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In its development, the global energy sector is constantly demonstrating the growth of electricity
consumption. Traditional power plants in this process ensure an increase in greenhouse emissions and
aggravation of climate problems, which are becoming more relevant every year. Against this background,
modern alternative energy sources, namely wind power plants, contribute to reducing the impact of traditional
power plants and promote solutions to address environmental problems. The development of the global wind
energy industry is accompanied by an intensive increase in the unit capacities of wind power generators. The
paper analyzes the efficiency of a wind power plant based on modern wind generators for predetermined
location conditions, taking into account operating costs based on operating experience and based on the
assessment of the power plant's participation in the balancing electricity market and taking into account the
"green tariff". Calculations of technical and economic indicators of a hypothetical 4-unit wind power plant
with various wind generators under the wind conditions of a predetermined industrial site located in the
Carpathian region of Ukraine were carried out. The calculations take into account modern typical
characteristics of wind generators, additional operating costs and the estimated cost of electricity in the
conditions of a balancing electricity market and in the conditions of the application of the "green tariff" for
the comparison of overall efficiency.

Additional operating costs, including equipment maintenance and disposal of worn turbine blades,
were considered and found to have minimal impact on the overall cost structure, contributing only 5-7% to
total expenses. The findings confirm the efficiency of constructing wind farms with modern wind generators in
the Carpathian region, particularly when integrated into the balancing energy market, supporting the
transition to renewable energy and reducing reliance on traditional fossil fuels.

Key words: wind power plant, wind generators, real wind conditions, performance characteristics,
payback period.

Eq. 4. Fig. 1. Table. 4. Ref. 9.

1. Problem formulation

The development of the global energy sector in terms of the installed capacity of alternative renewable
sources of electricity and their production shows stable growth. In these conditions, wind energy shows a
significant growth rate of influence on the level of global electricity production. In recent years, mainly
alternative and renewable sources of electricity have been reported to be used in certain countries during
periods of reduced electricity load schedules of power systems [1]. In such periods, the share of electricity
obtained from alternative sources was up to 87%. The use of wind power plants together with them reduces
the consumption of traditional primary energy resources, while contributing to the technological development
of territories, creating jobs, and reducing the amount of CO; emissions. The development of world energy is
accompanied by an increase in the unit capacities of wind generators. At the same time, new experience in the
operation of power plants is being formed, which is associated with the manifestation of additional factors that
affect the overall efficiency, in particular, wind energy. Factors affecting the performance of wind farms are
the constant growth of the unit capacity of wind generators, along with the additional costs of wind farms for
repairs and spare parts and related logistics. This information, which determines the efficiency of the wind
power plant, should be taken into account in the processes of designing and planning the operation of the power
plant, taking into account the conditions of a specific region.
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The current stage of development of the Ukrainian wind energy industry has significantly lower
development indicators than the world average. In 2018, wind farms in Ukraine produced 974 MWh of
electricity, while the share of wind energy in the overall balance was 0.62% and 0.9% in the total capacity of
generators. This reduces CO, emissions by 490,000 tons. In 2023, the nominal capacity of wind generators
reached 1900.8 MW. The development of power generation in Ukraine will continue to require a reduction in
dependence on fossil fuel types, its import, and reduction of emissions into the atmosphere.

2. Analysis of recent research and publications

The efficiency of the wind farm is determined by a group of indicators that allows taking into account
certain factors for making specific technical decisions. Such factors include the existing legislation, the results
of engineering research, logistics costs, especially in the conditions of mountain ranges, the results of wind
potential studies, etc. [3,4]. It is also necessary to take into account the global trends in the prices of wind
generators, which as of 2023 amounted to 800-900 thousand € per MW of installed capacity. At the same time,
there were noticeable changes in the market conditions for the sale of generated electricity. At the same time,
the performance indicators of the wind farm are affected by the requirements of the national legislation on the
"green tariff", which is connected with the use of products of domestic manufacturers. The specified factors
of influence on the efficiency of wind farms in the energy system encourage a deeper analysis of the situation
that developed during 2023-24.

3. The purpose of the article

The purpose of the work is to obtain an assessment of the efficiency of a wind farm with modern wind
generators under the conditions of a specific location of a construction site in the Ukrainian Carpathians, taking
into account additional operating costs based on operating experience and current forms of realization of
generated electricity in the form of a payback period for capital investments. During the assessment of
operating costs, the previous experience of long-term operation of other wind power plants in the conditions
of power systems, which is accompanied by additional financial costs for repair and maintenance of equipment,
should be taken into account. Such costs can make up to 50% of the direct costs associated with unplanned
replacements of equipment elements. Only capital elements — gearboxes, electric generators, turbine blades —
can generate a cost of up to €10,000 per turbine per year [2]. In addition, the work takes into account the impact
of the implementation conditions of production on the efficiency of the wind farm as of 2024 - with the use of
a "green tariff" or the participation of the power plant in the daily balancing electricity market [3,7].

4. Results of the researches
The initial stage of obtaining an estimate of the performance of a wind farm in real conditions is the
characterization of a designated area for an industrial site. In order to obtain wind characteristics for a specific
site in the upper reaches of the Carpathian ridges of Ukraine (coordinates of the site - (lat., lon.) 49.2470;
22.8763), it is possible to accept the actual probability distribution of wind speed according to the analytical
Weibull distribution obtained earlier as a result of a long-term measurable campaign in the form of:

k

a K] )
c\C (1)
where @y is the functional distribution of wind probability, %; k is scattering coefficient; C is the
scaling factor, which is determined by the average wind speed and is approximately C=(2V/m)Y2; V is the wind
speed estimated from the measurement results, m/s. The given characteristic of the distribution of wind
characteristics of the site was previously obtained from open sources [3,4]. We will accept the results of the
Vortex© Factoria de Calculs SL computer program Vortex MAPS(™) as the initial data for calculating the
wind characteristics of the above-mentioned construction site. As a result of using Vortex company data, an
annual analytical Weibull distribution was obtained for the specified area in the form of Fig. 1 with the

following characteristics: the Weibull k value k = 2.13, average wind speed — V.= 7.34 m/s.
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Fig. 1. Analytical Weibull distribution of the selected area

The given characteristics were obtained for a measuring tower with a height of 100 m. To convert to
the actual height of the wind generator, Hellman's law should be applied [5]:

b
H
Via =V (HZJ
v (2)

where H, — the height of the wind generator under study; H; is the height of the tower at which the
measurements were made; V2, Vi is corresponding wind speeds; b is indicator of the nature of the terrain
profile for wind generator installation (b = 0.13+0.31).

The intensity and dynamism of the development of the global wind energy markets stimulate the wind
turbine market and the emergence of new offers from manufacturers of this equipment with higher performance
and power indicators. Wind generators of significant power from well-known world manufacturers differ to a
certain extent from each other, which makes it possible to choose based on comparative characteristics. The
final choice of the wind turbine type depends on the evaluation of performance and profitability, and therefore
efficiency in real operating conditions. As of 2024, the current nominal capacities of wind generators are 5.5—
7.5 MW. Let's consider the technical and economic indicators of a hypothetical wind farm located on the
above-mentioned site. To calculate the indicators of the wind farm, we will take two types of wind generators
— Vestas V172-7.2 MW and V162-6.2 MW [6]. The parameters of the selected wind generators are listed in
Table 1.

Table 1
Parameters of wind turbines
Characteristic Vestas V172 Vestas V162

Nominal power, MW 7.2 6.2
Rotor diameter, m 169 162
Tower height, m 170 169
Rotor coverage area, m? 22698 20612
Average energy production, for 4 turbines, MWh. 95869.4 82554.2
The cost of 1 pc. wind turbine generator, million € 5.976 5.146
Operating costs for 4 turbines, € 1153270 909700
Additional operating costs for 4 turbines, € 40.000 40.000

The estimated power of the wind generator for a specific case of the installation site is determined by
the following parameters: wind speed at the height of the wind turbine axis, air density, daily indicators of
maximum and minimum wind speed [5]:

P=k-p V-S/2, (3)
where k — the turbine efficiency factor; p is air density at the nominal height, kg/m?; V — the value of
the wind speed, m/s; S — the wind flow capture area, m?.

The performance characteristics of the types of wind turbines specified for analysis can be obtained from

the manufacturer's passport data. The production of electricity by a wind generator can be defined as follows:

V max
E= [ [$pSVICAT Jav
, (4)
where: p —air density; S — the area of the wind turbine; C;— a parameter that characterizes the efficiency
of the wind generator's use of wind energy [6].
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For a hypothetical wind farm with the selected wind generators, the annual production indicators for
the specified site in the conditions of mountain ranges, taking into account the Weibull distribution (1), (2) and
the wind characteristics given by (3), (4) are as follows (table. 1).

The calculated indicators of the annual production of the wind power plant make it possible to obtain
an approximate estimate of the efficiency of a 4-aggregate plant in the conditions of a defined area for two
types of wind generators.

The amount of capital investments in the construction of a wind power plant can be obtained on the
basis of expert assessments, taking into account the costs of wind turbines worth €0.85 million/MW [5], the
design cost — €0.9 million, generation licensing — €0.4 million, the cost land acquisition — €0.26 million,
transport, construction and installation support — 15% of the cost of wind turbines.

Operating costs can be roughly estimated at 8.5% — including expenses for wages, for dispatching
services, for depreciation deductions, for rent and investment deductions for the development of the territory,
for taxes. At the same time, an amount of €10,000 per wind turbine during the year should be additionally
allocated to operational costs, which is determined by the need for post-accident recovery of the power plant
equipment [2].

On the one hand, the cost of electricity generated at wind farms in Ukraine is determined by the "green"
tariff, which is approved by the Government and amounts to UAH 3.95/kWh as of June 1.2024 [7]. Based on
the annual output of the wind power plant, this provides an opportunity to calculate the profitability
characteristics.

Table 2
Results of the calculation of the technical and economic indicators of the wind farm based on the *'green
tariff"
"Green"
Type of wind generator tariff for Total cost, Annual profit, Payback
June 1, 2024, | thousand € thousand € period, years
UAH/kWh
4 x Vestas V172-7.2 MW 3.05 29.84 71406.1 3.6
4 x Vestas V162-6.2 MW ' 26.03 9236.2 4.0

On the other hand, the cost of electricity generated at wind farms in Ukraine can be estimated by the
purchase price for electricity on the daily balancing electricity market. For comparison, similar results under
conditions of sale of products on the balancing electricity market are shown in Table 3, where the market price
for June 1, 2024 is taken into account [8] are given in table 3.

Table 3
Results of the calculation of the technical and economic indicators of the wind farm based on the price of
the balancing market

Type of wind generator The price of electricity on | Annual profit, Payback
the daily balancing market thousand € period, years
onJune 1, 2024 UAH/kWh

4 x Vestas V172 -7.2 MW 54 12626.7 2.6
4 x Vestas V162 -6.2 MW ' 9761.2 2.9

The "levelized cost of energy" indicator (LCOE) is determined on the basis of market data and reflects
the current cost of all costs for the production of one unit of energy, i.e. this indicator represents the ratio of
annual capital and operating costs, divided by the years of operation of the equipment, to the total annual output
of the wind farm [9]. For our case, on the basis of previous data and for 10-year operation of an imaginary
station, it is possible to obtain the data listed in Table 4.

Table 4
Results of the calculation of the LCOE
Type of wind generator LCOE on 10-th year, €/MWh
Vestas V172 -7.2 MW 42.3
Vestas V162 -6.2 MW 41.8

The technical and economic indicators of the wind farm correlate well with previously obtained data
[3, 4, 9], calculated on the basis of expert assessments, should be perceived as estimated characteristics of the
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guantity, which cannot be absolutely accurate due to the approximation of the initial data and the use of expert
assessments of the components, arbitrarily selected value of the price on the balancing electricity market in
Ukraine.

The technical and economic indicators of the wind farm show slight differences from the previously
published practical results of the operation of the wind power plant [4]. This provides an opportunity to draw
a conclusion about the similarity of the obtained results with the possibility of using estimated data in the
consumption part and measured data on the wind load of the specified site for the wind power plant.

It should be noted that the consideration of additional operating costs for the post-accident restoration
of wind generators in the amount of €10,000 per turbine does not significantly affect (within 5-7%) the annual
operating costs, as well as the payback period of capital investments.

Adoption of a technical and economic engineering decision on the construction of a wind power plant
must be implemented on the basis of a technical and economic justification for the construction of a real wind
farm. The results calculated in the work make it possible to take into account modern peculiarities in the
regulatory framework and the existing exchange rate, and they correlate with the results of a real power plant
in similar conditions. This further emphasizes the significant effectiveness of the construction of a wind farm
with modern wind generators in the Carpathians of Ukraine.

5. Conclusions.

The characteristics of capital investments, operating costs, annual electricity production were obtained,
the gross profit during the annual operation of the wind power plant with options for installing wind generators
was calculated. This makes it possible to estimate the payback time of an investment in the construction of a
wind farm. So, for a 4-unit station with Vestas V172-7.2 MW generators, the payback time is 3.6 years, and
with Vestas V162-6.2 MW type wind generators - 4.0 years, as well as for Vestas V172-7.2 MW in operating
conditions "green tariff" and, respectively, 2.6 years and 2.9 years under conditions of sale of electricity at the
prices of the balancing market per day. Additional operating costs for the disposal of worn wind turbine blades
do not have a significant impact on the overall cost indicators and amount to 5-7% of the total costs. The
obtained results allow us to confirm the effectiveness of the construction of wind farms with modern wind
generators in the area of the Ukrainian Carpathians, especially under the condition of working in a balancing
energy market per day.
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OIIHKA EOEKTUBHOCTI BITPOI'EHEPATOPIB B YMOBAX YUACTI Y JOBOBOMY
PAHKY EJJEKTPOEHEPTII

Ceimoga enepcemuka y C60EMY pPO3GUMKY OE3YRUHHO OEMOHCMPYE 3POCMAHHA  CHONCUBANHS
enexkmpoenepeii. Tpaouyitini enrexmpocmanyii 'y ybomy npoyeci 3abe3neyyromov 30iIbUIeHHS NAPHUKOBUX
BUKUOI8 MA 3A20CMPEHHS KIIMAMUYHUX NPOOIEM, WO 3 KOJICHUM POKOM 30iIbUlyloms c010 akmyanvhicme. Ha
YyboMy (OHI cyuacHi anvmepHamueHi Odicepend eHepeii, a came 8iMposi eNeKmpoCmanyii, cnpusiomo
3HUIICEHHIO BNAUBY MPAOUYIIHUX eNeKMPOCMAHYI MAa CHOHYKAIOMb 00 PO36 SI3AHHI0 eKOJI02IUHUX NpodIeM.
Pozeumox  ceimoeoi  gimpoenepeemuku  Cynpo8oOINCYEMbCA  [HMEHCUBHUM — 3POCIAHHAM — OOUHUYHUX
NOMYXMCHOCMeEll 2eHepamopie 8imposux eiekmpocmanyit. B pobomi nposedeno ananisz eghexmuenocmi
8IMPOBOI  eleKMpOCMAaHyii HA OCHOBI CYYACHUX 6impozeHepamopié 01s Haneped BUSHAYEHUX YMO8
PO3MAULYBAHHA 3 YPAXYBAHHAM eKCNIYAMAYIliHUX 8UMpam Ha OCHO8I 00C8i0y eKCcniyamayii ma Ha OCHOBI
OYIHKU yuacmi eleKmpoCmanyii 8 OANaHCYIOYOMY DUHKY eleKmpOeHepeii ma 3 YPAaxy8auHAM «3e/leH020
mapugy».  30ilicHeno  pO3PAXYHKU  MEXHIKO-eKOHOMIYHUX  HNOKA3HUKIE  yAeHoi  4-acpecammoi
gimpoenekmpocmanyii 3 PISHOMUNHUMU GIMPO2EHEPAMOPAMU  3d BIMPOBUX YMO8 Hanepeo 3a0aH020
NPOMUCTI08020 MAUOAHYUKA, WO posmawosanuii 6 pecioni Kapnam Ykpainu. B pospaxynkax eépaxoeano
CYYacHi Munogi xapaxmepucmuxu 8impozeHepamopis, 000amKo8i eKCHIyamayitiHi eumpamu ma oyiHOYHy
eapmicme enekmpoenepeii 6 yMosax OANAHCYIOU020 PUHKY elleKmpoeHepeii ma 6 yMoeax 3acmocy8aHHs.
«3eneno2o0 mapug)yy 0is NOPIBHAHHA 3A2AbHOT eeKMUBHOCHII.

Looamkogi excniyamayiiini eumpamu, 6KNOUAIOYYU MeXHiUHe 00CnY208Y68anHsA O00NAOHAHHA Ma
VMULI3AYir0 3HOWEHUX MYPOIHHUX TONAMOK, OYIU PO32AHYMI MA GUABTEHO, WO B0HU MAIOMb MIHIMATILHUL
6NIUB HA 3A2ANbHY CMPYKMYpy eumpam, eHocAYu auwie 5-7% y 3azcanvui eumpamu. Ompumani oami
niomeepoxcyroms egexmusnicmes 6yoisHuymea BEC i3 cyyachumu gimpocenepamopamu ¢ Kapnamcovxomy
PpecioHi, 0coOIUB0 3a yMOBU iHmezpayii 8 puHOK 6ANAHCYIOY0I eHepeii, NIOMpUMKU nepexody Ha BIOHOBII08AHI
Odicepena enepeii ma sMeHueH sl 3a1eHCHOCMI 810 MPAOUYIHO20 BUKONHO20 NANUBA.

Knrwouosi cnosa:  eimpoenexmpocmanyis;, — eimpoceHepamop;  peanvHi  6imMpoei  yMo8u,
Xapaxmepucmuxky npoOyKmMu8HOCMi; MepmMiH OKYRHOCHI.
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