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Abstract: The constantly growing demand for energy, the need to ensure the security of its supply,
and the progressing climate changes related to the emission of carbon dioxide and other pollutants
have caused, in recent years, an increase in interest in offshore wind energy. This paper presents
all the work that needs to be done to build a wind farm in the Baltic Sea. The work focuses on the
description of the equipment and the necessary tests to perform in order to analyze the obtained data.
The data will allow for unambiguous interpretation and the selection of a convenient location for the
construction of a wind farm. The final product of the work is a cost estimate, in which the costs of
undertaking such an undertaking are shown.
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1. Introduction

Increased use of wind energy both globally and in the EU seems inevitable at the
moment. An undeniable and one of the most basic effects of the use of wind energy
are the ecological benefits associated with avoiding the emission of greenhouse gases
and other harmful substances in the energy production process. Another effect is to
increase the energy security of the country or individual regions (communes, districts, or
voivodships) [1]. Energy security manifests itself as a result of diversification of energy
supply (reducing the need to import primary energy from fossil fuels) and decentralization
of its production (distributed generation—energy production in systems close to direct
users). It is also clear that the use of wind energy reduces the need for fossil fuels and
is characterized by the renewal of resources over time. These features of wind energy,
especially in the face of increasingly frequent increases in fossil fuel prices, are becoming
very important [2,3].

At the moment, Polish companies are opening up offshore wind energy in Poland.
Next to solar energy, offshore windmills are the fastest-growing renewable technology in
Europe [4]. The most important reasons for success are the increase in production efficiency
and the decrease in costs. Currently, the entire European Union has adopted ambitious
goals for the development of energy in 2030 in the fields of RES and reduction of CO2
emissions. Additional methods of reducing costs can be sought, e.g., through synergy with
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other Baltic projects to reduce the costs of connection to the grid. Offshore energy has
significant industrial potential, and Polish companies can benefit from the creation of an
offshore sector in Poland [5,6].

The subject and purpose of the research were to determine the costs and human and
equipment resources needed to carry out measurements used further for the construction
of a wind farm in the Baltic Sea [7,8]. To determine the possibility of building an offshore
wind farm and assess the risk associated with it, depth measurements with a multi-beam
echo sounder, geological measurements with a device called a sub-bottom profiler, thanks
to which you can learn about the layers of the seabed located under the upper layer of sand
and silt [9,10], and measurements with scanned side sonar to detect potential obstacles such
as boulders, wrecks, etc. are necessary. Magnetometric measurements are used to detect
unexploded ordnance lying at the bottom of a water reservoir, and geological boreholes are
used to confirm the presence of detected geological layers. The scope of work includes a
number of measurement activities undertaken before the construction of the wind farm. In
addition, in order to obtain reliable total construction costs, the cost estimate also assumed
the costs of the wind turbines themselves as well as elements preceding the installation of
the power plant itself, i.e., piling of foundations, and elements finishing and allowing the
operation of the power plant, i.e., connections, laying of transmission infrastructure, etc.

Multi-beam sonar, scanned side sonar, sub-bottom profiler, magnetometer, vibroprobe,
and GNSS receivers were used to precisely determine the position of the conducted tests
with an accuracy of 10 cm.

2. Literature Review

Renewable energy sources are developing much faster than conventional energy
sources around the world, and among them, wind energy is characterized by the highest
growth rate [11–13]. Wind energy is an important ecological alternative to fossil fuels
and makes it possible to increase the energy independence of countries using it. It is
assumed that the global potential of wind energy is equal to the current demand for
electricity [14–16]. The current development of wind energy around the world takes place
in two basic directions:

(a) Onshore wind power—within this category, we can distinguish:

- Large-scale wind energy—single turbines with capacities usually above 1 MW
or wind farms (consisting of several or several dozen wind turbines) producing
electricity in order to sell it to the grid;

- Small (distributed) wind energy—single wind turbines with a capacity not ex-
ceeding 100 kW, located mainly near homes as an alternative energy source;
small wind farms are also used where there is no economic justification for
supplying energy from the power grid (e.g., supplying lighting for road signs,
billboards, etc.);

- Medium-scale wind energy—individual turbines with capacities in the range of
200–600 kW, connected to the power grid, owned by individuals, small enter-
prises, or local communities;

(b) Offshore wind power—wind farms located in open sea waters; currently, these are
structures permanently connected to the seabed, but the possibility of building floating
turbines is also being studied, intended for installation in places far from land at
greater depths [17–19].

Offshore wind energy is today considered to be the most energy-efficient and safe
source of renewable energy, and its development is becoming a determinant of the economic
growth of countries around the world [20,21]. The biggest advantages of the intensive
development of offshore wind turbines include: the use of higher wind speeds in offshore
areas, resulting in higher efficiency; offshore wind conditions being more stable compared
to land; the possibility of using turbines with higher power; and no controversy related to
the installation of power plants in close proximity to residential areas [22–24].
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In the literature on the subject, we find many articles on the use of offshore wind energy.
Korovkin et al. explore the development potential of offshore wind energy in the Baltic
Sea from a technical and economic perspective. The authors analyze various factors, such
as the availability of wind resources, technological options, and regulatory frameworks,
to determine the feasibility of offshore wind projects in the region [25]. Zikmanis et al.
focus on the environmental impact of offshore wind development in the Baltic Sea. The
authors assess potential impacts on marine ecosystems, wildlife, and local communities
and propose mitigation strategies to minimize negative impacts [26]. Shafiei et al. are
exploring the use of power-to-gas energy storage as a solution for intermittent generation
from offshore wind farms in the Baltic Sea. The authors discuss the technical and economic
feasibility of this approach and suggest that it could be a cost-effective way of balancing
the electricity grid [27].

Jiménez-Arroyo et al. are analyzing the potential of floating wind energy in the Baltic
Sea. The authors analyze the advantages and disadvantages of this technology and discuss
the technical and economic feasibility of deploying floating wind turbines in the region [28].
Bezrukovs et al. focus on the socio-economic effects of offshore wind development in the
Baltic Sea. The authors analyze the potential benefits and costs of offshore wind projects
and discuss the implications for local communities, businesses, and governments [29].

Currently, in Poland, we cannot yet boast of energy production from offshore wind
farms, although the conditions prevailing in the Baltic Sea are very conducive to the
development of this technology. However, the situation in the EU energy mix is much more
dynamic, as energy produced from offshore wind farms shows the potential for large-scale
development [30–32].

3. Seabed Measurements and Surveys
3.1. Multibeam Echo Sounder Depth Testing

Depth surveys are usually the first measurements made to determine the depth of
the studied water. They are usually performed with a multi-beam sonar, although they
can also be performed with a single-beam sonar. Single-beam sonar is characterized by
sending only a single beam, which affects the low accuracy of measurements as a result of
unscanned large terrain [33,34]. A multi-beam sonar eliminates this problem by sending
multiple measurement beams at the same time. Their number depends on the type and
parameters of the sonar and the operator. The principle of operation of a multi-beam echo
sounder is based on the emission of a pulse created in a piezoelectric transducer, which,
after bouncing off the bottom, returns to the device in the form of an echo. “Based on the
measurement of the time of passage of the signal to the bottom and back to the transducer
and the knowledge of the speed of propagation of the sound wave in water, the depth is
calculated” [35].

An important aspect from the point of view of the hydrographer’s work is the control
of depth, and thus the number of beams sent and received, in order to avoid places affected
by the lack of data. This may be influenced by a sudden change in depth to a smaller one,
which causes a sudden reduction in the search lane [36,37].

An important fact when conducting bathymetric measurements are also the parame-
ters of the echo sounder, such as the operating temperature range, the width of the trace of
a single beam, the so-called footprint, the number of beams (the number of which can vary
from several dozen to several hundred), and the angle of the strip [38]. The smaller the
footprint and the greater the number of beams, the more accurate the measurements. The
larger angle of the search lane increases the speed of measurement generation by reducing
the number of individual passes per measurement unit, but it may also reduce the accuracy
of measurements due to large deviations and uncertainties on the outer beams. Therefore,
it is important to use the so-called overlap [38,39].
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3.2. Bottom Cleanliness Tests and Report of Objects Resting on the Bottom

Bottom cleanliness tests—a set of works leading to the “cleaning” of the bottom in the
place of the planned construction of a wind farm, port, construction of bridge supports,
etc.—from residual undesirable objects such as mines, unexploded ordnance, boulders,
stones, wrecks, tires, branches, and other unidentified objects that may cause a problem
or be on the route or construction site. The bottom purity test begins with indirect tests
using special equipment. The second part of the research—direct—focuses on the possible
examination of the object by divers and the direct pulling of objects out of the water [40,41].

Returning to the first part, it is basically divided into sonar measurements (usually side
scanning) and measurements of the magnitude, direction, and changes in the properties of
the magnetic field—magnetometer. Sonar can detect very small objects, up to 10 cm.

The operation of the device itself is based on the emission of the beam and the
subsequent measurement of the difference in the amplitude of the signal sent from the
transducer relative to the signal reflected from the bottom or an obstacle located at the
bottom [42]. The resulting difference is visualized on the screen as a single pixel. The
intensity of the pixel is influenced by the structure, the materials from which the object
is built, and its size. In this direction, it is easy to imagine that an object made of metal
will produce a stronger echo and, as a result, a pixel of much greater intensity than a
wooden bough or a rubber tire that does not echo the signal with such intensity. However,
as described above, the size of the object is also important, so it will be easier to find a
wooden bough than an object 30 cm long made of metal (such as a tool or an unexploded
ordnance) [43,44].

Such an object, under the influence of unfavorable positioning or covering with a thick
layer of silt, can become practically imperceptible, so it is necessary to use a magnetometer
that detects all metal objects characterized by ferromagnetic properties, regardless of
their position. Sonar allows for quick inspection of a large area of land; however, it is
characterized by the occurrence of the so-called dead zone located directly below it. This
zone results in a lack of data [45]. To avoid such a phenomenon, measurements should be
carried out in one of the schemes with the so-called Overlaps [46].

Magnetometric measurements, on the other hand, consist of detecting sources that
increase the magnetic field in the studied area. Such studies are difficult to carry out due
to the need to determine the local magnetic field because the results may be influenced
by, for example, the device’s own disturbances, interference from metal parts of the ship
(that is why boats made of laminate are used for measurements), [47] daily variations of the
Earth’s magnetic field by the sun, noise caused by sea waves, etc. Therefore, an important
step is to determine the local magnetic field by reducing influencing factors to a minimum
and normalizing the data by applying Butterworth filters, whose main task is to eliminate
the average values generated by the Earth’s magnetic field and leave low-frequency data
allowing for the location of ferromagnetic objects. Localized sources of signal changes are
used to show them on an anomaly map, which shows where the magnetic field strength
changes. In addition, it is possible to determine the mass of the ferromagnet by using the
correlation between the location of the anomaly, the distance of the sensors from the object,
and the value measured by the device, which allows estimating the size and type of the
object and estimating the forces and human and equipment resources needed to extract the
object from the bottom [48].

3.3. Sub-Bottom Profiler and Drilling with a Vibro Probe

A sub-bottom profiler is a device used to determine the physical properties of the
seabed and the geological characteristics of bottom layers. The device itself works at
different frequencies. Low frequency provides deep penetration of the bottom at weaker
resolution (with a large accumulation of deposits, their boundaries may blur), while a
higher frequency provides less penetration and higher resolution. The penetration of the
acoustic signal is also conditioned by the sediment at the bottom [49,50]. In the case of
coarse deposits or heavily compacted sands, the penetration of the acoustic signal can
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be very difficult and limited. SBP devices are widely used in marine, coastal, and port
engineering for conducting geotechnical surveys of the terrain, dredging research, and
mineral exploration [51–53].

Vibro-probe boreholes are used to take bottom samples to determine bottom sediments.
Deposits affect the stability of wind turbine structures and transmission infrastructure,
preventing lines from overheating. The vibro sounder itself can be mounted on a special
winch/guide or on a crane placed on the ship. The vibro probe consists of a vibrator that
vibrates at a frequency of approx. 50–60 Hz and introduces a stainless-steel pipe into the
bottom. Inside the pipe, there is another pipe, this time a plastic one called a sleeve. The
end of the pipes ends with a one-way valve that prevents the test from getting out when
pulling out the vibro probe. If compacted sediment or scale is found, the measurement
should be repeated to complete the entire sample with bottom sediment [54–56].

4. Research Area

The test area where the measurements were carried out is marked with a yellow circle
in the figure below (Figure 1). This area is located in German waters, approx. 90 km from
Lubmin, where the transformer plant is located and to which the electricity obtained from
the wind farm will go. The nearest coast of Rügen is only 20 km away. The farm itself is
surrounded from the west by the largest German island, Rügen, and from the east by an
already operating wind farm. In the future, it is planned to build another wind farm and
create a complex of three wind farms. The wind farm area is located within the borders of
the German economic zone.
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5. Research Methodology

Seabed research is complete research used to learn about the parameters of the basin,
which are extremely important from the point of view of navigation safety, as well as the
location of the structure on the bottom of the basin. Bottom research is aimed at providing
information about the depth of the basin, sediments on the bottom, and obstacles or objects
resting on the bottom. Figure 2 shows the stages of a seabed survey from the perspective of
wind turbines.
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5.1. Methodology of Conducting and Analyzing Depth Surveys with Multibeam Echo Sounder

Multi-beam sonar measurements consist of connecting the device to the power supply,
a computer, and a GNSS system that provides the correct measurement coordinates. In
addition, system offsets should be adopted, i.e., the distance of the sonar from the GNSS
system in three planes (X, Y, and Z), so that the collected data refer to the place where the
sonar is mounted and not the place where the GNSS receiver is mounted. A good practice,
if possible, is to install an echo sounder on the GNSS receiver to make it easier to determine
offsets. Figure 3 shows examples of equipment offsets.
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After proper acquisition of bathymetric measurements, i.e., scanning the entire area in
accordance with the project and guidelines, the so-called bathymetric data development
(post-processing) was shown in the example of AutoClean 6.4.3.10318 software. The
post-processing of the data itself consists of removing defective data, which consists of
disturbances caused by, for example, floating schools of fish as well as echo sounder errors
manifested as an unnatural shape of the terrain in the form of a sharp spike. After obtaining
satisfactory data, the data is exported to GIS software (AutoClean 6.4.3.10318), in which the
data is shown as the final product in the form of a georeferral map (i.e., having a coordinate
system that makes it easier for every user to find themselves in the measurement space
using even a simple and free tool such as Google Earth).

In the figure below (Figure 4), you can see the layout of AutoClean 6.4.3.10318. At the
top, there is a taskbar and the entire menu, with individual program functions allowing for
general and detailed data filtration, which automatically removes errors after indicating
its specific parameters. However, if incorrect parameters are implemented, the filtering
function can also remove data that is correct. Therefore, knowledge of filters should be
demonstrated. It is also good practice to test their operation in a small area to avoid
removing a large part of the actual measurements.

The Autoclean program is divided into three screens. The screen in the upper left
corner is used to select where the data is processed and to select unusual places in detail
in order to carry out an accurate study and a preliminary estimate of what it may be. The
right part of the screen presents a three-dimensional, or 3D, view. It is used to roughly
remove erroneous data as well as to illustrate the shape of the bottom and objects resting
on it. The image in the lower left corner is a cross-section of the profile; it is like a single
line on which we can make a detailed removal of erroneous data step by step. The width
of the cross-section can be selected depending on the degree of accuracy with which the
measurements must be made. The values of the cross-section belt can oscillate from 0.3 m
practically to infinity; however, the wider we choose, the less accurate and detailed the
study will be, and the more it will load the RAM of our computer, causing at best the
software to be disabled.
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5.2. Methodology of Testing the Purity of the Bottom and Resting on the Bottom of the Magnetometer

Conducting magnetometer tests is very similar to tests carried out with a multi-beam
echo sounder. After mounting the magnetometer permanently on the unit (the unit must
be made of laminate so that it does not emit interference) the offsets of the device are
determined, and data collection begins. The data on the monitor screen is drawn as shown
below (Figure 5).

The circle marked in red suggests that in this place lies an object with properties
strongly affecting the magnetic field. It can be either an anchor, a metal element, or an
unexploded ordnance. After collecting material from the entire area, a map of magnetic
anomalies is made in GIS software. The field marked with a green color is a field on
which there are no anomalies, while the appearance of red–blue fields is a signal that
there is an object with ferromagnetic properties in this place. Exactly as in the case of
magnets, two poles are marked—north in red and south in blue—and the same is true on
the map. You can read the arrangement of the object and its size based on the magnitude of
magnetic interactions.

After drawing up the map, a team of divers starts working, whose task is to actually
identify the object and decide on its extraction or subsequent detonation. However, before
magnetometric measurements, it is customary to perform sonar measurements to identify
all places where there are objects or obstacles hindering the work of dredgers involved in
laying transmission infrastructure or piling, setting, and positioning foundations for the
mast of a wind power plant.
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Figure 5. Data obtained from the magnetometer. Amplitude of magnetic interactions. Source: own
elaboration.

Before starting the measurements, connect the sonar to the trigger, which provides
us with a connection to the computer, power supply, and GNSS system. Once connected,
run a quick test to verify that the sonar transducers are working by running them for a few
seconds and rubbing the transducers with your hand. It is important that the test last only
a few seconds so as not to burn the transducers.

After the test and departure for the water, the hypothetical position of the sonar
should be determined. As it is an element towed behind the ship, we cannot determine
a permanent offset from the GNSS device but only an approximate position using the
“playback” method. The sonar distance behind the unit is calculated using the formula
shown below. Knowing the distance, you should put it in the hydrographic software 6.4.0.2,
which will move the measurements to the right place.

Layback = DT +
√

[WO2 − DS2]

where:
DT—horizontal distance from the position measurement point to the stern of the unit
WO—total length of the cable (issued from the stern of the unit)
DS—sonar depth below the surface
As was the case with other measurements, the data acquisition is followed by their

processing in the SonarWizz software version 7.04.08. In the case of towed-side sonar, the
processing of data consists primarily of removing the dead zone, i.e., the black belt without
data. After removing the dead zone, the data should overlap (of course, if you applied the
overlay to adjacent profiles beforehand). The merged image from all profiles is called a
sonar mosaic. (However, it has only a presence function). A more important aspect of the
development of sonar data is the preparation of a report of objects resting on the bottom.

In the figure below (Figure 6), you can probably see the pipe. For both the pipe and
any other object, three measurements must be taken. Measurement of object length, width,
and shadow length (marked with a white arrow and the letter H).
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After taking these measurements, the software automatically calculates the height of
the object above the bottom based on the relationship of similar triangles.

After selecting and measuring all potential objects from the study area, export a report
from the software containing all details such as X and Y coordinates, Dimensions, length,
width, and height, a description of the potential object, and optionally the number of the
measurement line. The finished report is then analyzed and compared with the report and
map of magnetic anomalies in order to determine the location of unexploded ordnance for
their subsequent neutralization.

5.3. Methodology of Conducting Underground Sediment Research Using Indirect (Subbottom
Profiler) and Direct (Vibroprobe) Methods

The last stage of hydrographic research and measurements is the examination of
underground sediments with the sub-bottom profiler device and soil sampling in places
of great importance (i.e., in places where a wind turbine is located or on the route of
transmission infrastructure) and in places where the results obtained with the SBP did
not provide clearly interpretable data. When starting the SBP measurements, we proceed
similarly to the side sonar towed after departure; we determine its hypothetical position
using the layback method (you can also use the more expensive USBL method consisting
of locating the device using transponders mounted on the device and on the ship in
a place with known coordinates). After determining the position, you can proceed to
the measurements.

The obtained data appears on the screen in the form of pink lines of different densities
and intensities. Only after data acquisition can the results be developed. It consists of
determining the type of rock/sediment using the intensity of color and density of the line
because the device shows what is under the bottom and the first top layer of sediment and
silt (which is drawn with a green line). Then, after analyzing the data, lines corresponding
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to the layer with a description of the probable material/sediment are applied. Figure 7
shows the obtained data from the SBP.
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The next step is to conduct research with a vibro probe, which is the device shown
in the figure below (Figure 8). The test/borehole itself consists of sailing the unit with a
crane placed on it and a vibro probe mounted to the boom to the right position, designated
(as mentioned above) in key places. After the vessel is properly seated and anchored,
coordinated measurements are made over the drilling site. The crane immerses the arm
with the virosonda in the water and starts it. As a result of vibrations, the probe goes deeper
and deeper into the layer of silt and bottom sediment, collecting the sample in a tube 5 m
long and about 20 cm wide.

After drilling, the sample is pulled to the surface of the unit, where it is quartered into
5 samples about 1 m long. They are immediately handed over to the geologist on board for
an unambiguous interpretation of the results.

The last step after the geologist examines and describes the samples is to plot their
cross-sections on the map. The cross-section should correspond to what was previously
marked on the map obtained from the sub-bottom profiler. If there are major differ-
ences, inaccuracies, or doubts, the sampling should be repeated at a straight distance
of 10–20 m from the place of original measurement in order to verify and obtain an
unambiguous answer.



Energies 2023, 16, 6088 12 of 20

Energies 2023, 16, x FOR PEER REVIEW 28 of 19 
 

coordinated measurements are made over the drilling site. The crane immerses the arm 
with the virosonda in the water and starts it. As a result of vibrations, the probe goes 
deeper and deeper into the layer of silt and bottom sediment, collecting the sample in a 
tube 5 m long and about 20 cm wide. 

After drilling, the sample is pulled to the surface of the unit, where it is quartered 
into 5 samples about 1 m long. They are immediately handed over to the geologist on 
board for an unambiguous interpretation of the results. 

The last step after the geologist examines and describes the samples is to plot their 
cross-sections on the map. The cross-section should correspond to what was previously 
marked on the map obtained from the sub-bottom profiler. If there are major differences, 
inaccuracies, or doubts, the sampling should be repeated at a straight distance of 10–20 m 
from the place of original measurement in order to verify and obtain an unambiguous 
answer. 

 
Figure 8. Bottom cross-section map with vibrocore sample. Source: own elaboration. 

6. Results 
The cost estimate of seabed exploration works is a comprehensive approach and 

statement of costs, time, and human and equipment resources needed to perform specific 
research on a water reservoir in order to find a suitable place and the subsequent con-
struction of an offshore wind farm. 

6.1. Analysis of the Scope of Seabed Research 
Seabed research necessary before planning and subsequent construction of a wind 

farm should start with familiarization with the materials already available, i.e., sea maps, 
aviation, etc. After reviewing the available data, potential sites should be identified that 
could be used for the construction of an offshore wind farm. Such a place should not lie 
on the route of navigable waterways or in their immediate vicinity. Then you should 
choose a place characterized by not-too-great depths. It is worth getting acquainted with 
information on wind speed and direction, as well as information on sea currents and the 
possible freezing of the reservoir in the indicated area. Freezing of the tank and strong sea 

Figure 8. Bottom cross-section map with vibrocore sample. Source: own elaboration.

6. Results

The cost estimate of seabed exploration works is a comprehensive approach and
statement of costs, time, and human and equipment resources needed to perform spe-
cific research on a water reservoir in order to find a suitable place and the subsequent
construction of an offshore wind farm.

6.1. Analysis of the Scope of Seabed Research

Seabed research necessary before planning and subsequent construction of a wind
farm should start with familiarization with the materials already available, i.e., sea maps,
aviation, etc. After reviewing the available data, potential sites should be identified that
could be used for the construction of an offshore wind farm. Such a place should not
lie on the route of navigable waterways or in their immediate vicinity. Then you should
choose a place characterized by not-too-great depths. It is worth getting acquainted with
information on wind speed and direction, as well as information on sea currents and the
possible freezing of the reservoir in the indicated area. Freezing of the tank and strong sea
currents negatively affect the turbine located at sea, accelerating the process of its wear and
also complicating the maintenance of the turbines due to the crew’s problems reaching the
damaged turbine. After getting acquainted with this data and determining the location of
the power plant, you should also think about connecting it to the network located on land.

It is good practice to locate the power plant at such a distance that it does not interfere
with the view while not being too far from the shore. It is worth bearing in mind that the
greater the distance of the farm from the place of electricity supply, the greater the loss
of electricity. The power grid should be placed at the bottom of the water body in a way
that does not threaten or interfere with water traffic. Power cables must not cross shipping
routes or access ports where vessels with a large draught are moored. In addition, it should
be noted that power cables are not permanently located on the bottom. They are constantly
working and moving, which is why an important element is to locate them away from
layers of peat and heavy silt, which cause limited possibilities of work and movement
of the power cable, which in turn may lead to the adverse phenomenon of overheating
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and thus the loss of a large amount of energy obtained, and later to the destruction of the
transmission infrastructure. But to find out what lies at the bottom, you need to do detailed
research on the pre-selected terrain. The initial phase consists of an initial data set from a
multibeam sonar. They provide depth information with a high accuracy of up to 10 cm.
In addition, multibeam sonar data helps to image wrecks or other large obstacles at the
bottom in three dimensions.

The next important step is to scan the area with side-scan sonar. This device allows
you to quickly image the surface of the bottom and determine the dimensions of obstacles
lying on the bottom. An important element is also to determine the height of the wreck or
obstacle based on the simple dependence of similar triangles. The next step is to conduct
sub-bottom profiler research and obtain data on geological layers under the top layer
of the bottom. At the same time, when conducting measurements on water, people in
the office dealing with data processing (i.e., processing) process the collected data. After
preliminary geological surveys, geological research is carried out properly, i.e., by collecting
appropriate soil samples from boreholes called Vibrocore made with a vibroprobe. These
wells are used to compare data from the sub-bottom profiler and determine the appropriate
bottom parameters.

The last and most time-consuming study is to scan the seabed for metal elements
with a magnetometer. This is important because the main goal of such a study is to find
unexploded ordnance, the so-called UXO (unexploded ordance). After carrying out all
tests, they are processed, the process of data verification takes place, changes in the route
of transmission cables and/or wind farms take place, and as a last resort, if it is impossible
to avoid obstacles, the bottom cleaning process takes place by professional diving teams,
whose task is to remove permanently deposited elements such as unexploded ordnance,
wrecks, and boulders. After carrying out the above operations, piling of the foundations
takes place, which can take place only during a period that does not interfere with the
movement and reproduction of fish and marine mammals. After the foundation is laid, the
mast is embedded, and on it is the nacelle with rotors. When placing structures on water,
accurate positioning is important to avoid problems with inaccurate or non-horizontal
placement of the Wind Power Plant.

6.2. Analysis of the Human and Equipment Resources Needed to Perform the Research

Nowadays, the costs of building wind farms both onshore and offshore have decreased
significantly compared to the same construction five years ago. Which does not change
the fact that they are still at a high level. In the case of a power plant built on land, prices
oscillate around EUR 1.4 million per 1 MW of energy obtained, while at sea, the price is
EUR 1.1 million higher and amounts to an average of EUR 2.5 million. The largest share
of costs is absorbed by the turbines themselves, which account for about 80% of the total
construction costs.

Other costs include measurements and surveys of the seabed, the project of building
a wind farm, the costs of constructing, laying, and connecting the necessary transmis-
sion infrastructure, and the final location of wind turbines, together with the location of
foundations or foundation structures ensuring a stable location of the wind power plant,
regardless of weather conditions and factors such as sea currents or storms [55].

The human and equipment resources used in the measurements shall include all the
people and equipment that were used in the conduct of the research. Considering the
human resources needed to conduct the research, it was assumed that people working on
the ship work two shifts each, while people involved in data post-processing work on one
12 h shift.

In the case of research works, which consist of both indirect measurements with units
equipped with appropriate measuring devices as well as direct measurements with the use
of diving teams, approx. 145 people will be needed. The forecast number of working days
is, depending on the type of examination:
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- 7 days—measurements with the multibeam echo sounder (MBES)—using four mea-
surement teams working in two shifts on two units;

- 15 days—measurements with side sonar towed (SSS)—using two measurement teams
working in two shifts on one unit;

- 15 days—sub-bottom profiler (SBP) measurements—using two measurement teams
working in two shifts on one unit

- 17 days—magnetometer measurements—using two measurement teams working in
two shifts on one unit;

- 30 days—collection of Vibrocore seabed samples—using two measurement teams
working in two shifts on one vessel;

- 80 days—data processing—by 25 people involved in data post-processing working on
one 12-h shift.

In addition, diving work will be consumed by:

- 15 days—removal of wrecks and other large elements—using two measurement teams
working in two shifts on one unit;

- 30 days—removal of boulders and stones—using two measurement teams working in
two shifts on one unit;

- 45 days—removal of probable mines/unexploded ordnance—using two measurement
teams working in two shifts on one unit.

6.3. Hardware Resources

The hardware resources consist of measuring units as well as measuring devices. Units
are adapted to different purposes and tasks. The barge can be used both for collecting
Vibrocore samples and for diving work involving the removal of unexploded ordnance
from the bottom and other structures. The measuring unit should be adapted to carry out
measurements with any device, from a multi-beam sonar to a magnetometer. The dredge
should be strictly adapted to remove stones, sediments, and silt in order to level the seabed
for the location of foundations for a wind power plant.

2X barge (dredge) with crane + drilling rig—2X Surveyboat—2X Dredge—2X Multi-
beam Sonar—1X Towed Side Sonar—1X Sub—bottom profiler—1X Magnetometer—30X
computer −3*30X software (i.e., multibeam sonar software “Autoclean”, sonar and sub-
bottom profiler software “SonarWizz”, GIS program for presenting results “ArcGis”)—20X
container for storing unexploded ordnance (reusable).

7. Applications

The cost estimate for research preceding the construction of an offshore wind farm
(Appendix A, Table A1) includes all the work and equipment, including:

- Preliminary design work consisting of the delineation of the wind farm site and
the route of the underwater transmission line, taking into account ship traffic, sea
currents, wind, tides, etc., as well as final design work consisting of the approval of
the demarcated area and transmission route or a change of any of the factors due to
too high costs of removing wrecks or an inconvenient route of the transmission line,
cost EUR 2,016,000;

- Research work consisting of a complete scan of the study area in order to obtain
information about the depths of the water reservoir in the designated places, about
potential objects at the bottom, about the dimensions of objects located on the bottom,
about potentially dangerous objects exhibiting ferromagnetic properties, which may
turn out to be unexploded ordnance or underwater mines, and about accurate soil
sampling to check the tectonic stability of the soil and prevent overheating of the
transmission line, the total cost is EUR 3,326,080;

- Diving and further research work involving the removal of disturbing objects, boul-
ders, stones, unexploded ordnance, wrecks, structures, etc. Total cost: EUR 2,146,500;

- Construction works consist of piling foundations, embedding masts of wind turbines,
installing nacelles, blades, and wind turbine accessories, laying and connecting trans-
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mission cables and transformers (both on land and on water), obtaining the necessary
permits for commissioning the construction, and connecting the power plant to the
network. Total cost: EUR 11,868,100;

- The cost of research and diving equipment is EUR 611,000;
- The costs of the measuring units were calculated as a flat rental, with fuel for each

working day oscillating around EUR 400 per unit per day.

In addition, the cost estimate included calculations regarding the purchase and final
installation of 30 wind turbines with connection infrastructure, which consumed as much
as EUR 451,950,000.

8. Summary

Summing up the whole work, it can be concluded that conducting research on the
seabed is extremely important to the safe and environmentally appropriate location of a
potential wind farm in the right place. At the beginning, it is recommended to roughly
select a place that is not interfering with water transport, is relatively close to land, and
has appropriate depths. Then, based on the data collected in the past (if any), you should
choose more accurately the location of the farm. After making a rough selection, you need
to proceed with the proper measurements. It is best to first proceed to measurements with
a multi-beam echo sounder, which will show us the appearance of the bottom in the form
of a cloud of points and depth in each place with an accuracy of up to 10 cm. The next step
is measurements with scanned side sonar, whose task is to visualize the examined area
in terms of any objects, wrecks, or stones that are a kind of obstacle during construction.
The next step is to search the area of the planned construction with a magnetometer in
order to find all metal elements or objects that need to be removed from the bottom. Their
extraction is carried out by a special group of divers with sappers. This is an important
measurement because any metal object at the bottom can be a potential bomb or mine
that has not exploded in the past, and in the event of any interference, it may turn out
to be a huge threat. The last measurement is to conduct sub-bottom profiler studies of
sub-bottom sediments in order to check whether the geological layers hidden under the
outer layer of silt will allow for permanent foundations and ensure safe transmission of
large amounts of electricity through an underwater electric line. In addition, in order to
verify bottom sediments, wells are carried out with a vibro probe, both at the construction
site of the wind farm and at the site of the planned underwater transmission line, to clearly
determine whether the geological layer allows such an investment to be carried out. In
case of any difficulties, whether in terms of geological, natural, transport, etc., additional
measurements should be carried out at the next potential site.
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Appendix A

Table A1. Cost Estimates for Studies Preceding the Construction of an Offshore Windfarm.

Number Description
Labour—

Number of
People **

Man-Hour Daily Costs Materials Price Equipment * Price Daily Total Total * Days
Projected

Number of
Days

One-Time
Cost

1.
data analysis
and design 40 2800 € 67,200 €

sea charts, flights 500 €
- = 67,200 € 2,016,000 € 30 3000 €

environmental data 2500 €

2. research 91 - - - - - - 82,920 € 3,326,080 € -

2.1 MBES
measurement 16 960 € 23,040 € - -

MBES x2 150,000 €
23,840 € 166,880 € 7 150,000 €

ship x2 800 €

2.2 SSS
measurement 8 480 € 11,520 € - - SSS x1 100,000 11,920 € 178,800 € 15 100,000 €

ship x1 400 €

2.3 SBP
measurement 8 480 € 11,520 € - -

SBP x1 55,000 €
11,920 € 178,800 € 15 55,000 €

ship x1 400 €

2.4 magnetometric
measurement 10 600 € 14,400 € - -

magnetometer
x1 75,000 €

14,800 € 251,600 € 17 75,000 €
ship x1 400 €

2.5
vibrocore
samples 24 1440 € 34,560 € - -

ship x1 400 €
2440 € 1,110,000 € 30 -vibro sounder

excavator x1 600 €

2.6 data
processing 25 1500 € 18,000 € software x90 63,000 € computer x30 45,000 € 18,000 € 1,440,000 € 80 108,000 €

3. diving work 54 - - - - = = 84,360 € 2,146,500 € - -

3.1 removal of
wrecks 30 1800 € 43,200 € - -

tug x4 1300 €
45,200 € 678,000 € 15 -crane on board

x1 700 €

3.2 removal of
stones 12 720 € 17,280 € - - dredge x2 2300 € 19,580 € 587,400 € 30 -

3.3
removal of

unexploded
ordnance

12 720 € 17,280 €
containers for
unexploded

ordnance x20
70,000 €

dredge x2 2300 €
19,580 € 881,100 € 45 120,000 €winch on the

ship x2 50,000 €

4 construction 100 - - - - - - 155,800 € 11,868,100 € - -

4.1 piling of
foundations 24 1440 € 34,560 €

connecting
cylinders 7000 € drilling rig x1 400 €

35,760 € 3,218,400 € 90 42,000,000 €
reinforcement

so-called monopiles 35,000 € ship x2 800 €
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Table A1. Cont.

Number Description
Labour—

Number of
People **

Man-Hour Daily Costs Materials Price Equipment * Price Daily Total Total * Days
Projected

Number of
Days

One-Time
Cost

4.2 erecting masts 24 1440 € 34,560 € mastx30 90,000 € ship with
crane x3 3000 € 35,560 € 3,380,400 € 90 90,000,000 €

4.3
installation of
gondolas and

accessories
24 1440 € 34,560 € carrycot + shovels +

x30 attachments 300,000,000 € ship with
crane x3 3000 € 35,560 € 3,380,400 € 90 300,000,000 €

4.4
location of

transmission
cables

12 720 € 17,280 € cablex393 19,530,000 € dredge x2 2300 € 19,580 € 1,762,200 € 90 19,530,000 €

4.5
transformer

network
setting

12 720 € 17,280 € transformer plant
x3 220,000 € vessel with

crane x2 2000 € 19,280 € 96,400 € 5 220,000 €

4.6 network
connection 4 240 € 5760 € cost of permits and

connections 200,000 € tools 300 € 6060 € 30,300 € 5 200,000 €

* for ships, dredgers and cranes, average operating and fuel costs per day (1 man/day). labor cost €19,356,680

Total cost 471,917,680 €** in the case of humans, the cost of 1 man-hour. cost of fittings 608 000 PLN

* cable price approx. 80 $ per meter. amount €19,964,680

** Siemens Gamesa/SG 6.0–154/30×6 MW.

Source: own elaboration.
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1. Gutkowski, B.; Barmański, M.; Witoński, M. Possibilities of Offshore Energy Development in the Baltic Sea, “Czysta Energia”;

2009; No. 1. Available online: http://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-year-1643-126X-czysta_
energia-2009 (accessed on 10 May 2023).
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