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Abstract. Offshore renewable energy, and in particular the offshore wind energy sector, is still developing in many countries around the world.
Wind offshore projects are characterized by the need to build offshore electric power transmission infrastructure. Offshore substations are
a key element of submarine electric power transmission systems. Due to the environmental conditions, an offshore substation is constructed
as an indoor facility located on a platform. Depending on the offshore wind farm capacity, there are various solutions for platform and
substructure designs used for the substation. Numerous economic and technical analyses indicate a significant potential for the development
of offshore wind energy in Poland. By 2030, this potential is set at 6 GW of installed capacity, taking into account 2.2 GW of power
included in the connection agreements being concluded. The main objective of this paper is to present the prospects for the development of
offshore wind energy in Poland, and to describe the various offshore substation solutions and the different aspects of substation operation.
Offshore wind energy resources and power capacity are also presented. Moreover, solutions for offshore substation platforms, electrical
equipment and layout, functions of offshore substations in the power systems and offshore substation designs are described.
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1. Introduction

In late 20th century, strong development of the wind power
sector increased the focus of the power industry on offshore
technologies. The first offshore wind farm (OWF) was in-
stalled in Denmark in 1991 [1]. During the early stages of
the development of offshore wind farms (OWFs), due to the
low installed capacity and small transmission distance to the
onshore grid, offshore substations (OSs) were not required.
Currently, there has been a trend in wind power engineering
to combine multiple wind generation units (wind turbines),
each with the capacity of many megawatts, and to connect
them together to the onshore grid. This way, the total capac-
ity of an OWF can be more than several hundred megawatts
[2–4]. In addition, OWFs that are currently under construc-
tion or whose construction is planned, are relatively far away
from the onshore grid and thus require an offshore substation
(OS) which is installed on a special platform.

Specific environmental conditions in which the OSs oper-
ate require, in addition to proper OS electric systems, adequate
design of the platform structure housing the OS. In general,
analyses are required to select the optimum platform struc-
ture, taking into account offshore conditions and the role of
the OSs in the power system [5].

The development of offshore technologies has triggered an
extensive use of marine areas to tap power sources [6, 7]. As
a result, the European and global community have been taking
numerous initiatives to develop offshore wind energy [8–12].
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Recently, OWFs and offshore grids have distinctly expanded
worldwide [13–16]. According to WindEurope’s Central Sce-
nario, 323 GW of cumulative wind energy capacity would
be installed in the European Union (EU) by 2030, including
253 GW onshore and 70 GW offshore [17].

In the Baltic Sea basin, Poland has been active in OWF
development [18, 19] as prospects for the Polish wind power
sector increase. In the EU, Poland has topped the charts with
the level of capital to be invested in renewable energy sources
[17]. Currently, 2,936 renewable energy sites with total ca-
pacity of 8.5 GW operate in Poland [20]. The percentage for
individual sources is shown in Fig. 1.

Fig. 1. Renewable energy sources in Poland

Offshore power systems exporting energy from offshore
areas to the onshore grid can be implemented in a variety
of ways [21], using alternating current (AC) or direct current
(DC) [18, 22] technologies. These systems must meet vari-
ous requirements stipulated by transmission system operators
[23]. In practice, in each feasible option, offshore grids re-
quire the construction of OSs [24–29] that play a key role in
the power transmission and distribution process.
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This paper presents an overview of OS-related topics as
key part of OWF and offshore grids. The review is comple-
mented by the presentation of prospects for the development
of offshore wind energy in Poland. This paper has been in-
spired by the authors’ participation in research work on Polish
OWFs and offshore grid [30].

This text is divided into eight sections. Section 1 forms an
introduction. Section 2 presents offshore wind energy in Eu-
rope, with particular focus on the Baltic Sea area. Section 3
discusses the potential for offshore wind energy in Poland
and the contemplated OWF projects. Section 4 contains an
overview of solutions for platforms on which to install OSs.
Sections 5 and 6 present topics regarding the electric equip-
ment of OSs and the role of OSs in the power system. Sec-
tion 7 addresses topics related to OS design. Section 8 dis-
cusses the key findings of the paper.

2. Offshore energy in Europe

and the Baltic Sea area

At the end of 2016, the total capacity of wind turbines in
offshore areas worldwide was 14.384 GW [31]. Currently,
most OWFs are situated in Europe. Total capacity of Euro-
pean OWFs is 12.631 GW, which makes up 88% of global
OWF capacity. The remaining 12% are OWFs situated in Chi-
na, Japan, South Korea and the US [31]. In Europe, OWFs are
situated in the Irish Sea (2.689 GW), North Sea (9.099 GW)
and Baltic Sea (1.457 GW) areas. In Europe, the following
countries stand out in terms of offshore wind energy: Unit-
ed Kingdom (5.156 GW), Germany (4.108 GW), Denmark
(1.271 GW) and the Netherlands (1.118 GW) [31]. The most
recent OWF development projects in Europe involve capaci-
ties around 3 GW [31–33].

A total of 19 OWFs, with combined capacity of almost
1.5 GW, have been developed in the Baltic Sea area. The
highest numbers of OWFs have been implemented in Den-
mark in south-western Baltic Sea [34]. It is worth noting that
OWF projects in the Baltic Sea are expanding year by year,
and their combined installed power will grow. In 2017, Fin-
land launched OWF Tahkoluoto with total capacity of 42 MW
[35]. Table 1 presents an overview of OWFs built in the Baltic
Sea area [36].

3. Offshore wind energy sources in Poland

3.1. Physical oceanography of the Baltic Sea. The Baltic
Sea is an intra-continental semi-enclosed sea in the northern
part of Europe, with an area of about 370,000 km2 and vol-
ume of about 21,000 km3. The maximum depth is 459 m
(Landsort Deep). Mean depth is 56 m, but roughly 17% of
the area is shallower than 10 m [37]. The Baltic Sea is a semi-
enclosed brackish basin that has very small tidal amplitudes
and is rather well protected from Atlantic storm surges [38].
The Baltic Sea is surrounded by nine European countries and
known as a marine area highly exposed to human impact [39].
The salinity of the Baltic Sea ranges from 2 to 12h, therefore
it is referred to as a semi-salty sea [40].

Marine areas of Poland consist of internal waters (a part
of the Gulf of Gdańsk with Puck Bay, Puck Lagoon, and
the Vistula Lagoon, as well as the Szczecin Lagoon), the 12-
nautical-mile-wide territorial sea, and the Exclusive Economic
Zone [41]. There are 843 km of coastline within the borders
of Poland. The seabed along the Polish shore is diverse. The
depth of the Polish part of the Baltic Sea ranges from 10 to
100 m.

Table 1
Existing OWFs in the Baltic Sea area [36]

Name Country Commissioning year Depth range [m] Distance from shore [km] Capacity [MW]

Tahkoluoto Finland 2017 8–15 9.8 42

EnBW Baltic 2 Germany 2015 23–44 32 288

Anholt Denmark 2013 15 20 399.6

Karehamn Sweden 2013 21 5 48

EnBW Baltic 1 Germany 2011 16–19 16 48.3

Rødsand 2 Denmark 2010 6–12 9 207

Sprogø Denmark 2009 6–16 10 21

Avedøre Holme Denmark 2009 2 0.5 10.8

Lillgrund Sweden 2008 4–13 9 110.4

Kemi Ajos Finland 2008 1–7 3 30

Rødsand 1 Denmark 2003 6–9 11 165.6

Samsø Denmark 2003 10–13 4 23

Frederikshavn Denmark 2003 1–4 0.3 7.6

Yttre Stengrund Sweden 2001 6–8 2–4 10

Middelgrunden Denmark 2000 3–6 4.7 40

Utgrunden Sweden 2000 6–15 4–7 10.5

Bockstigen Sweden 1998 5–6 4–6 2.75

Tunø Knob Denmark 1995 3–7 6 5

Vindeby Denmark 1991 2–4 1.8 4.95
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3.2. Poland’s offshore wind energy potential. Global and
European concern about energy and environmental resources
made the growth of renewable energy sources (RESs) an im-
portant part of the European energy policies [42]. EU coun-
tries have already agreed on a new renewable energy target
of at least 27% of final energy consumption in the EU as
a whole by 2030 as part of the EU’s energy and climate goals
for 2030 [43].

Poland has good wind conditions and a long tradition
of harnessing wind power for economic purposes [44]. For
Poland, both the existing document of the Ministry of Econo-
my, i.e. the Energy Policy of Poland 2030 [45], and the Energy
Policy of Poland 2050, currently under development, both re-
sulting from the agreement of the European Council regarding
the 2030 climate and energy framework, provide for a signif-
icant share of energy from renewable sources [46]. Table 2
presents the potential for offshore wind energy in Poland. It
also shows that there is feasible potential to build wind power
sources with combined capacity of 7.5 GW.

Table 2
Potential for offshore wind energy in Poland [47]

Potentia type Capacity
[GW]

Energy production
[TWh]

Theoretical potential 130 380

Technical potential 130 380

Technical capacity with environmental
considerations

20 60

Economic potential 7.5 22.5

Figure 2 presents the distribution of average annual wind
speed in Poland’s coastline areas [48]. Due to Polish laws, for
the protection of the sea shore, wind farms need to be built
beyond the territorial sea, or at least 15 kilometers off shore.
The map presented in Fig. 2 shows that average annual wind
speed in this area is about 8 m/s [48].

Based on environmental analyses, four suitable locations
for the construction of offshore wind farms have been selected
in the Polish offshore economic zone [44, 49]:

• Słupsk Bank,
• Southern Middle Bank,
• area of Kołobrzeg,
• Odra Bank.

Figure 3 shows the rough division of areas suitable for
locating OWFs in them. In addition, potential sites of power
export from OWFs to the onshore grid (Grzybowo, Ustka and
Lubiatowo) are marked.

According to data collected by the Polish power regula-
tor (Energy Regulatory Office), the wind source capacity in
Poland at the end of 2017 was 5.824 GW [20]. Despite condi-
tions favorable for the development of wind power, no OWF
has been built in the Polish coastal area yet. However, work
is in progress on several OWF projects.

Table 3 shows a list of Polish OWF projects. The most
advanced design work is currently carried out for two OWFs:
Middle Baltic III and Baltica 3. Due to high capacities and
long transmission distance to the onshore grid, these OWFs
will need OSs to operate.

Fig. 2. Average annual wind speed in the coastal area, (based on [48])
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Fig. 3. Contemplated OWFs locations along the Polish coastline (based on [49])

Table 3
Characteristics of currently contemplated Polish OWFs [36]

Name Capacity [MW] Average wind speed [m/s] Depth range [m] Distance from shore [km] Location

Bałtyk Środkowy I 600 8.88 32–48 44 Southern Middle Bank

Bałtyk Środkowy II 600 8.97 23–34 37 Słupsk Ban

Bałtyk Środkowy II 600 8.99 25–34 23 Słupsk Ban

Baltica 1,202.5 9.09 15–42 86 Southern Middle Bank

Baltica 1,202 8.97 22–52 39 Słupsk Ban

Baltica 1,045.5 9.02 33–39 33 Słupsk Ban

Bałtyk Północny – Phase 1 1,140 9.07 20–32 81 Southern Middle Bank

Bałtyk Północny – Phase 2 420 9.09 20–30 81 Southern Middle Bank

The planned construction of OWFs in Poland also involves
the need to expand the offshore transmission network. Due to
the connection of generating sources, transmission network
development planning can be implemented in various time
horizons [50]. However, a proper planning process requires
a series of analyses and checking technical criteria [51, 52].

Offshore grid development requires capital spending to build
submarine cable lines and OSs. Figure 4 presents a concept
design of offshore grid development necessitated by the con-
nection of OWFs and implementation of offshore intercon-
nections. Schematic location of OWFs has been marked with
red rectangles (A, B, C). Blue dots show the location of OSs.

Fig. 4. Offshore grid development for the purpose of OWFs (based on [53])
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4. Offshore substation platform

4.1. Offshore substation as part of offshore grid. An off-
shore wind farm is typically composed of four main parts,
namely wind turbines (WT), the inner grid (IG), offshore
substation and external grid (EG) [54]. The inner grid op-
erates at medium voltages and a substation steps the voltage
up to the transmission voltage [55]. The offshore substation
receives power from wind turbines and exports it to the grid.
On the next stage of offshore grid development there is an
offshore substation that receives power from several offshore
wind farms and performs the multi-connector function.

Due to environmental conditions, offshore substations are
implemented as indoor structures on platforms anchored to the
seabed. Substation platforms are designed like oil platforms
but the structure has some specific solutions. The platform is
designed to accommodate the main and grounding transform-
ers, the switchgear and other assorted accessories [56], which
are described later in this paper.

4.2. Offshore substation platform structure. The structure
of the substation platform can be divided into two main parts
(Fig. 5):

• Support structure, which includes the foundation structure
and substructure, with the main purpose of transferring the
loads from the topside and support structure to the seabed
[57].

• Topside, which is typically a box-shaped structure placed
on top of the substructure that contains electrical equip-
ment such as transformers, high voltage (HV) and medium

voltage (MV) switchgear, etc. [58].

Fig. 5. Typical offshore substation structure

4.3. Support structure. Depending on seabed structure, two
types of offshore platforms can be distinguished:

1. bottom founded (or fixed) platforms,
2. floating platforms.

In the Polish Baltic Sea area, fixed platforms are consid-
ered for offshore power engineering, hence the subsequent
part of this paper will focus on this type of platforms. Fig-
ure 6 shows the types of support structures for bottom founded
platforms.

Fig. 6. Types of support structures for bottom founded platforms

Within the support structures shown in Fig. 6, OSs usually
use: gravity-based (concrete), monopile and jacket structures.
Table 4 presents a list of selected support structure properties,
and Fig. 7 shows the main parts of selected support structures.

a) b)

c) d)

Fig. 7. Main components of offshore support structures: a) monopile;
b) jacket; c) gravity base; d) suction bucket (1 – tower, 2 – work
platform, 3 – transition, 4 – intermediate platform, 5 – boat landing,
6 – external J tubes, 7 – scour protection, 8 – grouted connection,
9 – monopile, 10 – skirt, 11 – concrete layer, 12 – suction bucket,

13 – shaft, 14 – pile sleeve, 15 – mud mat)
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Table 4
Comparison of support structure types [57, 59, 60]

Factor
Gravity

Monopile
Multiple pile

Self-elevation
Concrete Steel Braced (gravity)

caisson
Jacket Compliant tower

Fabrication Simple None used∗ Simple Complex Complex Complex Complex

Vibration issue No None used∗ Yes No No Yes

Maximum water depth (2–30) m None used∗ (2–30) m (2–30) m (2–60) m (100–300) m <50 m

Wind park interface Medium Medium/poor Good Good Medium/good

Life extension No No Not on bottom Yes No

Soil requirements Yes – hard soil No Yes – hard soil No No

Topside weight <2,000 tons <1,200 tons Inst. range limit <4,000 tons <4,000 tons

Maximum height above
LAT

40 m 30 m

CAPEX∗∗ 1 1 3 3 3

OPEX∗∗ 1 2 3 3 4

Advantages

Small amount
of steel.

There is no fixation
to the ground

None used∗ Low
collision

No fastening
to the ground.

Easy to remove

Variety
of application

Application
at large depths

Disadvantages
Expensive
in the case

of large depth
None used∗

Requires
heavy

hammer

Little experience
with this solution

Requires large
amounts of steel

Requires large
amounts of steel

∗ Application for small test solutions (theoretical solution, not used practically).
∗∗ Economic assessment is given by a number between 1 and 5 – 1 is lowest budget and 5 is highest.

One variety of multipile platforms is a jack-up platform,
also called self-elevation platform. Jack-up platforms can be
hoisted up above the sea level by lowering their poles. The
platform structure can stay afloat, which makes it possible to
easily move the platform, after raising its poles, to the instal-
lation place. High mobility and stability of jack-up platforms
make them an attractive solution for the construction of OSs.

4.4. Topside. The topside is typically a box-shaped structure
placed on top of the substructure that contains the electrical
equipment included in the offshore substation, providing for
some or all of the platform’s functions [57, 60, 61].

The topside layout is mainly determined by:

1. Electrical substation layout.
This layout results from the type of the power substation
implemented in the offshore grid, the capacity of the off-
shore wind farm and electrical parameters (voltage, type
of current (AC or DC) of the submarine transmission sys-
tem). Topsides for high voltage DC (HVDC) substations
are generally larger than their high voltage AC (HVAC)
counterparts.

2. Additional requirements, which include:

• the operating conditions of electrical equipment
(cooling systems, isolating clearances, etc.);

• the working conditions for the substation’s services
or personnel (personnel rooms, air conditioning, ac-
commodation, etc.).

• safety, navigational, signaling and rescue systems (fire
systems, lightning systems, evacuation, etc.);

3. Adopted solution for the support structure [62].

Other factors that can impact the topside structure are top-
side port requirements due to the fact that the topside structure
is made onshore and then transported to the installation lo-
cation. The topside is composed of decks divided into rooms
and halls with the lowest deck being the cable deck, where-
as the topmost deck accommodates signaling equipment and
a helipad (if present in design). Electrical equipment on OS
offshore platforms is arranged in either of the following two
ways:

• vertical placement of equipment – used mainly in substa-
tions for OWFs with low capacities of up to 100 MW,
where the support structure is gravity-based or monopile;

• horizontal placement of equipment – used in substations
for OWFs with high capacity in excess of 100 MW, where
– due to the quantity and weight of substation elements,
a jacket multi-pile support structure is necessary.

5. Electrical equipment

Electrical equipment of the offshore substation depends on
the type of electrical current (AC – Alternating Current, or
DC – Direct Current) used for the transmission of electrical
energy. Due to the type of electrical current used, HVAC and
HVDC offshore substations can be distinguished.

The reasons for choosing HVDC instead of HVAC to
transmit power from offshore to onshore systems are often
numerous and complex [63]. But in most cases the transmis-
sion distance to the shore is the key factor.

Basic electrical equipment of HVAC substations includes
[62, 64, 65]:

• transformers,
• auxiliary transformers,
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• earthing transformers,
• GIS high and medium voltage switchgear,
• backup generators,
• earthing resistors,
• reactors,
• AC filters.

The main purpose of HVDC substations is to convert
AC current into DC current. Hence, additional elements at

HVDC substations as compared to HVAC substations include
[62, 64]:

• IGBT converters with a cooling system,
• smoothing coils,
• DC filters.

Example distribution of HVAC equipment at the OS, tak-
ing account of the main parts of electrical equipment, is pre-
sented in Fig. 8.

a)

b)

Fig. 8. Kriegers Flak offshore substation: a) lower deck; b) upper deck; (1 – transformer 220/33 kV, 2 – 220 kV GIS switchgear, 3 – 33 kV
switchgear, 4 – Diesel generator, 5 – emergency switchgear, 6 – workshop and storage, 7 – SCADA, 8 – 0.4 kV switchgear, 9 – accumulator

battery, 10 – social rooms, 11 – heat and ventilation) [66]
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6. Offshore substation functions

and classification

6.1. Functions of offshore substations in power systems.

An offshore substation is an integral part of a power sys-
tem. Onshore as well as offshore substations should meet the
standards defined by the Transmission System Operator. An
example of security and quality-of-supply standards related to
offshore transmission systems, including offshore substations,
is presented in [67].

Due to their current and future functions as well as sig-
nificance for power systems, the following types of offshore
substations can be specified:

• Customer substations – used for exporting power from a
single wind farm. Customer substations are collector sub-
stations which receive MV transmission cables comprising
the wind farm’s inter-array cable network. In a customer
substation, MV is transformed into high voltage (HV) or
extra high voltage (EHV). Unlike typical onshore genera-
tion substations, which are connected to several other sub-
stations, the power export transmission system of offshore
customer substations is developed as a radial line connected
by means of an external cable.

• Hub substations – used for power export from several wind
farms. Two or more HV (or EHV) cable lines exporting
power from individual wind farms are connected to the
hub substation radially. A hub substation may house trans-
formers that transform HV into EHV. Consequently, hub
substations can be designed as single- or multi-voltage sub-
stations.

• System substations – they have connections (through
submarine cable links) to at least two different offshore
hub substations or at least one connection to an offsho-
re hub substation and at least one connection to an onshore
substation.

• Hub-system substations – having the features of both hub
and system substations.

• Interconnection substations – system substations with di-
rect links to power grids of other countries or transmission
network operators.

• Load substations – form part of power supply systems for
large customers located offshore, such as production plat-
forms.

Some examples illustrating how selected substation types
are connected to the power system are presented in Fig. 9.

a)

b)

Fig. 9. Typical connection arrangement: a) customer substation (link to onshore substation), b) hub-system substation
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6.2. General classification of offshore substations. The
main reason for the construction of offshore substations is
the need to export energy from the offshore area and trans-
mit it to onshore consumers. Offshore substations may also
be an important element of an offshore grid used for the dis-
tribution and transmission of power within the framework of
international cooperation.

In general, an offshore substation is a network connection
point located off shore that collects and distributes electrical
power and transforms it into various voltages. Offshore sub-
stations, like onshore substations [68–70], can be classified by
different criteria. Table 5 shows a comprehensive classifica-
tion of offshore substations. Table 5 presents a large variety of
offshore substation solutions. For example, depending on the
size of the project, there may be more than one offshore plat-
form used for the substation’s needs. Moreover, a substation
can be constructed as a manned installation. In such case,
personnel is normally present on the platform at all times.
Other substations are normally unmanned, and personnel is
only expected to come for inspection and maintenance.

Table 5
Offshore substation classification

Criterion Type of substations or switchyards

functions of substation in
a power system

• customer (or collection) substations
• hub substations
• system substations
• hub-system substations
• interconnection substations
• load substations

size of switchyard • large switchyard (more than 10 bays)
• standard switchyard (10 or less bays)

transmission technology
used for energy export

• HVAC substations
• HVDC (or converter) substations

number of power trans-
formers installed in

• single-transformer substations
• multi-transformer substations

automatization • classical substations
• smart substations

personnel • unmanned substations
• manned substations

number of platforms • single-platform substations
• multi-platform substations

7. Offshore substation design

In the offshore substation design process, the following con-
siderations should be addressed:

• Location of offshore substation.
Since the location of the offshore substation has a signifi-
cant impact on both the layout and total cost of cables, the
optimized location of the OS is expected to be found con-
currently with the optimized cable connection layout [54,
55]. In a simplified case, an offshore substation is installed
ideally within the central area of the wind farm to minimize
inner grid conductor lengths and optimize loss efficiencies

within the inner grid [71, 72]. It should be stressed that
a safety zone that is free of obstacles must be kept around
the offshore substation’s platform.

• Number of offshore substations.
For large wind farms, multiple substations are required,
each with their own export cable to the shore, providing for
some redundancy to the export system [73]. Most projects
to date have only required a single substation, but it is an-
ticipated that future projects will use multiple substations
if the expected energy output is more than approximately
500 MW.

• Structural design.
The main problems of structural design include [64, 74]:

– environmental conditions (i.e. wind, sea currents,
waves and levels, etc.) and stresses,

– topside weight and center-of-gravity envelope,

– corrosion protection,

– geotechnical investigations,

– marine operations [73].

In general, the technical lifetime of the structure is typically
scheduled for 20–25 years. Certain standards and recom-
mended practices should be considered in structural design.
Some examples of such standards are presented below [64,
75–77].

• Electrical substation layout.
Substation electrical layout considerations typically address
[78, 79]:

– volume of the topside (dimensions),

– substation busbar configuration,

– necessary degree of reliability and redundancy,

– number of incoming lines, step-up transformers and
reactive compensation devices,

– special power system demands such as minimum
short circuit power.

The number of busbars and the number of breakers per
substation feeder determine redundancy, the associated ex-
pected failure/outage rates, complexity and cost [60, 80].
Some of the most common substation busbars configura-
tions are listed in Table 6.

• Occupational health and safety.
Offshore substations are equipped with telecommunication
systems to enable onshore-based remote control of the sub-
station. However, skilled personnel must be available on
the site, in particular in case of an emergency or for main-
tenance. The engineering complexity of offshore substa-
tions, where various technological processes are carried
out, and environmental conditions on the platform site can
have a number of adverse health effects on their person-
nel [81].
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Table 6
Substation busbar configuration comparison [82, 83]

Substation configuration Relative cost comparison

single busbar, single breaker 100%
120% (with section breaker)

double busbar with breaker and
a half

145%

double busbar, double breaker 190%

ring busbar 125%

8. Conclusions

Like other European countries, Poland has taken steps to de-
velop offshore wind energy. The results of wind power testing
for Polish offshore areas have shown that the combined capac-
ity of potential OWFs is about 7.5 GW. Current project work
is focused on several OWF projects. The most advanced work
involves two OWFs with combined capacity of 2.245 GW.

In order to transmit electrical energy produced in offshore
wind farms to onshore consumers, it is necessary to build the
appropriate infrastructure. Offshore power engineering solu-
tions differ from onshore ones, including with regard to elec-
trical substations. Offshore substations are indoor structures
due to environmental conditions and limited space. They need
a special structure consisting of the substructure and the top-
side. Wind farm capacity, power transmission, electrical sub-
station layout as well as marine conditions all influence the
substation design.

OWF platform structures are mainly bottom founded
(gravity-based or on piles). In general, platforms accommo-
dating a substation consist of electric power equipment and
a selection of necessary equipment and engineering systems
distributed on several decks. The engineering complexity of
offshore substations and environmental conditions on the site
where the platform is situated can have a number of adverse
health effects on personnel.

Due to difficult conditions prevalent in the marine envi-
ronment (including humidity, salinity and wind), OS electrical
equipment should meet very high robustness standards. At the
same time, it should be very compact due to limited platform
space. In addition, electrical and engineering systems on the
OS should be designed in such a way as to ensure reliability
and – as far as possible – maintenance-free operation.
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[34] H. Janßen, T. Schröder, M.L. Zettler, and F. Pollehne, “Off-
shore wind farms in the southwestern Baltic Sea: A model
study of regional impacts on oxygen conditions”, Journal of

Sea Research 95, 248–257 (2015).
[35] I play Green. Another country has a sea wind farm in the Baltic

Sea. (http://gramwzielone.pl/energia-wiatrowa/28200/kolejny-
kraj-ma-morska-farme-wiatrowa-na-morzu-baltyckim).

[36] 4C Global Offshore Wind Farm Database.
(http://www.4coffshore.com/offshorewind/).

[37] G. Kullenberg and T.S. Jacobsen, “The Baltic Sea: an Out-
line of its Physical Oceanography”, Marine Pollution Bulletin

12(6), 183–186 (1981).
[38] M. Hieronymus, J. Hieronymus, and L. Arneborg, “Sea level

modelling in the Baltic and North Sea: The respective role of
different parts of the forcing”, Ocean Modelling 118, 59–72
(2017).

[39] H. Dabrowska, O. Kopko, K.K. Lehtonen, T. Lang, I. Waszak,
N. Balode, and E. Strode, “An integrated assessment of pollu-
tion and biological effects in flounder, mussels and sediment in
the southern Baltic Sea coastal area”, Environmental Science

and Pollution Research 24(4), 3626–3639 (2017).
[40] The Baltic Sea, 1st ed. Volume 30 1st Ed., Elsevier Science,

1981.
[41] J. Zachowicz, R. Kramarska, and S. Uścinowicz, “The southern

Baltic Sea – test field for international co-operation”, Przeglad

Geologiczny 52, 738–734 (2004).

[42] I. Boie, C. Femandes, P. Frias, and M. Klobasa, “Efficient
strategies for the integration of renewable energy into fu-
ture energy infrastructures in Europe – An analysis based on
transnational modeling and case studies for nine European re-
gions”, Energy Policy 67, 170–185 (2014).

[43] European Comission, Renewble energy – Moving to-
wards a low carbon economy. (https://ec.europa.eu/energy/
en/topics/renewable-energy).

[44] B. Igliński, A. Iglińska, G. Koziński, M. Skrzatek, and
R. Buczkowski, “Wind energy in Poland – History, current
state, surveys, Renewable Energy Sources Act, SWOT analy-
sis”, Renewable and Sustainable Energy Reviews 64, 19–33
(2016).

[45] Ministerstwo Energii. Polityka energetyczna. Załącznik do uch-
wały nr 157/2010 Rady Ministrów z dnia 29 września 2010 r.
Polityka energetyczna Polski do 2030 r. (http://www.mg.gov.pl/
Energetyka/Polityka+energetyczna) [in Polish].

[46] The energy policy of Poland until 2050,
(http://bip.me.gov.pl/node/24670) [in Polish].

[47] G. Wiśniewski, K. Michałowska-Knap, and S. Koć, “Wind en-
ergy – current state and development prospects in Poland”, In-
stytut Energetyki Odnawialnej, (http://www.continowind.com/
public/docs/Raport.pdf) [in Polish].

[48] K. Szefler and J. Gajewski, “Areas of optimal wind farm loca-
tions in Polish maritime areas”, (http://www.psew.pl/files/mi-
crosoft powerpoint szefler obszary.pdf) [in Polish].

[49] P. Ciszewski, “Wyzwania w zakresie przyłączania morskich
farm wiatrowych do Krajowego Systemu Przesyłowego”,
(http://mailing.ztw.pl/files/Baltexpo2013/prezentacje/12 ciszew-
ski pse presentation.pdf) [in Polish].

[50] J. Machowski, P. Kacejko, S. Robak, P. Miller, and M. Wan-
cerz, “Simplified angle and voltage stability criteria for power
system planning based on the short-circuit power”, Int. Trans.

Elect. on Electrical Energy Systems 25, 3096–3108 (2015).
[51] S. Robak, J. Machowski, and K. Gryszpanowicz, “Contingency

selection for power system stability analysis”, 18th Internation-

al Scientific Conference on Electric Power Engineering (EPE),
2017.

[52] S. Robak and K. Gryszpanowicz, “Rotor angle small signal
stability assessment in transmission network expansion plan-
ning”, Elect. Power Syst. Res. 128, 144–150 (2015).

[53] M. Witoński, “Offshore wind energy in Poland and Europe
– current status and development prospects, (http://www.top-
korab.org.pl/wp-content/uploads/2012/10/PTMEW-Korab
2012 03mw.pdf).

[54] J-S. Shin and J-O. Kim, “Optimal design for offshore wind
farm considering inner grid layout and offshore substation loca-
tion”, IEEE Transactions on Power Systems 32(3), 2041–2048
(2017).

[55] S. Dutta and T.J. Overby, “Optimal wind farm collector sys-
tem topology design considering total trenching length”, IEEE

Transactions on Sustainable Energy 3(3), 339–348 (2012).
[56] I. Erlich, F. Shewarega, C. Feltres, F.W. Koch, and J. Fortmann,

“Offshore Wind Power Generation Technologies”, Proceedings

of the IEEE 101(4), 891–905 (2013).
[57] Guidelines for the design and construction of AC offshore sub-

stations for wind power plants. CIGRE TB 483 2011.
[58] Dong Energy. Burbo Bank extension offshore wind farm.

Environmental Statement Vol. 1 – Chapter 6, (https://infra-
structure.planninginspectorate.gov.uk/wp-content/ipc/uploads/
projects/EN010026/EN010026-000354-5.1.1.1%20Introduc-
tion.pdf).

Bull. Pol. Ac.: Tech. 66(4) 2018 527



S. Robak and R.M. Raczkowski

[59] CRIST S.A. Budowa konstrukcji offshore CRIST S.A.
(http://www.ptmew.pl/conferences/20110907 OffshoreWind
Industry/16 CRIST Shipyard.pdf).

[60] Dong Energy. Chapter 05 PROJECT DESCRIPTION Rhian-
non Wind Farm, (www.dongenergy.com).

[61] DNV. Offshore Substations for Wind Farms (https://rules.
dnvgl.com/docs/pdf/DNV/codes/docs/2013-11/OS-J201.pdf).

[62] Fowind. Supply Chain, Port Inrfastructure And Logistics Study,
for offshore wind farm development in Gujarat and Tamil
Nadu (http://www.gwec.net/wp-content/uploads/vip/Fowind-
study-report 29-06-2016 pages JWG-update v2.pdf).

[63] D. Elliott, K.R.W. Bell, S.J. Finney, R. Adapa, C. Brozio, J.
Yu, and K. Hussai, “A Comparison of AC and HVDC Options
for the Connection of Offshore Wind Generation in Great Bri-
tain”, IEEE Transactions on Power Delivery 31(2), 798–809
(2016).

[64] GL. Rules for the Certification and Construction, Off-
shore Substation (http://rules.dnvgl.com/docs/pdf/gl/mariti-
merules2016Jan/gl iv-7-1 e.pdf).

[65] T. Rahman, Typical Layout of a Sub-station (http://www.slide-
share.net/towfiqeee/typical-layout-of-a-substation).

[66] Energinet.dk, Horns Rev 3 & Kriegers Flak platform inter-
faces (http://www.ens.dk/sites/ens.dk/files/supply/renewable-
energy/wind-power/offshore-wind-power/new-offshore-wind-
tenders/platform interfaces.pdf).

[67] National Electricity Transmission System Security and Quality
of Supply Standard (https://www.ofgem.gov.uk/).

[68] EEP. Substation Main Functions and Classification
(http://electrical-engineering-portal.com/substation-main-
functions-and-classification).

[69] Q. Huang, S. Jing, J. Li, D. Cai, J. Wu, and W. Zhen, “Smart
substation: State of the art and future development”, IEEE

Transactions on Power Delivery 32(2), 1098–1105 (2017).
[70] Standard Functional Specification. Extra high votage sub-

stations (https://www.pse.pl/documents/20182/0fad365c-3333-
4cfa-89cc-91060c23f768?safeargs=646f776e6c6f61643d74727565).

[71] P. Hou, W. Hu, and Z. Chen, “Optimisation for offshore wind
farm cable connection layout using adaptive particle swarm

optimisation minimum spanning tree method”, IET Renewable

Power Generation 32(2), 694–702 (2015).
[72] E.H. Camm, M.R. Behnke, et.al. Wind power plant collector

system design considerations: IEEE PES wind plant collector
system design working group. Power & Energy Society Gen-
eral Meeting, 2009.

[73] F. Sharkey, Dublin Institute of Technology. Offshore Electri-
cal Networks and Grid Integration of Wave Energy Converter
Arrays – Techno economic Optimisation of Array Electrical
Networks, Power Quality Assessment, and Irish Market Per-
spectives, (https://arrow.dit.ie/engdoc/75/).

[74] Design challenges of offshore wind support structures,
(http://www.pianc-aipcn.be/figuren/5%20BTV/Donderdag/20-
150507%20PIANC%20BTV%20Presentatie%20TORGUN%
20-%20Design%20challenges%20v2.0.pdf).

[75] GL. Rules for the Certification and Construction, Off-
shore Substation (http://rules.dnvgl.com/docs/pdf/gl/maritime-
rules2016Jan/gl iv-7-1 e.pdf).

[76] DNV. Offshore Substation For Wind Farms (https://rules.
dnvgl.com/docs/pdf/DNV/codes/docs/2014-10/OS-J201.pdf).

[77] DNV. Design of offshore steel structures, general – LRFD
method (https://rules.dnvgl.com/docs/pdf/dnvgl/os/2015-07/
DNVGL-OS-C101.pdf).

[78] D. Pieniazek, HV Substation Design: Applications and
Considerations (http://sites.ieee.org/houston/files/2016/01/5-
HV-Substation-Design-Feb-17-18.pdf).

[79] D. Van Hertem, O. Gomis-Bellmunt, and J. Liang, HVDC

Grids: For Offshore and Super grid of the Future, Wiley-IEEE
Press, 2016.

[80] J. Schlabbach and K.H. Rofalski, Power System Engineering:
Planning, Design, and Operation of Power Systems and Equip-
ment, Wiley, 2008.

[81] P.J. Piotrowski, S. Robak, M.M. Polewaczyk, and R. Ra-
czkowski, “Offshore Substation workers’ exposure to harmful
factors – actions minimizing risk of hazards”, Medycyna pracy

67(1), 51–72 (2016).
[82] IEEE. Std C37.122.1TM-1993 (R2008), Guide for Gas-

Insulated Substations, 2008.
[83] IEEE. Guide for the Design in Air insulated substations, 2008.

528 Bull. Pol. Ac.: Tech. 66(4) 2018


