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Abstract. Scaling up hydrogen energy is a strategic priority of the
energy policies of Ukraine and the European Union. Using renewa-
ble energy sources (RES) to power autonomous technological com-
plexes for green hydrogen production and seawater desalination
as a feedstock requires finding effective technical solutions to align
the stochastic nature of power generation with the stable energy
demand of such facilities. To address this challenge, this study performs a statistical evaluation of parameters
characterizing the dynamics of electricity production based on retrospective data from a wind power plant (WPP)
located in the Azov-Black Sea region of Ukraine. The research primarily focuses on analyzing the duration of power
deficit and surplus intervals caused by the inherent variability of WPP operation. Numerical estimates were ob-
tained for the maximum and average duration of such intervals, their standard deviation, as well as the parame-
ters of exponential and Weibull probability distributions used for their modelling. The results of this study are
essential for designing continuous energy supply systems for large-scale autonomous RES-based green hydrogen
production and seawater desalination facilities.
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019 NPOEKMYBAHHSA cucmem be3nepepsHo2o eHepao3abe3rneyeHHs MoMyHcHUX d8MOHOMHUX KOMIT/EKCig 3 8Upo-
6HUUMBa 800HK MA oOrnpicHEeHHA MOPCbLKOI 800U Ha ocHosi BAE. bibna.36, mabn.2, puc.8.

Knrovoei cnoea: simpoesnekmpu4yHa cmaHyis, 8UnaoKosi npoyecu, eHepaoszabesneveHHs, 3eaeHuli 600eHsb, onpi-

CHEHHS, MOMyMCHICMb, CMamucmuka, ¢aykmyauii.

Introduction. The territory of the Azov-Black Sea region of
Ukraine is characterized by significant wind energy re-
sources [1]. According to World Bank estimates, the achiev-
able capacity of offshore wind power plants (WPPs) stands
at 251 GW [2], while onshore plants reach 100 GW [3]. Ex-
pected annual capacity factor values, assuming full utiliza-
tion of the generated electricity, reach 35% for coastal
WPPs and up to 40% for offshore WPPs [4]. Calculation-
based studies of wind energy potential are performed using
averaged wind speed values over specific time intervals. Ex-
perimental power output curves of wind turbines, as a
function of wind speed, are also determined through aver-
aging [5]. Wind speed in the surface layer of the atmos-
phere varies chaotically in time and space, causing corre-
sponding changes in the instantaneous power of the WPP,
while the averaging of quantitative data obscures this vari-
ability, which is critical for integrating wind energy into cen-
tralized and local power systems, as well as autonomous
power supply systems. WPP power fluctuations propagate
through the electrical grid and, at certain levels, cause un-
acceptable voltage and frequency deviations from stand-
ardized ranges [6]. In such cases, to ensure stable grid op-
eration, wind power curtailment may be applied, leading to
subsequent financial consequences [7,8,9].

The variability of WPP power has an extremely important im-
pact on autonomous power supply systems for energy-inten-
sive technologies, particularly for the electrolytic production
of green hydrogen and water desalination using the reverse
osmosis method. Scaling up hydrogen energy is one of the
strategic priorities of the energy policy of Ukraine and the
European Union for the coming decades [10,11]. Ukraine is
participating in the implementation of the European pro-
gram "2x40 GW Green Hydrogen Initiative" [12], which em-
phasizes the construction of 10 GW of electrolyser capacity
for green hydrogen production using wind energy in the
Azov-Black Sea region. The program envisions an annual hy-
drogen production in Ukraine of 1.65 million tons, requiring
approximately 24 million m3/year of treated freshwater [13].
Achieving these production volumes requires the installation
of about 40 GW of renewable energy capacity [14,15]. This
capacity is too large for parallel operation with the national
power grid, which requires identifying ways to integrate the
stochastic supply of wind power into the technological
schemes of hydrogen production and seawater desalination.
Utilizing WPPs to power these complexes demands the de-
velopment of effective technical solutions to ensure their
continuous operation, taking into consideration the stochas-
tic nature of power generation and the stable energy de-
mand of electrolysers and membranes.

In the context of Ukraine, green hydrogen production is
technically feasible in southern regions close to the coast-
line, where sufficient seawater resources and the necessary
potential for wind power generation are available. Seawa-

ter requires preliminary desalination. For reverse osmosis
technology, the stability of the power supply is critical, as
frequent start-stop cycles significantly reduce the service
life of desalination membranes, and hydraulic shocks
caused by sudden voltage spikes can lead to total equip-
ment failure [16]. The presence of WPP power fluctuations
nearly halves the productivity of alkaline electrolysers [17].
The combination of these factors complicates the integra-
tion of wind power into hydrogen production and seawater
desalination technologies. One way to address this chal-
lenge is the use of energy storage systems (ESS) [18-21]
within an autonomous power supply system. ESS must have
a short response time, sufficient power and capacity, and
provide the capability for long-term (several days) energy
storage with minimal losses. Justifying the required ESS pa-
rameters requires a study of wind power generation dy-
namics, as these systems have a significant impact on the
overall technical and economic performance of the facility.

Preliminary observations. The presence of wind speed tur-
bulence in the surface layer of the atmosphere causes fluc-
tuations in the generated power of wind turbines and wind
power plants [22]. Real-time wind speed variations are char-
acterized by continuous disturbances that lead to changes in
the torque on the wind turbine shaft and, consequently, in
the parameters of the generated electricity. Fig. 1 shows a
fragment of an oscillogram of analogue signals representing
the load operating mode parameters of an experimental au-
tonomous wind turbine with a nominal power of 20 kW and
a moment of inertia of 9,000 kg-m? [23]. The oscillogram was
recorded using a multi-channel analogue oscillograph at a
constant value of electrical load resistance. The following no-
tations are used in the graph: v— the horizontal component
of the air flow velocity at the hub height; @ —the pitch angle

of the wind turbine blades; U, I — the voltage and current of
the valve generator; t — current time. The variable nature of
wind speed and the nonlinear aeromechanical properties of
the wind turbine are the causes of fluctuations in the param-
eters of the generated electricity.
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Fig. 1. Wind speed disturbances and output electrical pa-

rameters fluctuations
of an autonomous wind turbine (oscillogram fragment)
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Fluctuations in generated electricity are also inherent to
wind turbines during parallel operation with the electri-
cal grid. Fig.2 shows a fragment of an oscillogram

illustrating power variations of an industrial wind tur-
bine with an induction generator operating within a
power system [24].
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Fig. 2. Power output fluctuations of wind turbine operating
within a power system (oscillogram fragment)

It is worth noting that the presented oscillograms were rec-
orded over short time intervals; therefore, these results
should not be taken as a benchmark, much less as a stand-
ard. Since the occurrence of wind gusts is probabilistic in na-
ture, the oscillograms merely demonstrate their presence
and the corresponding response of the wind turbine. To ob-
tain statistically robust results regarding wind power fluctu-
ations, long-term experimental studies are required [25].

Problem statement and research methods. The study of
the random process of WPP power generation over long
time intervals involves measuring and recording ordinate
values at specific moments in time with a predefined sam-
pling frequency [26,27]. For the analysis of wind energy
processes, an acceptable sampling step is one hour, which

aligns with the commonly used value for power supply sys-
tems [28]. In this case, the observation results represent a
random function of time, where the argument takes only
specific numerical values. Random functions of time ob-
tained in this manner are referred to by the term "random
sequence." As an example, Fig. 3 shows a random sequence
of the power generation process for a modern WPP (with a
wind turbine hub height of approximately 100 meters
above the ground surface) over a monthly interval with a 1-
hour sampling step in the climatic conditions of the Azov-
Black Sea region of Ukraine. The generation process is char-
acterized by significant power variability, the values of
which are given in per-unit (p.u.) relative to the installed
capacity of the wind turbines within the plant [4].
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Fig. 3. WPP power fluctuations over a monthly time interval

Typically, the analysis of random sequence fluctuations in-
volves the statistical estimation of the number of extreme
trajectory values, the height of local maxima, the number

of predefined level crossings, the duration of trajectory ex-
cursions above a given level, the relative time the trajectory
spends within a specified range, and other indicators.
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The aim of this study is to perform a statistical evaluation
of the probability distributions of the duration of wind
power trajectory excursions above specific characteristic
levels, as well as the probability distribution of the duration
of “zero-generation” periods for a WPP in the climatic con-
ditions of the Azov-Black Sea region of Ukraine, based on
the theoretical foundations of random processes and se-
guences [29,30].

Methodology for the determination of probabilistic char-
acteristics. The input array of retrospective data consists of
power generation measurements from a coastal WPP in the
Azov-Black Sea region of Ukraine over a 1-year period, rec-
orded with a 1-hour step. A fragment of this random se-

quence of the WPP power generation process p(t) over a

monthly interval is shown in Fig. 3. Power values are ex-
pressed in per-unit (p.u.) to standardise the results.

Consider a generalised representation of a possible trajec-
tory of the power generation random process p(t) (Fig.4).

Let us define two power levels: minimum L= p_ and max-

imum H=p_ . We assume that when p(t)S P, thereis
a power deficit; therefore, previously stored energy is used
to power the equipment. When p(t)> p.., there is a

power surplus, meaning the generated energy is sufficient
not only to provide power to the equipment but also to
charge the ESS. Fig. 4 illustrates the periods of power deficit

and surplus, each corresponding to a specific start time t,
and a specific duration 7; . In this case, periods 1, 2, and 4
represent a deficit, while period 3 represents a surplus.
Since the process p(t) is random, both t; and 7; are ran-
dom variables. It is evident that over a sufficiently long ob-
servation interval T, a large number of 7, values can be
obtained. The objective of the study is to evaluate the prob-
abilistic parameters of the & = {71' 75, T4,...} and
S = {2'3, } random sequences.

p(t),4

p.u.
Pmx

Pmn}!

Fig. 4. Periods of power deficit and surplus

In several studies, for example [31], similar issues are ex-
amined in the most general formulation, where a continu-
ous differentiable random process is considered, and the
dynamics of its trajectory is investigated. An event in which
the process trajectory crosses a fixed level H from bottom
to top is called a positive excursion (up-crossing), whereas
if the trajectory crosses a level L from top to bottom, it is
called a negative excursion (down-crossing). It has been

shown that obtaining an analytical expression for the prob-
ability distribution of the random process trajectory excur-
sion duration is mathematically complex and remains not
fully resolved in the general case. Therefore, in this study,
the determination of this distribution is implemented using
statistical methods.

According to the results in [31], for large values of 7, it can
be assumed that the probability decreases exponentially as
T increases. The exponential distribution is widely applied
in the theory of queuing, as well as in reliability theory, to
describe the probability of failure-free operating time dur-
ing sudden failures [32,33]. The probability density function

of a random variable &, with an exponential distribution

exp
depends on a single parameter and is described by the for-
mula:

T

1 -
f(r;b)zze b, 120, b>0, (1)
and the cumulative distribution function has the form:

F(r;b)=1-e ®, >0, b>0. (2)

Since the mathematical expectation of an exponentially dis-

tributed random variable &_ _ is estimated as:

exp

MIE,, j=b,

then to find an estimate of the parameter b of the distri-
bution in form (1), it is sufficient to determine the average
value for the available sample, which significantly simplifies
the application of this type of distribution. In addition, the
advantage of this distribution is the simplicity of its expres-
sion. Despite this, the exponential distribution, as a model
for the duration of excursions of the WPP generation pro-
cess p(t), has the following significant disadvantages: 1) at
small values 7, the exponential distribution can signifi-
cantly deviate from the actual distribution of the duration

of excursions of the process p(t); 2) the exponential distri-

bution exists on an infinite interval 7 € [0, oo) , Whereas the

actual durations are limited; 3) the use of the exponential
distribution has been theoretically confirmed for describing
the intervals between independent rare events [32,33],
while the values of the studied process p(t) at close mo-
ments in time can be correlated, which reduces the accu-
racy of such a distribution model.

Another distribution often used in reliability theory to de-
scribe the time to failure is the two-parameter Weibull dis-
tribution [32,33], the density of which is described by the
expression [33,34]:

p-1 Y

r [z

f(T;OC,ﬁ):E[—) e [“j , 720, a,>0, (3)
a\«a

where a —scale factor, # —shape parameter.

The cumulative distribution function has the form:
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F(r;a,ﬂ)zl—e{g) , 720, a, 3>0. (4)

Owing to the fact that the Weibull distribution is character-
ised by two parameters, it can describe the empirical distri-
bution more accurately. For =1, it simplifies to an expo-

nential distribution with the parameter o .

To find the estimates & and [ for the Weibull distribution
parameters & and [ respectively, based on the sampled

data 7, i=1, n, the relations obtained by the maximum
likelihood method were used [34,35]:

1

L (18 )8

az(—Zz’,ﬁJ ,
)

-1
2
S; S si—5S,[[ss s
2322y p T3 2 g g0 ()
s, n s; s, n

(5)

B=

where

n

1\]

<

I
N »

i=1
s, = tl(ng, ).

i=1

Research Results. Statistics for the duration of WPP power
generation trajectory p(t) excursions throughout the year,
with 1-hour sampling step, are presented on a monthly ba-
sis in Table 1. It should be noted that the selection of spe-
cific values for the levels p_.. and p,, depends on the ra-
tio between the nominal power consumption of the
equipment and the installed capacity of the WPP, that have
not been defined at this stage. Therefore, within the frame-
work of this study, the full range of power variation is rep-

resented by several level values: 0.1 p.u., 0.35 p.u., 0.7 p.u.,
and 0.9 p.u.

Table 1. Statistics of the WPP output power excursions above and below the fixed levels

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Plgyeelr Indicator | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Oct | Nov | Dec E;\(:;rf
Mean 4.2 2.56 |2.44 |15 1 2.5 1 - 4 6.5 236 [3.39
Std. dev. [3.56 |1.74 |1.67 (1.0 |- 3.0 0.0 |- 2.38 |8.12 [2.50 |4.237
p=050 Number |5 9 9 4 1 4 2 0 7 12 11 64
Max 10 6 6 3 1 7 1 - 7 29 9 29
Mean 4.6 9.2 6.5 6.4 |35 4.0 5.9 3.4 |41 6.7 104 (6.4 |6.0
£>0.70 Std. dev. |5.56 [15.1417.52 (899 |3.32 [5.73 [7.86 |2.59 (3.31 |8.67 |13.84(7.83 |8.51
Number |40 23 25 21 17 25 26 18 32 34 29 35 325
Max 26 55 27 40 12 26 36 10 14 43 57 32 57
Mean 10.0 (15.5 |10.7 |84 (5.2 6.7 7.6 5.5 7.0 9.8 119 (14.0 |91
Std. dev. [10.14 [22.30 |10.86 |14.59 |6.25 [9.64 [9.48 |5.07 ([6.59 |11.21 |15.61 [18.89 |12.28
p>0-35 Number |47 23 27 33 38 33 40 42 39 39 36 30 423
Max 36 83 42 78 36 52 44 20 23 46 63 91 91
Mean 36.0 |22.7 (12.4 |15.5 [9.9 9.4 12.0 |10.6 |13.2 (229 |32.1 [26.7 |16.0
50,10 Std. dev. [30.52 [37.78 |16.66 [24.82 |19.80 [14.28 (13.91 |14.15 (24.49 |22.08 | 24.85 (29.34 |23.15
Number |17 22 38 32 44 51 46 44 35 25 18 21 387
Max 124 (139 |64 94 84 81 56 63 133 |69 79 108 |[146
Mean 83 8.9 7.2 7.0 70 |48 |42 6.2 7.1 7.1 84 9.2 6.7
Std. dev. |6.06 |[11.7117.87 [7.23 |7.91 [4.57 [4.79 |6.73 [9.36 |6.68 |6.28 [9.27 |7.55
p=0.10 Number |16 22 38 32 44 50 46 45 36 24 17 20 386
Max 22 42 37 26 39 17 23 35 38 24 26 32 42

The minimum level value p=0.1 p.u. characterises the initial
power required for the effective integration of wind energy
into consumer technological schemes, while the value
p=0.9 p.u. represents the maximum achievable power of a

multi-unit wind farm, accounting for all types of losses. The
level p=0.35 p.u. aligns with the capacity factor of wind
power plants in the southern regions of Ukraine [36], and
the level p=0.7 p.u. corresponds to one of the possible load
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operating modes. For each of the investigated levels, the
respective rows of Table 1 provide quantitative estimates
of the mean value, standard deviation, as well as the num-
ber of elements in the corresponding sequence and its max-
imum element. This information is presented for each
month of the year separately (columns 3 to 14) and for the
entire year as a whole (column 15).

Based on the data in Table 1, preliminary assumptions re-
garding the required ESS parameters can be made. In par-
ticular, the mean annual duration of continuous generation
at nominal power can be expected to be 3.39 hours, with
the maximum duration reaching 29 consecutive hours.
These values characterise the power and the maximum
quantity of energy that the ESS can accumulate during a sin-
gle charging cycle. The longest “zero generation” period
was observed for 42 consecutive hours, which can serve as
baseline information for determining the minimum re-
quired ESS capacity for a given load power. The results of
the heuristic analysis of monthly random sequences re-
garding the duration of “zero generation” at the level of the
WPP capacity factor indicated the necessity for continuous
ESS operation for 10-12 consecutive days.

To mathematically model the probability distributions of
power generation trajectory excursions beyond the investi-
gated threshold levels, statistical estimates of their param-
eters were obtained according to (1,3) and (5,6), as pre-
sented in Table 2.

Table 2. Parameters of exponential and Weibull probabil-
ity distributions
for modelling WPP power excursion durations

Distribution parameters
Exponential Weibull
Power level P (two-parameter)
b a p
p=0.9 3.39 3.3251 0.9585
p>0.7 6.00 5.3178 0.8103
p>0.35 9.10 8.0127 0.8016
p>0.1 16.00 12.5908 0.7073
p<0.1 6.70 6.5202 0.9360

Frequency polygons and their analytical approximation by
continuous distributions for each power level are shown in
Fig. 5. The results demonstrate that for large values of the
variable 7 both approximations align sufficiently well with
the empirical distributions for each investigated level. How-
ever, for small values of 7 the approximation error is sig-
nificant, particularly for the levels p>0.7; p>0.35;

p>0.1. The value of the Weibull distribution density at
7 =0 is infinitely large, as B < 1. For the exponential dis-

tribution, the density value at 7 =0 equals 1/5 and is fi-
nite. However, in all considered cases, it is substantially
lower than the height of the first bin of the empirical den-
sity, indicating insufficient approximation accuracy for the
investigated distributions at small values of 7.
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- | plt)209
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0.30 === Weibull
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0 8 16 24 32 40 48 T, h
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fig, Bt
— | pl)>07
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0.10 A

0 8 16 24 32
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40 48 T, h

p(t)>0.35
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=== Weibull
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------ Exponential
=== Weibull
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fir), h?
— | »pit)<01
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Fig. 5. Empirical and analytical probability distributions of
WPP power generation trajectory excursion durations
over an annual interval for various levels:

a) p=0.9; b) p>0.7; c) p>0.35; d) p>0.1; e) p<0.1
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In subsequent analysis, the Weibull distribution will be
used, as its analytical description is more flexible for appli-
cation due to the presence of two parameters. Fig. 6 shows
the plots of the Weibull probability density function and cu-
mulative distribution function for the parameters given in
Table 2. For visual clarity, only the left part of the plots is
shown, where they have sufficiently large values. The right
part of the density plots rapidly approaches zero, while the
distribution functions approach unity, making them less in-
formative. As can be seen, the slope of the distribution
functions depends on the level value and varies synchro-
nously with it. An interesting fact is that the Weibull density
and distribution curves for levels p >0.35 and p>0.7 are
located fairly to each other, which characterises the pres-
ence of comparable random sequences throughout the
year within this range of generated power.
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Fig. 6. Plots of Weibull probability density functions (a) and cu-
mulative distribution functions (b) for WPP power generation
excursion durations throughout the year for various levels

There is also practical interest in determining the statistical
parameters of WPP power generation fluctuations for fixed
hours of the day throughout a calendar month. Knowledge

of these statistics is important when creating hybrid power
systems based on WPPs and photovoltaic plants. In partic-
ular, Fig. 7 illustrates the maximum number of consecutive
days when WPP generation was absent for a specific hour
of the day. In the first half of the day, ranging from 00:00 to
12:00, the maximum duration of zero WPP generation is
observed in March, lasting from five to ten consecutive
days, and in May, from five to eight days. In the time inter-
val from 12:00 to 24:00, the longest absence of WPP power
generation is observed in September, ranging from four to
eight consecutive days. A similar analysis can be performed
for any interval of the day.

The cumulative characteristic of the total duration of low
WPP generation across calendar months is shown in Fig. 8.
The longest “zero generation” periods are expected in
March, May, August, and September. Accordingly, the total
duration of WPP generation with power exceeding 0.1 p.u.
in March, May, August, and September is expected to be at
a level of 450-500 hours per month. For the remaining
months, the generation duration will range between 500
and 600 hours per month.

Conclusions

1. This publication initiates research aimed at creating au-
tonomous power supply systems based on WPPs for large-
scale green hydrogen production technologies and sea-
water desalination as a feedstock in the climatic conditions
of the Azov-Black Sea region of Ukraine. The study validates
the application of the principles of random process theory
and random sequences to analyse the variability of power
generation in modern WPPs with wind turbine hub heights
of 100 metres and above. The durations of power genera-
tion trajectory excursions beyond specified threshold levels
were investigated within the range of 0.1 < P < 0.9 per unit
relative to the total installed capacity of the wind turbines
within the plant.

2. The duration of WPP operation at nominal power over
an annual interval is estimated at approximately 217 hours,
while on monthly intervals it ranges from 0 to 78 hours. The
lowest duration values are expected in May, June, August,
and September, while the highest are expected in Novem-
ber. For the remaining months, the total duration of gener-
ation at nominal power ranges between 20 and 28 hours.
The mean annual duration of continuous generation at
nominal power can be expected to be 3.39 hours, with the
maximum duration reaching 29 consecutive hours in No-
vember.

3. The total duration of WPP generation with power ex-
ceeding 0.1 p.u. in March, May, August, and September is
expected to be at a level of 450-500 hours per month. For
the remaining months, the generation duration will range
between 500 and 600 hours per month.

4. The longest “zero generation” period over an annual
time interval is expected to last for 42 consecutive hours,
which can serve as baseline information for determining
the minimum required capacity of the energy storage sys-
tem for a given load. The results of the analysis of monthly
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Fig. 7. Maximum number of consecutive days with low WPP generation for a specific hour of the day
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random sequences regarding the duration of “zero genera-
tion” at the level of the WPP capacity factor indicated the
necessity for the continuous operation of the energy stor-
age system for 10-12 consecutive days.

5. The use of the two-parameter Weibull probability distri-
bution for the mathematical modelling of WPP power gen-
eration fluctuation durations has been justified.
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ject of the National Academy of Sciences of Ukraine: “Sci-
entific and technological principles of using renewable en-
ergy sources for seawater desalination” (State registration
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