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Abstract

This study presents a comprehensive multi-parameter analysis of key factors influencing the annual energy production
(AEP) and levelized cost of energy (LCOE) for the planned Baltica II offshore wind farm. The analysis considers variations in
the wake decay constant (k,,), turbine spacing (Dist), interest rate (i,q.), and turbine lifespan, resulting in 81 evaluated
scenarios. The results demonstrate that wake effects significantly impact wind speed reductions across turbine rows,
affecting overall energy yield. Higher wake decay constants and increased turbine spacing contribute to lower velocity
deficits, enhancing energy production efficiency. The findings highlight that AEP is independent of interest rates, whereas
LCOE is strongly affected by financial assumptions. The estimated minimum LCOE for Baltica II is projected to range
between 143 §/MWh and 191 $/MWh, which is significantly higher than conventional fossil fuel and nuclear power
generation costs. These findings emphasize the financial and operational challenges of offshore wind energy and the

importance of optimizing wake effects, turbine placement, and financial assumptions for long-term feasibility.
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Introduction

The European Commission Staff Working
Document projects that to attain a 69% share of
renewable electricity by 2030, an installation of
592 GW of solar photovoltaic systems and 510
GW of wind energy capacity is necessary,
forcing annual increments of 48 GW and 36 GW,
respectively [1]. In the year 2023, Europe
achieved the installation of 18.3 GW of new wind
power capacity, with the EU-27 accounting for a
notable 16.2 GW. However, this figure
represents only 50% of the capacity required to
fulfil the climate and energy objectives set for
2030. Onshore wind represented 79% of the
newly added capacity, whereas offshore
installations achieved a historic milestone of 3.8
GW. In spite of the expansion of offshore
installations, it is anticipated that two-thirds of
the newly added wind capacity by 2030 will
continue to be situated on land [2]. However, the
regional cumulative offshore targets set by EU
member states are planned to reach around 88
GW by 2030 and 360 GW by 2050 [3].

At the beginning of 2025, the Polish government
officially announced and commenced the
construction of the world's largest offshore
wind farm in the Baltic Sea. The planned
installed capacity of the Baltica 2 farm is
expected to be 1.5 GW. The farm will consist of
107 wind turbines, each with a capacity of 14
MW, covering an area of 190 km? and located 40
km from the shoreline. The farm is scheduled to
begin operation in 2027 [4]. Simultaneously, it
was announced that the capital expenditure
(CAPEX) for Baltica 2 would amount to 30 billion
PLN, which, assuming an exchange rate of 4 PLN
per USD, translates to approximately $5 million
USD per MW of installed capacity [5].

This value appears to be very high, as almost all
international agencies and laboratories, such as
National Renewable Energy Laboratory (NREL),
indicate that the CAPEX for running global
offshore wind projects ranges from $1.8 to $7.0
million/MW for operating projects and $1.0 to
$6.4 million/MW for announced projects [6].
Based on analyses conducted with the NREL
Offshore Renewables Balance-of-System and
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Installation Tool (ORBIT) [7], for offshore fixed-
bottom turbines with a 30-year lifetime, CAPEX
typically falls within the range of $3.4 to $4.0
million per MW of installed capacity.

CAPEX  primarily consists of  project
management costs (e.g., geotechnical surveys,
permitting, etc.), wind turbine costs, and balance
of system (BOS) costs, including cabling,
foundations, and other essential infrastructure.
Based on NREL analyses, for wind resource
classes with mean wind speeds at a 100 m height
of 8.6-8.7 m/s (slightly lower than the location
of Baltica 2 [8]) and a 40 km distance from shore,
CAPEX should be approximately $3.7
million/MW [9]. A study by BVG Associates for a
"typical" UK offshore wind farm estimated a
total CAPEX of $3.38 million/MW, excluding
decommissioning costs, which were estimated
at $0.42 million/MW [10]. Other institutions,
such as the International Energy Agency (IEA),
estimate CAPEX for similar projects to Baltica 2
at $3.54 million/MW [11]. Some studies suggest
even lower values, for instance, Liang estimates
CAPEX as low as $3.05 million/MW [12].

In research focused on estimating LCOE values,
institutions like those mentioned above are
commonly referenced. An example is study [13],
which estimated LCOE for multiple planned
offshore wind farm locations along the U.S.
Atlantic Coast. Despite these locations being
more challenging in terms of construction and
operation compared to the Baltic Sea, CAPEX
was assumed to be $3.6 million/MW.

In the context of the analysis presented in this
study, it is important to emphasize that the
Baltic Sea is a relatively shallow basin, and the
planned offshore wind farm is located 40 km
from shore. As indicated above, CAPEX should
not exceed $4 million/MW, yet it has been
estimated at approximately $5 million/MW [5].
It should be noted that this is only a preliminary
estimate, and it is widely recognized that large-
scale energy infrastructure projects often
significantly exceed their planned budgets [14].

Given the officially announced CAPEX for the
Baltica 2 wind farm, this study conducted a
multi-parameter analysis of the LCOE indicator,

which serves as a basis for estimating the
minimal cost of electricity produced by the
power plant. The study examined the impact of
several factors on LCOE, including turbine
spacing, assumed wind farm lifespan,
aerodynamic wake effects behind turbines, and
the interest rate, which represents the discount
rate used to account for the time value of money
in energy project financing.

Such a multi-scenario analysis is essential to
determine the range of possible LCOE values, as
the actual lifespan of the installation at this
specific location, as well as the atmospheric
conditions—particularly turbulence intensity,
which significantly affects energy losses—are
not precisely known a priori [15].

Methods

In the present study, the commonly used and
widely accepted Jensen model was employed to
calculate the losses of the analyzed wind farm
and, consequently, to estimate its realistic
annual energy production [16], [17]. The Jensen
model, utilised for simulating the aerodynamic
wake generated behind a wind turbine,
represents one of the most basic semi-empirical
models available. Comparative analysis with
experimental data and other models revealed
that the Jensen model exhibits reliability for
large wind farms, applicable to both onshore
and offshore environments, despite its
simplicity [18].

The Jensen model, as illustrated in Figure 1,
posits that only a single component of the wind
velocity, orientated perpendicular to the
turbine rotor, is taken into account, and it is
assumed that the aerodynamic wake expands
uniformly.
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Figure 1: The control volume of the Jensen model: U,
—wind speed in front of the turbine, U, —wind speed
at a distance x behind the turbine, k—wake decay
constant

Using the law of conservation of linear
momentum, the velocity Ux at a distance x from
the turbine is calculated using the following
equation:

LV _(=V1-0r)

U, (1+2k,x/D) M

Where C; is the thrust force coefficient U, is the
atmospheric wind speed, D is the turbine diameter
and k,, is the wake decay constant, which can be
defined as follows :

0.5

kw:l ) ()
nG)
where H is the turbine height and z, is the
terrain roughness height.

Equation (2) assumes that k,, is proportional to
the ratio of friction velocity to free stream wind
velocity at the turbine hub height H,
establishing a direct relationship with the law of
the wall as introduced by von Karman . It is
important to acknowledge that Equation (2) has
the potential to produce values that are less
than the widely accepted figures, which may
lead to an underestimation of wake losses in
low-roughness terrains [18]. An alternative
methodology entails correlating the wake decay
constant with atmospheric stability, turbulence
intensity, and surface layer theory, leading to
the subsequent formula

kit = kI

3)

where k is the Karman constant, whose value is
assumed to be 0.4 and If is the turbulence
intensity at height H defined as

Oun
Uy

1H =

(4)
where oun is the standard deviation of the free
stream velocity ux at turbine hub height.

Through the analysis of Equations (1)-(3), it is
shown that the kinetic energy losses of wind
occurring downstream of a wind turbine can be

quantified by understanding the parameters
that define wind conditions at a specific
location. The parameters encompass turbulence
intensity and the topographic characteristics of
the terrain, including roughness height. When
multiple turbines interact, it can be
hypothesised that the kinetic energy deficit
present in overlapping aerodynamic wakes
corresponds to the cumulative deficits noted in
the wake of a singular turbine. As a result, the
velocity deficit in two intersecting aerodynamic
wakes can be determined using the subsequent
equation:

-4 - -5+ o=
Uo Uo Uo

where U,; represents the velocity in the
aerodynamic wake behind the i-th turbine at a
distance x from its rotor. It is important to

observe that for N identical turbines, uniformly
distributed at a distance L apart, equation (5)

turnsto:
(-5 =w(1-52)
Uy Uy

Where U,, denotes the wvelocity in the
aerodynamic wake at a distance L from the
turbine rotor, and U, signifies the velocity in the
aerodynamic wake behind the final, N-th
turbine. Additionally, according to equation (5),
the velocity deficit behind the n-th turbine can
be determined as follows:

(5]

where 6, =1-U, / U,

)

2

(6)

(M

The current model utilises the integration of a
turbine-specific thrust coefficient C;(U), which
is contingent upon the atmospheric wind speed
and is influenced by the characteristics of the
wind turbine.

u, (1-V1-G)

Uy (1+2kyx/D)?

(®)

In the conventional scenario, where C remains
constant, the velocity deficit U, exhibits a linear
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increase in relation to the atmospheric wind
speed U. However, when employing C(U)
specific to a particular turbine, the direct impact
of the thrust coefficient on the velocity deficit
becomes apparent. Elevated C; values are
associated with an increased velocity deficit [19].

Wind characteristics of the Baltic Sea at an
altitude of 100 m were employed, with
particular values obtained from actual
meteorological measurements recorded at the
FINO 2 station with average atmospheric
velocity 9.6 m/s and the Weibull shape
parameter k=2.33[8].

The annual fluctuations in wind patterns can be
characterized by the Weibull probability density
distribution [20]:

Uk—l U k
o (-())
where c represents the scale parameter, while k

denotes the shape parameter of the distribution.
The scale parameter c is characterised as:

c= Uave
rda+1/k

() =k C))

(10)

where U,,, is the annual average wind speed and
7() is the Gamnma function.

A critical consideration in the spatial
arrangement of turbines within a wind farm is
the inter-turbine interaction, which can
markedly diminish the overall efficiency of the
wind farm defined as:

wind farm AEP
" AEP of isolated turbine -Number of turbines

(11)

where AEP is annual energy production.
Following Equation (11) the loss in a wind farm
can be calculated as:

Nwr

Swr =1 —Nwr (12)
The power coefficient for wind farm is
formulated as:

WF
CWF _ Eyear

=X 1
F T PWF.365-24 (13)

where EJ.%, represents the total annual energy
output of the wind farm measured in MWh. The
term P)'F is defined as the cumulative (installed)
rated capacity of the wind farm, calculated as
the product of B*", which indicates the rated
capacity of an individual turbine, and N, the total
number of turbines present in the installation.

It is important to recognise that the coefficient
C¥F (13) may exhibit significantly lower values
compared to the power coefficient of an
individual wind turbine. This reduction is
attributable to losses {wr (12) that arise from the
interactions among wind turbines, as well as
factors such as erosion, contamination, icing,
and various other challenges [21].

The annual energy production for an isolated
wind turbine, EJ.}, can be determined using the
following,

Uout

fFWHPW) d(U)

Uin

wT _
l;year -

(14)

(U) is the power curve of the wind turbine, and
f(U) is the Weibull distribution of atmospheric
wind speed defined by equation (9).

To determine the electricity production for the
entire wind farm, denoted as £}, it is essential
to compute the AEP value for the turbines
located in the subsequent rows of the wind farm.
To achieve this, it is essential to consider the
velocity deficit induced by the interaction of
overlapping  aerodynamic  wakes.  This
phenomenon can be integrated by suitably
adjusting the Weibull distributions in the
following rows of the wind farm:

N "
Emr:cz [ rwrwmaw  as)

The modified Weibull distribution f,(U)
describes the probability distribution of wind
speed reaching the n-th row of the wind farm,
where N denotes the number of turbines in a
single row of the wind farm and C represents
the number of columns in the wind farm.
Equation (15) assumes no mutual interaction
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between wind turbines located in different
columns of the wind farm. This assumption
makes the proposed method more conservative;
however, it is justified because, by the time the
aerodynamic wake reaches turbines in adjacent
columns, its effect will be negligibly small.

Although Siemens Gamesa 14 MW turbines will
be installed in Baltica 2, this study used Gamesa
SG8 turbines with a rated power of 8 MW,
whose characteristics are presented in Figure 2.
This choice was made due to the lack of
necessary information, such as the power curve
and thrust coefficient characteristics for the 14
MW turbine. However, selecting the Gamesa
SG8 turbine is justified, as the key parameter
determining the capacity factor (CF) is the rated
wind speed, which is very similar for both
turbines, at approximately 12-13 m/s. To ensure
the planned rated capacity of the wind farm,
which is 1.5 GW, the studied wind farm was
assumed to consist of 14 columns and 14 rows of
Gamesa SG8 wind turbines.

_E

r”.n.

Figure 2: Power curve, power coefficient C», and trust
force Crof the Gamesa SG8 turbine

The key components of a levelized cost of
energy (LCOE) model for offshore wind energy
include capital expenditures, operating costs,
discount rate, and projected power output. The
projected power output is shaped by capacity
factors of the individual turbines. However,
power production is not constant and namely is
affected by availability of wind but also the
wake effect. The loss in power or velocity deficit

is also due to wake merging which is caused by
large scale wind farms. Previous studies have
shown that wake effect is more prominent in
offshore wind parks and travel up to several
kilometers downstream of wind farms [22].
Around 5-20% reduction in total power output
has been observed in the case of offshore wind
farm in Europe [23].

The Levelized Cost of Energy (LCOE) is defined
as:

CAPEX x CRF + OPEX
AEP

LCOE =

(16)

where, AEP is annual energy production, CAPEX
is capital expenditure including all expenditures
incurred during the construction period till the
commissioning date of the wind farm, CRF is the
capital recovery factor quantifies and OPEX is
the operation and maintenance costs.

CFR is defined as:

CRF (17)

1A+
where iis the discount/interest rate and N is the
wind farm lifetime [24].

In the current study the OPEX was chosen to be
0.113 Smillion/MW/yr, which results from
previous estimates for wind speeds slightly
below 9 m/s at 100 m, 28 m water depth and 40
km from shoreline [9].

Results and Discussion

As mentioned earlier, the present study
conducts a multi-parameter analysis of three
factors influencing the annual energy
production (AEP) and, consequently, the
levelized cost of energy (LCOE) for the planned
Baltica II wind farm. Three values of the wake
decay constant were considered: k,, =(0.02, 0.03,
0.05), along with three different turbine spacing
distances, Dist = (5D, 7.5D, 10D), three interest
rates, i, 4 =(0.05, 0.06, 0.07), and three values of
the turbine life span = (20, 25 30) years. This
results in a total of 81 different cases.

Figures 3 and 4 present selected velocity deficit
results for the first three rows of the wind farm,
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illustrating the wind speed reduction reaching
the downstream turbines. The first row is
located at the front of the wind farm, where
turbines are exposed to the wundisturbed
atmospheric wind speed U. Figure 3 shows
results for Dist = 5D and k,, = (0.02, 0.03, 0.05). It
can be observed that as k, increases, which
represents a faster dissipation of the
aerodynamic wake in the surrounding flow, the
velocity deficit decreases. This behavior is
consistent with the Jensen model (see Equation
88).

Meanwhile, Figure 4 presents results for a fixed
k, = 0.03 and different spacing values, Dist =
7.5D and 10D. The case for Dist = 5D is displayed
in the middle panel of Figure 3. It can be
observed that the velocity deficit decreases
with increasing Dist, which is also consistent
with the Jensen model.
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Figure 3: Velocity deficit in front of the turbines in
consecutive rows as a function of atmospheric wind
speed U. From top to bottom: exemplary results for
Dist=5D and k,,= 0.02, 0.03, and 0.05.
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Figure 4: Velocity deficit in front of the turbines in
consecutive rows as a function of atmospheric wind
speed U. From top to bottom: exemplary results for
k,, =0.03 and Dist = 7.5 and 10D.

Figures 5 and 6 show the Weibull probability
density distributions of the annual atmospheric
wind speed U for different wake decay
constants k,, and various spacing configurations
among the Gamesa SG8 turbines, considering
the first three rows of turbines. The first row
receives undisturbed atmospheric wind, which
follows a Weibull distribution with parameters
specific to the Baltica II wind farm location, as
detailed in the previous section of this article.

It should be noted that the wind speed
distributions reaching subsequent turbines are
modified by the wvelocity deficit generated
behind the preceding turbines, as shown in
Figures 3 and 4. Only two subsequent rows are
presented, as the distributions for the remaining
rows show no significant differences.

Figure 5 presents results for Dist = 5D and k,, =
(0.02, 0.03, 0.05), while Figure 6 displays results
for a fixed k,,= 0.03 and different spacing values,
Dist = 7.5D and 10D. The case for Dist = 5D is
shown in the middle panel of Figure 5. It can be
observed that changes in the Weibull
distributions are directly related to the velocity
deficit and, consequently, to the thrust force
characteristics of the Gamesa SG8 turbine, as
presented in Figure 2.
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Figure 5: Influence of the velocity deficit on the shape
of Weibull distributions for the first 3 rows of the
considered wind farm. From top to bottom:
exemplary for Dist = 5D and k,,,= 0.02, 0.03, and 0.05.
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Figure 6: Influence of the velocity deficit on the shape
of Weibull distributions for the first 3 rows of the
considered wind farm. From top to bottom:
exemplary k,,= 0.03 and Dist = 7.5 and 10D.

Figures 7, 8, and 9 summarize the obtained
results in the form of a four-variable function.
The vertical axis represents pairs of k,, values
and the assumed lifespan of individual turbines,
while the horizontal axis displays pairs of
irqte and Dist values. The individual table cells
present the obtained values of annual energy
production (AEP), the average capacity factor
(CF) over the entire lifespan of the wind farm,
and the levelized cost of energy (LCOE) for the
values of the four corresponding parameters.

Analyzing Figure 7, it can be observed that the
highest AEP value occurs for k, = 0.05, the

largest considered turbine spacing of Dist = 10D,
and the longest turbine lifespan of 30 years.
Conversely, the lowest values are observed for
k, = 0.05, the smallest considered turbine
spacing of Dist = 5D, and the shortest turbine
lifespan of 20 years. It should be noted that the
AEP value is, of course, not affected by the
interest rate i, 4.
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Figure 7: AEP for all the considered scenarios. For a
detailed description of the figure, see the text.

Figure 8 presents the obtained average capacity
factor values CF for the entire wind farm.
Similar to AEP, the highest values occur for k,, =
0.05, the largest considered turbine spacing of
Dist = 10D, and the longest turbine lifespan of 30
years. Conversely, the lowest values are
observed for k,, = 0.05, the smallest considered
turbine spacing of Dist = 5D, and the shortest
turbine lifespan of 20 years. It should be noted
that these capacity factor values do not account
for the expected reduction in electricity
production due to turbine aging and related
erosion, as well as contamination and possible
icing. The impact of these negative factors will
be discussed in the following sections.
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Figure 8: Wind farm capacity factor for all the
considered scenarios.

Finally, Figure 9 presents the LCOE values,
which naturally depend on the interest rate. The
lowest and highest LCOE values occur for only a
single combination of the considered
parameters: respectively, for k,,, Life span, i,4;,,
Dist)=(0.05,30,0.05,10D) and (0.02, 20, 0.07, 5D).
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Figure 9: LCOE for all the considered scenarios.

It should be noted that the total area of Baltica 2
is 190 km?, while the planned 14 MW turbines
have a rotor diameter of 222 meters.
Considering that the installed capacity of the
Baltica 2 wind farm is expected to reach 1.5 GW,
it can be assumed that it will consist of
approximately 10 columns with 10 rows of
turbines.

For the sake of simplification, assuming that the
wind farm has a square shape with dimensions
of approximately 14x14 km and that the turbines

are evenly spaced, the distance between them
would be around Dist = 6D. A similar
configuration applies to the turbines used in this
study, which have a rotor diameter of 167
meters, but with 14 turbines per column.

Analyzing the results presented in Figure 9 and
adopting a conservative approach, it can be
estimated that the LCOE of the planned wind
farm should not be lower than the values
obtained for Dist = 7.5D and should not exceed
those for Dist = 5D.

It should be noted that AEP and the
corresponding LCOE value strongly depend on
the wake decay constant k,,. As indicated by
literature sources, k,, is difficult to estimate, but
in the case of offshore wind farms, it should
generally be assumed to be lower. This is
because k,, is directly related to turbulence
intensity and surface roughness, both of which
are relatively low in offshore locations [15], [25],
[26], [27], [28]. However, there are certain
offshore locations where k,, may be higher.

Additionally, when analyzing the data from the
Figures 7, 8 and 9 as a whole, it can be observed
that the distributions of AEP, CF, and LCOE
values are not equally spaced around their
respective mean values. This is evident in Table
1, which presents the minimum, average, and
maximum values of these quantities. This
indicates that in a realistic assessment of the
minimum electricity selling price for the
considered wind farm, a more conservative
scenario should be adopted.

Table 1: Minimum, average, and maximum values of
LCOE, AFEP, and CF for the considered.

min average max
LCOE
$/MWh 97 130 174
AEP
GWh 376 444 508
CF"F  0.38 0.45 0.52
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Additionally, considering the effects of wind
turbine aging, potential soiling, and other
environmental factors, the life time values of
AEP should be decreased by approximately 10%
and correspondingly the LCOE values should be
increased by 10% [21] [19]. These adjusted values
are presented in Table 2.

Table 2: Minimum, average, and maximum values of
LCOE, AEP, and CF for the considered scenarios after
accounting for the effects of aging and
contamination.

min average max

LCOE
$/MWh

While adopting a conservative approach, which
should be applied when assessing the economic
viability of offshore wind farms throughout
their entire lifespan, it should be assumed that
the minimum LCOE value for the Baltica II wind
farm should range between 143 $/MWh and 191
$§/MWHh. It is important to note that these values
are significantly higher than those of coal, gas,
and even nuclear power plants [29].

107 143 191

Conclusion

This study conducted a comprehensive multi-
parameter analysis of key factors affecting the
annual energy production (AEP) and levelized
cost of energy (LCOE) for the planned Baltica II
offshore wind farm. The analysis considered
variations in the wake decay constant, turbine
spacing, interest rates, and turbine lifespan,
resulting in a total of 81 evaluated scenarios.

The results demonstrate a significant impact of
wake effects on wind speed reduction across
turbine rows. The findings confirm that
increasing the wake decay constant leads to a
lower velocity deficit, in accordance with the
Jensen model. Moreover, greater turbine
spacing reduces wake-"induced losses, thereby
improving energy production efficiency.

Analysis reveals that the highest AEP and
capacity factor values occur for the most
favorable conditions: k,, = 0.05, Dist = 10D, and a
turbine lifespan of 30 years. Conversely, the

lowest values correspond to k,, =0.02,Dist=5D,
and a turbine lifespan of 20 years.

The study also highlights that the distributions
of AEP, CF, and LCOE values are not
symmetrically distributed around their means.
It suggests that a conservative approach should
be taken when estimating minimum electricity
selling prices for offshore wind projects. The
estimated LCOE values strongly depend on k,, ,
which, according to literature, is challenging to
estimate but generally lower in offshore
environments due to reduced turbulence and
surface roughness.

A conservative approach to economic
evaluation suggests that the minimum expected
LCOE for Baltica II should range from 143
S/MWh to 191 §/MWh. These values remain
significantly higher than those associated with
coal, gas, and nuclear power generation,
emphasizing the financial challenges of
offshore wind energy development.

The obtained results indicate that relying on
wind farms as the basis of a national energy
system is economically unjustified, as it would
lead to significantly higher electricity prices. A
more reasonable approach is to base the system
on stable technologies with lower LCOE, such as
nuclear, supercritical coal, biomass and gas
power plants. Large-scale renewable energy
installations should serve as a supplementary
component, ideally contributing no more than
20-30% of the total energy mix.

Smaller wind and solar technologies, on the
other hand, can be highly effective in prosumer
energy systems, provided they are designed to
maximize self-consumption, ensuring
maximum energy independence for prosumers.
An energy system built on these two pillars
appears to be the most optimal in terms of
security, economics, and flexibility.

Acknowledgments

The work was financed by the Department of
Cryogenics and Aerospace Engineering of the
Wroctaw University of Science and Technology.

-t
N
-t
-t

N



Journal of Power Technologies 0% (2) (202%) 122, -- 124 Q

References

[1] “COMMISSION STAFF WORKING DOCUMENT IMPLEMENTING THE REPOWER EU ACTION
PLAN,” https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:520225C0230.

[2] “Wind energy in Europe: 2023 Statistics and the outlook for 2024-2030 | WindEurope,”
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2023-
statistics-and-the-outlook-for-2024-2030/.

[3] “Offshore renewable energy,” https://energy.ec.europa.eu/topics/renewable-
energy/offshore-renewable-energy_en.

[4] PGE, “Information on Baltica 2 project,” https://pgebaltica.pl/en/about-us/key-information-
about-our-projects/baltica-2.

[5] Government of Poland, “Baltica 2,” https://www.gov.pl/web/fundusze-regiony/baltica-2--
przelomowy-projekt-energetyczny-na-baltyku-z-dofinansowaniem-kpo.

[6] W. Musial et al., “2022 Offshore Wind Technologies Market Report DOE/G0O-102022-5765,"
Washington, DC, USA, 2022.

[7] J. Nunemaker, M. Shields, R. Hammond, and P. Duffy, “ORBIT: Offshore Renewables Balance-
of-System and Installation Tool,” Golden, CO, USA, 2020.

[8] DNV GL, “Meteorological measurements at FINO 2 .” Accessed: Feb. 27, 2025. [Online].
Available: https://www .fino2.de/en/research/meteorology.html

[9] L. Vimmerstedt and et al,, “2022 Annual Technology Baseline (ATB) Cost and Performance
Data for Electricity Generation Technologies,” USA, 2022.

[10] BVG Associates, “Guide to an Offshore Wind Farm; The Crown Estate and the Offshore
Renewable Energy Catapult,” Catapult, https://guidetoanoffshorewindfarm.com.

[11] S.G,S.A, W.ELB.S,P.B, and L. A. R, IEA Wind Task 26: Offshore Wind Farm: Baseline
Documentation. Denver (USA, CO): National Renewable Energy Laboratory (NREL), 2016.
[Online]. Available: http://www.nrel.gov/

[12] Y.Liang, Y. Ma, H. Wang, A. Mesbahi, B. Jeong, and P. Zhou, “Levelised cost of energy analysis
for offshore wind farms - A case study of the New York State development,” Ocean
Engineering, vol. 239, p. 109923, Nov. 2021, doi: 10.1016/j.oceaneng.2021.109923.

[13] R.]J. Barthelmie, G. C. Larsen, and S. C. Pryor, “Modeling Annual Electricity Production and
Levelized Cost of Energy from the US East Coast Offshore Wind Energy Lease Areas,”
Energies (Basel), vol. 16, no. 12, p. 4550, Jun. 2023, doi: 10.3390/en16124550.

[14] B.Lomborg, False Alarm: How Climate Change Panic Costs Us Trillions, Hurts the Poor, and
Fails to Fix the Planet. Basic Books, 2020. [Online]. Available:
https://books.google.pl/books?id=ulPozQEACAA]

221124



Journal of Power Technologies 0% (2) (2025) 123 -- 124 Q

[15]  T.Duc, O. Coupiac, N. Girard, G. Giebel, and T. Go¢gmen, “Local turbulence parameterization
improves the Jensen wake model and its implementation for power optimization of an
operating wind farm,” Wind Energy Science, vol. 4, no. 2, pp. 287-302, May 2019, doi:
10.5194/wes-4-287-2019.

[16] N. O. Jensen, A note on wind generator interaction, no. 2411. in Risg-M. Risg National
Laboratory, 1983.

[17] L Katic, J. Hejstrup, and N. O. Jensen, “A Simple Model for Cluster Efficiency,” in EWEC’86.
Proceedings. Vol. 1, W. Palz and E. Sesto, Eds., A. Raguzzi, 1987, pp. 407-410.

[18]  A.Pefia, P.-E. Réthoré, and M. P. van der Laan, “On the application of the Jensen wake model
using a turbulence-dependent wake decay coefficient: The Sexbierum case,” Wind Energy,
vol. 19, pp. 763-776, Feb. 2015, doi: 10.1002/we.1863.

[19] Z. Malecha and M. Chorowski, “Estimation of Wind Farm Losses Using a Jensen Model Based
on Actual Wind Turbine Characteristics for an Offshore Wind Farm in the Baltic Sea,”
Computation, vol. 13, no. 1, p. 20, Jan. 2025, doi: 10.3390/computation13010020.

[20]  T.Burton, N. Jenkins, D. Sharpe, and E. Bossanyi, Wind energy handbook. John Wiley & Sons,
2011.

[21]  Z. Malecha and K. Sierpowski, “Numerical study of the impact of blade erosion and
contamination on the performance of a wind turbine (in Polish),” Instal, vol. 7-8, 2023.

[22] N. Akhtar, B. Geyer, and C. Schrum, “Impacts of accelerating deployment of offshore
windfarms on near-surface climate,” Sci Rep, vol. 12, Dec. 2022, doi: 10.1038/s41598-022-
22868-9.

[23] R.]J. Barthelmie and S. C. Pryor, “An overview of data for wake model evaluation in the
Virtual Wakes Laboratory,” Appl Energy, vol. 104, pp. 834-844, 2013, doi:
10.1016/j.apenergy.2012.12.013.

[24] Y. Charabi and S. Abdul-Wahab, “Wind turbine performance analysis for energy cost
minimization,” Renew Wind Water Sol, vol. 7, Dec. 2020, doi: 10.1186/s40807-020-00062-7.

[25] Z. Malecha and G. Dsouza, “Modeling of Wind Turbine Interactions and Wind Farm Losses
Using the Velocity-Dependent Actuator Disc Model,” Computation, vol. 11, no. 11, 2023, doi:
10.3390/computation11110213.

[26]  S.Frandsen, “On the wind speed reduction in the center of large clusters of wind turbines,”
Journal of Wind Engineering and Industrial Aerodynamics, vol. 39, no. 1-3, pp. 251-265, Jan.
1992, doi: 10.1016/0167-6105(92)90551-K.

[27]  A. Pefia, P. Réthoré, and M. P. Laan, “On the application of the Jensen wake model using a
turbulence-dependent wake decay coefficient: the Sexbierum case,” Wind Energy, vol. 19,
no. 4, pp. 763-776, Apr. 2016, doi: 10.1002/we.1863.

[28] R.]J. Barthelmie, G. C. Larsen, and S. C. Pryor, “Modeling Annual Electricity Production and
Levelized Cost of Energy from the US East Coast Offshore Wind Energy Lease Areas,”
Energies (Basel), vol. 16, no. 12, p. 4550, Jun. 2023, doi: 10.3390/en16124550.

[29] D. Morawiec, “Levelized Cost of Electricity (LCOE) as a Comparative Indicator of
Production Costs Across Different Energy Sources (in Polish),” Energetyka, vol. 776,

231124



I

Journal of Power Technologies 0% (2) (202%) 124 -- 124 Q

no. 2, pp- 71-76, 2019, [Online]. Available:
https://stara.elektroenergetyka.pl/numer/224/streszczenia.html

241124



