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The gradual increase in the number of electricity producers predicts the further
development of alternative energy.

Renewable energy is an environmentally friendly, inexhaustible source of energy,
which makes it possible to reduce the burden on the resource base and reduce overall
resource consumption.

In addition, the use of rene-wable energy sources contributes to the sustainable
development of cities, which, thanks to solar, wind, biogas installations, can provide
themselves with electricity, thereby reducing their costs and resource dependence.

The population can independently produce electricity and control its distribution,
while also minimizing losses during transmission over long distances. Wind energy is one
of the promising areas in the field of renewable energy sources. The article examines the
problematic issues of using wind energy and disposing of wind turbine blades, which is
the main goal of the work.
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1t is well known that certain conditions are required to generate electricity from
wind turbines. As research has shown, the most promising places for the production of
electrical energy are considered to be coastal sea areas, where powerful air currents are
formed during the year. Research into the problem of disposal shows that this issue is
very relevant and outweighs all the advantages of wind energy.

The typical lifespan of wind turbine blades is about 20-25 years. Among the
modern recycling methods, the following options are being considered to solve this
problem — using fiberglass as noise barriers, for example, on high-ways and pressing of
blades, for example, into fibreboards for use as pallets in the construction industry,
fencing and railway sleepers, etc.

To achieve the goal, the authors of the article applied the methods of analytical
review of scientist’s and specialist’s works of scientists and experts, systematic analysis
of theoretical materials and practical recommendations in world practice regarding the
operation and disposal of wind turbine elements.

1t was found that scientific analysis is mainly focused on researching the optimal
and highest-quality disposal methods, which requires future, global research.

Keywords: wind turbine, blades, ecological sources of energy, wind energy,
recycling of wind turbine components.
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Tocmynoge 30inbutenns Kitbkocmi 6upoOHUKIE eleKmpuyuHol enepeii nepedbauae
noOanbWULL PO38UMOK AIbMEPHAMUBHOI eHepeemUKL.

Bionosniosana enepeemuxa — ye eKon02iuHO Yucme Heguyepnue 0xcepeno enepeii,
WO HAOAE MOJICIUBICTND 3MEHUUMU HABAHMANCEHH HA pecypcHy 6a3y ma 3Huzumu
3aeanvHy pecypcozampamuicmos. Kpim moco, 8UKOpUCMAaHHA GIOHOBNIO8AHUX OXceper
enepeii cnpuse cmaiomy po3eumKy Micm, Ki 3a805SKU COHAUHUM, 8IMPOBUM, 0i02a308UM
YCMAHOBKAM MOXCYMb 3a0e3neyygamu cebe eneKmpoeHepicio, mum Camum 3MeHuyo4u
€801 sUMpamMU ma 3a1eJCHICb i) pecypcis.

Hacenenna moorce camocmitino upobnamu enekmpoenepzito ma KoOHmpouosamu
i po3noodin, a maxkodic MiHIMIZyeamu empamu npu nepeoayi Ha eauKi 6IOCMani.

Bimpoenepeemuxa € o0num i3 nepcnekmuHux HAnpsamKie 6 obaacmi 8iOHOGII0-
6anux oxcepen enepeii. B cmammi posensioaiomsvcst npooieMui NUMaHHs GUKOPUCHIAHHSL
enepeii gimpy ma ymunizayii jonacmeii 8impoceHepamopis, Wo € OCHOBHOIO Memolo
pobomu. 3acanbHO8i00MO, WO 015l GUPOOHUYMEA eleKmpoeHepeii simposumu mypoi-
Hamu nompioHi neeHi YMOBU.

Ax noxazanu 00CAIONCEHHs, HAUOLIbWL NEPCReKMUSHUMU MICYAMU O 8UPOO-
HUYMEa eneKmpuiHoi eHepeii 86axcaromscs nPUbEPeXCHi MOPCLKI paoHy, 0e NPOMA20M
POKY YMBOPIOIOMbCA NOMYHCHI NOBIMPAHT meuil.

Jlocniooicenns npobnemu ymunizayii noxasye, wo ye nUManusa € 0yice aKmyaib-
HUM [ nepegascye 8ci no3umueHi eremenmu gimpoenepeemuxu. Cmanoapmuuil mepmin
cayoicou nonacmeii 8imposux mypoin cmanosums oau3zbko 20-25 poxie.

Cepeo cyuacnux memodie ymunizayii po3ensioaiomvcsi HACMYNHI 8apianmu eupi-
wienHs yiei npobaemu — BUKOPUCMAHHS CKIA0BOJIOKHA 8 AIKOCMI WYMO3AXUCHUX 6ap'epis,
HANpUKIao, Ha Macicmpansix, ma npecy8aunHs nonacmet, Hanpuxnao, y [ABII ons euxo-
PUCMAHHSL 8 AKOCMI NIOOOHIE8 Y MOPCLKI ma 0YOiseNbHill NPOMUCIOBOCTI, 020POIC MA
3ANI3HUYHUX WUNAT MOWO.

Jna 0ocsaznenHs nocmaeneHoi memu agmopamu Cmammi 3acmoco8ano Memoou
AHATTIMUYHO20 0271510y HAYKOBUX NPAYb 6YEHUX | (Paxisyis, CUCMEMHO20 aHANi3y meope-
MUYHUX Mamepianie i NPaKmudHux peKoMeHOayitl ceimogoi npakmuku wooo eKcniyd-
mayii ma ymunizayii elemenmis 8impo2eHepamopie.

IIposedenuil HayKosuli ananiz 30cepeodicenuti NepesaNtCHo Ha NOULYKY ONMUMATb-
HUX Ma HAUAKICHIWUX Memooie ymuaizayii, wo nompebye MatlOymHix 21006aibHux
00CioHCeHb.

Knrwouosi cnoea: simpoecenepamop, aonacmi, eKono2iyHi Odxcepera euepeii,
eHepeis simpy, nepepodKka KOMNOHeHmie gimpocenepamopa/

Introduction. Sustainable development of society means, first of all, a constant
desire to further reduce the human impact on the environment. In the process of
development of human civilization, cities have become the living environment of a
growing population. Urbanization is an objective process determined by the needs of
society, production, and the nature of the social system. However, urbanization is a
powerful environmental factor, as a large city changes almost all components of the
natural environment — atmo-sphere, vegetation, soil, relief, hydrographic network,
groundwater, soil, and even climate. Wind energy is a green technology. Currently, 85-
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90% of the total mass of a wind turbine can already be recycled, as it is known that the
standard service life of an onshore wind power plant is about 20-25 years.

Most wind turbine components, including steel, cement, copper wire,
electronics and gears, can be recycled. However, wind turbine blades are more
difficult to recycle. They contain complex composite materials — a combination of
reinforced fibers (usually glass or carbon fibers) and a polymer matrix. These
composites improve the performance of wind turbines. They allow for lighter,
longer blades with optimal aerodynamics. But their configuration also poses
challenges for recycling. Therefore, the issue of their disposal is the most
important scientific problem of our time, the well-being of the entire environment
and humanity depends on the correct solution of which.

Formulation of the problem. Research into the problem of disposal
shows that this issue is very relevant. Composites used in wind turbine blades are
important materials in sectors such as shipbuilding and, in general, the marine
industry, aviation, automotive, etc. The objectives of this study are an analytical
review of scientific works by scientists and specialists, a systematic analysis of
theoretical materials and practical recommendations from world practice
regarding the operation and disposal of wind turbine elements.

Research results and their discussion. For several millennia, mankind has been
using wind energy. The wind has filled the sails of ships and made windmills work. The
kinetic energy of the wind has always been and remains available in almost every corner
of the Earth. Wind energy is also attractive from an ecological point of view: when using
it, there are no emissions into the atmosphere, no dangerous radioactive waste. Wind, as a
primary source of energy, costs nothing. In addition, this source of energy can be used
decentralized. However, we will emphasize some factors of negative impact of wind
generators during operation.

One of the operational disadvantages is noise, which is generated due to the sharp
collision of air with the surfaces of the wind turbine blades. Also, significant harm to the
environment is caused by the transportation of components to the wind generator
assembly site and the transportation of these same parts to disposal sites after the wind
generators have reached the end of their service life.

This creates infrasound (frequency up to 20 Hz). This can cause harm to all living
organisms over a long period of time, as it disrupts the functioning of some internal
organs, especially the auditory organs. Environmentalists are greatly concerned about the
injury and death of birds caught in the rotating blades of wind turbines. This problem was
discovered when large groups of wind turbines began to operate. Birds flying at the level
of rotating blades have virtually no way to anticipate a collision with rotating blades.
Research shows that in the United States, the world's second-largest producer of wind
power, approximately 150,000 birds die each year from collisions with wind turbines.

Energy development requires additional use of not only renewable resources: raw
materials for fertilizers in the case of bioenergy, fossil natural gas for the production of
hydrogen fuel, energy from fossil sources, so scientists and engineers are actively
working on this [1;4; 6,151-159; 7, 165-176; 9, 7-14; 10, 123-143, etc.].
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As is known, early wind turbines appeared in the times of ancient civilizations
such as Egypt, Persia and China. With the help of these installations, various grain crops
were ground. Later, already in medieval Europe, they began to improve the design of
windmills and their widespread use in various fields.

The Dutch introduced many different changes to the design of windmills, mainly
wind wheels. In the United States, by the middle of the 20th century, several million
small wind turbines with a unit capacity of up to 0,75 kW were installed.

The advantages of wind energy are well known: low cost — wind energy can
compete with nuclear, coal and gas power; zero cost of fuel component, inexhaustible
source of energy and available in unlimited quantities; environmentally acceptable energy
— energy production is not accompanied by carbon dioxide emissions; wind energy has no
risks associated with the volatility of fossil fuel prices; security of supply — wind energy
avoids dependence on imported energy resources; modular design, quick installation;
electricity supply in terms of volumes becomes comparable with traditional generation
methods; wind energy does not interfere with agriculture and industrial activities near
wind power plants. Several studies have been conducted around the world to assess wind
energy resources, most in detail for Europe.

These studies confirm that wind resources are huge and evenly distributed across
almost all regions and countries. Insufficient wind power is unlikely to be a limiting
factor for wind energy development worldwide. Wind energy, being a derivative of solar
energy, is formed due to uneven heating of the Earth's surface.

Wind speed is the most important factor affecting the amount of energy a wind
turbine can convert into electricity. High wind speed increases the volume of air passing
through. Therefore, as wind speed increases, so does the amount of electricity generated
by a wind turbine.

Every hour the Earth receives 100,000,000,000,000 kWh of solar energy. About
1-2 % of solar energy is converted into wind energy. Here are some examples of wind
turbine power compared to their size (Table).

Table
Wind generator capacities and size
Parameter IMWt 2,3 MWt Notes
. According
Mast height 50-60 m 80 M to data for 2022
Blade length 26 M 40 m
Rotor diameter 54 m 82,4 m

The largest wind turbine was launched in China in 2023 — the giant is 152 meters
high, and each blade is 123 meters long and weighs 54 tons. This means that when the
blades rotate, their coverage area is 50,000 square meters. This is the first time that such a
large turbine has been connected to a commercial grid.
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Currently, some experts call wind turbines a modern achievement of
environmentally friendly technologies and emphasize their widespread use in Europe [2;
3; 11, 152-172; 13; 15, 1-11; 17, etc.]. Other experts say wind turbines are too noisy, too
big or dangerous for biodiversity [5, 88-94; 8, 168-188; 12, 237-246; 14, 357-366, 16,
128-134, 18, etc.]. But one thing is for sure: wind energy is currently facing difficulties
in Europe. In the Ukrainian Energy Strategy, it is planned that by 2030, 2 TWh of
electricity in Ukraine will be produced by wind turbines.

One of the most pressing problems is the problem with turbine blades, which
are difficult to dispose of. They contain complex composite materials — a combination of
reinforced fibers (usually glass or carbon fibers) and a polymer matrix. These composites
improve the performance of wind turbines.

They allow for lighter, longer blades with optimal aerodynamics. But their
configuration also poses challenges for recycling. Composite recycling technologies
already exist, but these solutions are not yet mature, commercially available, and cost-
competitive. Support from other composites users and the recycling industry will be
needed to make these technologies commercially viable.

As a next step, the wind energy industry plans to develop a roadmap that will
detail the technologies needed to reuse wind turbine blades. There is a need to work
closely with the chemical industry as a supplier of innovative chemical recycling
solutions, as well as with other composites-using industries where the issue of composite
recycling and disposal is also acute.

Today, scientists are working on alternative technologies for processing
composite blades, such as mechanical recycling, solvolysis and pyrolysis, high-voltage
pulse fragmentation, and other methods. Successful research in these areas will make it
possible to create waste-free wind turbines.

A huge number of wind turbines will be dismantled in Europe in the near future —
first-generation turbines are becoming obsolete and need to be replaced with more
modern and efficient ones. This process, called capacity upgrades, has begun at different
rates around the world. Currently, most of the blades are reused. But the number of
decommissioned blades will be so large in five to ten years that the entire system will
have to be replaced. Blades that are not reused or incinerated end up in landfill. For
example, in the vicinity of the American city of Casper, there is a landfill where wind
turbine blades are disposed of.

The reason for the burial is the imperfection of utilization processes, which do not
yet allow to fully recycle the blades. Almost 900 blades are stored on the territory of the
«graveyardy». Officially, they are buried in the ground to be stored until new recycling
methods are invented that will allow the fiberglass to be recycled.

The materials the blade is made of are safe and do not harm living organisms, soil
or water. But the organization of landfills for the burial of non-decomposable parts is
becoming a real problem — there are more and more wind turbines being
decommissioned, the area for recycling is getting smaller, and the organization of such
places disrupts the ecological balance, turning green areas into wastelands. For example,
just three 50-meter blades of a low-power wind turbine contain about 20 tons of fiber-
reinforced polymers (FRP). They can't be burned or landfilled like regular garbage.
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And if we don't come up with at least some acceptable way of recycling,
by 2050, 40 million tons of composites will be waiting for recycling. Such data is given
by the research project Re-Wind, which is actively engaged in search of solutions to the
problems of recycling.

There are several successful examples of how to recycle wind turbines. General
Electric's renewable energy division and cement manufacturer Holcim have struck a deal
to recycle wind turbine blades. The company said in a statement that they are exploring
«new ways to recycle the blades, including as a building material for the construction of
new wind farmsy». In December 2021, GE Renewable Energy and Veolia North America
signed a «multi-year agreement» to recycle blades removed from onshore wind turbines
in the United States. GE Renewable Energy said the blades will be shredded at VNA's
Missouri plant before being «used as a replacement for coal, sand and clay at cement
manufacturing facilities in the United States».

Citing an analysis by Quantis US, GE Renewable Energy said that recycling the
blades will reduce CO. emissions from cement production by 27 %. As for water
consumption, the net reduction would be 13 %. Wind Europe expects about 25,000 tons
of blades to reach the end of their useful life each year by 2027. Germany and Spain will
have the most decommissioned blades, followed by Denmark. By the end of the decade,
Italy, France and Portugal will also begin to largely decommission blades, and annual
decommissioning could double to 52,000 tons by 2030.

Vestas will analyze all aspects of the life cycle of wind turbines with the aim of
increasing the recycling rate of blades and nacelles. The recycling rate of blades will be
increased from the current 44 % to 55 % by 2030. The company will launch several
initiatives aimed at improving the efficiency of blade management after their
decommissioning. These will include new recycling technologies that are optimal for
composite waste.

In early September 2023, Siemens Gamesa Renewable Energy announced that it
was able to develop the world's first recyclable blades for wind turbines, the Recyclable
Blade. A trial batch of six 81-meter-long blades has already been produced at a plant in
Denmark. This is a major breakthrough in green energy, as until recently, blades were the
only part of wind turbines that could not be recycled.

Conclusions. The results of special studies conducted by scientists from
different countries have shown that the processing of composite materials of wind turbine
blades with the separation of the original components for reuse is a complex scientific
and technological task that has not yet been finally solved.

Within the framework of the «Industry 4.0» concept, work is underway to create a
computerized system of robots with artificial intelligence, supporting the flow of data
exchange between themselves and optimizing and regulating production processes
independently. According to the authors, the above factors of the negative impact of wind
power generation on the environment need to be thoroughly studied and their scale
assessed, which will lead to the development of effective technologies and solutions to
minimize the harm from wind generation. At the same time, the environmental
advantages of this type of generators in comparison with fuel energy seem indisputable.
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Experts assume that in 10-15 years the problem of solar panel disposal will

also rise to its full growth, because they will have an increasing impact on the economics
of projects. Promising further research into the problem of solar panel disposal, from our
point of view, will be in great demand, since waste prevention is the first priority in the
waste management hierarchy.
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