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Abstract

Research background: The issue of reliability and the cost of failure or maintenance costs of renewable
energy sources, including wind farms, is becoming increasingly important, especially as the volume
of electricity supply from such installations increases.

Purpose: The purpose of the paper is to evaluate the development of wind energy in European countries
between 2010 and 2020. Evaluating the reliability of wind farm components and ensuring that wind farm
infrastructure is available at a high level is crucial to the stability of the electricity supply system. Therefore,
the paper presents, as a case study, a reliability estimation of one of the wind farms operating in the North
Sea. The analysis is carried out on the basis of empirical data obtained from experts involved in the
maintenance of this wind farm. The estimated reliability function is an important reliability indicator for
users of this system. On the basis of the evaluated reliability function, for example, the system availability
can be improved, and the maintenance costs of the system can be optimised.

Research methodology: Mathematical modelling was used to analyse system reliability. Further, in the
developed reliability models, it was assumed that the system components have the multistate Weibull
reliability functions with various parameters in their different reliability state subsets.
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Novelty: Original study with literature review. In the context of the requirements for the transformation
of the Polish energy sector, the presented approach can be used in the practical implementation of RES
projects, taking into account the reliability of offshore wind farm installations.

Keywords: Reliability, failure costs, maintenance costs, renewable power, RES, offshore wind farm
efficiency

JEL: A12, B16, B49, C02, C13, C25, Q40, Q42

1. Maintenance and failure costs and operational service strategies to preserve
the reliability of production processes

The paper addresses the problem of equipment reliability associated with renewable wind
energy generation. From an economic point of view, the reliability of production processes is
important for achieving the expected financial result. An increase in reliability can determine
to a significant degree the value of the entire project to its owners (Bgben, Chmielewski, 2012)
which is a fundamental criterion when deciding whether to implement a project. Estimating
the cost of power failures is difficult and imprecise because the economic value of reliability
in electricity supply varies from user to user. It can also affect various aspects of the company
and its customers, who will suffer a variety of consequences, including: economic (measurable
monetary losses, costs and lost benefits), social (relating to disrupted leisure and professional
activities) and organisational (organisational, procedural and other changes as a response to
an emergency) (Zarzecki, 2008). Appropriate maintenance can prolong the life of an asset and
prevent costly breakdowns that may result in lost production, failed shipping schedules and
a decline in customer satisfaction (Nezami, Yildirim, 2013).

The term maintenance expense refers to any cost incurred by an individual or business
to keep their assets in good working condition. These costs may be classified due to different
criteria for many types e. g. spent for the general maintenance of items or they may be used for
repairs (Trojan, Margal, 2017).

Failure costs are those associated with correcting nonconforming material, including scrap,
rework, repair, warranty actions, and others related to the correction of nonconformances. Many
organizations further subdivide this category into internal and external failure costs (Kiran,

2017). The costs of fixed asset failure include direct costs of failure (e.g. the necessity to replace



230 Joanna Soszynska-Budny, Mariusz Chmielewski, Joanna Pioch

or repair the fixed asset, destruction of materials processed during the failure, downtime costs —
employee wages, extraordinary costs resulting from the necessity to remove the effects of the
failure, e.g. an accident at work and possible compensation) and indirect costs (costs of lawsuits,
contractual costs due to delayed or non-execution of the order, lost revenues/profits due to the
unavailability of the machine/asset, loss of reputation among contractors, customers’ resignation
from cooperation).

Determining the optimal maintenance strategy for fixed assets (fixed assets, machinery
and equipment) requires an analysis of 2 functions: total failure costs and maintenance (repair)

costs, as shown in Figure 1.

4 Total cost Maintenance cost

Product cost per unit

Failure cost

Frequency of maintenance

Figure 1. The total cost of the maintenance strategy

Source: Muhlemann et al. (2001).

Each company can adopt different maintenance strategies:

1. Preventive maintenance strategy — the more frequent the maintenance, the lower the

failure costs, but the higher the maintenance costs.

2. Ad hoc maintenance strategy (breakdown repair) — the less frequent the overhaul, the

higher the breakdown costs.

Other possible strategies are also mentioned in the literature (e.g. Bevilacqua, Braglia,
2000). Using failure cost information for testing and reliability assessment is a usual and long-
standing practice (Weyuker, 1996).

The paper presents, as a case study, a reliability estimation of one of the wind farms
operating in the North Sea. The analysis is carried out on the basis of empirical data obtained
from experts involved in the maintenance of this wind farm. The estimated reliability function is

an important reliability indicator for users of this system. On the basis of the evaluated reliability
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function, the system availability can be improved and maintenance costs of the system can be
optimised. This section of the paper presents the importance of reliability and the impact of the

selected maintenance strategy on the company’s costs.

2. Wind energy production and its efficiency in European countries

Global warming and environmental pollution are some of the main problems that the
world is focusing on. Increased CO, emissions have contributed to negative environmental
changes. The production of electricity and heat from coal and oil has negative impacts not
only in environmental aspects. It also influences the economy and social sphere of different
countries. Continuous increase in energy demand means, that the most commonly used energy
sources are no longer sufficient. Today, it is necessary to invest in renewable energy sources, that
do not cause devastating climate change.

The main sources of renewable energy are:

— solar energy,

— wind energy,

— water energy,

— biomass,

— geothermal energy (Mudryk, Werle, 2018).

This paper only deals with wind energy. Wind energy is one of the important sources
of green energy in the world but also in Europe and its development and securing the continuity
of supply of this energy is important for the economy of individual countries. A distinction is
made between onshore and offshore windfarms. Offshore wind farms have higher investment
and operating costs, but are more efficient because winds blowing over the sea are more stable
and stronger than those blowing over land. Wind farms are a fast-growing sector of the energy
industry. But will maintaining the current rate of onshore and offshore energy development be
enough to meet the EU’s 2030 climate targets? (Pioch, Chmielewski, 2018).

The construction of a wind farm is defined as a project, while its subsequent long-
term operation is associated with activities referred to as processes. An important parameter
describing a process is its reliability. Because wind farms operate in difficult conditions it is
important to analyse their reliability. Often a problem in wind farm reliability analysis is the
lack of detailed data on the intensity of pure failures of wind farm components. As is known,
wind farms are regularly maintained and their elements are repaired. In (Scheu et al., 2017),

the authors pointed out this problem. Planning for the operation and maintenance of wind
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farms based only on average failure rates can cause significant errors and, as the authors point
out, the use of reliability functions for this task is necessary. The authors (Martin et al., 2016)
use a probabilistic failure event model based on the component lifecycle related to a bathtub
curve. A wide review and classification of risk and reliability analysis methods applied in the
offshore wind industry is contained in (Leimeister, Kolios, 2018). In the reliability studies
of wind turbines and wind farms generally, a large variety of failure data and different ways
of presenting them, can be noticed (Scheu et al., 2017; Arabian-Hoseynabadi et al., 2010; Jia
et al., 2016; Pinar Pérez et al., 2013; Uzunoglu et al., 2017). The variety of data results from
their various origins, from different approaches to a failure analysis, and often from the lack
of diversity of details during collecting failure data. To systematise this information, papers
presenting a review of these data and various approaches to the reliability analysis of wind
turbines, are particularly valuable (Pfaffel et al., 2017; Artigao et al., 2018).

For many years, many developed countries have placed great emphasis on renewable
energy sources. Wind energy from wind farms is a great source of energy, which does not

generate pollution and contributes significantly to the reduction of CO, in the atmosphere.

Table 1. Power production and wind farm efficiency in different European countries

Electricity production Capacity (installed power)
Country (GWh) (GW)

2010 2015 2020 2010 2015 2020
UK 10.3 40.3 75.4 5.4 14.3 24.5
Germany 37.8 79.2 123.1 27.2 44.6 62.2
Spain 443 49.3 56.4 20.7 229 26.8
Denmark 7.8 14.1 16.3 3.8 5.1 53
Italy 9.1 14.8 18.8 5.8 9.1 10.9
Netherlands 4 7.6 15.3 22 3.4 6.6
Portugal 9.2 11.6 12.3 3.9 4.9 5.2
France 9.9 21.2 39.8 6.1 10.3 17.5
Poland 1.7 10.9 15.8 1.2 4.9 6.3
Croatia 0.1 0.8 1.7 0.1 0.4 0.8
Czech Republic 0.3 0.6 0.7 0.2 0.3 0.3
Romania 0.3 7.1 6.9 0.5 3.1 3
Hungary 0.5 0.7 0.7 0.3 0.3 0.3
Ireland 2.8 6.6 11.5 1.4 2.4 4.3
Greece 2.7 4.6 9.3 1.3 2.1 4.1
Sweden 35 16.3 27.5 2 5.8 10

Source: authors’ own work based on data given in Wind Energy Barometer, a study carried out by EurObserv’ER,
February 2012, February 2017, March 2022.
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The capacity of wind turbines is the basic information about the efficiency of a wind
farm, i.e. its ability to generate energy under optimal weather conditions. The higher the power,
the more energy can be generated. As can be seen in Table 1, the increase in installed capacity
does not always correspond to the increase in produced capacity, because the key factor in this
case is the strength and stability of the wind. Nevertheless, from the data in Table 1, it can be
concluded that the development of wind energy is clearly visible. Between 2010 and 2020 all
of the mentioned countries except Hungary have increased the capacity of their wind farms and
increased electricity production from wind farms. Of course, the amount of possible wind energy
is not the same everywhere and varies quite considerably. Areas with high wind energy potential
are distributed unevenly. Good conditions for the exploitation of wind energy usually exist in
coastal areas and on vast plains. Among European countries, the most favourable conditions for
the exploitation of wind energy potential are in the UK, France and Denmark. From Table 1 it
can be seen that the most wind farms have been built in Germany, the UK and France. In 2020
the UK increased its wind energy production by 632% compared to 2010, Germany and France

increased their wind energy production by 226% and 302% respectively in the same period.

Table 2. Share of wind energy produced in total energy produced
in different European countries

Percentage wind energy/
Country total emg;rgy producegdy Change 3020/2016

2016 2020 ()
Denmark 36.8 48 130
Ireland 27.0 38 141
Portugal 24.7 25 101
Spain 19.0 22 116
Germany 16.0 27 169
Romania 12.5 12 96
UK 124 27 218
Sweden 11.4 20 175
Lithuania 10.6 13 123
Netherlands 8.4 12 143
Greece 7.4 15 203
Poland 7.1 9 127
Italy 5.5 7 127
France 4.4 9 205
Hungary 1.6 2 125
Czech Republic 0.8 1 125

Source: authors” own work based on data given in Wind energy in Europe 2020 Statistics and the outlook for 2021—
2025, WindEurope — February 2021 and Wind in power 2016 European statistics, WindEurope — February
2017.
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All European countries are trying to increase their energy production from wind power.
In Denmark, as much as 48% of the country’s power generation comes from wind. The largest
increases in wind energy production in 2020 compared to 2016 in the total energy balance are
observed in the following countries: UK increase of 118%, France increase of 105%, Greece
increase of 103%, Sweden increase of 75%, Germany increase of 69%, Netherland increase
0f 43%, Ireland increase of almost 41% and Denmark increase of over 30%. Only one European
country analysed experienced a decline in the share of wind power in the total amount of energy
produced during the period under review — Romania. For most European countries there can
be seen a significant increase in the share of electricity production from wind. In the energy
balance of some countries, this type of energy already accounts for about 1/3 of the total energy
produced (Denmark, Ireland, Germany, the UK). Taking into account, the emerging trend in
the coming years in other countries the share will be about 1/3 of production (Portugal, Spain).
The functioning of the economy in these countries depends on the reliability of wind power
systems.

Based on the data presented in the section, it can be concluded that the share of electricity

production from RES is systematically growing in the analysed period.

3. Reliability of offshore wind farms

The study of the reliability of wind farms is important, because it allows for planning and
cost-effective optimizing of the operation and maintenance of the various wind farm subsystems
in such a way, as to ensure the efficiency of energy production at the required level.

All over the world, wind energy is one of the most popular sources of renewable energy
and a constantly developing branch of energy. Thus, studying the reliability and availability
of wind farms is an important aspect for their operation. In general, reliability is the probability
that, at a given time and under given conditions, the system meets the requirements that it
should perform according to its assigned tasks (Beben, Chmielewski, 2012). The paper defines
reliability as the probability that the system is in the reliability state subset {w,  + 1, ..., z},
w =0, 1, ..., z, at the moment ¢, while it was in the best reliability state z at the moment ¢ = 0
(at the beginning). Availability is the probability that a system or component is in a state where
it can perform a required function under given conditions at a given time — in the case of wind
farms, produce electricity. The availability of wind farms is derived from their reliability.

Due to their operation in extremely difficult conditions, it is particularly important to

analyse their reliability. In addition, their reliability is often worse than would be expected
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due to severe environmental conditions affecting the reliability and lifetime of a wind farm.
Moreover, the problem is often the lack of detailed data on pure failure intensities, as closely
related to the operation of wind farms are regular, continuous inspections and repairs of wind
farm infrastructure and its components.

This paper analyses the reliability of one of the offshore wind farms located in the North
Sea using data from the operators of this wind farm. This type of industrial facility is created in
a project formula over a period of 3—5 years, and then for about 20 years it functions thanks to
the sum of all activities performed to generate electricity — the process of electricity generation.
However, a prerequisite for its operation is to ensure the functionality of individual components,
which significantly affects the cost of operating a wind farm. The reliability of individual
elements is a determinant of the cost of operation and, consequently, the profitability of the
entire process. Various measures of reliability are used in the literature. In the case under review,
the average life in the state of reliability when the wind turbine does not require maintenance

and repair was used as a measure of reliability.

3.1. Description of the wind farm — a case study

The paper considers the Gemini Wind Park located in the North Sea. The considered wind
park consists of 150 wind turbines and two high voltage stations, as shown in Figure 2. Each
turbine has a maximum output power of 4 MW, so in total the whole wind farm can produce 600
MW of renewable energy. Electric power is transmitted ashore by cable which is laid down on
the bottom of the sea. Each wind turbine self-starts when the average wind speed reaches 3 to
5 m/s (meters per second). The output increases proportionately with the wind speed up to 12 to

13 m/s, at which point the power is regulated at a rated power of 4 MW. When the wind speed

2 x 75 Wind Turbines

Figure 2. General scheme of an offshore wind farm

Source: reprinted with permission from Gemini Wind Park (2020, 2021).
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exceeds the maximum operational limit of 25 m/s, the turbine shuts down by pitching its blades
(turning them parallel to the air flow). When the wind speed drops back below the maximum
limit, the turbine’s systems automatically reset and begin to generate electricity again.

Two main technical subsystems S1 and S2 of the wind farm were distinguished, which
are connected in parallel in terms of reliability. The subsystem S1 and S2 are identical and have
the same reliability. Each subsystem consists of 75 wind turbines (WT) linked parallel with
one high voltage station (VS). The system of 75 wind turbines and the high voltage station are
connected in series in a reliability sense. The reliability structure of these two subsystems is

presented in Figure 3.

Subsystem S1

Vsl | Wil |1

Subsystem S2

— vs2 | wn [

Figure 3. Reliability structure of an offshore wind farm

Source: authors’ own work based on expert opinion.

In the case of elements connected in parallel, the failure of any element does not affect the
reliability of the entire system — the elements replace each other. However, in the case of the
serial connection of individual system elements, the reliability of the entire system depends on
the individual elements. In the case of a large number of serial elements, maintaining the high
reliability of the entire system requires the very high reliability of individual elements. The failure

of one Serial Element Results In The Unavailability Of The Entire System.
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3.2. Reliability evaluation of the studied offshore wind farm

Using the information obtained from the experts and operators of the considered wind
farm, as in the Gemini Wind Park. 2020 (2020), it was assumed that the failure rates differ
depending on the year of operation of the wind farm. Thus, three periods of operation time
with different values of wind turbine failure rates were defined. More exactly, in the first year
of operation, the so-called “early” failures occur, next a longer period of “fatigue” or “random”
failures follows, and the last period of “wear-out” failures when the failure rate increases due to
component fatigue — as assumed in the bathtub curve. For high voltage stations two periods with
different values of their failure rates are characterized. The analysed wind farm, as also stated
for wind turbines considered in (Arabian-Hoseynabadi et al., 2010), is designed to be operated
for 20 years. Taking into account the wind farm operators opinion and information given in
(Arabian-Hoseynabadi ef al., 2010) the mean time to failure of the components of the S1 and S2

subsystems was established. The values of the mean time to failure are given in Table 3.

Table 3. Mean time to failure for wind turbine and high voltage station

Operation time Mean time to fai'lure u for wind turbines
(in years)

First year of operation — Period I 0.296
From 2 till 10 years of operation — Period II 0.384
After 10 years of operation — Period 111 0.296
Operation time Mean time to failure u for high voltage stations (in years)
First 10 years of operation — Period I 3.5
After 10 years of operation — Period 11 2

Source: authors’ own work based on expert opinion.

Proposing a multi-state approach to a reliability analysis (Kotowrocki, Soszynska-Budny,
2011; Soszynska-Budny, 2021) of the wind farm infrastructure, three reliability states were
distinguished for wind turbines, high voltage stations and for the entire wind park.

The reliability states for wind turbines are defined as follows:

state 2 — wind turbine is new and fully reliable, does not require any maintenance or

repair,

state 1 — wind turbine is operational but due to ageing requires inspection, during which

its renewal or maintenance is performed,

state 0 — wind turbine is damaged and cannot work.
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In practice, it is well known that in the initial and in the final periods of operation the
systems are more unreliable. In the reliability analysis, the Weibull distribution is a statistical
model which takes into account the beginning and the end of the operation of the considered
system. Considering this, it was assumed that the coordinates of wind turbine reliability
functions are Weibull, R(¢, ) = exp[-a(w)®], t > 0, @ = 1, 2, where w is the reliability state,
a(w) is scale parameters in the reliability state subset {1, 2,}, f(w) is shape parameters in the
reliability state subset {1, 2}, with the parameters given in Table 4.

The time for the first system inspection and maintenance was adopted as a mean lifetime
in the reliability state “2”, i.e. 0.296 year. Since inspections and repairs are regularly carried
out in wind farms, and their damage is often associated with external factors, it is difficult
to obtain accurate and pure data on their lifetimes. In the proposed multistate approach, the
system’s lifetime is equivalent to its lifetime in the reliability state subset {1, 2}, and it equals

to 0.384 year.

Table 4. The parameters of the Weibull distribution for the wind turbine
and high voltage station

Parameters f.or the wind In reliability state subset {1, 2} In reliability state subset {2}
turbine
Parameter a ap(1)=15.326 ay(2) = 8.964
Parameter f Lur(1)=2 Pwr(2)=2
Parameters for tbe high In reliability state subset {1, 2} In reliability state subset {2}
voltage station
Parameter o ayps(1)=10.064 ays(2)=0.196
Parameter Prs(1)=2 Prs(2) =2

Source: authors’ own work based on expert opinion.

The reliability function of a wind turbine, is given by a vector Ry(,e), (Kotowrocki,
Soszynska-Budny, 2011; Soszynska-Budny, 2021) with the Weibull coordinates with parameters
given in Table 4:

Ryr (1, 1) = exp[-5.326£], t>0 (1)

Ryr (1, 2) = exp[-8.964£], ¢>0 )

For high voltage stations, the reliability states are similarly defined as in the case of wind
turbines: state “2” in which the station is fully operational, state “1” in which the station is
operational but requires some inspections due to ageing, and state “0” when the station does not

work and needs repair.
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Similarly, as in the case of the wind turbine it was assumed that the coordinates of high
voltage stations reliability functions are the Weibull distribution with the parameters given in
Table 4. Consequently, the reliability function of a high voltage station, is given by the vector

Rys(,®), where its coordinates are:
Rys(t, 1) = exp[-0.0647], t>0 3)
Rys (1, 2) = exp[-0.196¢*], t>0 4)

For all of the offshore wind farms, with the reliability structure is shown in Figure 3,
the following three reliability states were distinguished: state “2” of total reliability, state “1”
of partial reliability in which wind farm operation is less effective and its maintenance or
renovation is required, and state “0” of wind farm failure.

Hence, the reliability function of the considered offshore wind farm is given by the formula

(Kotowrocki, Soszynska-Budny, 2011; Soszynska-Budny, 2021):

R(t,)=[1,R(t,1),R(t,2)],t>0 (5)

where:
R(t, 1) =1—[1—Rys(, 1)-[1 - [1 = Ry(z, D]”]]? (6)
R(#,2) = 1 = [1 = Ryg(t, 2)-[1 = [1 = Ry(2, )11 (7

Next, substituting the reliability functions of the wind turbine (1-2) and high voltage
station (3—4) into (6—7), the reliability function coordinates of the offshore wind farm take the
form:

R(t, 1)=1—[1 - exp[-0.0647] - [1 — [1 — exp[-5.3262]]] (8)

R(t,2)=1—[1 - exp[-0.196£] - [1 — [1— exp[-8.9642]]*]2, for ¢ > 0 9)

it RED s LD

Figure 4. Graphs of the reliability function coordinates of the wind farm infrastructure

Source: authors’ own work on the basis of formulae Uzunoglu et al. (2015); Pfaffe et al. (2017).
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The reliability function is an indicator that does not give much practical information for
users, engineers operating wind farms. However, having the reliability function, the indicators
can be determined, which are very useful in testing the reliability and availability of wind farms,
such as the expected values and standard deviations of system lifetimes, and the system risk
function.

The expected values of system lifetimes in the reliability state subsets {w, o + 1, ..., ng},
w=1,2, .., n are defined by the formula (Kotowrocki, Soszynska-Budny, 2011; Soszynska-
Budny, 2021).

u(o)=[R(to)dt, ©=1,2,..n, (10)
0
and the expected values of the system lifetimes in individual reliability states w = 1, 2,..., n,, can

be determined as follows
,u(a)) :y(a))—y(a)+l), w=1,2,.., n,—1, ,u(ns):,u(ns) (11)

The standard deviation of system lifetime in the reliability state subset {w, w + 1, ..., 1y},
w=1,2, .., ng is defined by the formula (Kotowrocki, Soszynska-Budny, 2011; Soszynska-
Budny, 2021)

o(w)= \/ZJ't-R(t,a))dt—[y(a))]z, w=1,2,K, .., n (12)
0
where R(z, o) is the reliability function and u(w) are the expected values given by (10).

In the reliability analysis a critical state of a system can be distinguished. This critical state
is one of the reliability states to exceed which is either dangerous for the environment or does
not assure the necessary level of its operation process effectiveness. Then an important system
reliability indicator is the time to the moment of exceeding the system reliability critical state
which is called the system risk function. The system risk function is strictly related to the system

reliability function and given by
rt)=1—-R(t,r)=P(T(r)<1t),t>0 (13)

where r € {1, 2, ..., K, ..., ng} is the fixed critical reliability state and R(¢, r) is the coordinate

of the system reliability function.
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Assuming that the inverse function r'(f) of the system risk function (13) exists, the
moment can be determined, denoted by z, when the system risk exceeds a permitted threshold

0, from the following formula:
7=r"'(0) (14)

where the risk threshold ¢ is given by experts and system operators.

By assuming that the critical state of the wind farm infrastructure is state » = 2, from the
formula (13) and using (9), the wind farm risk function can be determined. Next, based on this
function, it can be determined from (7) the moment 7 at which the risk function of the wind farm
exceeds a certain permitted risk threshold J. The values of exceeding moments counted in years

for different risk thresholds are given in Table 5.

Table 5. Moment 7 of exceeding a risk threshold 6 by the risk function
of wind farm infrastructure

Risk threshold Moment 7 of exceeding (in years)
0.01 0.592
0.02 0.615
0.05 0.644
0.10 0.669
0.20 0.700
0.30 0.723
0.40 0.744
0.50 0.765

Source: authors’ own calculations on the basis of formulae Wind in power 2016 (2017).

Taking into account the reliability structure of the wind farm infrastructure, described in
Section 3.1, a system of 75 wind turbines in subsystem S1 and S2 is considered as a parallel
system. They can operate independently of each other. However, to ensure a certain minimum
output power of a wind farm, a system of 75 wind turbines can be considered as an “m out of n”
system. For example, assuming that 25 turbines out of 75 should operate in each subsystem, the
wind farm infrastructure at least can produce 200 MW. In turn, to ensure a minimum energy
supply of 400 MW, it should be assumed that at least 50 out of 75 turbines should operate in

each subsystem.
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Table 6 compares the mean values and standard deviations of wind farm lifetimes in the
reliability state subsets {1, 2} and {2}, assuming that a system of 75 turbines is a parallel
system, in the second case for a “25 out of 75” system, and in the third case for a 50 out of 75”

system. Their values are given in years.

Table 6. Mean values and standard deviations of wind farm lifetimes in reliability state subsets

In reliability state subset {1, 2} In reliability state subset {2}
System of 75 wind turbines (in years) (in years)
u(l) o(1) u(2) o(2)
p\Parallel 1.010 0.112 0.773 0.008
“25 out of 757 0.477 0.020 0.368 0.009
“50 out of 757 0.296 0.022 0.228 0.016

Source: authors” own calculations.

Comparing the mean values of lifetimes in the reliability state subsets for different
configurations of the wind farm, it should be noticed that mean lifetime for “25 out of 75”
reliability structure is about 53% shorter than for parallel reliability structure, and up to 71%
shorter with assumed “50 out of 75” reliability structure of the wind farm infrastructure. If only
one subset {2} is used, the average lifetime in subsets of reliability states for different wind farm
configurations is reduced compared to the previous variant by about 23% — but the variation in
the mean (standard deviation) is significantly smaller.

These differences are significant, and determining at what minimum number of working
wind turbines, working properly and providing adequate efficiency, is crucial for the reliability
analysis of a wind farm, significantly affecting the excellence of the implementation of the
process (Nierzwicki, Wisniewska, 1995) — in our case, the process of electricity production.

The reliability of individual elements of the entire energy system has a significant impact

on the amount of electricity produced.

Conclusions

The whole world is focused on finding and producing green energy to protect the
environment. European countries are also moving in this direction. The war in Ukraine in
particular shows the importance of RES as a component affecting energy prices in the entire
EU energy system. For most European countries, a significant increase in the share of electricity

generated from wind has been observed in recent years. Studying the reliability and maintenance
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of wind farms is a very important aspect in this renewable energy research. The reliability
of a wind farm affects the basic financial parameters generated by the entire project over its
lifetime. High reliability, on the one hand, generates costs associated with its maintenance but,
on the other hand, reduces costs associated with failure. Due to the difficult environmental
and operational conditions that change over time, in the further analysis of the reliability and
availability of the wind farm infrastructure, changing weather conditions and various operating
states should be taken into account. The components of wind farm infrastructures in various
environmental and operational states often have different reliability parameters, and thus affect
the reliability of the entire wind farm infrastructure. The reliability of the entire system of which
the offshore wind farm consists is also very much influenced by the proper configuration of the
individual components of the wind farm under analysis. Its proper configuration can increase
the reliability of the entire system as measured by the average lifetime by up to 23%, which has

a positive impact on the financial parameters of the project.
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