
Citation: Dobrzycki, A.; Roman, J.

Correlation between the Production

of Electricity by Offshore Wind

Farms and the Demand for Electricity

in Polish Conditions. Energies 2022,

15, 3669. https://doi.org/

10.3390/en15103669

Academic Editors: Almudena

Filgueira-Vizoso and Laura

Castro-Santos

Received: 23 April 2022

Accepted: 15 May 2022

Published: 17 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Correlation between the Production of Electricity by
Offshore Wind Farms and the Demand for Electricity in
Polish Conditions
Arkadiusz Dobrzycki 1,* and Jacek Roman 2

1 Institute of Electrical Engineering and Electronics, Faculty of Automatic, Robotics and Electrical Engineering,
Poznan University of Technology, 3A Piotrowo Street, 60-965 Poznan, Poland

2 Institute of Electrical Power Engineering, Faculty of Environmental Engineering and Energy, Poznan
University of Technology, 5 Piotrowo Street, 61-138 Poznan, Poland; jacek.roman@put.poznan.pl

* Correspondence: arkadiusz.dobrzycki@put.poznan.pl

Abstract: Energy transition forcing a change in the structure of the electricity generation system is a
particularly difficult task in countries such as Poland, where the dominant source of energy is fossil
fuels. Due to the nature of renewable sources (stochastic and seasonally variable), it is necessary to
study their impact on the power system. Much research was conducted on this subject. They consider
modelling power systems in terms of dealing with an increasing amount of renewable energy sources,
stabilization of electricity generation or environmental aspects. This article examines one of the key
sources of future power systems—offshore wind turbines (OWT). The influence of offshore wind
sources on the power system in the fields of stability of generation, methods of regulatory strategies,
and economics were examined. One of the aspects that are less considered is the correlation of
energy production in OWT with energy demand and with generation in other renewable energy
sources, especially in the region of the southern Baltic Sea and the distribution of energy demand
in countries such as Poland. The key aspect of the research is to fill this gap. The obtained results
indicate that the average monthly power generation in OWT is strongly positively correlated with the
demand, and the hourly average is positively correlated moderately. Correlation between generation
in OWT and photovoltaic sources is very high negative, and between onshore and offshore wind
turbines is highly positive. The study indicates that the OWT has a significant potential for the
development and replacement of conventional sources, due to the very high capacity and a positive
correlation with demand. Moreover, future offshore wind farms can cooperate with photovoltaic
sources as these sources complement each other. On the other hand, a significant saturation of the
system with offshore and onshore wind sources may pose a threat to the power system due to their
positive correlation.

Keywords: offshore wind power; power demand; RES; correlation between solar and wind
power plants

1. Introduction

The demand for electricity in Poland is constantly growing. Forecasts contained in
government documents indicate that this growth will continue and between 2019 and 2040
the demand will increase by over 20% [1,2]. The peak power demand will also increase.
In recent years, the distribution of energy demand in individual months of the year has
also been changing. More and more energy is consumed in the summer, which narrows
the difference between summer and winter [3]. This shift is driven in large part by the
increasing use of air conditioning and the development of data management centres that
require efficient HVAC systems [4].

Polish electricity generation is one of the most coal-dependent in Europe. According
to the data of the transmission network operator in Poland, in 2020 over 71% of the energy
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generated in Poland came from professional hard coal and lignite power plants [3]. Due to
the need to decarbonise the energy sector, there is a need to replace carbon sources with
zero-emission sources. One of the sources with the greatest potential is offshore wind
farms (OWF). The maximum potential in terms of Polish OWF is estimated at 28 GW [5].
However, this would require the use of areas of the Baltic Sea that are so deep that only
floating farms can be built there. For this reason, Flaszyński et al. estimate the theoretical
potential at the level of 18 GW [6], and government documents provide for the development
of 11 GW by 2040 [1], which corresponds to over 22% of the installed capacity in the Polish
system in 2020. Despite the fact that there is a great potential in OWF in Poland, there is no
OWF constructed at the moment. Most developed projects have now been in the phase of
choosing the turbines. The projects that have been developing in Poland will be located on
two banks: Słupsk Bank and Middle Bank [7].

OWF is characterized by higher energy generation and stability than onshore farms.
They also use other types of turbines (OWT). OWT has higher rated powers, larger diame-
ters of the circle delineated by the rotor blades and are most often higher than shore-based
turbines [8,9]. Due to higher wind speeds at the sea, OWT is sometimes designed to operate
at wind speeds greater than 25 m/s, which is the limit value for onshore turbines [10]. How-
ever, they are much more expensive and more complicated in design and implementation
than onshore turbines.

Despite their advantages, OWFs are stochastic and seasonally variable sources. There-
fore, it is necessary to determine their impact on the country’s power system, as they
will constitute a significant part of the system. An important aspect of the OWF’s work,
which receives less attention, is the correlation of generation with energy demand. This is
important due to the fact that different areas are characterized by different daily, monthly
and inter-annual variability [11]. OWF can both contribute to covering the demand and
reducing the dependence of generation on sources emitting CO2 (in the case of a high
positive correlation with the demand), and cause in-demand valleys, where it will be
necessary to switch off conventional units, and in peaks, it will be necessary to restart them
(with a negative correlation).

The above considerations were the basis for the analysis of literature reports indicating
several trends in research related to the use of renewable energy sources, in particular OWF.

The first of these trends is the modelling of RES systems. In this area, dos Santos et al. [12]
point to the necessity to analyze power flows in power grids and to build models of these
grids for the purpose of forecasting their further expansion. In turn, Zhang et al. [13]
show the effectiveness of using multi-objective optimization as a method to improve the
efficiency of using electricity generated by OWF. The work of Zhao et al. [14] concerns
model studies of the use of nuclear and wind power plants in the power system so that
by deploying new wind farms (WF) it is possible to gradually phase out nuclear power
plants as those with a higher risk of a serious accident and replace them with cheaper WF.
Mueller [15] points to the role of demand-side management (DSM) as a method facilitating
the integration of RES with the power system and a means to manage overproduction by
RES. Research by Koivisto et al. [16,17] relate to the analysis of the use of onshore and
offshore WF and photovoltaic (PV) systems in Northern Europe. The conducted research
has shown that modern wind turbines significantly reduce the variability of electricity
generation in complex systems. The work of Mikulik et al. [18] concerns the modelling
of the net load variability due to the diversifying share of distributed sources (wind and
solar). On the other hand, Pluta et al. [19] focus on planning the transition from coal-based
to RES-based energy in such a way as to minimize the potentially significant increase in
electricity prices. One such way is DSM. Analyzes conducted by Kaczmarzewski et al. [20]
relate to the possibility of adjusting load profiles to electricity production by PV farms based
on statistical data. Sun et al. [21] indicate that active management of the power network
brings benefits with the use of offshore RES, also in terms of the use of transmission
lines. Acosta et al. [22] propose a solution that is effective in managing the grid from
RES, consisting of the construction of a coordinated system consisting of a controller that
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manages a wind farm at the same time, and energy storage in the form of battery banks
and a DC line connecting them.

The next line of research is the stabilization of electricity supplies to the grid by RES, in
particular WF, and environmental aspects. Wagner [23] presents the necessity to use energy
storage due to the instability of RES as a method of reducing CO2 emissions in Germany.
Sayigh [24] deals with a similar topic for Malta. He points out that the combination of
wind farms and pumped hydroelectric storage systems is an effective system stabilizing
energy supply to the grid. On the other hand, Santos et al. [25] analyze the economic and
technical potential of the use of battery energy storage systems (BESS). They indicate that a
well-managed BESS can increase the efficiency of a transmission system. Lu et al. [26] show
how in a practical way East China Grid Corporation can use pumped hydropower plants
in its area of operation to stabilize the power system while reducing the share of nuclear
power plants in electricity production.

Another trend that can be found in many publications deals directly with issues related
to OWF and their role in meeting the demand for power and electricity. Silva [27] points to
the necessity to expand the network infrastructure, RES installations as close as possible
to the places of demand and the necessity to supplement (stabilize production) RES by
conventional power plants. This also affects the economy of energy production and the
need for a flexible approach to controlling the operation of sources. Hu et al. [28] indicate
the need for optimal allocation and selection of OWF power. Curto et al. [29] present the
problems of using renewable energy sources, including OWF in Vietnam. Li et al. [30]
indicate the need to apply source-grid-load regulatory strategies, which, especially when
applied to OWF, may lower the operating costs of the system and better use the potential
of OWF. Klinger et al. [31] prove that in the case of Germany, WF is the main element of the
energy mix. Wang et al. [32] show the analysis of simulation results, which prove that in
the case of microgrids built from renewable sources (PV, WT) and battery storage, the use
of a two-stage energy management system can significantly improve the efficiency of using
these sources.

Eltamaly et al. [33] proved that the hybrid energy system consisting of WT, PV, battery
and diesel generator is a good combination for a smart grid. These types of networks
together with the equivalent of the DRS optimization algorithm have a positive effect on
reducing the cost of energy.

Alotabli et al. [34] indicate that the use of renewable, hybrid sources of electricity is
currently the best solution, especially when such a system is supplemented with energy
storage. The authors conducted optimization, using an algorithm called the gradually
reduced particles of particle swarm optimization, of the wind-solar system with pumped
hydro energy storage for the area of Dumah Aljandal in the north of Saudi Arabia. These
studies proved the superiority of using a pumped-storage system with a dynamic tariff
demand to the other energy storage systems with flat-rate tariffs.

A number of works concern the analysis of OWF in a specific location. Pires et al. [35]
presents an analysis for the southern coast of Santa Catomina state in Brazil, Ortega et al. [36]
for northern California, Douville et al. [37] for Oregon. The work of Bardenhage et al. [38]
concerns Japan, Al Hinai et al. [39] analyze the case of Oman, and Roldan-Fernandez
examines the impact of OWF on the energy market in Spain [40].

The analysis of literature reports prompted the authors to analyze the OWF work in
the southern Baltic Sea in the context of the cooperation of such sources with the Polish
power system. We consider the lack of literature reports for the area in question regarding
the correlation of the demand for power and energy and the considered plans for the
construction of OWF in the analyzed area as a gap that can be filled by this article.

2. Materials and Methods
2.1. Estimation of Wind Conditions

Due to the lack of measurement masts in the Polish part of the Baltic Sea and, as a
result, the lack of publicly available measurement data of wind speed at sea, data from
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the MERRA-2 system was used in the study. It is a system that uses mesoscale-satellite
models [8]. Hyun-Goo et al. Say that the data from MERRA-2 is the best fit among the
methods of data re-analysis [41]. Kostrzewa also indicates that for the Baltic Sea region, the
correlation between the data from this model and those from measurement masts in the
German part of the Baltic Sea is very high, and the fit is good. Moreover, the calculated
mean values of the wind speed are similar to those obtained from the measurements. As a
result, MERRA-2 can be considered a reliable source of long-term data [8].

To calculate the wind conditions in the areas of the future Polish OWF and limit the
potential influence of a single year on the results, the data set for the years 2006–2020 from
the MERRA-2 system was used [42]. These data are averaged 10 min data and relate to
the wind speed at a height of 10 m above sea level. The 10-min data were used to obtain
the most reliable power results and because this is the shortest time interval used in data
collected from meteorological towers both in offshore and onshore [8,41] to assume wind
conditions in areas of these towers. Wind conditions were analyzed for single points located
in the areas of each of the banks. On Słupsk Bank a point belonging to the planned farm
Baltica 2 has been identified (54◦59′23” N, 17◦04′56” E), and on Middle Bank belonging to
planned farm Baltica 1 (55◦28′38.3” N, 17◦25′20.1” E).

Wind speeds vn at a height of 10 m were recalculated into wind speeds at the height of
the turbine rotor vEW, according to Equation (1) [10].

vEW = vn(
HEW

H
)

α

(1)

The α coefficient value in the range 0.1–0.13 allows obtaining average wind speeds
close to the real values [8]. Therefore, the value 0.11 was used in the calculations. The mean
wind speeds vav were then calculated at 110 m above sea level on both shoals.

Thanks to the above calculations, it was possible to make histograms of velocity on
both shoals. And then, determination of the probability function of the occurrence of a
given wind speed—the Weibull distribution. This function is defined by Equation (2) [10].

f (v) =
k
λ
(

v
λ
)

k−1
e−(

v
λ )

k
(2)

The scale parameter λ was calculated by Equation (3), where the wind speed vav was
divided by the gamma distribution Γ(x) of shape parameter k [10].

λ =
vav

Γ(1 + 1
k )

(3)

The calculations and graphs were made in the Scilab 6.1.0 program.

2.2. Estimating the Generation of Electricity by Wind Power Turbine

Due to the fact that the type of turbine in future Polish OWFs has not been chosen yet,
one of the most commonly used turbines today, the V164-9.5MW turbine, manufactured by
MHI Vestas, was analysed to determine the generation of energy in offshore wind turbines.
Table 1 presents its parameters.

Table 1. Turbine V164-9.5MW parameters adapted from [43].

Parameter Unit Value

Nominal power kW 9500
vcut-in m/s 3.5

vn m/s 14
vcut-out m/s 25

Turbine rotor mounting height m 110
Area of the circle made by the blades m2 164
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As the source data are given in discrete form every 0.5 m/s [43], in order to develop a
continuous function describing the dependence of the power generated by the turbine on
the wind speed, a linear approximation was used according to the Equation (4).

P(v) = P1 +
P2 − P1

v2 − v1
(v− v1) (4)

The determined power characteristic is shown in Figure 1.

Energies 2022, 15, x FOR PEER REVIEW 5 of 18 
 

 

Table 1. Turbine V164-9.5MW parameters adapted from [43]. 

Parameter Unit Value 
Nominal power kW 9500 

vcut-in m/s 3.5 
vn m/s 14 

vcut-out m/s 25 
Turbine rotor mounting height m 110 

Area of the circle made by the blades m2 164 

As the source data are given in discrete form every 0.5 m/s [43], in order to develop 
a continuous function describing the dependence of the power generated by the turbine 
on the wind speed, a linear approximation was used according to the Equation (4). 𝑃(𝑣) = 𝑃 + 𝑃 − 𝑃𝑣 − 𝑣 (𝑣 − 𝑣 ) (4)

The determined power characteristic is shown in Figure 1. 

 
Figure 1. Power characteristics of the V164-9.5MW turbine. 

Equation (5) was used to calculate the annual energy E produced by the turbine [9]. 
The number of hours in year T in the analyzed period was on average 8766.4 h (4 leap 
years in the analyzed 15 years). 

𝐸 = 𝑇 𝑃(𝑣) ∙ 𝑓(𝑣)𝑑𝑣 (5)

The method of rectangles with the wind speed step v every 0.01 m/s was used for integra-
tion. Then, based on the obtained results, the average value of the capacity factor (cf) was 
determined (Equation (6)) [9]. 𝑐 = 𝐸𝐸 = 𝐸𝑇 ∙ 𝑃  (6)

Based on the wind conditions, the average monthly power and energy generations 
by the turbine were also calculated. For this purpose, the data of wind speed at the height 
of the rotor suspension was divided into individual months from all analyzed years. Then, 
for each value of the wind speed, the power at which the turbine operates was determined 
in accordance with the P(v) characteristic of the turbine. The next step was to determine 
the average power generated by the turbine for each month according to Equation (7). 

0
1
2
3
4
5
6
7
8
9

10

0 5 10 15 20 25 30 35

P 
[M

W
]

v [m/s]

Figure 1. Power characteristics of the V164-9.5MW turbine.

Equation (5) was used to calculate the annual energy E produced by the turbine [9].
The number of hours in year T in the analyzed period was on average 8766.4 h (4 leap years
in the analyzed 15 years).

E = T
∞∫

0

P(v)· f (v)dv (5)

The method of rectangles with the wind speed step v every 0.01 m/s was used for integra-
tion. Then, based on the obtained results, the average value of the capacity factor (cf) was
determined (Equation (6)) [9].

c f =
E

Emax
=

E
T·Pn

(6)

Based on the wind conditions, the average monthly power and energy generations by
the turbine were also calculated. For this purpose, the data of wind speed at the height of
the rotor suspension was divided into individual months from all analyzed years. Then,
for each value of the wind speed, the power at which the turbine operates was determined
in accordance with the P(v) characteristic of the turbine. The next step was to determine
the average power generated by the turbine for each month according to Equation (7).

Pav = ·∑
n
i=1 Pi

n
(7)

By multiplying the obtained average power results by the number of hours in a month
(according to Equation (8)), the amounts of electricity produced on average in a given
month were calculated.

Emonth = Pav·Tmonth (8)

Hourly averages were determined analogously to the monthly averages. The wind
speed data was divided into individual hours, and then for each wind speed value, the
power at which the turbine works was determined, in accordance with the characteristics of
the turbine power. Hourly mean values were calculated according to Equation (7). Hourly
mean values were calculated for UTC + 1 time.
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2.3. Correlation between Generation in OWF and Demand for Electric Power

To determine the influence of OWF of the Polish power system, monthly and hourly
correlations between generation in OWF and demand for electric power were calculated.
The average generated energy in every month was calculated using the equations from
Section 2.2. Due to the fact that the wind speed and power data were obtained over a
15-year period, it was assumed that the calculated monthly generation in OWF will be
reliable as described in Section 2.1 and could represent a potential generation of the future
wind farms.

The data on the average monthly demand for electricity in Poland was taken from the
annual report of the transmission network operator in Poland [3]. Data from 2015–2019
were used. They were selected because this period is the most representative of the future,
considering the changing demand distribution and the fact that in 2020 as a result of the
lockdown, various industries were closed, which had an impact on the distribution of the
system load. The average monthly demands were calculated for the whole 5-year period
and in separate years.

In order to acquire long term correlations, the monthly average of 5 years was com-
pared to the computed generation data from an average of 15-years monthly values. Due
to the fact that the distribution of the demand in Poland has changed in past years, the
correlations between single year average monthly demand and average 15-years monthly
generations were computed.

The average hourly demand for electricity was determined from the daily reports
of the demand for power in the system provided by the operator of the transmission
network [44]. Based on these data, the average power demand for each hour of the day
was calculated as the average energy demand Eav in every hour of the day according to
Equation (9).

Eav = ·∑
n
i=1 Ei

n
(9)

Average hourly demands were compared to calculated, according to the Equation (7),
generations in OWF to find its correlations.

The Guilford scale and the adjustment scale were used to assess the level of correlation
between demand and generation in offshore wind farms. For the Guilford scale, the value
of the R correlation coefficient was assessed, and for the adjustment scale—the value of the
R2 determination coefficient. The values of both scales are presented in Table 2.

Table 2. Guilford Scale and Match Scale.

Guilford’s Scale Matching Scale

R Strength of Correlation R2 Matching

0.0–0.2 Weak 0.0–0.5 Unsatisfactory
0.2–0.4 Low 0.5–0.6 Weak
0.4–0.7 Moderate 0.6–0.8 Satisfactory
0.7–0.9 High 0.8–0.9 Good
0.9–1.0 Very high 0.9–1.0 Very good

The R and R2 coefficients are defined by the Equations (10) (correlation coefficient)
and (11) (coefficient of determination).

R =
C(xy)

S(x)S(y)
(10)

R2 =
∑(ŷi − yav)

2

∑(yi − yav)
2 (11)

Excel spreadsheet functions were used to calculate the correlation between the average
demand and generation values.
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2.4. Correlation between Generation in OWF and Generation in Other Renewable Sources

To determine the correlation between generation in OWF and other renewable sources,
on which the Polish energy transformation will be based, i.e., photovoltaic and wind
sources on land, the Guilford scale and the matching scale were used, which are presented
in Table 2. The same equations were also used as in point 2.3.

In order to compare OWF results with other renewable sources, the capacity factor of
OWF was calculated for every month according to Equation (6). The same equation was
used to calculate the capacity factor for other energy sources.

Data on average monthly values of generated power in photovoltaic sources come from
articles describing generation in photovoltaic installations in various areas of Poland: south-
eastern Poland [45], north-eastern Poland [46] and northern Poland [47]. Data describing
the monthly average values generated by onshore wind farms come from articles [48–50].
Due to the use of the data, an analysis of the correlation between the generation in future
OWF and other renewable sources were made. In addition, the influence of the location of
the source in Poland was considered. Data on the capacity factor are presented in Table 3.

Table 3. Generation in photovoltaic sources and onshore wind sources.

Month

Capacity Factor [-]

Photovoltaics Onshore Wind

Marcewicz et al.
[42]

Sołowiej et al.
[43] Sławiński [44] Kotowicz et al.

[45]
Sołtysik et al.

[46]
Tomporowski et al.

[47]

January 0.037 0.012 0.032 0.289 0.333 0.427
February 0.061 0.051 0.058 0.200 0.233 0.326

March 0.129 0.105 0.115 0.311 0.200 0.360
April 0.163 0.163 0.167 0.233 0.167 0.305
May 0.172 0.199 0.179 0.167 0.120 0.249
June 0.172 0.206 0.174 0.161 0.093 0.175
July 0.168 0.196 0.155 0.139 0.120 0.198

August 0.161 0.208 0.144 0.122 0.127 0.209
September 0.129 0.120 0.122 0.183 0.167 0.253

October 0.093 0.075 0.076 0.239 0.100 0.294
November 0.043 0.024 0.039 0.289 0.367 0.359
December 0.030 0.009 0.026 0.433 0.433 0.481

3. Results
3.1. Wind Conditions

The calculated average wind speeds at the measurement height, 10 m, and at the
height of the turbine rotor, 110 m, are presented in Table 4.

Table 4. Average wind speed at the height of 110 m.

Month
Average Wind Speed [m/s]

Słupsk Bank Middle Bank

January 11.00 11.60
February 9.98 10.60

March 8.92 9.47
April 7.67 8.06
May 7.00 7.37
June 7.04 7.56
July 7.42 7.81

August 7.65 8.24
September 9.04 9.59

October 9.96 10.60
November 10.30 10.80
December 11.10 11.70

Annual average 8.92 9.46
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The calculated average annual wind speeds are included in the speed ranges obtained
by Kostrzewa [8] and Hahmann et al. [51]. Also, the data from measurement masts in the
German part of the Baltic Sea have similar values [52].

Figure 2 shows the velocity histogram and the Weibull distribution plot. The parameter
k was defined as 2.35.
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The Weibull distribution with the given shape and scale parameters is very similar to
the velocity histogram. This means that it can be used for further calculations of energy
generation by offshore wind farms.

Better wind conditions (higher average wind speed and higher probability of higher
wind speeds) are on the Central Bank than on the Słupsk Bank. The late autumn and
winter months are characterized by much higher average wind speeds than the spring and
summer months. The best wind conditions are in December and January, and the worst in
May and June.

3.2. Power Generation in the V164-9.5MW Turbine

The forecasted energy generation in the turbines located on the Słupsk Bank and the
Middle Bank is presented in Table 5.

Table 5. Projected energy generation in the V164-9.5MW turbine.

Bank E [GWh] cf [-]

Słupsk Bank 39.3 0.472
Middle Bank 42.8 0.514

The results calculated and presented in Table 5 do not consider the possible downtime
of the turbines. They also assume immediate activation and generation of electricity
after exceeding the extreme values of wind speed. It does not include the inertia of
electricity generation following sudden changes in wind speed. As a result, the values
obtained are very high and exceed the corresponding values of the turbines operating
under real conditions.
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Table 6 shows the average forecasted energy generation and the average power in
individual months.

Table 6. Forecast of energy generation and electric power in individual months of the non-leap year.

Month
Słupsk Bank Middle Bank

Emonth [MWh] Pav [MW] Emonth [MWh] Pav [MW]

January 4479 6.02 4747 6.38
February 3575 5.32 3837 5.71

March 3311 4.45 3698 4.97
April 2477 3.44 2758 3.83
May 2098 2.82 2373 3.19
June 2074 2.88 2405 3.34
July 2403 3.23 2678 3.60

August 2522 3.39 2902 3.90
September 3283 4.56 3614 5.02

October 3958 5.32 4330 5.82
November 3982 5.53 4270 5.93
December 4635 6.23 4896 6.58

The highest average monthly power for a non-leap year is found in the late autumn
and winter months (December, January, slightly less November and February), and the
lowest in late spring (May and June). It is also visible that the average power of the turbines
on the Central Bank is higher each month than on the Słupsk Bank. The decrease in average
power between December and January and May and June amounted to over 50% on the
Słupsk Bank and not much less on the Central Bank.

Table 7 shows the average power in each hour.

Table 7. Forecast of average hourly power generated in the V164-9.5MW turbine.

Time
Forecast of Average Power Generated by V164-9.5MW Turbine [MW]

Słupsk Bank Middle Bank

1 4.338 4.741
2 4.314 4.690
3 4.312 4.669
4 4.331 4.690
5 4.384 4.748
6 4.447 4.822
7 4.491 4.878
8 4.526 4.920
9 4.557 4.954

10 4.575 4.978
11 4.542 4.952
12 4.497 4.906
13 4.450 4.854
14 4.400 4.811
15 4.359 4.777
16 4.330 4.767
17 4.343 4.813
18 4.379 4.882
19 4.418 4.939
20 4.458 4.974
21 4.488 4.990
22 4.498 4.981
23 4.455 4.919
24 4.389 4.822
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The obtained results indicate that for the turbines in both locations there is a difference
in the average turbine power. More power is generated in the morning period, with a peak
between 8–11 a.m., and in the evening, with a peak between 7 p.m. and 11 p.m. Power
production valleys occur at night (24–4 p.m.) and in the afternoon (around 4 p.m.).

3.3. Correlation between Generation in OWF and Power Demand

The results of the correlation calculations between the generation in OWF and the
demand for electric power in the monthly average values are presented in Table 8.

Table 8. Correlation between average monthly values of demand and generation in OWF.

Years
Słupsk Bank Middle Bank

R [-] R2 [-] R [-] R2 [-]

2015 0.940 0.884 0.937 0.877
2016 0.942 0.887 0.932 0.869
2017 0.905 0.818 0.893 0.797
2018 0.883 0.780 0.877 0.769
2019 0.845 0.714 0.837 0.700

2015–2019 0.935 0.873 0.926 0.858

The correlation coefficient R, for the period 2015–2019, is greater than 0.9 on both the
Słupsk Bank and the Middle Bank. This proves that, according to the Guilford scale, there
is a very strong positive correlation between the demand for power in individual months
and the potential generation in OWT. On the other hand, the fit (characterized by the R2
coefficient) is good. Offshore wind farms produce more energy in the months of higher
demand and less in the months of lower demand, so they can contribute to covering the
peaks in demand.

There is a visible decrease in the value of the correlation coefficient and the determi-
nation coefficient in 2018–2019. It may be related to the changing distribution of power
demand throughout the year and the increase in power demand in the summer months.
However, the dependence according to Guilford is high. However, the fit for 2018–2019 is
only satisfactory.

A chart comparing the average monthly demand with generation in OWF is shown in
Figure 3.
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The graph showing both demand and production in individual turbines shows that
they decrease in summer and reach their peak in winter. However, this is a comparison of
multi-year values and may vary from year to year.

Table 9 presents the results of the correlation calculations between the power demand
and the average hourly power generated in OWT.

Table 9. Correlation between hourly values.

Słupsk Bank Middle Bank

R [-] R2 [-] R [-] R2 [-]

0.466 0.217 0.691 0.478

Contrary to monthly averages of generation values, in the case of hourly averages,
they cannot be considered strongly correlated with the demand. There is also a significant
difference between the locations where the turbines will be located. The correlation between
generation and demand according to the Guilford scale is positive and moderate. It is
stronger in Middle Bank than in Słupsk Bank. The alignment is unsatisfactory in both cases.
Therefore, it is not possible to present the dependence of generation on-demand in a linear
manner. However, the fact that the correlation is positive indicates a good ability of the
OWF to cover the demand.

A chart comparing the average hourly demand with generation in OWT is presented
in Figure 4.
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Figure 4. Correlation between generation and average hourly demand.

The figure shows that offshore wind farms will produce less energy at night, which
is correlated with demand. Also, during the evening rush, the generation in OWF will
be larger, which is a positive feature of them. On the other hand, the morning peak of
generation occurs before the peak of demand. Moreover, during the day, between 1 p.m.
and 5 p.m., the generation valley follows, which is not correlated with the demand valley.

3.4. Correlation between Generation in OWF and Generation in Other Renewable Sources

Table 10 presents the correlation between the average monthly values of the capacity
factor OWF and other renewable sources.
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Table 10. Generation in photovoltaic sources and onshore wind sources.

Photovoltaics Onshore Wind

Marcewicz
et al. [42]

Sołowiej
et al. [43]

Sławiński
[44]

Kotowicz
et al. [45]

Sołtysik
et al. [46]

Tomporowski
et al. [47]

Słupsk Bank R [-] −0.971 −0.982 −0.981 0.763 0.801 0.855
R2 [-] 0.943 0.964 0.963 0.582 0.642 0.731

Middle
Bank

R [-] −0.963 −0.976 −0.977 0.757 0.783 0.844
R2 [-] 0.927 0.953 0.955 0.573 0.613 0.712

Generation in photovoltaic sources, regardless of geographic location, is strongly
negatively correlated with generation in offshore wind farms. The correlation according
to the Guilford scale is very high. The fit is very good in most cases, and in the case of
PV installations in the southeast of Poland and OWT in the Central Bank, it is good. It
follows that the more energy is produced in photovoltaic sources, the lower the generation
potential in OWT. At the same time, the less energy is generated by solar farms, the more
energy is generated by offshore wind farms. As a result, these are sources that complement
each other well in terms of average monthly power generation.

The correlation between generation in offshore and onshore wind turbines is positive
and very high. The fit determined by the coefficient of determination is satisfactory. Both
offshore and onshore wind farms produce more energy during the same periods of the year.
If production in onshore farms decreases, so does offshore production. However, it is not
as strongly correlated as generation from photovoltaic farms and offshore wind farms.

Figure 5 shows the capacity factor changes during the year for OWF and other analyzed
renewable sources.
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Figure 5. Capacity factor for OWF and other renewable sources: (a) photovoltaic sources, data
from [42–44]; (b) onshore wind turbines, data from [45–47].

The diagram shows that photovoltaic installations generate the highest power in
summer and the minimum in winter. On the other hand, for offshore wind farms, the
late autumn and winter months have the highest average power generation. Onshore
wind farms generate the highest average power in the late fall months and winter (like
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offshore wind farms). On the other hand, in spring and summer, they are characterized by
lower production. The lowest average power in onshore turbines occurs between June and
September, and in the case of offshore turbines, between April and July.

4. Discussion

The obtained capacity factor for the OWT was 0.472–0.514. This is a very high value
for wind turbines. The onshore wind turbines used in Poland so far are characterized by
an average value of this coefficient at the level of 0.22 [48], and in coastal areas, it reaches
0.34 [53]. However, the value obtained is slightly higher than that currently characterizing
wind turbines. Enevoldsen et al. [54] indicate that the average capacity factor for the
European OWT analyzed by them was 0.408. PGE Baltica experts estimate that OWF
in the Polish sea will have a capacity factor of 0.40–0.45 [6]. The experience of OWF in
Great Britain shows that there are farms with a cf index equal to or even higher than the
designated one, while most farms have this index lower (the average in Great Britain is
0.397) [55]. On the other hand, Dróżdż et al. [56] indicate that the current estimated capacity
factor for OWF is approximately 0.5. The overstatement of the capacity factor is caused
by the failure time, rotor inertia or time necessary to start up the turbines, as mentioned
in Section 3.2. It is also caused by the fact that data from data reanalysis systems (such
as MERRA-2, or the previous version of this system—MERRA) slightly overestimate the
value of the capacity factor [57].

The greatest energy production in OWT will occur in the winter months. It is related
to higher wind speeds during this period. This is beneficial for the power system due to
the positive correlation with the average energy demand and the negative correlation with
the photovoltaic sources. A similar tendency is indicated in Great Britain, but there is no
correlation with the peak demand in winter (in the periods of the highest demand in winter,
OWF energy production is more often lower than the average generation) [58]. Also in
Scandinavia, Finland, and the Baltic states, there is an increased generation of electricity
from wind power sources in winter [59].

The average production of electricity in offshore wind farms during the day is the
highest in the morning and evening hours, i.e., periods with peak demand. This correlation
is visible both in Poland, as evidenced by the results obtained and presented in Tarełko’s [60]
work, and in other places in the world: the USA [61] or northern Europe [59]. However,
the results obtained by Koivisto et al. [59] indicate a much smaller correlation between
generation and demand. The correlation is weak positive. This is due to the fact that due to
the nature of the data used in this article (the data from MERRA-2 are reliable long-term
data), no correlation was calculated for each hour of the year, but only for the mean values.
It is necessary to carry out tests for real objects in the future or to make measurement masts
measuring the wind speed in the Polish (southern) part of the Baltic Sea.

Energy production in offshore wind farms has a positive correlation with energy
production in onshore farms. It is caused by the fact that the best wind conditions are in
northern Poland, especially near the Baltic Sea. It causes that both offshore and onshore
wind farms are located close to each other and wind conditions there are similar. Generation
in OWF has a negative correlation with energy production in photovoltaic sources. In
the winter and late autumn months, there are fewer sunny hours, and the radiation is
smaller than in summer. It results in smaller energy production in those periods when
generation in OWF is largest due to higher wind speeds. Similar results were obtained by
Koivisto et al. [59]. They analyzed energy production from seasonally changing renewable
sources in Scandinavia, Finland and the Baltic states. However, due to the fact that in their
work the average correlation between hourly generation was examined, and in this work
the monthly average, the obtained correlation was smaller (correlation between offshore
wind and onshore wind: 0.36, correlation between OWF and PV sources: −0.14) compared
to the results obtained in this study (correlation between offshore and onshore wind: from
0.77 to 0.868, correlation between OWF and PV sources: from −0.936 to −0.970). In Poland,
Jurasz et al. [62] obtained a strong negative correlation between the monthly generation in
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photovoltaic and wind sources located on land but close to the sea (in Łeba). The mean
monthly correlation coefficient was −0.85, which is very close to the results obtained in
this study.

The generation of electricity in summer is much lower than that in the winter months.
During this period, due to high temperatures and a decrease in the water level, generation
is limited in hydroelectric power plants and thermal power plants with an open cooling
circuit [63]. The changing distribution of demand throughout the year (increased demand
in summer) and the high correlation between onshore and offshore wind generation may
make it impossible to maintain an appropriate level of reserves or even result in shortages
of energy generation in the case of high saturation of the system with wind sources. In
order to reduce this risk, photovoltaic sources might be used as their generation is strongly
negatively correlated with generation in OWF. Cooperation between offshore wind and
photovoltaic sources could be used to provide enough energy in the system in all months
of the year.

5. Conclusions

Based on the research, the following conclusions were made.

1. The obtained results allow us to state that among the developing technologies of
renewable sources (wind and solar), offshore wind farms are characterized by the
highest capacity factor and produce the most energy in terms of installed capacity.
Thanks to this, despite the fact that they are more expensive than both onshore
wind farms and photovoltaic sources [64], they have a significant potential for the
development and replacement of carbon sources. In addition, offshore wind farms
in Poland, compared to other renewable sources such as hydroelectric power plants
or geothermal power plants, have the possibility of development due to the fact that
Poland has access to the Baltic Sea, which is characterized by good wind conditions,
however, the potential in the field of hydro and geothermal energy is small.

2. In late autumn and winter wind speed is much higher than in other months. It results
in greater electricity generation. The correlation between monthly average generation
and demand is very high and positive. However, due to changing annual demand
characteristics and the fact that more energy is needed in the summer months, the
correlation decreases. This change will be seen also in the next years [60] so it can
lower this correlation.

3. The correlation between the mean hourly values is moderately positive. The correla-
tion of hourly averages is much lower than the monthly values, yet production peaks
also occur during the daily demand peaks. On the other hand, between the morning
and evening peaks, there is a generation valley, which is not related to such a large
demand valley.

4. There is a very high negative correlation between generation in offshore wind farms
and generation in photovoltaic sources. It follows that these sources can complement
each other. Photovoltaic sources that produce a very small amount of energy in winter
and have peak generation in the late spring and summer months can complement
offshore wind farms whose generation profile is the opposite. In addition, photovoltaic
sources generate a lot of energy on hot and sunny days, when wind generation is low,
and the demand is high. Generation in OWF and onshore wind farms are positively
correlated. This is a high correlation. It follows that onshore wind farms produce
energy during the same periods of time as offshore.

5. The changing distribution of energy demand and the high correlation between gener-
ation in offshore and onshore wind farms may pose a threat to the power system.
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List of Symbols Used
α The coefficient depends on the type of terrain and roughness class (-)
cf Capacity factor (-)
C(xy) Covariance (-)
E Energy (MWh)
Eav Average hourly energy demand
Ei Energy demand for the i-th measurement
Emax Energy produced by a turbine running at power Pn (MWh)
Emonth The energy produced in the given month (MWh)
f (v) Weibull distribution function
Γ(x) Gamma linear distribution function
H Height at which the measurement was taken (m)
HEW The height of the rotor suspension (m)
k Shape parameter (-)
λ Scale parameter (-)
n Number of measurements (-)
OWF Offshore wind farm
OWT Offshore wind turbine
P Turbine power for v wind speed (kW)
Pav Average power in a given month (MW)
Pi Power for the i-th speed measurement (MW)
Pn Turbine rated power (MW)
Px Turbine power for vx wind speed (kW)
R Correlation coefficient (-)
R2 Coefficient of determination (-)
S(x)S(y) Product of standard deviations (-)
T Number of hours per year (h)
Tmonth Number of hours per month (h)
v Wind speed (m/s)
vav Average wind speed (m/s)
vEW Wind speed at the height of the turbine rotor (m/s)
Vn n-th wind speed (m/s)
WF Wind farm
WT Wind turbine
∑(ŷi − yav)

2 Regression sum of squares (-)
∑(yi − yav)

2 Residual sum of squares (-)
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