surface and the ice in the course of melting allowing the ice to be removed without having to wait for the process to come to
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an end. Graphene coating is thus a promising material that can be applied to the surface of wind turbine blades or alterna-
tively, graphene nanoribbons can be used reducing the likelihood of icing on the work surfaces and thus prolonging the
service life of a facility.

As the application of hydrophobic coatings in this work is considered on an already erected and functioning wind turbine,
there is a task of arranging this process. Instead of human labor or the use of bulky aircraft, coatings can be provided using
an unmanned aerial vehicle (UAV). The integration of UAVs in the field of high-altitude work would enhance the efficiency
of maintenance of wind turbines, since this field is poorly developed these days. Despite the time limitations of the use of
UAVs for peaceful purposes, this tool remains extremely promising for tackling a whole host of tasks.

The suggested method of applying hydrophobic coatings to the surface of the blades of a wind turbine entails the
selection of an appropriate UAV, as well as the development of a procedure for performing operations.

In order to implement spraying of hydrophobic compositions, the aircraft must be designed for suspended equipment
to be set up on its body. The most suitable option is thus an agrotron which can be equipped with a suspension system for
both sowing and spraying fields. In terms of of anti-icing, suspended spraying equipment will be employed to apply
hydrophobic compositions to the surface of a wind turbine.

In order to apply hydrophobic compositions to the blades of a wind turbine, the following fly-around scheme can be
employed (Fig. 2).
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Fig. 2. Fly-around scheme for the treatment of blades with hydrophobic coatings using UAVs
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The OJI EAGLES T25 UAYV designed for agricultural needs was considered as an example. The device is capable
of carrying up to 25 kg of useful load allowing it to be used for spraying large volumes of material. The time spent in
the air is 15 minutes, and the control range is about 5 km enabling the operator to freely move and control the device
at a long distance. A special feature of this UAV model is a high-precision spray system that ensures uniform distri-
bution of the substance.

The device is also equipped with modern sensors and navigation systems, including GPS allowing it to closely follow
set itineraries and avoid obstacles on the way. Agrotron can be equipped with multispectral cameras and sensors to collect
data on the state of a coating assisting in making more informed technical decisions.

Based on the analysis of existing anti-icing methods and accounting for the flaws of current approaches in the context
of the above problems, a technique for applying hydrophobic compositions to the surface of wind turbines using UAVs
has been developed. The suggested methodology includes the following steps:

Preparing and collecting weather data. Prior to applying a hydrophobic composition to the blades of a wind turbine,
up-to-date weather data, including wind speed, air temperature and humidity must be collected. These parameters are key
to ensure the safety of UAV operation and the quality of surface treatment.

Preliminary fly-around of the wind turbine with photofixation. Possible places of ice formation as well as damage and
problem areas must be identified. At this stage, hard-to-reach areas can also be evaluated and the flight time can be
recorded.

Selecting and preparing a hydrophobic composition. Based on the characteristics of a wind-generating facility, cli-
matic data and criteria in Table 1, an informed choice of hydrophobic materials should be made. Next, the solution is
prepared and the ingredients are mixed in a prepared container.

Assembling and preparing the UAV. If necessary, an unmanned aerial vehicle equipped with a spray system should
be assembled and refueled. All the elements must be in good order and set up properly.

Flying around the wind turbine and applying a hydrophobic coating. The hydrophobic anti-icing coating is applied
in a few stages until a layer thickness of 50-70 mkm is achieved.

Stage 1. Controling the UAV with a complete fly-around of the wind turbine according to the scheme (Fig. 2) and
applying the first layer of coating by means of a pneumatic method. An important task is to ensure the composition is
distributed evenly over the surface of the blades.

Stage 2. Drying of the first layer within 15 minutes and applying the second layer of the hydrophobic composition in
a similar manner ensuring the material is distributed evenly over the surface.

Stage 3. After complete drying, there is a fly-around of the wind turbine and the third coating layer is applied.

Controling the coating quality. To control of the coating quality visually for defects, it is necessary to fly around the
wind generator with photo (video) fixation. If defects are detected, adjustments must be made by applying another layer
of a hydrophobic coating.

Documentation and reporting. Work progress must be reported including the time and date of the work, weather
conditions, the selected composition of a hydrophobic coating and all the stages of applying the composition to the work-
ing surfaces of the wind turbine.

Discussion and Conclusion. Effective management of the life cycle of wind power plants as capital construction
objects entails the use of an integrated approach combining management decisions at all the stages: from the design
concept to operational monitoring.

The primary objective of the operational period of a wind power facility is to enhance productivity while increasing
its operational life. This is achieved by means of a preventive analysis of potential operational risks and their mitigation
at the initial stages of the life cycle of a facility. The developed methodology for combating icing of blade elements is
indicative of the diversity of its application both in existing wind power structures that are not equipped with specialized
de-icing systems and for promising projects. At the same time, the complex of de-icing measures can be assigned in the
design documentation as imperatives both at the construction stage and as part of routine operation maintenance.
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Introducing preventive measures at the design preparation stage ensures a considerable increase in the service life of
wind power facilities operated under adverse climatic conditions with high humidity and low temperature conditions. The
results obtained throughout the study are thus a theoretical and methodological foundation for implementing multidimen-
sional lifecycle management of wind power facilities positioned as an essential segment of the modern construction sector.
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