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This thesis is aimed to design an offshore wind power plant (WPP) in Murmansk region and 
assess economic feasibility of it. The adjacent Barents and White seas are considered as 
promising for wind energy utilization. 
First, a general description of the region from climate, geographical and economic 
perspectives is presented for preliminary definition of energy demand and external 
environmental conditions. The further analysis of the energy network close to the shore 
revealed a possibility to connect an offshore WPP to existing network on the south and the 
north of Kola Peninsula. Second, the particular site selection for the offshore WPP is made 
on the basis of a comprehensive analysis of the main energy characteristics of the wind 
according to meteorological data. Hence, the area between the mouths of the Varzuga and 
Chavanga rivers in Murmansk region was considered for the accurate evaluation of the 
potential of the wind resource based on the logarithmic wind profile and specific features of 
the relief. Third, the model, number and layout of wind turbines are defined according to 
energy efficiency indicators and depth of the sea floor. Thus, the offshore WPP was 
suggested to consist of 12 wind turbines SWT-3.6-120 located in the staggered order 
between 10 m and 20 m water depth. Further, the annual electricity production is clarified 
considering different energy losses, the most impact among which had icing losses. Fourth, 
assuming the main performance parameters of the offshore WPP, the electrical design was 
developed. Fifth, an economic evaluation is presented taking into account a support 
mechanism to promote renewable energy in Russia. On this basis financial parameters of the 
project ensuring a profitability and economic competitiveness assuming different external 
economic conditions were defined. It was concluded the offshore WPP in Murmansk region 
characterized by levelized cost of energy (LCOE) equal to 76 €/MWh is not profitable in 
considered environment mainly because of current wholesale electricity price development. 
Finally, the values of required capacity price, Feed-in-Tariff and ‘top-up’ payment, which 
ensure a profitability and competitiveness of the project, were defined under normal external 
conditions. 
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1 INTRODUCTION 

Nowadays, offshore wind industry follows a significant growth of onshore wind. A key 

driver is the opportunity to access higher wind speeds from the open sea surface. In addition, 

more available space incentives to increase the rotor diameter and number of wind turbines 

to achieve higher rates of energy capture. Therefore, according to the base scenario, the 

offshore wind market is suggested to be 66 GW of installed capacity worldwide including 

58 GW in Europe [1]. Moreover, the industry is expected to increase even further up to 100 

GW by 2030 and 400 GW by 2045 globally [2]. However, despite huge wind resource, the 

development of the offshore wind market is in slower pace comparing to onshore wind.  

The core reason that limits a penetration of the offshore wind on global energy market is 

high LCOE. An average LCOE of competitive technologies was defined around 50 €/MWh 

[3]. In turn, LCOE target for the offshore wind industry is 115 €/MWh by 2020 meaning 

40% decrease from 2010.There are some projects characterized by lower LCOE, for example 

Borssele I and II in Netherlands (87 €/MWh), but the average values of expenses are still too 

high to compete with the most other renewables. As a result, an important aspect of 

promotion new offshore wind capacities is a necessity of a cost reduction [3]. 

The most common way suggested for LCOE decrease is an application of larger wind 

turbines that have higher nominal power. Furthermore, a general increase of technology 

maturity, a competition of wind turbines’ manufacturers, certainty of grid connection, 

improved installation technology and foundation price reduction are considered as some of 

supporting factors. Finally, the economic competitiveness of offshore wind, which is directly 

impacted by LCOE, also depends on external conditions as interest base rates, steel and oil 

prices named cyclical cost drivers [3]. Therefore, the development of offshore wind industry 

requires a complex approach. However, according to current energy market situation, the 

growth of offshore wind share can not be led only by the factors decreasing LCOE. Instead, 

it has to be supported externally by national energy targets and support policies.  

One of the key drivers for promotion renewable energy on global level is the COP21 Paris 

Agreement [4]. Therefore, participating countries set national goals for achieving a 

significant increase in renewable share in energy sector. In turn, the Russian Federation, 

despite signed the Agreement, has still an extremely low share of renewables in energy 

balance, in particular a share of WPP in installed capacity of energy system was 0.1% on 

01.01.2018 based on the last official overview of Ministry of energy [5]. Assuming a 
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necessity of growing a proportion of renewable generation, this thesis discusses possible 

starting point for a development of an offshore wind industry in the Russian Federation. 

As perspective for offshore wind industry, it is reasonable to consider north and east borders 

of the Russian Federation, which match a coastal line. Furthermore, a technical possibility 

to connect an offshore WPP to the Unified Energy System of Russia (UES) without 

constructing overhead lines thousands km long exists only in European part and in waters of 

Okhotsk and Japan seas according to the UES structure [6]. With regard of a higher density 

of electricity consumption in the European part of the Russian Federation, Murmansk and 

Arkhangelsk regions might be chosen for further consideration [5]. However, Murmansk 

region is closer to the main centers of consumption and economic activity (Moscow and St. 

Petersburg) and supports export of electric energy to Finland and Norway. For these reasons, 

Murmansk region was chosen as one of the most reasonable locations for offshore WPP 

placement in the Russian Federation.  

Thus, the objective of this thesis is to analyse a technical feasibility and economic 

profitability of an offshore WPP in Murmansk region. For this purpose, the site of the WPP 

should be chosen based on a theoretical potential assessment. Thus, the development of the 

offshore WPP project from technical perspective has to be presented, taking into account 

cold climate conditions. In turn, floating wind turbines, a foundation choice, sound 

prolongation, nature and visual impact are out of the thesis scope. A financial calculation for 

the suggested project has to be provided given different economic conditions. The analysis 

of economic efficiency indicators should be continued by identification of a support policy 

necessity and it’s possible structure.   

Thus, the remainder of this thesis is divided into seven chapters. Chapter 2 describes the 

geography, climate, economy and energy system of Murmansk region. In turn, Chapter 3 

provides an assessment of the offshore wind resource and a WPP location choice based on 

meteorological data. Further, the estimation of offshore WPP main parameters is presented 

in Chapter 4, including wind turbine selection, the layout definition and evaluation of energy 

losses. Chapter 5 proposes a development of the electrical scheme. Estimation of economic 

efficiency indicators of the project given various external conditions is presented in Chapter 

6 and is targeted to reveal a financial parameters that corresponds to profitability. Finally, 

Chapter 7 discusses support policies applied for offshore wind in the world and focuses on 
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a support mechanism to promote renewable energy in Russian Federation. Conclusions 

analyze the specific features of the project and key results.  
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2 THE DESCRIPTION OF MUSMANSK REGION  

2.1 The geographical, climate and economy description 

Geographically, Murmansk region is located in Northern Europe, at that the major part of 

the territory belongs to the Arctic zone. The total area is 144902 km², about 70% of which 

is occupied by the Kola Peninsula, that is washed from the north-east by the Barents Sea and 

from the south and west by the White Sea. The western part of the peninsula is mountainous, 

on which the Khibiny is located with height up to 1200 m. In the east, plains dominate with 

mostly heavily swamped areas [7].  

With respect to adjacent offshore areas, it is necessary to define the sea floor slope. The 

coastal zone of the Barents Sea is characterized by a sharp increase of water depths, therefore 

the depth is about 100 m roughly 3 km away from the coast on average. In turn, there are 

more smooth sea floor slope in the White Sea. Generally the water depth of 100 m is reached 

at distance of 20 km. The physical map of Murmansk region is shown on Figure 2.1. 

 
Figure 2.1 Physical map of Murmansk region (scale 1:2000 000) [8] 

In terms of climate conditions, the average ambient air temperature ranges from −8 °C in the 

north to −12 ... -15 °C in the central part of the peninsula during winter. The minimum air 

temperature reaches −55 °C. Besides, the average summer temperature ranges from +8 °C 

on the coast of the Barents Sea to +14 °C in the center. The maximum temperature is close 
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to +33 °C in July. Furthermore, the relative humidity of the air is more than 80% for 

approximately 165 days per year [9].  

Having discussed geographical and climate features of the region, it is important to consider 

an administrative structure and economy as well. Murmansk region is part of the North-West 

Federal District of Russian Federation. In the west, it borders with Norway and Finland, in 

the south - with the Republic of Karelia and across the White Sea - with the Arkhangelsk 

region. In general, the economy of Murmansk region is largely based on the mining industry, 

which is supported by mechanical engineering, metallurgy and electricity production [10].  

Geographical position defines another economic aspect to take account of. Fisheries and 

maritime transport play significant role in the region economy. The port of Murmansk is 

non-freezing due to the warm currents in the Barents Sea. Moreover, it belongs to the 

Northern Sea Route, the traffic volume of which exceeds 7 million tons per year. The 

Kandalaksha Commercial Sea Port operates on the shore of the White Sea in the south of the 

Kola Peninsula during the whole year because of icebreakers work [11]. 

2.2 The description of the energy system  

The total installed capacity of Murmansk energy system is 3633 MW. The generation 

structure includes 17 hydroelectric power plants, 2 thermal power plants, the Kola nuclear 

power plant and the Kislogubskaya tidal power plant. Based on the economy of Murmansk 

region, the key electricity consumer is an industry. The main facilities are the Severonikel 

and Pechenganikel mills of the Kola mining and metallurgical company, the Olenegorsky 

and Kovdorsky mining and processing plants, the Kandalaksha aluminum plant and military 

sites. Importantly, the majority of consumers have extremely high requirements concerning 

permanent, reliable and secure power supply [12]. 

The previous paragraph was focused on generators and consumers, so turn now to the 

description of the high-voltage network of Murmansk region that is presented on Figure 2.2. 

The grid unites all power plants to operate under a single dispatch control implemented by 

Kolenergo. The Murmansk energy system is connected with Karelia and, through it, with 

the integrated power system of the North-West of Russia, as well as with the energy systems 

of Norway and Finland. 
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Figure 2.2 The high-voltage network of the Kola energy system [13] 

Regarding the transmission and distribution network of the region, it is provided by overhead 

power lines and cable lines with a total length of 6300 km. Predominantly, the power 

transmission is implemented by 110-150 kV overhead lines. In order to ensure electricity 

distribution and transformation, there are 131 substations and switchgears with a voltage of 

35 kV and above, illustrated on Figure 2.3. The summary installed capacity of transformers 

and autotransformers of regional substations is 5242 MVA. 

 
Figure 2.3 Scheme of location and loading of substations with voltage of 35 kV and above 

included in the Kola energy system [6] 
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Considering close-to-shore power facilities, there are 11 substations connected with the main 

grid. The parameters of substations situated on the coasts of the Barents and White seas are 

given in Table 2.1 [6]. The loading of substations along the coast is low (less than 75%), 

with exception of 2 substations with an average load. The total available capacity of 

substations with voltage 35 kV and above located on the coast of the Barents Sea is 62.597 

MVA (7 substations) and of the White Sea - 12.552 MVA (4 substations). 

Table 2.1 The parameters of substations located on the coasts of the Barents and White seas with 

voltage level 35 kV and above 

Locality Substation 
name 

The year 
of 

installation 

Voltage 
level, kV 

The installed 
capacity, 

MVA 

Loading, 
% 

Available 
capacity, 

MVA 
Umba ПС-44 1991 110/10 2×10 83 1.822 

Olenitsa ПС-91 2007 110/10 1×2.5 2 2.45 

Kashkarantsy ПС-92 2014 110/10 1×2.5 2 2.745 

Varzuga ПС-93 2008 110/10 1×6.3 12 5.535 

Ostrovnoy ПС-51 1973 150/35/6 2×16 61 6.553 
Dalnie 

Zelentsy ПС-325 1978 35/10 2×10 
7 9.811 

Teriberka  ПС-99 1966 150/35/6 1×15 14 12.911 

Olenya Bay ПС-29 1981 150/35/6 2×40 94 2.525 

Chan-ruchey ПС-309 1978 35/6 2×1.8 11 1.686 
Ura-Bay ПС-28 1980 150/35/6 2×25 37 16.511 
Zaozersk ПС-50 1981 150/35/6 2×25 52 12.6 
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3 THE ASSESSMENT OF OFFSHORE WIND RESOURCE IN MURMANSK 

REGION 

3.1 The main characteristics of close-to-shore wind energy  

In order to analyze offshore wind resources of Murmansk region, the following energy 

characteristics of the wind over a multi-year observation period was identified: average 

annual wind speeds, wind speed variation coefficients, maximum wind speeds, wind speed 

distribution, wind roses, power and energy density of wind flow [14].   

First of all, it is necessary to consider meteorological network of Murmansk region which 

consists of 33 meteorological stations (MSs) presented in Table 2.1 [15]. In terms of close-

to-shore observations, there are 10 MSs located on the coast of the Barents and White Seas, 

2 MSs - on the islands [15]. These MSs, which are useful for offshore wind resource 

evaluation, are italicized on Table 3.1. 

Table 3.1 Data on meteorological stations of the Murmansk region 
 

WMO 
ID Metrological station  North 

latitude 
East 
longitude 

Height above 
sea level, m 

Average multi-year 
wind speed at 10 m 
above a ground 
level, m/s 

22003 Waida-bay 69.56 31.59 8 6.3 
22004 Nickel 69.24 30.12 92 3.7 
22012 Tsip-Navolok 69.44 33.05 10 6.4 
22018 Ura-Bay 69.17 32.48 27 3.5 
22019 Polyrny 69.12 33.28 13 4.7 
22028 Teriberka 69.12 35.07 29 7.1 
22100 Verhovie Lotta 68.27 28.43 120 1.2 
22101 Janiskoski 68.58 28.47 101 1.9 
22106 Verkhnetulomsky 68.36 31.51 63 1.3 
22113 Murmansk 68.57 33.06 57 4.3 
22114 Loparskaya 68.38 33.12 112 2.6 
22115 Murmashi (airport) 68.47 32.45 48 2.5 
22119 Pulozero 68.21 33.18 144 2.2 
22127 Lovozero 68 35.02 161 2.4 
22204 Kovdor 67.34 30.29 241 1.8 
22210 Vitino (port) 67.4 32.17 5 2.4 
22212 Monchegorsk 67.58 32.52 133 3.1 
22213 Apatitovaya 67.33 33.21 134 2.7 
22214 Zasheek 67.25 32.33 151 1.4 
22217 Kandalaksha 67.09 32.25 32 2.1 
22220 Umbozero (airport) 67.3 34.18 154 1.9 
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22224 Kirovsk  67.36 33.41 400 2.6 
22235 Krasnoshchele 67.21 37.03 155 2.4 
22249 Kanevka 67.08 39.4 149 2 
22300 Alakurtti 66.58 30.21 155 2 
22302 Zarechensk 66.41 31.25 42 2.6 
22312 Kovda 66.42 32.53 17 2.4 
22324 Umba 66.41 34.21 40 3.3 
22334 Varzuga 66.24 36.37 6 5.1 
22339 Chavanga (river) 66.06 37.49 7 5.5 
22349 Pyalitsa 66.11 39.32 8 5.2 
22355 Sosnovets (island) 66.29 40.41 9 6.6 
22361 Morzhovets (island) 66.45 42.35 15 6.8 

According to Table 3.1, there are 12 meteorological stations, on which an average annual 

wind speed at 10 m above a ground level is higher than 3.5 m/s meaning potentially 

reasonable wind energy use. Generally, the majority of locations with high wind speeds is 

near the coastline. The visualization of average annual wind speeds across Murmansk region 

is given on Figure 3.1. 

 

Figure 3.1 Visualization of average annual wind speeds at 10 m height above the ground in 
Murmansk region 

Further, coastal and island MSs, characterized by the average annual speed according to the 

«Weather Schedule» database exceeding 3.5 m/s, were considered. For the entire 

observation period (01.01.2006 -31.12.2017) the main annual energy characteristics of the 

wind were determined at the height of 10 m by methodology given in [14] and summarized 

in Table 3.2, in particular, V0 - average multi-year wind speed; max
TV  - maximum speed; Cv 

- the coefficients of wind speed variation; N - specific power and E - specific annual energy 

of wind flow. The results of calculations are presented in Appendix I and on Figures 3.2-3.3, 

which correspondingly show average annual wind distribution and wind roses at the height 

of 10 m above a ground level at coastal and island meteorological stations of Murmansk 

region. 
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Table 3.2 Average annual energy characteristics of wind at the height of 10 m above a ground level 

at coastal and island meteorological stations of Murmansk region 

WMO 
ID  

Metrological 
station 

Latitude 
φ°N 

Longitu
de  

ψ°E 

Height 
above 

sea 
level, 

m 

Main average annual energy characteristics of 
wind 

0V , 
m/s 

max
TV , 
m/s 

Cv N, W/m2 
E,         

kW·h/m2·y 
 

22003 Waida-bay 69.56 31.59 8 6.27 34 0.54 0.31 2697.7 
22012 Tsip-Navolok 69.44 33.05 10 6.44 27 0.53 0.32 2845.0 
22018 Ura-Bay 69.17 32.48 27 3.54 15 0.64 0.07 654.5 
22019 Polyrny 69.12 33.28 13 4.69 21 0.57 0.14 1227.8 
22028 Teriberka 69.12 35.07 29 7.09 57 0.58 0.49 4314.2 
22334 Varzuga 66.24 36.37 6 5.07 45 0.56 0.17 1525.5 

22339 Chavanga 
(river) 66.06 37.49 7 5.44 63 0.60 0.27 2367.6 

22349 Pyalitsa 66.11 39.32 8 5.24 40 0.58 0.20 1747.2 

22355 Sosnovets 
(island) 66.29 40.41 9 6.59 23 0.52 0.34 2985.5 

22361 Morzhovets 
(island) 66.45 42.35 15 6.74 50 0.51 0.35 3103.4 

Average values 5.71 37.50 - 0.27 2346.84 
 

 
Figure 3.2 Average annual wind distribution at the height of 10 m above a ground level at coastal 

and island meteorological stations of Murmansk region 
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Figure 3.3 Average annual wind roses at the height of 10 m above a ground level at coastal and 

island meteorological stations of Murmansk region 

3.2 The choice of the offshore wind power plant location 

The location choice for a large offshore wind power plant should be based on the analysis of 

wind power characteristics, maximum depths of the seabed along the coast, the transport 

infrastructure and accessibility of the connection to the power system [16]. 

As possible sites for an offshore wind power plant in Murmansk region, the Barents and 

White seas could be considered. Basically, for technological and economic reasons, the 

depths of the seabed at the sites of WPP should not exceed 50 m [17]. In practice, an average 

depth at sites of existing offshore WPPs of about 30 m [18]. However, according to Figure 

2.1 the Barents Sea is characterized by sharp sea floor slope. Thus, only the White Sea area 

was considered as possible for the offshore WPP construction. 

The analysis of wind resources on the White Sea coast was based on data of coastal MSs 

(island Sosnovets, Pyalitsa, river Chavanga) and a MS at a distance of about 13 km from the 

coastline (Varzuga) [15]. In turn, according to substations location (see Figure 1.5), there are 

3 substations (voltage class 110/10 kV) near the coastline of the Kandalaksha Bay: Varzuga, 

Kashkarantsy, Olenitsa, which were put into operation in the period from 2007 to 2014 [8]. 

The total available capacity of the listed substations according to Table 2.1 is 10.73 MVA. 
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The considered MSs are located to the East of the existing nearby substations, with the 

shortest distance (about 60 km) between the Chavanga MS and the Varzuga substation. In 

addition, an evaluation of the transport network of the White Sea coast had revealed an 

absence of a road from Pyalitsa to the village of Sosnovka, located near the MS on the 

Sosnovets island [19]. As a result, the delivery and installation of wind power plant 

equipment on the north coast of the White Sea is not possible to the East of Pyalitsa. 

Further, the particular MS, that would be the most suitable source of wind measurement data 

for the considering area, was selected. Based on the sites of the MSs under consideration, 

the difference between natural reasons of the wind existence can be concluded. MS Pyalitsa 

is located in the strait between the Kola Peninsula and the White Sea-Kuloi Plateau, while 

MS Chavanga faces the extensive southern part of the White Sea. In this regard, an 

identification of a correlation dependence between these MSs is incorrect. In turn, wind 

formation on MS Varzuga is impacted by the nearby river. Hence, data from this MS can 

not be used to assess wind resource for an offshore wind power plant. As a result, 

meteorological data from MS Chavanga was used for wind resource evaluation. 

In order to make a final decision on the possible location, it is necessary to prove the absence 

of economic, transport, military or environmental activities between mouths of the Varzuga 

and Chavanga rivers [16]. 

The transport sea route to the ports of Kandalaksha and Vitino lies along the North-Eastern 

coast of the White sea. However, a navigation is carried out at depths of 50 m, where the 

location of the offshore WPP was not considered in this work [11]. At the same time, this 

marine route might be recommended for the delivery of equipment to the site of the WPP 

during both construction and operation.  The nearest military facility is Umba located in 

more than 120 km from the considering area [10]. 

The economic use of the water areas is represented by enterprises for an extraction of algae 

on Solovetsky Islands (the south of the White Sea) and an artificial cultivation of mussels 

on Sonostrov Island (the southwestern coast of the Kandalaksha Bay). Fishing is most 

actively conducted in the Kandalaksha Bay, where the maximum salinity of water is reached 

at depths of up to 20-30 m [10]. 
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There is a specially protected natural area, which includes a part of the White sea water area, 

named the Tersky coast near to the proposed site. More precisely, it is located West of the 

mouth of the Varzuga river (along the coast - between 36.36°E and 36.91°E) [20]. 

The factors, which have to be considered for the location choice of the offshore WPP, are 

presented on Figure 3.4. Therefore, the area between mouths of the Varzuga and Chavanga 

rivers is available for the offshore WPP construction subject to natural and economic 

constraints. 

 
Figure 3.4 Economic activities in the waters of the Kandalaksha Bay of the White Sea 

With respect of power connections, the point of common coupling (PCC) was suggested 

close to the Varzuga substation. Furthermore, the sea area between the mouth of the Varzuga 

and Chavanga rivers, limited by a depth of 50 m, is about 210 km2 with a length of about 40 

km along the coastline. 

To sum up, the wind speed distribution and wind rose on the site of MS Chavanga are shown 

on Figures 3.5-3.6. 
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Figure 3.5 The distribution of wind speeds on MS Chavanga located on the coastline of the White 

Sea 

 

 
Figure 3.6 The wind rose on MS Chavanga located on the coastline of the White Sea 

The wind speed that corresponds to the maximum point of distribution curve, in particular 

25.8%, is 4.5 m/s for MS Chavanga. In addition to that, at the site MS Chavanga, the 

prevailing direction is absent, because there are not any wind direction which frequency 

exceeds 20%. The maximum frequency of 16% corresponds to the West. 

3.3 Modelling of the annual wind speed array at the site of offshore wind power 

plant at different heights 

The previous section has demonstrated that data from the coastal MS Chavanga might be 

used in order to determine energy characteristics of the wind at the site of the offshore WPP. 

However, firstly it had to be adapted according to differences in the landscape of the area 

using the correction factor of the relief [14] 
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j
j WPP

o j
MS

,Kk
K

=                                                    (3.1)   

where j
WPPK  and j

МSK  are the general level of relief openness for j direction at the site of the 

offshore WPP and the MS [-] and j is wind direction [-].   

Thus, the average hourly wind speed [m/s] for each wind direction at the WPP site (at a 

height of 10 m) was determined  

                                            
WPP j MS

i o iV k V= ⋅ ,                                          (3.2) 

where i is observation number [-] and MSV  is wind speed at the MS site [m/s]. 

The average wind speed at the WPP was determined from the wind rose at the MS Chavanga 

by using the general level of relief openness 

    
8

j
MS MS j

1
( )

j
K K t V

=

= ⋅∑


,                                            (3.3) 

where j( )t V


 is the distribution of j wind direction [-]. 

Thus, for the correction factor of the relief calculation, it was necessary to determine the 

level of openness of the wind vane at the site of MS and of the estimated location of the WPP 

by 8 wind directions according to V. Yu. Milevsky classification. In general, the correction 

factor of the relief is defined by the relief forms, proximity of water surfaces and the presence 

of ground based objects [14]. 

The special database “Weather Vane” was used to obtain the necessary data characterizing 

the MS Chavanga [15]. The level of openness of the White Sea surface depends on the 

average wave crest elevation, which is 1.28 m in the considered part of the sea [11]. 

Therefore, the White sea conditions corresponds to the open coast of the closed (inland) sea 

with a flat landform according to the Milevsky classification [14]. The average values of 

wind speed on 8 directions adopted of MS Chavanga for the water area of the White sea near 

the mouth of the river Chavanga are given in Table 3.3. As a result, the average wind speed 

at the site of offshore WPP near the mouth of Chavanga river at 10 m height is 7.58 m/s. 

Table 3.3 Determination of the average wind speed on 8 directions at the offshore WPP at 10 m 

height according to MS Chavanga  
Wind direction N NW W SW S SE E NE Average 
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j
MSV , m/s 5.55 5.61 5.64 5.62 5.61 5.61 5.61 5.63 5.63 

j
MSK  7 7 7 9 9 9 6 7 7.43 

j
MPPK  10 10 10 10 10 10 10 10 10 

j
оk  1.43 1.43 1.43 1.11 1.11 1.11 1.67 1.43 1.35 

j
MPPV , m/s 7.59 7.67 7.70 7.68 7.67 7.67 7.69 7.59 7.58 

Regarding to the wind profile determination, the official recommendations were taken into 

account, which suggest to use the logarithmic function for offshore wind projects [21]. 

Significantly, that above the relatively smooth surface of the sea, the atmosphere is 

characterized by neutrality and stability, and as a consequence, the logarithmic wind profile 

in height is applicable in the boundary atmospheric layer, 

010
wv 10

wv

0

ln
( ) ( ) ,

ln

h
Z

V h V h
h
Z

 
 
 = ⋅
 
 
 

                                           (3.4) 

where 10
wv( )V h is a wind speed at height of a wind vane ( 10

wvh =10 m) [m/s], h is a height [m] 

and 0 0.0001Z =  is the roughness length for conditions of small average wave heights [m].  
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4 THE ESTIMATION OF OFFSHORE WIND POWER PLANT MAIN 

PARAMETERS 

4.1 Wind turbine selection 

The preliminary selection of wind turbines was based on the installed turbine capacity, 

climatic performance according to GOST R 51991-2002 and safety class defined by GOST 

R 54435-2011 [22,23]. The necessary data was obtained from the specialized database 

“Wind turbines”, developed by National Research University “Moscow Power Engineering 

Institute”. Based on offshore wind projects analysis, wind turbines with a capacity of 3 MW 

and more are often used for offshore application [18]. Consequently, wind turbines 

characterized by nominal power within a range [ ]3.0 6.15÷ MW were considered further.  

According to GOST R54418.1-2012 or IEC61400-1 the choice of a wind turbine for a 

specific site should be made taking into account climatic features [24]. The analysis of wind 

turbines compliance was made for temperature conditions. The annual temperature 

minimum is -36.3 °C for MS Chavanga, while the annual temperature maximum is +23 °C 

[15]. Hence, only wind turbines for cold climate conditions were considered for the offshore 

WPP in Murmansk region, meaning acceptable survival temperature of -40 °C as minimum.  

Verification of wind turbines technical parameters compliance was made in accordance with 

GOST R54418.1-2012 or IEC61400-1[24]. In general, there are three safety classes of wind 

turbines (I, II, III), which are described by the extreme wind speed over a 50-year observation 

period, and three subclasses (A, B, C), which are determined by turbulence. In this thesis, 

the subclass of the security will not be considered and, as a consequence, the intensity of 

turbulence was not defined. Initially, the extreme wind speed was determined by Gambell 

mathematical model, the shape of which depends on the parameter γ of the Weibull 

distribution, that might be computed by the empirical formula of L. Gartzman and is 

applicable for 1≤γ≤10 [14] 

                                           γ = СV
–1,069,                 (4.1) 

where СV is coefficient of wind speed variation [-]. 

However, for γ > 1,77 the Gambell distribution has a tendency to underestimate the value of 

extreme wind speed Vext, so the calculation should be made according to the next equation 

[14] 
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Vext= 5⋅Vо,                (4.2) 

where Vо is an average wind speed for given period [m/s]. 

The results of the extreme wind speed determination for the 50-year observation period at 

different tower heights is given in Table 4.1. Accordingly, wind turbines of safety class I can 

be placed on the proposed site of the offshore WPP. 

Table 4.1 Determination of the extreme wind speed for the 50-year period at the height of the tower 

on the proposed site of the offshore WPP 

СV γ  Height of the 
tower T ,mH  0

m, sV  ext
m, sV  

0.56 1.859 80 9.0 45.1 
90 9.1 45.5 

 
4.2 Indicators of energy yield  

The final selection of the wind turbine model was made on the basis of the energy yield 

indicators of different turbines with the same tower height [14]. Preliminarily, the annual 

energy generated by a wind turbine a
WTE  for given the logarithmic vertical wind profile and 

the wind speed distribution on the offshore WPP site  

a
WT WT

1
( ) ( )  

N

j j y
j

E N V t V Т
=

= ⋅ ⋅∑    ,                                 (4.3) 

where N is total number of wind gradations [-], Тy is observation period equal to a year or 

8760 hours [h] and WT j( )N V is a current wind turbine power according to power curve for 

given wind gradation jV  [MW]. 

The main indicators of energy yield  include the capacity factor and specific energy per unit 

of swept area [14]. The capacity factor is equal to the ratio of the annual energy generated 

by the wind turbine to the annual energy that would be generated by the wind turbine in case 

permanent operation with the installed capacity WTN  

a
WT

WT
WT

.
8760

Ek
N

=
⋅

                                             (4.4) 

In turn, specific energy per unit of swept area is determined by annual energy generated by 

a wind turbine and it’s swept area according to GOST R 51991-2002 [14] 
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a
/ WT
WT

WT

EE
F

= ,     (4.5) 

where
2
WT

WT 4
DF ⋅

=
π  is swept area of the wind turbine [m2]. 

Moreover, there are additional energy yield indicators, as full load hours for one year and an 

operation and downtime of wind turbines for the estimated period of time defined based on 

the wind speed and power curve. Full load hours for a particular wind turbine is defined as 

follows 

  
a

u WT
WT

WT

.Eh
N

=                                  (4.6) 

The main and additional indicators of energy efficiency for the considered wind turbines are 

summarized in Table 4.2. 

Table 4.2 Evaluation of energy yield indicators of wind turbines for offshore application 

Wind 
turbine 

WT ,N
MW 

DWT, 
m 

T ,
m
H  

a
WT ,

MWh
E

 
WTk  

/
WT

2

,
MWh

m

E
 

u
WT ,hh

 

D
ow

nt
im

e,
 

h 

O
pe

ra
tio

n 

tim
e,

 h
 

SWT-3.6-
120 3600 120 

90 
17242 0.547 1.53 4790 

1380 7380 V90/3000 
Offshore 3000 90 11961 0.455 1.88 3987 

SWT-3.6-
107 3600 107 

80 

15755 0.500 1.75 4376 

1380 7380 V90/3000 
Offshore 3000 90 11863 0.451 1.87 3954 

WWD-3-
100 

3000 100 12416 0.472 1.58 4139 

 

The highest energy yield indicators among wind turbines with a tower height of 90 m 

characterize turbine SWT-3.6-120 by Siemens and with a tower height of 80 m – to turbine 

SWT-3.6-107. Herewith the higher tower height leads to higher energy yield, hence SWT-

3.6-120 wind turbine was chosen for installation. 

4.3 Wind turbines layout on the site of the offshore wind power plant 

The layout of wind turbines on the site of a WPP affects the generation of a WPP. A scheme 

of wind turbines allocation within the offshore WPP depends on the available area of the sea 
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floor corresponding acceptable water depth limitation and the characteristics of the wind 

rose [16]. 

Regarding the considering site, the area bounded by lines of equal depths of 10 m and 20 m, 

illustrated by Figure 4.1, is roughly 71.4 km2. Furthermore, according to MS Chavanga, the 

prevailing wind direction is absent, as a result, wind turbines layout was done regardless the 

wind rose [15]. 

In order to minimize aerodynamic losses caused by shading of wind turbines, the minimal 

distance between turbines was supposed to be proportional to the wind turbine blades 

diameter k⋅DWT ( 8k ≥ ) [14]. Assume 20k =  aiming the complete exclusion of losses 

concerning shading. Then the required area for a single wind turbine  

    F1 = (k⋅DWT)2.                                                         (3.7) 

The quantity of wind turbines possible for installation on the pre-selected site defines by the 

areas ratio 

av
WT

1

Fn
F

= ,                                                           (3.8) 

where avF  is area available for the WPP [km2]. 

The main parameters characterizing the layout and the annual output of the offshore WPP 

are given in Table 4.3. 

Table 4.3 Parameters characterizing the layout of wind turbines within the offshore WPP site 

Wind turbine SWT-3.6-120 
WT , kWN  3600 

T ,mH  90 

WT ,mD  120 

WT ,md k D= ⋅  2400 
2

1, kmF  0.0057 
a
WT ,GW hE ⋅  17.242 

WTn  12 
a
WPP ,GW hE ⋅  206.904 

Considering the topographic features of the sea floor at the site of the offshore WPP, the 

staggered order was chosen for wind turbine allocation, which is presented on Figure 4.1. 

This type of turbines layout implies installation of turbines at various depths. Therefore, it 

involves the need to supply equipment with different sub-structure parameters and increases 
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the overall complexity of construction work as well. However, the advantage of this scheme 

is a greater specific number of wind turbines per unit area compared to the line order [14].  

 
Figure 4.1 Layout of wind turbines at the site of offshore WPP between the mouths of the Varzuga 

and Chavanga rivers in Murmansk region 

4.4 Clarification of annual electricity production subject to losses 

4.4.1 The assessment of air density impact on a wind turbine power curve 

In the technical specification of a wind turbine, the power curve is given for normal 

conditions, in particular, ambient temperature 0 15 Ct = °  and air density 

0
30

kg( , ) 1.225 mt h =ρ . In turn, the air density depends on temperature and height above sea 

level and can be determined by the ideal gas law [14] 

( )( , ) 3.4837
P h

t h
t

= ⋅ρ                                                 (4.9) 

where t is ambient air temperature [K] and Р is atmosphere pressure [kPa] depending on the 

height above a sea level h  

27( ) 101,29 0,011837 4,793 10P h h h−= − ⋅ + ⋅ ⋅                       (4.10) 

In accordance with GOST R 54418.12.1—2012 or IEC 61400-12, if the average air density 

at the site differs by more than 0.05 kg/m3 from 1.225 kg/m3, then the power curve provided 

by wind turbine manufacturer should be corrected [24]. Thus, it was necessary to determine 
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the air density at the tower height subject to the average annual air temperature at MS 

Chavanga ( 1.2 Ct = ° ) for the previously selected wind turbine. The results were obtained 

by equation (4.10) and presented in Table 4.4. 

Table 4.4 Assessment of the need to correct the power curve taking into account the actual air density 

Wind turbine SWT-3.6-120 
WT ,mH  90 
( ), kPaP h  100.229 

3WT
kg( , ), mt Hρ  1.2727 

0
3WT 0

kg( , ) ( , ) , mt H t h−ρ ρ  0.0477 

 

The deviation of air density at the tower height at the offshore WPP site from the value at 

the mean sea level does not exceed the normalized value (0.05 kg/m3).Therefore, for the pre-

selected wind turbine placed near MS Chavanga, the correction of the power curve for the 

actual air density was not required. 

4.4.2 The assessment of ice impact on the power production 

Atmospheric icing significantly reduces aerodynamic characteristics of wind turbines, since 

the blades aerodynamics are sensitive to the additional surface roughness and shape change 

caused by ice. As a consequence, the lifting force decreases and the drag increases, which 

leads to a reduction of output power and, ultimately, to the shutdown of the wind turbine. 

Basically, the icing losses are determined according to the intensity, duration and frequency 

of icing, the maximum ice load, the type of ice and their change over time [25]. 

Assuming the rough assessment, icing losses might be determined in accordance with the 

power curves of the wind turbine for different icing conditions, which are shown on Figure 

4.2. For the wind turbine SWT-3.6-120 with pitch regulation, the dependence of the losses 

percentage on wind speed for “rime ice” meaning white-colored formation of ice with air 

gaps between the frozen particles and “frost” conditions characterized by soft low-density  

snow-like formations was established and presented on Figure 4.3 [26]. 
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(a)          (b) 

Figure 4.2 Impact of icing conditions on power curves for wind turbines with stall-control (a) and 

pitch-control (b) [26] 

 
Figure 4.3 Dependence of wind turbine power loss on wind speed for “rime ice” and “frost” 

conditions 

Further, the annual power production of the wind turbine was calculated provided that “rime 

ice” conditions exist in the temperature range from 0 to -5 °C and “frost” conditions occur 

in the temperature range from -5 °C to +5 °C assuming the humidity is permanently high 

[14]. Depending on the wind speed at the tower height, the percentage of power loss was 

determined according to Figure 4.3. The results of calculations of icing losses for the one 

year period are presented in Table 4.5 and on Figure 4.4. 

Table 4.5 Icing losses estimation for SWT-3.6-120 at the site of the offshore WPP in Murmansk 

region 

Month 1 2 3 4 5 6 
Full energy, MWh 1653 1165 1464 1728 1420 1222 

Energy subject to losses, MWh 468 727 1090 1514 1385 1222 

Icing losses, % 71.7 37.6 25.6 12.4 2.5 0 

Month 7 8 9 10 11 12 Annual 
Full energy, MWh 1129 1280 1383 1474 1784 1795 17498 

Energy subject to losses, MWh 1129 1280 1379 1314 1579 1271 14358 

Icing losses, % 0 0 0.3 10.9 11.5 29.2 17.9 
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Figure 4.4 Icing losses of energy for SWT-3.6-120 located in Murmansk region 

Based on Table 4.5, the highest losses (up 71.7%) are observed in January. Summarizing, 

icing losses exist during 9 months and amount 17.9% on average per year for the wind 

turbine SWT-3.6-120 without anti-icing devices. 

4.4.3  The assessment of losses relating to high wind speeds and airflow deviations 

Hysteresis losses at high wind speeds, losses at high turbulence and due to the air flow 

deviations cause the actual power production of wind turbines differs from the values 

corresponding to the power curve declared by the manufacturer [14].  One of the main 

reasons is distinction between normal conditions corresponding the power curve and 

conditions at the offshore WPP site, which are characterized by low temperatures, high 

humidity. 

In order to estimate the considering losses, the annual output was calculated assuming the 

shutdown of a wind turbine at a wind speed of 25 m/s and subsequent start-up at a speed of 

20 m/s. The numerical evaluation is presented in Table 4.6. 

Table 4.6 Hysteresis losses at high wind speeds, losses at high turbulence and due to the air flow 

deflection at the site of the offshore WPP between the mouths of the Varzuga and Chavanga rivers 

in Murmansk region 

Wind 
turbine Characteristic 

SWT-3.6-
120 

Full energy, GWh 17242 
Energy subject to losses, GWh 16856 
Losses relating to high wind speed and airflow deviations, % 2.24 
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Thus, percentage of annual energy losses relating to high wind speed and airflow deviations 

obtains 2.24% for the wind turbine SWT-3.6-120. 

4.4.4  The determination of annual energy output with regard of losses  

Summary results of different losses estimation for the offshore WPP between the mouths of 

the Varzuga and Chavanga rivers in Murmansk region is given in Table 4.7. Here values of 

losses due to downtime caused by the breakdown of the wind turbine, losses for internal 

energy consumption and electrical losses within the offshore WPP was approximately set as 

assumptions [14]. 

Table 4.7 Assessment of energy losses for offshore WPP between the mouths of the rivers Varzuga 

and Chavanga in Murmansk region  

Type of losses 
SWT-3.6-120 

Losses of energy, % 
Wind vane losses 0 
Losses due to downtime caused by the 
breakdown of the wind turbine 3 

Losses for internal energy consumption  7 
Icing losses 17.9 
Losses relating to high wind speeds and airflow 
deviations 2.24 

Electrical losses 3 
Losses due to administrative and operational 
restrictions 0.1 

Losses as a percentage of annual energy,%  33.24 
Total energy losses, MWh 5731.2 

Annual electricity production subject to total 
losses, MWh 11510.75 

 
The greatest contribution to the total losses is made by icing losses. In order to reduce these 

losses icing-preventing systems of the blades might be provided. The total losses for a single 

wind turbine SWT-3.6-120, installed at the considering site of the offshore WPP, are 33.24% 

or 5731.2 MWh. 

  



36 
 

5 ELECTRICAL DESIGN OF THE OFFSHORE WIND POWER PLANT 

The design of the electrical part of the offshore WPP is based on infield power connections 

within the WPP and the grid or shore connection. In addition, the selection of power 

equipment has to be done [16].  

Theoretically, an offshore WPP can be connected to the coastal infrastructure by AC or DC 

cable lines. High-voltage DC cable lines are used to connect a WPP, that is remote from the 

coast, to reduce power losses during the transmission of electricity over long distances. 

However, the DC transmission system requires the construction of expensive converter 

stations: a marine step-up (from the WPP) with rectifier converters and a coastal step-down 

(from the energy system) with inverters. Therefore, for stations with a capacity of up to 100 

MW, located at a distance of less than 100 km from the coastline, it is preferable to use AC 

transmission, and for offshore WPP that are no more than 10 km from the coast, connection 

is carried out at an average voltage [27]. 

According to the offshore WPP site, the shortest distance from the wind turbine to the 

coastline is about 2.5 km. Thus, a connection of the WPP to the onshore facilities at 10 kV 

voltage level was proposed. Hence, it was necessary to increase the output generator voltage, 

which is equal to 0.69 kV for model SWT-3.6-120. Since the construction of sea-based 

transformer substations increases the complexity and, as a consequence, capital costs of an 

offshore WPP, a step-up transformer 10/0.69 kV was suggested to be installed in each wind 

turbine tower by the manufacturer. 

5.1 The choice of power connections 

Fundamentally, star and string layouts of WPP infield power connections might be 

distinguished [27]. For 12 wind turbines located in a staggered order, possible options were 

3 groups of 4 serially connected wind turbines in each, or 3 groups of 4 wind turbines, 

connected according to the star layout. In both cases, illustrated on Figure 5.1, the need to 

minimize costly and technically complex underwater construction work was taken into 

account. 
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WT1 WT2 WT3 WT4 WT5

WT6 WT7 WT8 WT9

WT10 WT11 WT12

Transformer 10/0.69

Transformer 110/10

WT1
WT2 WT3 WT4

WT5

WT6 WT7 WT8 WT9

WT10 WT11 WT12

Transformer 110/10

 

           (a)                                                                             (b) 

Figure 5.1 The scheme of possible infield connections of the offshore WPP: string (а) and star (b) 

layouts 

The advantage of the serial layout is the reduction of switching and protection devices and 

the length of cable lines, as well as the unification of electrical equipment. However, a 

significant disadvantage is lower reliability. In turn, the star layout allows to increase 

reliability by ensuring that the single wind turbine is disconnected if the connection cable is 

damaged. This factor was decisive due to the complexity of the underwater repair work. 

Thus, the infield power connection according to the star layout was chosen. 

The grid connection of the offshore WPP was suggested to implement at a voltage level of 

110 kV. Moreover, the capacity of the designed offshore WPP was 43.2 MW or 1.19% of 

the Kola power system with a capacity of 3633 MW. For further analysis, technical 

parameters of the wind turbine model SWT-3.6-120, selected according to the criteria of 

energy efficiency, are shown in Table 5.1 [28]. 

Table 5.1 Electrical parameters of the wind turbine model SWT-3.6-120 

Nominal power, MW 3.6 
Type of the generator asynchronous 
Output voltage level of the generator, V 690 
Power factor for the system 0.9 
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5.2 The selection of electrical equipment for infield and grid connection  

The cables selection 

In order to connect a single wind turbine to a common feeder, it is recommended to consider 

power cables for underwater installation for medium voltage with XLPE insulation [27]. The 

application of the 2XS2YRAA 10 kV cable (XLPE insulation, copper screen and conductor, 

polyethylene sheath) declared by the manufacturer is the power supply of offshore platforms 

and the implementation of the crossing over rivers and lakes [32]. In addition, this power 

cable optionally includes an fibre optic cable. Hence, this type of cable can be used for power 

connections of offshore WPP.  

For a pre-selected type of cable, it was necessary to choose a cross section that satisfies the 

conditions for nominal voltage, heating, economic current density, thermal resistance, 

voltage losses and mechanical strength [29]. The general methodology and conditions are 

described further. 

Firstly, verification by rated operating voltage has to be implemented. It means, that the rated 

operating voltage of the cable has not to be less than the nominal grid voltage. Secondly, 

continuous current-carrying capacity has to be verified. In other words, cables have to meet 

the requirements for maximum heating for given normal and post-fault conditions. The 

greatest operating current of the WPP in normal mode  
n
C

op_max n
C

,
3 cos

NI
U

=
⋅ ⋅ ϕ

                                                              (5.1) 

where n
CN is nominal load of a cable line [kW] and n

CU  is nominal voltage of a cable [kV]. 

In turn, continuous current-carrying capacity of the cable might be calculated as [21-22] 

op_max
Cc

t U n f

I
I

K K K K
≥

⋅ ⋅ ⋅
                                                            (5.2) 

where t 1.0K = is a correction factor for the ambient temperature at the permissible core 

temperature of up to 90 °C and at the ambient temperature of +15 °C [-], U 1.0K = is a 

correction factor for the use of cable in the grid with a voltage level different from the 

nominal [-], n 1.0K = is a correction factor for the number of parallel cables laid in one trench 

[-] and f 1.35K = is a fault-overload factor [-]. 
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Thirdly, verification by economic current density means that the pre-selected cable section 

has not to be less than the economically feasible cross section ecS  in accordance with 

clause1.3.25 of Electrical Installations Code (EIC), determined by the number of hours of 

use of the maximum load per year 
a
WT

max y
max

,ET Т
E

= ⋅                                                                                 (5.3) 

Thus, the economically feasible cable cross section is equal [28] 

op_max
ec

ec

,
I

S
j

=                                                                                (5.4) 

where ecj is economic current density of cables with certain materials of conductors and 

insulation for a given number of hours using the maximum load [A/mm2]. 

Fourthly, verification by the voltage loss has to be done. In general, the estimated value of 

the voltage loss in each network section should be no more than 2%, while the total voltage 

loss from the most remote wind turbine to the distributing point of the offshore WPP should 

be not more than 5% 

( )op_max 0 0
n
C

3 cos sin
100%,

I l R X
U

U
⋅ ⋅ ⋅ ⋅ ϕ + ⋅ ϕ

∆ = ⋅                        (5.5) 

where l is cable length [km], 0R and 0X  are specific active resistance and reactance of the 

cable [Ω /km]. 
As a result, the type and corresponding cross section of the cable, which satisfies initial and 

verification conditions for infield power connections, is presented in Table 5.2. 
Table 5.2 The parameters of 10 kV cable  

Cable type Nominal 
voltage, 
kV 

Cross 
section, 
mm2 

Continuous 
current-
carrying 
capacity, А 

R0, 

km
Ω  

Х0, 

km
Ω  

Power 
loss, 
W/m 

SC 
current, 
kА 

2XS2YRAA 10 240 471 0.1 0.0068 72 34.3 

 

The transformers selection  

The offshore WPP operation was assumed to base on wind resource at the site and the power 

characteristics of wind turbines, regardless of the load profile of Kolenergo consumers. 

Therefore, the nominal power of a transformer of a WPP could be determined by the installed 

capacity of an offshore WPP, equal to 43.2 MW or 48 MVA. The ТД-63000/110-УХЛ1, 
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manufactured by Togliatti Transformer, was pre-accepted, the parameters of which are given 

in Table 5.3 [31]. 
Table 5.3 Parameters of the offshore WPP transformer  

Transformer type ТД-63000/110-УХЛ1 
Nominal power, MVA 63 
Upper voltage, kV 115 
Low voltage, kV 10.5 
Short-circuit voltage, % 10.5 
Short-circuit loss, kW 245 
No-load loss, kW 35 
Frequency, Hz 50 
Active resistance, Ω  0.82 

 Reactance, Ω  22.04 

The overhead wire selection  

The length of 110 kV required for the construction of an overhead transmission line from 

the offshore WPP to the nearest Varzuga substation is about 23 km. The operating current 

of the overhead line was determined for given WPP power  

n
n WPP
WPP

WPP

,
3 cos

NI
U

=
⋅ ⋅ ϕ

                                                                  (5.6) 

where n
WPPN  is nominal power of a wind turbine [MW], WPPU  is higher voltage of a WPP 

substation [V] and cosϕ  - capacity factor for the system [-]. 

Further, based on the condition that the operating current of the line has not to exceed the 

continuous current-carrying capacity of the wire, an AC 95/16 wire was chosen with the 

parameters presented in Table 5.4 [29]. 

Table 5.4 Parameters of wires brand AC 95/16 

Type of an overhead wire R0, km
Ω  Х0, km

Ω  

АС 95/16 0.306 0.397 

5.3 The calculation of short circuit conditions 

Calculation of short-circuit currents was performed for verification the conductors thermal 

resistance and selection of switching and protection devices. Therefore, it was necessary to 

determine: the effective value of the periodic and aperiodic components of the short circuit 

current and the initial short circuit current [29]. 
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The rated conditions of the fault include the electrical installation scheme, point, type and 

duration of the fault. The design scheme for short-circuit currents computation shows the 

considering points of the short-circuit and the parameters of individual elements (generators, 

busbars, transformers, cables and overhead lines). The general equivalent circuit of an 

offshore WPP for calculating short-circuit currents is presented on Figure 5.2.  

 
Figure 5.2 The design scheme for short-circuit currents computation 

The methodology of calculating short-circuit currents consists of determining the periodic 

and aperiodic current components and the time constant of damping for each point of short-

circuit [29]. 

Periodic component of short-circuit current from the grid might be defined as 

Grid-КqKq
P0(b)-Grid

Grid-Кq

,
Е

I
Х

=                                                        (5.7) 

Kq Kq
P0-Grid P0(b)-Grid byI I I= ⋅                                                    (5.8) 

where [ ]1;9q = is a point of a fault number according to Figure 5.2, Grid-КqЕ is the equivalent 

electromotive force (EMS) of a network section from the grid to the point of fault [p.u.],

Grid-КqХ is the equivalent reactance of a network section from the grid to the point of fault 

[p.u.], y is the voltage level for given point of a fault and byI  is base current [kA]. 
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The time constant of damping K
a-GridT  and the initial short circuit current from the grid K

in-Gridi

were calculated as follows 

Grid-КqKq
a-Grid

Grid-Кq

,
X

T
R

=
ω⋅

                                                   (5.9) 

Kq
a-Grid

0.01

in-Grid 1 ,TK e
−

= +                                                    (5.10) 

Kq Kq
in-Grid P0-Grid in-Grid2 .i I K= ⋅ ⋅                                               (5.11) 

Equivalent active and reactive impedances of the grid and an offshore WPP at the point of 

fault  

Grid-Кq WPP-Кq
eq

Grid-Кq WPP-Кq

,
X X

X
X X

⋅
=

+
                                                   (5.12) 

Grid-Кq WPP-Кq
eq

Grid-Кq WPP-Кq

.
R R

R
R R

⋅
=

+
                                                    (5.13) 

The calculation of the short-circuit current components from the WPP was performed 

similarly, using formulas (5.7) - (5.11). The total short-circuit current is equal to the sum of 

the short-circuit current from the WPP side and the short-circuit current from the grid side 
Kq Kq Kq
P0 P0-Grid P0-WPP ,I I I= +                                              (5.14) 

Kq Kq Kq
in in-Grid in-WPP ,i i i= +                                                 (5.15) 

eqKq
a

eq

,
X

Т
R

=
ω⋅

                                                       (5.16) 

where ω  is angular frequency [rad/s]. 
The calculation of equivalent active resistance and reactance on both sides of the short-

circuit points (from the grid and from the WPP) was made according to the equivalent circuit 

and electrical parameters of its elements. In addition, the equivalent EMF was determined 

taking into account differences in the scheme for each point of fault. In turn, the components 

of the short-circuit current were calculated according to the method described above, using 

expressions (5.7) - (5.16). As a result, parameters characterizing short-circuit conditions are 

given in Table 5.5. 
Table 5.5 Results of short-circuit calculations 

Point of fault 
eqX  eqR  eqЕ  P0 ,kAI  inK  in ,kAi  a ,sТ  

K1 from the grid 0.0047 0.0027 1.000 5.084 1.171 8.418 0.0057 
K1 from the WPP 0.0312 0.0060 1.074 0.831 1.548 1.819 0.0166 
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K1 0.0041 0.0018 - 5.915 - 10.237 0.0071 
K2 from the grid 0.0127 0.0030 1.000 20.717 1.482 43.409 0.0137 
K2 from the WPP 0.0232 0.0057 1.074 12.244 1.464 25.348 0.0130 

K2 0.0082 0.0019 - 32.961 - 68.757 0.0135 
K3 from the grid 0.0129 0.0048 1.000 20.519 1.311 38.057 0.0086 
K3 from the WPP 0.0230 0.0038 1.074 12.309 1.592 27.708 0.0191 

K3 0.0083 0.0021 - 32.829 - 65.764 0.0123 
K4 from the grid 0.0132 0.0100 1.020 20.371 1.093 31.485 0.0042 
K4 from the WPP 0.0688 0.0086 1.074 4.117 1.675 9.754 0.0255 

K4 0.0111 0.0046 - 24.489 - 41.239 0.0076 
K5 from the grid 0.1019 0.0239 1.025 2.656 1.479 5.555 0.0136 
K5 from the WPP 0.2748 0.0271 1.074 1.031 1.734 2.529 0.0324 

K5 0.0743 0.0127 - 3.688 - 8.084 0.0187 
K6 from the grid 0.1438 0.0248 1.024 28.599 1.582 63.966 0.0184 
K6 from the WPP 0.2329 0.0261 1.074 18.519 1.703 44.602 0.0284 

K6 0.0889 0.0127 - 47.118 - 108.568 0.0222 
K7 from the grid 0.1967 0.0450 1.023 20.884 1.488 43.937 0.0139 
K7 from the WPP 0.1800 0.0060 1.074 23.964 1.901 64.428 0.0960 

K7 0.0940 0.0053 - 44.848 - 108.365 0.0568 
K8 from the grid 0.1431 0.0158 1.024 28.725 1.707 69.333 0.0288 
K8 from the WPP 0.2329 0.0261 1.074 18.519 1.703 44.602 0.0284 

K8 0.0085 0.0016 - 47.244 - 113.935 0.0171 
K9 from the grid 0.1961 0.0360 1.023 20.951 1.562 46.278 0.0173 
K9 from the WPP 0.1800 0.0060 1.074 23.964 1.901 64.428 0.0960 

K9 0.0085 0.0016 - 44.915 - 110.707 0.0171 

5.4 The selection of switching devices  

The selection of switches and disconnectors was made according to the nominal voltage and 

the greatest operating current. The greatest operating current passing through the switch and 

disconnector 110 kV is 251.9 A. According to this operating current and nominal voltage, 

the ВБП – 110III – 31.5/2500 УХЛ1 vacuum circuit breaker (spring actuator, degree of 

contamination of external insulation 3, moderately cold climate, placement outside) 

manufactured by “High-voltage Union” company and РГ-110/1000 УХЛ1 (horizontal rotary 

disconnector) of the “Electrotechnical Equipment Plant” were selected [31]. Importantly, 

climate conditions at the proposed site of the WPP in Murmansk region is required to install 

auxiliary equipment to ensure acceptable temperature mode for switching devices. 

In turn, the greatest operating current passing through the switch 10 kV, is 2771.3 A in the 

area from the common busbar WPP to distributing point. Hence, the BPC – 10III – 31.5/3150 

УХЛ1 vacuum circuit breaker and the РГ-10/3150 УХЛ1 vacuum disconnector 

manufactured by “High-voltage Union” company might be applied [31]. 
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Similarly, the greatest operating current of a wind turbine passing through a generator switch 

of 0.69 kV is 3347 A. Therefore, the switch-disconnector BA07-440 extendable 3P 4000A 

100kA with a maximum release switch AGR-11BL manufactured by IEK was chosen [34]. 

To sum up, the parameters of the pre-selected switches and disconnectors are listed in Table 

5.6 and 5.7 respectively. 
Table 5.6 Parameters of switches 

Parameter ВPC–110III–
31.5/2500 УХЛ1 

ВРC–10III–
31.5/3150 
УХЛ1 

ВА07-440 

Nominal voltage, kV 110 10 0.69 
Maximum operating voltage, kV 126 12 - 
Nominal current, A 2500 3150 4000 
Rated breaking current, kA 31.5 31.5 75 
Rated making currents r

m 81kАi =  
r
m 31.5kAI =  

r
m 81kАi =  
r
m 31.5kAI =  

r
m 165kАi =
r
m 100kAI =  

Short time electrodynamic 
currents 

el.d 81kАi =  
el.d 31.5kAI =  

el.d 80kАi =  
el.d 31.5kAI =  

el.d 165kАi =  
el.d 100kAI =  

Thermal resistance parameters 
term 31.5kАI =  

term 3st =  
term 31.5kАI =  

term 3st =  
term 165kАI =  

term 3st =  
Breaking capacity parameters 

br 0.047st =  

sum 0.032st =  

n 30%β =  

br 0.065st =  

sum 0.035st =  

n 30%β =  

br 0.075st =

sum 0.075st =  

n 30%β =  

Table 5.7 Parameters of disconnectors  

Parameter РГ-110/1000 УХЛ1 РГ-10/3150 УХЛ1 
Nominal voltage, kV 110 10 
Maximum operating voltage, kV 126 12 
Rated current, A 1000 3150 
Short time electrodynamic 
currents el.d 80kАi =  

el.d 31.5kАI =  
el.d 80kАi =  
el.d 61kАI =  

Thermal resistance parameters 
term 31.5kАI =  

term 3st =  
term 31.5kАI =  

term 3st =  

The pre-selected switches were verified by electrodynamic, thermal resistance and switching 

capacity in case the greatest short-circuit current (see Table 5.5). In turn, disconnectors were 

verified by electrodynamic and thermal ability over the corresponding greatest short-circuit 

current [29]. 
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Thermal ability might be assessed by comparing Joule integrals. Joule integral permissible 

by the heating conditions  
2

P term break ,B I t= ⋅                                                          (5.17) 

break r.p br ,t t t= +                                                         (5.18) 

where termI is continuous thermal current [kA], breakt is the total breaking time measured from 

the SC moment [s], r.p 1.5st =  is offset from the previous rely protection stages at the cable 

line (the cable protection is counted from the wind turbine) and brt  is  breaker or disconnector 

breaking time declared by manufacturer [s]. 

Moreover, Joule integral for the short circuit mode  

( ) ( )2Kh Kh
SC P0 break aB I t T= ⋅ +  in case Kh

a break3 ,T t⋅ <                                  (5.19)     

( )
break
Kh

a

2
2Kh Kh

SC P0 break a 1
t

TB I t T е
⋅

−  
  = ⋅ + ⋅ −

    
 in case Kh

a break3 T t⋅ ≥        

Basically, the switching device is acceptable for installation under the condition of thermal 

ability, if the following inequality holds  

SC P.B B≤                                                                  (5.20) 

With regard of electrodynamic resistance, the through-limit current of the switch 

(disconnector) has to be consistent with the components of the greatest short-circuit current 

passing through the switch (disconnector) 
Kh
in el.d ,i i≤                                                            (5.21) 

Kh
P0 el.d ,I I≤                                                           (5.22) 

where h  is the point of fault according to Figure 5.2, el.di  and el.dI are the initial and steady-

state value of short time electrodynamic currents [kA]. 

In addition, the switching capacity was evaluated separately for switching on and off. 

Verification inequalities for inclusion ability of the device 
Kh r
in m ,i i≤                                                               (5.23) 

Kh r
P0 m ,I I≤                                                              (5.24) 

where r
mi and r

mI  are initial and steady-state value of rated making currents of a breaker [kA].  

Further, the aperiodic components of the short circuit current  

aKh
aτ P02 ,Ti I e

τ
−

= ⋅ ⋅                                                      (5.25) 
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where r.p sumt tτ = +  is breaker disengaging time measured from the SC moment [s]. 

r n
a.n b2 ,

100
i I β

= ⋅ ⋅                                                     (5.26) 

where r
bI is rated breaking current of a breaker [kA] and nβ  is nominal coefficient for a 

breaker stated by manufacturer [%]. 

Therefore, the particular switch is acceptable concerning the switching capacity in case the 

following conditions are fulfilled 

aτ a.n ,i i≤                                                               (5.27) 

Kh r
P0 b.I I≤                                                              (5.28) 

5.5 The selection of instrument transformers 

The selection of current transformers 

The selection of current transformers (CT) was carried out similarly to switching devices for 

nominal voltage and maximum operating current. For the 110kV network section, the ТВТ-

110-0.5/Р10-200/5 УХЛ1 (built-in current transformer for power transformers and 

autotransformers) produced by “ETI Promkomplekt” was chosen according to the highest 

operating current. Analogously, for each section of the 10 kV cable line, CTs were selected 

separately given the greatest operating current of the cable line and presented in Table 5.8. 

Finally, the ТШЛ-0.66-0.5/10P-4000/5-УХЛ2 CT for the busbar was determined on the 

basis of the operating current of a single wind turbine. As a result, the parameters of all 

previously proposed for the installation CT are given in Table 5.9 [31]. 
Table 5.8 The selection of current transformers for 10 kV cable lines 

Cable line op_maxI , А Current transformer model 
WT1-2  (5-4) 230.9 

ТОЛ – 10 – 0,5/5Р – 300/5 – УХЛ1 WT 6-2  (7-3,8-3,9-4) 230.9 
WT10-2 (11-3, 12-4) 230.9 
WT2-3 (4-3) 692.8 ТОЛ – 10 – 0,5/5Р – 800/5 – УХЛ1 
WT 3-DP WPP 2771.3 ТОЛ – 10 – 0,5/5Р – 3000/5 – УХЛ1 

Table 5.9 Parameters of the current transformers 110 kV and 0.69 kV 

Parameter ТВТ-110-
0,5/Р10-300/5 
УХЛ1 

ТОЛ-10-
0,5/5Р- 
300/5-
УХЛ1 

ТОЛ-10-
0,5/5Р -
800/5 -
УХЛ1 

ТОЛ-10-0,5/5Р 
-3000/5-УХЛ1 

ТШЛ-0,69-
0,5/10Р-4000/5- 
УХЛ1 

Nominal 
voltage, kV 110 10 0.66 
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Maximum 
operating 
voltage, kV 

126 12 
- 

Rated primary 
current, A 300 300 800 3000 4000 

Rated 
secondary 
current, A 

5 

Short time 
electrodynamic 
currents 

el.d 35kАi =  
el.d 7.5kАI =  

el.d 35kАi =  

el.d 61kАI =  
el.d 35kАi =

el.d 61kАI =  
el.d 80kАi =   
el.d 160kАI =  

Thermal 
resistance 
parameters 

term 7.5kАI =  

term 1st =  
term 61kАI =  

term 1st =  
term 61kАI =  

term 1st =  
term 160kАI =   

term 1st =  

Next, it was necessary to verify the CT thermal ability according to expressions (5.17) - 

(5.20) and electrodynamic resistance by equations (5.21) - (5.22). The most severe short-

circuit mode for each voltage level was previously determined for verification switching 

devices. 

The selection of voltage transformers  
Voltage transformers were selected by the nominal voltage of the network and the purpose 

of operation. Thus, voltage transformers НКФ-110-II-УХЛ1 and НАМИ-10-УХЛ 

characterized by 110 kV and 10 kV voltage level were chosen for installation [31]. 

The electrical scheme of the offshore WPP is presented in Appendix II. In addition to that, 

the list of the main electrical equipment supposed for installation at the offshore WPP in 

Murmansk region is given in Appendix III. 
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6 ECONOMIC EVALUATION OF AN OFFSHORE WIND POWER PLANT 

PROJECT 

In general case, an economic estimation structure of an offshore WPP investment 

project consists of capital expenditures (CapEx) assessment, calculation of annual costs or 

operational expenditures and determination of economic efficiency indicators. According to 

the fact, that specific values of costs are stated by Decree No. 449 on the Mechanism for the 

Promotion of Renewable Energy on the Wholesale Electricity and Capacity Market dated 

May 28, 2013 (further - Decree No. 449) in ₽, all calculations and results are presented in 

this currency. However, for European market assuming the currency rate 75 ₽/€, the key 

values of sections 6.1-6.4 are summarized in euros in Table 6.3 at the end of section 6.4. 

6.1  Capital expenditures assessment 

With respect of a lifecycle techno-economic model of an offshore WPP, total investments in 

development and consenting (D&C), production and acquisition (P&A), installation and 

commissioning (I&C), decommissioning and disposal (D&D) had to be determined.  

Development and consenting phase is aimed to ensure economic and technical feasibility of 

the project. The main deliverables are an approved documentation necessary for a particular 

legal environment, a technical specification and a project plan. In turn, the corresponding 

expenditures include the cost of legal authorization (8.1% of D&C costs), project 

management (20.6%), surveys concerning human impact, environmental and coastal 

processes, seabed and met ocean conditions (9.3%), engineering (0.6%) and contingency 

(61.4%) [35]. Thus, the costs previous to the point of financial close of the project, meaning 

the last date of investing, relate to D&C. 

Production and acquisition costs consist of expenses for wind turbines, foundations or 

support structures, the power transmission system (cables, substations, onshore overhead 

lines) and monitoring system, basically contained of supervisory control and data acquisition 

system and condition monitoring system. In total, these costs constitute the greatest part of 

life cycle cost breakdown structure approximately equal to 46% [35]. 

Installation costs depend on the port, chartered ships and staff, the type of components 

installed and seabed characteristics at the site of the offshore WPP. They might be divided 

into expenditures for the installation and the construction insurance of wind turbines, 

foundations including scour protection and offshore and onshore electrical systems. 
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Furthermore, during commissioning phase all systems of the offshore WPP had to be tested 

in order to detect early failures and provide reliability [36]. I&C costs represent 19% of 

CapEx of the offshore WPP project on average [35]. 

The reverse phase of I&C is decommissioning and disposal. The activities related to the final 

stage of an offshore WPP project includes port preparation, removal operations, waste 

management, site clearing and post-decommissioning monitoring [36]. Typically, the cost 

related to D&D are included in a wind turbine price stated by a manufacturer. 

Further, an estimation of maximal cost for each lifecycle stage included in a CapEx was 

presented. For renewable energy projects in the Russian Federation, it is necessary to 

consider Decree No. 449. It sets the CapEx limit for a WPP at 65434 ₽ per kW for 2019 [37]. 

Therefore, the overall assessment of limits for every component of the CapEx is given in 

Table 6.1.  

Table 6.1 Estimation of capital expenditures structure [adopted from 37 based on 35] 

Phase of a 
lifecycle 
related to 
CapEx 

A share of 
the 
CapEx, % 

A share of the 
lifecycle cost 
breakdown 
structure, % 

Specific CapEx 
limit  stated by 
Decree No. 449, 
₽/kW 

CapEx limit for the 
offshore WPP (43.2 
MW) based on Decree 
No. 449, million ₽ 

D&C 14 10 9161 395.755 
P&A 66 46 43186 1865.635 
I&C 19 13 12433 537.106 
D&D 1 1 654 28.253 

 

Total CapEx limit for the offshore WPP in Murmansk region that is supposed to consist of 

12 wind turbines SWT-3.6-120 is 2826.749 million rubles 
CapEx inst

max WPP WPP ,CapEx k N= ⋅                 (6.1) 

where CapEx
WPPk  is specific CapEx limit for 2019 stated by Decree No. 449 [₽/kW] and inst

WPPN

is the installed capacity of the WPP [kW]. 

 
For subsequent cash flows computation, assume that D&D are included in a wind turbine 

price. Moreover, D&C and P&A would be implemented in 0-year (2019), while I&C would 

be performed in the 1st year (2020) of the project.   
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6.2 Operational expenditures assessment 

Operational expenditures (OpEx) is considered as financial expenses during operation and 

maintenance (O&M) phase of an offshore WPP life cycle. This phase purposes to ensure 

normal operation of an offshore WPP and maximize availability of it. An operation is 

accompanied by costs of rental, insurance and transmission charges. In turn, maintenance 

expenses might be grouped into direct maintenance costs (corrective and proactive) and 

indirect maintenance costs related to the port, vessels and labor [36]. The mean percent for 

total OpEx is roughly one third of a life cycle cost of an offshore WPP [35]. 

Basically, OpEx can de estimated as a sum of O&M costs, depreciation deductions and 

contingency costs. Decree No. 449 established monthly O&M costs limit for renewable 

energy projects in the Russian Federation as 118000 rubles per MW in 2012 prices. In order 

to recalculate these costs for 0 year (2019), deflator coefficients were used, which are set 

annually and take into account changes in consumer prices 
g

g 2012 inst2012
O&M O&M def WPP y ,C c k N Т= ⋅ ⋅ ⋅     (6.2) 

 

where 2012
O&Mc  is monthly O&M costs limit for renewable energy projects in the Russian 

Federation in 2012 prices based on Decree No. 449 [₽/MW] and
g

2012
defk is deflator coefficient 

for year g comparing to 2012 [-]. 

Cash flows calculation was made assuming this type of costs take place from the 2nd year of 

operation (or the 3rd year of the project). Annual O&M costs in subsequent years was 

corrected given the forecasted level of inflation  

( )1
inf1 %i i iC C+ = ⋅ +      (6.3) 

where C is a cost [₽], i is a year preceding a considering year [-] and inf% is an inflation rate 

for a particular year [-]. 

Inflation rate increase was considered through the WPP lifetime starting with 5.5% in 2019 

that is a maximum guaranteed by the Central Bank [38]. 
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In turn, depreciation deductions depend on CapEx and the depreciation period, that was 

accounted as 20 years. The annual costs were defined by the next formula and further 

recalculated for corresponding inflation rate 

depr
depr

,CapExC
Т

=      (6.4) 

where deprТ  is a depreciation period of an offshore WPP [y]. 

Finally, for approximate estimation contingency expenses assumed to be equal to a sum of 

O&M and depreciation cost for a certain year multiplied by a proportional coefficient named 

contingency coefficient 

 ( )cont cont O&M depr ,i i iC C C= ⋅ +α     (6.5) 

where cont 0.1=α is contingency coefficient. 

6.3 Net profit determination 

Net profit can be estimated based on revenues and expenses caused by an offshore WPP 

operation. Annual total revenue (TR) represents positive cash flow for 1 year period. For the 

offshore WPP in the White Sea it depends on annual generation and an unregulated price of 

electricity for Murmansk region, assuming electricity sale on the 1st price zone of the 

wholesale market [39] 
a
WPP el ,TR E P= ⋅      (6.6)  

where elP is an forecasted unregulated price of electricity for Murmansk region. 

Moreover, an electricity price can be used for financial assessment of energy losses caused 

by environmental and technical reasons. For the PCC of the offshore WPP situated in 

Murmansk region, an electricity price equal to 1001 ₽/MWh for 2019 was based on [40]. 

Table 6.2 summarize average annual costs related to losses for a WPP lifetime provided 

forecasted inflation rate change. 

Table 6.2 Financial assessment of energy losses for the offshore WPP 

Type of losses 
Losses of 
energy, 
MWh 

Average annual cost 
for a single wind 

turbine, thousands ₽ 

Total cost of losses for the 
offshore WPP for life 

time, million ₽ 
Losses relating to the 
mutual influence of wind 
turbines 

0 820.1 206.654 
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Losses due to downtime 
caused by the breakdown of 
the wind turbine 

517.259 1913.5 482.192 

Losses for internal energy 
consumption  1206.937 4893.0 1233.033 

Icing losses 3086.309 612.3 154.301 

Losses relating to high wind 
speeds and airflow 
deviations 

386.220 820.1 206.654 

Electrical losses 517.259 27.3 6.888 

Losses due to 
administrative and 
operational restrictions 

17.242 820.1 206.654 

Total  5731.2 9086.2 2289.722 

Therefore, the total average annual cost of energy losses for a single wind turbine SWT-3.6-

120 is 9.086 million ₽, while a total cost for the offshore WPP is higher than 2.289 billion ₽ 

for a whole operation period. Moreover, the greatest losses due to icing would be reasonable 

to exclude by icing-preventing systems of the blades if the price for that has been lower than 

at least 102.753 million ₽ per unit. 

Further, the annual profit from the offshore WPP operation was determined as a difference 

in the annual revenue and total costs 

( )O&M depr contProfit TR C C C= − + +     (6.7) 

Finally, net profit (NP) was defined by the formula below, in general case considering the 

corporate income tax rate of 20% stated by The Federal Tax Service of the Russian 

Federation [41]. In turn, organizations implementing strategic investment projects of 

Murmansk region are incentivized by reduced tax rate equal to 12.5% for 5 taxable periods 

[42]. The strategic investment project has to be confirmed by agreements on state support of 

investment activities on the territory of Murmansk region or a special investment contract 

concluded on behalf of Murmansk region without the participation of the Russian 

Federation.  

incomeProfit ,NP T= −      (6.8) 

income income% Profit,T = ⋅     (6.9) 

where incomeT is the corporate income tax [₽] and income% is the corporate income tax rate [-]. 

The cash flows computation during the offshore WPP lifetime with regard of an inflation is 

given in Appendix IV. The total net profit of the offshore WPP operation for 20 years is 
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negative assuming limits of specific CapEx and O&M costs set by Decree No. 449, 

maximum inflation rate guaranteed by The Central Bank, a normal tax rate and stable price 

development. In other words, the project of the offshore WPP, which is characterized by the 

highest acceptable costs and normal taxation given worst inflation dynamic, is economically 

unfeasible. Hence, in following sections a sensitive analysis was implemented in order to 

define a set of minimal profitable options (MPOs) and corresponding input parameters. 

Assuming minimal equal percentage decrease of CapEx and O&M costs limits, a temporary 

reduced corporate income tax and the lowest inflation rate forecasted by the Central Bank, 

the net profit determination for a possible MPO is presented in Appendix V. The results of 

cash flows computation was used for estimation of economic efficiency indicators of the 

project presented on the next section. 

6.4 Estimation of economic efficiency indicators of the offshore WPP project 

Economic efficiency indicators or investment indicators provide information about 

feasibility of the project from financial perspective. In general, the calculation is based on a 

consideration of annual cash flows for a WPP lifetime [39]. 

Free cash flow characterizes a cash balance of the WPP after a single year of operation 

O&M cont income
i i i i i iFCF TR C C Т CapEx= − − − −    (6.10) 

Moreover, an accumulated free cash flow represent a current sum of annual free cash flows 

1i i iAFCF AFCF FCF−= +     (6.11) 

The discounted free cash flow was defined given the discount coefficient determined by the 

established discount rate meaning the interest rate at which capital owners agrees to invest 

in the project. For unknown capital structure, the key rate of the Central Bank of the Russian 

Federation, equal to the refinancing rate, increased by average inflation rate for operation 

period might be used as an approximate value of the discount rate. The key rate was set as 

7.75% on the 8th of February 2019, while a forecasted average inflation rate for 2019-2040 

is 3.81% [38]. Hence, a discount rate was supposed as 11.56% for the offshore WPP project. 

Therefore, the discount coefficient and a discounted free cash flow  

disc (1 ) ,ik r −= +     (6.12) 

disc ,i iDFCF k FCF= ⋅     (6.13) 

where r is the discount rate. 
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Lastly, an accumulated discounted free cash flow  

1 .i i iADFCF ADFCF DFCF−= +     (6.14) 

Detailed calculations for the offshore WPP with 12 wind turbines SWT-3.6-120 for the 

period of operation from 2020 to 2040 are given in Appendix VI assuming stated maximum 

expenditures limits and in Appendix VII for a considered case of a MPO. The accumulated 

cash flow and accumulated discount cash flow dynamic through a WPP lifetime for a 

particular case of a MPO by Appendix VII is presented on Figure 6.1.  

 

Figure 6.1 Dependence of the accumulated cash flow and the accumulated discounted cash flow of 

the offshore WPP project from time for a particular case of a MPO 

The calculation of net profit and investment indicators according to equations (6.1)-(6.14) 

was carried out given the accepted specific capital investments and O&M costs limit and the 

defined capacity factor. Finally, indicators of economic efficiency had to be determined.  

Firstly, a net present value (NPV) is equal to an accumulated discounted free cash flow for 

the last year of a WPP lifetime. In other words, it means present value of future cash flows 

of an investment project, including discounting, after investments deduction. Therefore, this 

indicator should be positive and as high as possible to ensure a project profitability.  

Secondly, an internal rate of return (IRR) characterize the maximum discount rate 

corresponded to a feasibility of the project. Consequently, a NPV is null if a discount rate is 

equal to an IRR value. The illustration of interrelation between a NPV and a discount rate 

for a considered case of a MPO by Appendix VII is given on Figure 6.2. IRR can be defined 
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at an intersection of a curve and a horizontal axis by the graph. For high financial 

attractiveness of the project, an IRR has to be higher than a discount rate and alternative 

possible investments.  

 
Figure 6.2 The interaction between NPV and a discount rate for a particular case of a MPO of an 

offshore WPP in Murmansk region 

 
Thirdly, a profitability index (PI) or benefit-cost ratio is a relative indicator reflecting income 

per unit of investment, taking into account the time factor and was calculated by a formula 

below. The greater value of this indicator represents a greater benefit for given CapEx, and 

hence higher expediency of the project for investors. PI should not be less than one, 

representing a limit under which a project is not profitable. 
WPP

WPP

1

disc
1

.

T
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i
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i
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CapEx k

=
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=
⋅

∑

∑
                          (6.15) 

Fourthly, a payback period was defined as a period during which the accumulated free cash 

flow is negative by data given in Appendix VI, VII. Similarly, a discounted payback period 

was evaluated by the accumulated discounted free cash flow. Furthermore, these indicators 

might be determined at an intersection between accumulated cash flow curves and a 

horizontal axis on Figure 6.1. As a rule, the shorter these periods are, the better, moreover 

the discounted value is commonly higher. 

Finally, LCOE can be used in order to financial comparison of an offshore WPP with other 

possibilities of electricity generation. Therefore, LCOE was defined as specific total costs 

per unit of produced electricity by the offshore WPP taking into account their distribution 

during a WPP lifetime by a use a discount coefficient [36] 
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( )O&M depr cont disc
1

a
WPP disc

1

.

T
i i i i

i
T

i

CapEx C C C k
LCOE

E k

=

=

+ + + ⋅
=

⋅

∑

∑
        (6.16) 

The generation is profitable if LCOE is lower than a price of electricity. For LCOE 

computation, CapEx and O&M costs were supposed equal to maximum limits set by Decree 

No. 449. Thus, LCOE was 4668 ₽/MWh provided the previously defined discount rate and 

annual energy generated by the offshore WPP. Hence, LCOE of the project characterized by 

described parameters is approximately 3 times higher than an average price of electricity for 

a lifetime without accounting a price development (1561 ₽/MWh). 

Table 6.3 The key financial values of the economic assessment of offshore WPP in euros, assuming 

currency rate 75 ₽/€ 

Specific CapEx limit 
stated by Decree No. 
449 

CapEx limit for the 
offshore WPP in 
Murmansk region 
stated by Decree No. 
449 

Specific O&M costs 
stated by Decree No. 
449 

LCOE 

872.45 €/kW 37.690 million € 1573 €/MW 62.24 €/MWh 
An average forecasted 
price for generators in 
Murmansk region for 
2019 

An average 
forecasted price for 
generators in 
Murmansk region  
throughout  a 
lifetime of offshore 
WPP 

Total average annual 
cost of energy losses 
for SWT-3.6-120 at 
the site of offshore 
WPP 

Maximum 
reasonable price for 
icing-preventing 
system  

13.35 €/MWh 20.81 €/MWh 121149 € 1.37 million €/ unit 

6.5 A sensitivity analysis of economic efficiency indicators of the offshore WPP 

project 

A sensitivity analysis was provided to assess the impact of different variables on economic 

efficiency indicators. In fact, an inflation rate, a corporate income tax and a price of 

electricity characterize external conditions, in which the project is implemented, and can not 

be forced by a project initiator.  In turn, СaрЕх and O&M limits is a financial parameters 

and depend on a structure and O&M organization of the offshore WPP, hence might be 

changed during the early stages of a project development. 

The impact of CapEx and O&M costs on economic efficiency indicators of the offshore 

WPP project was evaluated given maximum guaranteed inflation rate, normal corporate 

income tax and stable price of electricity based on 2019 value for Murmansk region. 
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Therefore, Table 6.4 represents NPV and IRR for different combinations of CapEx and 

O&M costs as a percentage of corresponding maximum limits set by Decree No. 449. The 

profitable option which are characterized by positive NPV and IRR higher than a discount 

rate are bold. 

Table 6.4 Analysis of CapEx and O&M costs impact on economic efficiency indicators  

NPV, million 
₽/y 

IRR, % 

A percent of a CapEx limit set by Decree No. 449, % 

10 20 30 40 50 60 70 80 90 100 

A 
percent 

of 
O&M 
costs 
limit  
set by 
Decree 

No. 
449,% 

10 791 
41.7% 

544 
23.3% 

297 
16.2% 

50 
12.2% 

-196 
9.5% 

-443 
7.5% 

-690 
6.0% 

-937 
4.7% 

-1 185 
3.7% 

-1 449 
2.7% 

20 742 
40.4% 

495 
22.4% 

247 
15.5% 

0.912 
11.6% 

-246 
8.9% 

-493 
7.0% 

-740 
5.5% 

-987 
4.3% 

-1 238 
3.2% 

-1 511 
2.2% 

30 692 
39.0% 

445 
21.5% 

198 
14.8% 

-48 
10.9% 

-295 
8.4% 

-543 
6.5% 

-790 
5.0% 

-1 037 
3.8% 

-1 300 
2.7% 

-1 573 
1.6% 

40 643 
37.6% 

396 
20.6% 

149 
14.0% 

-97 
10.3% 

-344 
7.8% 

-592 
5.9% 

-839 
4.5% 

-1 090 
3.3% 

-1 362 
2.1% 

-1 634 
1.0% 

50 593 
36.2% 

346 
19.6% 

99 
13.2% 

-147 
9.6% 

-394 
7.2% 

-641 
5.4% 

-889 
4.0% 

-1 151 
2.7% 

-1 424 
1.5% 

-1 696 
0.4% 

60 544 
34.7% 

297 
18.6% 

50 
12.4% 

-196 
8.9% 

-443 
6.5% 

-691 
4.8% 

-941 
3.4% 

-1 213 
2.0% 

-1 485 
0.8% 

-1 758 
-0.2% 

70 495 
33.1% 

248 
17.6% 

0.94 
11.6% 

-246 
8.2% 

-493 
5.9% 

-740 
4.2% 

-1 003 
2.6% 

-1 275 
1.3% 

-1 547 
0.1% 

-1 820 
-0.9% 

80 445 
31.5% 

198 
16.5% 

-48 
10.7% 

-296 
7.4% 

-543 
5.2% 

-792 
3.5% 

-1 064 
1.9% 

-1 337 
0.5% 

-1 609 
-0.6% 

-1 882 
-1.6% 

90 396 
29.8% 

149 
15.4% 

-97 
9.8% 

-344 
6.7% 

-592 
4.4% 

-854 
2.6% 

-1 126 
1.0% 

-1 398 
-0.3% 

-1 671 
-1.4% 

-1 943 
-2.4% 

100 346 
28.0% 

99 
14.2% 

-147 
8.8% 

-394 
5.7% 

-643 
3.6% 

-916 
1.7% 

-1 188 
0.2% 

-1 460 
-1.1% 

-1 732 
-2.3% 

-2 005 
-3.2% 

The following conclusions can be made according to Table 6.4. Assuming constant external 

economic conditions, the profitable options match no more than 40% of CapEx stated limit 

provided minimal of 10% O&M costs. Hence, for given inflation rate, corporate income tax 

and price for electricity the project of the offshore WPP will be economic effective, if the 

specific CapEx is less then approximately 26000 ₽/kW or roughly 347 €/kW. Moreover, in 

case O&M costs are equal to highest acceptable value set by Decree No. 449, CapEx of 20% 

as maximum ensure the cost-effective option. This option is characterized by NPV of 99 

million ₽ (1.32 million €) and IRR of 14.2%. In general, a reduction of CapEx less than 

stated limits is more necessary than a decrease of O&M costs in order to achieve a 

profitability of the project.  

The project of an offshore WPP, which is characterized by the highest acceptable 

expenditures based on Decree No. 449 and implemented assuming maximum guaranteed 

inflation rate, normal corporate income tax and stable price of electricity, is not economically 

feasible as it was presented in Appendix IV, VI. The economic efficiency indicators prove 
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unprofitability of the described option and are summarized in Table 6.5. Hence, the input 

parameters ensuring economic competitive position of the project had to be defined.  

Assume the option as financially feasible in case it has an discounted payback period no 

more than 8 years. Table 6.5 represent two of possible competitive options for different input 

parameters. Considering normal economic and tax conditions, CapEx and O&M costs have 

to be less or equal to 21% of limits set by Decree No. 449. In turn, there is an option 

supposing a reduction of inflation rate, increase of a price of electricity and an applicability 

of a reduced tax system. In this case, expenses equal to a quarter of stated limits provide a 

competitive discounted payback period and higher NPV and PI but lower IRR in comparison 

with the initially proposed external conditions. 

Table 6.5 The acceptable by Decree No. 449 and competitive options of the offshore WPP project 

in Murmansk region  

Input parameters 

The acceptable 
option given 
limits by Decree 
No. 449 

The competitive 
option for normal 
economic and tax 
conditions 

The competitive 
option for improved 
economic and tax 
conditions 

CapEx, % of limit set by 
Decree No. 449 100 21 25 

O&M costs, % of limit set 
by Decree No. 449 100 21 25 

Inflation rate 

maximum 
guaranteed for 

2019 
5.5% 

maximum guaranteed 
for 2019 

5.5% 

minimum forecasted 
for 2019 

4.5% 

Corporate income tax Normal  
20% 

Normal  
20% 

Reduced 
12.5% for 5 years 

20% further 
Price of the electricity stable, based on 

2019 value 
stable, based on 2019 

value 
annually increasing 

by 2% 
Economic efficiency indicators 

NPV, thousands ₽ 
(thousands €) 

-2 005 
(-26.733) 

465 
(6.2) 

588 
(7.84) 

IRR, % -3.2% 21.4% 21.0% 
PI 0.24 1.85 1.90 
Payback period, years >lifetime 5 5 
Discounted payback 
period, years >lifetime 8 8 

Further, MPOs were defined in order to evaluate the maximum values of CapEx and O&M 

costs that ensure a profitability of the project.  In general, these options are characterized by 

an equal to one PI and a discounted payback period equal to a WPP lifetime. MPOs for 
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taking different input parameters are presented in Table 6.6. As an assumption, O&M costs 

decrease was supposed to be preferable to CapEx reduction.  

Table 6.6 A determination of MPO for different external and internal conditions 

Input 
parameters 

MPO 
given 
minimum 
inflation 
rate 

MPO 
given 
reduced 
corporate 
income 
tax  

MPO 
given 
increased 
price of 
electricity 

MPO for 
reduced 
CapEx 

MPO for 
reduced 
CapEx and 
O&M costs 

MPO given 
equal % of 
CapEx and 
O&M costs 
limits 

CapEx, % of 
limit set by 
Decree No. 
449 

40 40 100 24 40 37 

O&M costs, % 
of limit set by 
Decree No. 
449 

17 22 100 100 20 37 

Inflation rate 

minimum 
forecasted 
for 2019 

4.5% 

maximum 
guaranteed 
for 2019 

5.5% 

maximum 
guaranteed 
for 2019 

5.5% 

maximum 
guaranteed 
for 2019 

5.5% 

maximum 
guaranteed 
for 2019 

5.5% 

minimum 
forecasted 
for 2019 

4.5% 

Corporate 
income tax 

Normal 
20% 

Reduced 
12.5% for 

5 years 
20% 

further 

Normal 
20% 

Normal  
20% 

Normal  
20% 

Reduced 
12.5% for 5 

years 
20% further 

Price of the 
electricity 

stable, 
based on 

2019 value 

stable, 
based on 

2019 
value 

annually 
increasing 
by 10 % 

stable, 
based on 

2019 value 

stable, 
based on 

2019 value 

annually 
increasing 

by 2% 

 Economic efficiency indicators 
NPV, 
thousands ₽ 
(thousands €) 

4 870 
(64.93) 

470 
(6.27) 

26 851 
(358.01) 

957 
(12.76) 

912 
(12.16) 

195 
(2.6) 

IRR, % 11.46% 11.40% 11.66% 11.58% 11.57% 11.40% 
PI 1.00 1.00 1.01 1.00 1.00 1.00 
Payback 
period, years 9 9 11 9 9 9 

Discounted 
payback 
period, years 

20 

Main conclusions related to MPOs are listed below based on Table 6.6. The minimal 

forecasted inflation rate demands the highest reduction of specific expenditures due to lower 

growth of price of electricity in comparison with operational expenditures increase. 

Moreover, a reduced corporate income tax enables to have 2% higher specific costs for O&M 

in comparison with normal tax system given the same input parameters.  In turn, for the 

stated limit of O&M costs set by Decree No. 449 force CapEx to be roughly a quarter of the 
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highest acceptable value. Finally, considering favourable external conditions the equal 

proportion of specific expenses of 37% as maximum can also ensure a MPO. As a result, 

only a sharp growth of a price of electricity  might provide profitability of the project given 

internal financial parameters equal to limits set by Decree No. 449 (average price throughout 

a lifecycle should be approximately 5711 ₽/MWh or 76 €/MWh). Otherwise, the decrease 

by more than a half of specific CapEx and O&M costs is required to ensure economic 

feasibility regardless external conditions. 

In general, possibilities to reduce CapEx include technology development related to different 

cost components. Incremental improvements of wind turbines, new materials use and 

decrease of a mass per MW for foundations might have a positive effect on CapEx reduction 

during D&C stage. Moreover, in terms of installation process, wind turbines and foundations 

designed-for-installation together with faster, high volume installation techniques can 

decrease both time and expenditures of the offshore WPP construction. In turn, O&M costs 

might be minimized by application, for instance, all-weather access technologies, 

automatization and remote condition monitoring systems [43]. Finally, a longer design life 

can impact depreciation deductions, thus probably improve profitability in addition to CapEx 

and O&M costs reduction. 
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7 SUPPORT MECHANISM TO PROMOTE OFFSHORE WIND POWER 

7.1 General overview of support policies 

Support policies related to energy industry can be divided into indirect and direct 

mechanisms. Indirect support mechanisms are aimed to increase an energy generation costs 

of non-renewable power plants by putting additional fees on them as sources of 

environmental pollution. In turn, direct mechanisms incentivize investments in development 

and application of low-carbon energy technologies by creating beneficial conditions for 

renewables on the electricity market. The direct support schemes applied for offshore wind 

industry can be categorized into quantity, production and investment-based and are 

presented on Figure 6.1 [44]. 

 

Figure 7.1 The overview of the direct policy support mechanisms applied for offshore WPP [39] 

The general examples of direct support methods are given further. Government tenders for 

particular-technology capacity can create a market demand for electricity supplied by 

offshore WPP. In addition, the quantity-based approach might be implemented by imposing 

quotas in the form of Renewable Obligations or Renewable Portfolio Standards on retailers 

to purchase an established volume of offshore wind energy. In turn, the production-based 

incentives ensure profitability of the project by revenue insurance. Thus, Feed-in-Tariff 

contracts state a certain price for sale of a generated power that would be used for offshore 

WPP during a lifetime. Another option, named Feed-in-Premium, provide a defined ‘top-up’ 

payment in addition to the wholesale electricity price for every kWh sold by offshore WPP 

on the market. Finally, the Investment Tax Credit might be used as an investment-based 

policy, which ensure necessary capital for expenditures related to offshore WPP project [44].  
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The design of a particular support mechanism applied for the region depends on the maturity 

of the offshore wind industry in certain area, the general maturity and availability of the 

technology as well as a local market structure [44]. Regional features are specific while the 

required support policies based on the stage of offshore wind industry lifecycle might be 

considered as general-purpose. The relationship between efficiency gain opportunity and a 

lifecycle phases of a technology represents a logistic growth curve and is shown on Figure 

7.2 [44]. In connection with that, different support mechanisms are preferable to apply in 

dependence of a maturity stage of a technology. Thus, a current stage of a global industry 

development should be taken into account for open economies, but local technological 

conditions are relevant for closed economies.  

 

Figure 7.2 The stages of renewable technology life cycles and required support schemes [44] 

Currently, production-based direct support policy is the most common for Europe with 

relation offshore wind industry [44]. Assuming Arctic conditions, approximately 37,7% 

electricity price increase was estimated as required for offshore WPP located in Finland [45]. 

This might be implemented by Feed-in-Tariff stated by government equal to at least 137,7% 

of the wholesale market price or by corresponding ‘top-up’ payment given Feed-in-

Premium. The defined Feed-in-Tariff and Feed-in-Premium for the developed project of the 

offshore WPP in Murmansk region given normal economic and tax conditions are presented 

in Table 7.1. Thus, ‘top-up’ payment  should be on average around 3 times higher than 

electricity wholesale price forecasted for Murmansk region in 2019 in order to accomplish a 

profitability of the project and slightly more than 5 times higher – to ensure a 

competitiveness. To sum up, a role of support mechanisms is significant for offshore wind 
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industry, especially in cold climate conditions, and should be considered for particular 

electricity market. 

Table 7.1 The Feed-in-Tariff and Feed-in-Premium required for accomplishing a MPO and a 
competitive option of the offshore WPP in Murmansk region 

Production-based 
direct policy support 
mechanism 

The MPO The competitive option 
Initial value (for 
2021) assuming 
further growth 
defined by 
maximum 
guaranteed 
inflation rate 

Constant 
value during 
the project 
lifetime 

Initial value (for 
2021) assuming 
further growth 
defined by 
maximum 
guaranteed 
inflation rate 

Constant 
value during 
the project 
lifetime 

Feed-in-Tariff, ₽/MWh 
(€/MWh) 

2730 
(36.4) 

3900 
(52) 

4900 
(65.3) 

6075 
(81) 

Feed-in-Premium  
‘Top-up’ payment, % 
from 2019-value of 
electricity price for 
Murmansk region 

173 290 390 507 

7.2 The wholesale electricity and capacity market of the Russian Federation 

Basic rules of operational dispatch control in the power industry 

The operation of power plants in UES (instantaneous power, electricity generation for a 

certain period of time) is determined by the requirements of the System operator (SO), based 

on the need for reliable and uninterrupted power supply to consumers with quality electricity. 

The statements, which establish management rules of the electric power modes in the energy 

grid, are presented in the Order of the Government of the Russian Federation of December 

27, 2004 No 854 about the approval of rules operatively-dispatching management in power 

industry [46]. 

According to p. 32 of [46], the SO and organizations of operational dispatching control in 

technologically isolated local electric power systems at management of the electric power 

mode of the power system are obliged to provide: 

1) a compliance of the technological mode of operation of electric power facilities (for 

example, power lines, substations, etc.) with the acceptable technological modes and 

operating conditions of electric power equipment;  

2) a balance of production and consumption of electric energy in compliance with the 

established parameters of the quality of electricity;  
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3) a compliance of technological modes of operation of power plants with the 

requirements of system reliability;  

4) a compliance of technological modes of operation of nuclear power plants (NPP) 

with the stated mandatory requirements;  

5) an optimization of electric power modes of the UES and technologically isolated 

territorial electric power systems according to the criterion of minimizing the total cost 

of consumers. 

Furthermore, [46] establishes the priority of electricity generation which has to be considered 

by the SO for planning of operation modes:  

o Thermal power plants (TPPs) - in the volume corresponding to their operation in the 

heating mode; 

o Hydropower plants (HPPs) - in the volume that has to be produced for technological 

reasons and in order to ensure environmental safety;  

o Other generators - in the volume provided by obligations under bilateral contracts in 

cases established by the rules of the wholesale market of the transition period. 

Thus, the mode of operation of NPP, TPP should be planned assuming the peculiarities of 

technological processes, in particular, limited maneuverability of equipment (especially of 

TPP, NPP) and the undesirability of a complete shutdown of power units (for instance, 

combined heat and power technology, NPP). Furthermore, for HPP, environmental safety 

should be taken into account, meaning the need for sanitary water releases, prevention of 

exceeding the maximum water level of the reservoir and other water management 

requirements. 

In turn, the operation of renewable energy industry is determined by natural resources, for 

example, wind flows, which characteristics are probabilistic. Therefore, p. 6.1 of the 

Schemes and programs for the development of the Unified energy system of Russia for 2016-

2022 declares that the available power of wind power plants during consumption peaks has 

to be assumed as zero for planning and management purposes [47]. 

The structure and operation of the wholesale electricity and capacity market 

The wholesale energy market includes the electricity market and the capacity market, on 

which generators with installed capacity of not less than 5 MW are represented. In addition, 

the territory of the Russian Federation is divided into price, non-price and isolated zones. 

Within the price zones there is a technical possibility of competitive selection of energy and 



65 
 

power, due to a variety of different consumers and power sources, combined with each other. 

In turn, the price of electricity is set by the government for the regions included in the non-

price zones. 

The wholesale electricity market consists of the next parts [48]: 

1. The market of long-term bilateral contracts.  

1.1 Regulated contracts, for which the price is set by the government. These 

contracts might be concluded only in relation to the amount of electricity and 

capacity intended for the supply of domestic customers or of equivalent to them 

consumers.  

1.2 ‘Free’ contracts, which are aimed to allocate electricity volumes not covered by 

regulated contracts by purchasing at unregulated prices. Thus, market participants 

independently determine contractors, prices and volumes of delivery.  

2. The day-ahead market, on which the competitive selection of price bids of suppliers 

and retailers happens according to the supply and demand curves. On this base, the 

determination of prices and volumes of supply for each hour of the coming day is 

defined by the equilibrium.  

3. Balancing market is related to the trade of deviations, that allows to match the 

volume of production and consumption of electricity in real time. Generators 

participating in these activities are HPP, pumped storage HPP and energy units of TPP, 

NPP in hot standby mode. 

Thus, only HPP and pumped storage HPP are involved in the wholesale electricity markets 

in full among renewable generation. Mostly, this is caused by the low cost of energy 

production, high maneuverability of equipment and controllable output. Other renewable 

power plants, including WPP, are also represented on the wholesale market, but they have 

extremely high risks of receiving fines for non-fulfillment of obligations for the supply of 

electricity because of resource uncertainty. 

In accordance with general rules of power supply, provided by [49], the power supply is 

based on the readiness of the power plant to generate electricity. If the power plants do not 

meet the capacity availability requirements, the capacity fee will be reduced by applying 

certain coefficients. According to the current rules of power supply, power plants are 

considered ready to produce electricity in case the SO confirms that the certain generator 

can be used to regulate the frequency and supply reactive power. Moreover, generators have 
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to ensure that they can execute the control commands of the SO. In other words, they have 

to fulfill the established minimum value of the power supply per hour and (or) change the 

generation mode to maintain the balance in the system. 

The fulfillment of these general requirements is challengeable for renewable generators, 

whose operation depends on external factors, for example, wind conditions. In this regard, 

Decree No. 449 provides changes to previously described rules of the wholesale electricity 

market for renewable generation.  Thus, [37] exempts renewable generators located in the 

price zone from the existing requirements in relation to the implementation of dispatching 

commands and changing the generation mode. Instead, renewable power plants have to 

ensure their readiness to suspend the supply of electricity after the appropriate command 

from the SO by the disconnection of equipment. If the renewable generator does not fulfill 

this requirement, the price for the supplied capacity will be significantly reduced for the 

whole current month. 

In order to facilitate the supply of renewable energy to consumers, Decree No. 449 

establishes a priority order for the renewable power plants. Hence, the generation bids of 

renewable generators have to be selected before generation bids of participants in the ‘free’ 

power market. Thus, renewable power plants are put on the 4th place in the order for power 

selection after the power of generators, which form technological power reserve, operating 

on the basis of traditional power supply contracts (including NPP and HPP) and strategic 

generators supplying power in a forced mode [37]. 

Furthermore, p.2 of article 21 of the Federal law “About power industry” provides a legal 

basis for the introduction of obligations to purchase renewable power [50]. According to 

this, the Government of the Russian Federation should determine the minimum volumes of 

electricity produced by renewable generators, which retailers are required to purchase in the 

wholesale power market. Thus, each retailer has to sign a contract for the purchase of a 

certain share of renewable power in proportion to the volume of its peak demand for 

electricity. 

7.3 Renewable energy support mechanism in the Russian Federation 

The current renewable energy support mechanism was established in 2013 by the 

Government of the Russian Federation and presented in Decree No. 449. It is targeted to 

support renewable power plants on the wholesale capacity market by providing beneficial 

regulated prices based on available capacity of a generator. Thus, this approach is consistent 
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with the structure of the wholesale market, according to which power plants receive a fee for 

electricity generated (MWh) on the electricity market, and for readiness for electricity 

production (MW per month) on the capacity market. Decree No.449 supposes that the 

capacity fee should cover most of the capital and maintenance and repair costs, and the 

electricity price should cover operation costs [37]. 

The project of WPP has to fulfill some requirements in order to apply for a capacity-based 

support stated by Decree No. 449. Firstly, the generator has to be registered as provisional 

supplier to the wholesale market and have an installed capacity higher than 5 MW. Secondly, 

CapEx of the project has to be under specific limits set by Decree No. 449, which are 

presented in section 6.1 or Table 6.3 (in €). Thirdly, [37] establishes local content target in 

total and for each individual component of a WPP. Finally, a project initiator has to provide 

financial guarantees and signed contracts including related to the PCC and an access to the 

wholesale market. As a result of these criteria fulfillment, the project of a WPP may receive 

an admission to participate in a selection process. 

The number of selected project depends on a target of installed capacity of new renewable 

power plants for a considering year (750 MW for WPPs in 2019) [37]. Therefore, 

applications of WPP projects are ranged according to their proposed CapEx in increasing 

order. Hence, WPPs characterized by the lowest specific costs would be selected for 

participating in a support mechanism. Further, the Agreement for the supply of renewable 

energy source capacity would be signed in the confirmation and the capacity price formation 

would be implemented. Thus, the capacity of the selected WPPs will be pay at a preferential 

price during 15 years.  

The methodology for a definition of the capacity price  

The charge for a capacity is remunerated on monthly basis and determined separately for 

every generator based on its characteristics. The annual calculation of the capacity price is 

implemented by general formula proposed by [37] 

( )WPP
CapEx,O&M property CP load int.cons. ,CP CP T C k k= + ⋅∆ ⋅ ⋅        (7.1) 

where CapEx,O&MCP is the component of capacity price, ensuring the return of capital and 

operational expenses [₽], propertyT  is the corporate property tax [₽], WPP
CPC∆ is the share of costs 

compensated be capacity charge [-], loadk  is the load factor depending on what the ratio of 
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actual and projected capacity factor set by Decree No. 499 [-] and int.cons.k  is the coefficient 
that takes into account internal power consumption of the WPP set by Decree No. 499 [-]. 

In turn, the share of costs compensated be capacity charge should be defined on a basis of a 

category of generation, for instance wind energy, and a market zone, for example 1st price 

zone for Murmansk region. The share for a considered WPP is equal to the average value 

for preliminary shares of costs for all selected projects for particular category of renewable 

generation in the current and next years [37] 

( )WPP _ Wind _ Wind _ 1
CP CP CP0.5 ,i i iC C C +∆ = ⋅ ∆ + ∆        (7.2) 

where  Wind _
CP

iC∆  is the preliminary shares of costs for wind generation compensated be 

capacity charge in year i [-] 
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where profit
i∆ is the ratio of the projected profit from the sale of electricity to the total cost of 

the generator for year i [-] 

/
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Profit
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12
ii

iTR
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⋅
                                      (7.4) 

where /
req _ iTR  is the specific monthly required total revenue for year i set by agreement on 

accession to the trading system of the wholesale market [₽/MW] and /
el _Profit i is the specific 

projected profit from the sale of electricity in year i [₽/MW] 

day_ahead/ Wind /
el _ WT y prod _

int.cons.

Profit ,
i

i i

P
k T C

k
 

= ⋅ ⋅ −  
 

                             (6.5) 

where Wind
WTk  is the capacity factor for WPP stated by Decree No. 449 [-], day_ahead

iP is the 

forecasted price for day-ahead market based on the increase of prices for natural gas by the 

forecast of socio-economic development of the Russian Federation [₽/MWh] and /
prod _ iC  is 

the specific cost price of electricity production for WPP set by Decree No. 449 [₽/MWh]. 
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Further, the component of capacity price, ensuring the return of capital and operational 

expenses should be determined [37] 

_1
CapEx,O&M O&M CP ,

1 12
i WPP ii i i

income

R RR rCP C C
T

−⋅
= + + ⋅∆

−
                       (7.6) 

where iR is the invested capital at the beginning of year i [₽], ir  is the refund on invested 

capital in year i set by the agreement on accession to the trading system of the wholesale 

market [₽] and iRR  is the rate of return of investment in a particular WPP [-]. 

( ) ( )1 1 1 2 1 11 ,i i i i i i iR R r RR RR RR R− − − − − −= − + − ⋅ + ⋅                   (7.7) 
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RR RR
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                              (7.9) 

where baseRR is basic rate of return set by Decree No.449 [-], iPL - a profitability level 

established by the Federal Executive authority [-] and basePL   is a basic profitability level of 

long-term government obligations [-]. 

Thus, the Administrator of the Trading System (ATS) is required to establish the capacity 

price for each renewable power plant following the method described above.  The key input 

parameters used for capacity price definition which are stated by Decree No. 449 are 

summarized in Table 7.2 [37]. However, some variables can be received only by special 

permission, for instance, disclosure of the specific monthly required total revenue and the 

refund on invested capital, which are known by parties of the agreement on accession to the 

trading system of the wholesale market. Moreover, the Federal Executive authority should 

be asked about set profitability level. In addition, the official forecasted price for day-ahead 

market which is based on the increase of prices for natural gas are requested information 

[48]. To sum up, an accurate capacity price formation for offshore WPP can not be 

implemented using data from official open sources and making assumptions is needed. In 

order to suggest numerical values for listed variables additional analysis is required, that is 

out of the scope of this Thesis.  
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Table 7.2 The key parameters of capacity price definition for WPP stated by Decree No. 449  

Local content requirement Coefficient of 
profit from the 
wholesale market 
after the payback 
period and before 
the end of the 
lifetime 

Minimal 
requirement 
for 
projected 
capacity 
factor  

Load factor depending on 
what the ratio of actual and 
projected capacity factor  

Coefficient 
of internal 
power 
consumption 

Target 
indicator 
(2019) 

Coefficient of 
the 
implementation 
used for 
definition of 
planned CapEx  

65%≥  
65%<  

1 
0.45 0.9 0.27 0.5<

0 
0.5 0.75÷

0.8 
0.75>
1 1.005 

 

Specific cost price of 
electricity production 

Basic profitability level of long-
term government obligations 

Basic rate of 
return  

The corporate 
property tax [36] 

1 ₽/MWh 
(0.13 €/MWh) 8.5 % 12% 2.2% 

The required capacity price for a considered case of the offshore WPP in Murmansk region 

was defined based on methodology of economic efficiency indicators calculation given in 

chapter 6 assuming normal external conditions. The value was determined for the 1st year of 

the offshore WPP operation, in particular, 2021, and further indexed to inflation. Thus, a 

MPO is characterized by a minimum capacity price of 5300 ₽ (70.7 €) per kW of installed 

capacity in 2021, that corresponds an average value for the whole lifetime equal to 

approximately 7737 ₽ (103.2 €) per kW with regard to maximum guaranteed inflation rate, 

normal tax system and stable electricity price. Considering the same external factors the 

competitive option requires at least 11400 ₽ (152 €) per kW in 2021 or 16642 ₽ (222 €) per 

kW on average during a lifetime. Hence, a governmental support required for accomplishing 

a MPO of offshore WPP project is roughly 46% lower than for changing it into a competitive 

option. 

In conclusion, the support mechanism to promote renewable energy might provide additional 

positive cash flow proportional to installed capacity of the power plant. However, the 

investor of considered offshore WPP has to make commitments for implementing highly 

probable unprofitable project beforehand, as was defined in chapter 6, in order to have an 

opportunity to apply for a preferential price for a capacity. In other words, there is a risk for 

investors of receiving obligations which may lead to huge financial losses. In turn, the 

opportunity to definitely calculate economic efficiency indicators is limited for research 

purposes because of necessity to make assumptions of variables.  
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8 CONCLUSIONS 

The offshore wind resource is characterized by higher average wind speed due to large flat 

area of sea surface in general case. Therefore, a meteorological network of the Murmansk 

region, that includes 33 MS of coastal and island location, was considered aiming to define 

the most appropriate location for an offshore WPP. As a result, 10 MS in the considered 

region, which were characterized by an average annual speed above 3.5 m/s, were analyzed 

taking into account accessibility of transport infrastructure and energy system. As a site of 

the offshore WPP, the White sea water area between the mouths of the Varzuga and 

Chavanga rivers was chosen because of the highest average annual wind speed equal to 5.44 

m/s at 10 m height at the site of MS  (the most repeated wind speed is 4.5 m/s, the prevailing 

wind direction is absent). 

Further, the selection of wind turbines was made from sea-based models according to the 

requirements of cold climate performance and safety class I. Assuming the developed 

offshore WPP parameters, the best energy-efficiency indicators  characterized wind turbine 

SWT-3.6-120 manufactured by Siemens  with tower height 90 m, in particular the capacity 

factor 0.574 and full load hours 4790 h. Moreover, energy losses for this model operation 

were the least and equal to 33.24% or 5731.2 MWh/a among which the greatest share was 

icing losses (17.9%). The available sea floor area limited the number of wind turbines as 

maximum of 12. Thus, adjusted for losses, the annual output of the offshore WPP with an 

installed capacity of 43.2 MW would be 138132 MWh. 

A connection of the offshore WPP to the UES was developed according to the criteria of 

minimizing underwater repair work and requirements for high reliability. Assuming the short 

distance to the coastline (around 2.5 km) the onshore substation was designed given 10kV 

marine cable line and a step-up transformer for each wind turbine. Consequently, the star 

layout was chosen and implemented by 3 groups of 4 wind turbines.  In addition, the choice 

of electrical equipment including transformers, conductors (busbars, cables, overhead lines), 

switching devices (switches and disconnectors) and measuring transformers was made 

taking into account a local content requirement for wind energy projects in the Russian 

Federation. 

The economic calculation was based on CapEx and OpEx structures common for an offshore 

WPP and Decree No. 449 that set requirements for renewable projects implemented in the 

Russian territory. The LCOE of the offshore WPP in Murmansk region (62.24 €/MWh) was 
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lower than a target defined for offshore wind industry (115 €/MWh) for 2020. However, this 

value is around 3 times higher than an average electricity price for a WPP lifetime without 

accounting a price development (20.81 €/MWh). Hence, the direct evaluation of economic 

efficiency indicators of the offshore WPP in Murmansk region had shown an unprofitability 

of the project during a 25-years lifetime mainly because of extremely low wholesale price 

of electricity. Further, the sensitivity analysis was aimed to define different combinations of 

internal (CapEx, OpEx) and external input parameters (inflation rate, corporate income tax 

and electricity price) which ensure a profitability and a competitiveness of the developed 

project. 

Finally, support policies utilized for offshore wind industry were considered. Required 

production-based mechanisms, were determined for the offshore WPP based on external 

economic conditions. In particular, Feed-in-Tariff has to be at least 3-6 times higher than 

forecasted wholesale electricity price for Murmansk region to provide competitiveness of 

the offshore WPP on the wholesale electricity and capacity market. The detailed description 

of the renewable energy support mechanism in the Russian Federation and a methodology 

of capacity price formation revealed impossibility to define the value of financial support 

based on open sources of information. In turn, an average capacity price of at least 103.2 

€/kW of installed capacity might ensure a discounted payback period equal to a project 

lifetime and 222 €/kW - equal to 8 years.  

Despite an extremely good wind conditions on the shore of Murmansk region, the 

technological and financial challenges exist concerning high humidity, cold climate 

conditions and corresponding high energy losses due to icing. As a result, the low wholesale 

price of electricity in the Russian Federation, including Murmansk region, requires strong 

governmental support to provide an investment appeal of the offshore WPP project.  
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APPENDIX I 

Table 1. Average annual wind distribution at the height of 10 m at coastal and island meteorological 

stations of Murmansk region 

WMO 
ID 

Vj, 
m/s 

22003 22012 22018 22019 22028 22334 22339 22349 22355 22361 

0-1 0.8 6 4 20 10 4 7 8 9 5 4 
2-3 2.5 17.30 17.88 35.30 26.58 17.14 26.64 22.35 24.48 15.45 14.73 
4-5 4.5 23.25 23.12 25.32 29.69 20.04 26.81 25.81 25.82 21.28 20.62 
6-7 6.5 21.07 21.02 12.64 19.25 18.26 20.29 20.17 19.25 21.13 21.85 
8-9 7.5 15.50 15.65 4.96 9.32 14.17 11.04 13.50 11.93 17.76 17.51 

10-11 10.5 8.84 9.66 1.36 3.39 11.82 5.50 6.31 6.24 10.48 10.92 
12-13 12.5 5.76 5.60 0.27 1.27 7.15 2.09 2.98 2.48 5.46 6.83 
14-15 14.5 1.81 2.31 0.09 0.33 3.83 0.51 0.81 0.96 2.50 2.29 
16-17 16.5 0.67 0.79 0.00 0.06 1.98 0.13 0.15 0.20 0.87 0.80 
18-20 18.5 0.21 0.31 0.00 0.10 1.18 0.01 0.02 0.03 0.23 0.28 
21-24 22.5 0.05 0.05 0.00 0.01 0.35 0.01 0.00 0.02 0.06 0.06 
25-28 26.5 0.01 0.01 0.00 0.00 0.10 0.00 0.04 0.00 0.00 0.00 
29-34 31.5 0.03 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 
35-40 37.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
calm  - 0.86 0.66 6.16 2.18 0.66 1.94 2.34 1.58 1.49 0.73 

Table 2. Average annual wind roses at the height of 10 m at coastal and island meteorological stations 

of Murmansk region 

Direction N NE E SE S SW W NW calm 
22003 10.20 8.61 8.95 7.04 22.28 21.77 12.58 8.57 0.86 
22012 12.00 5.79 6.60 10.18 15.44 22.23 17.14 10.61 0.65 
22018 9.04 13.85 4.50 3.24 20.75 33.49 9.50 5.63 5.99 
22019 11.45 8.83 4.37 8.19 24.05 25.12 11.54 6.46 2.05 
22028 8.16 5.68 6.64 13.57 23.40 19.61 12.24 10.70 0.66 
22334 14.90 12.30 15.68 9.47 11.25 12.03 15.61 8.75 1.95 
22339 13.46 11.99 14.16 12.22 9.10 14.04 16.00 9.02 2.31 
22349 10.27 18.87 9.64 5.04 10.27 22.31 11.53 12.08 1.59 
22355 16.55 11.94 5.52 5.38 18.33 17.89 11.01 13.39 1.49 
22361 12.18 9.95 10.76 10.01 15.98 17.82 14.10 9.20 0.70 
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APPENDIX II 

Figure 1. The designed electrical scheme of the offshore WPP in Murmansk region 
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APPENDIX III 

Table 1. List of the main electrical equipment of the offshore WPP in Murmansk region 

Element of an 
offshore WPP 
network 

Equipment name Amount 
of 
equipment  

Wind turbine 
Wind turbine SWT-3.6-120 12 
Busbar ШЗК-1.2-4000-81 12 
Transformer ТМГ-6300-10/0.69-УХЛ1 12 
Breaker ВА07-440 24 
Current 
transformer 

ТШЛ-0,69-0,5/10Р-4000/5-УХЛ1 12 

Infield power connections 
Cable 2XS2YRAA 68.932 

km 
Breaker ВРC–10III–31.5/3150 УХЛ1 20 
Disconnector РГ-10/3150 УХЛ1 20 
Current 
transformer 

ТОЛ – 10 – 0,5/5Р–300/5–УХЛ1 18 

Current 
transformer 

ТОЛ – 10 – 0,5/5Р–800/5–УХЛ1 4 

Current 
transformer 

ТОЛ – 10 – 0,5/5Р–3000/5–УХЛ1 2 

Voltage 
transformer 

НАМИ – 10 –УХЛ1 3 

Onshore substation 
Transformer ТД-63000/110-УХЛ1 1 
Breaker ВPC–110III–31.5/2500-УХЛ1 1 
Disconnector РГ-110/1000 УХЛ1 1 
Current 
transformer 

ТВТ-110-0,5/Р10-300/5-УХЛ1 1 

Voltage 
transformer 

НКФ – 110 – II – УХЛ1 1 

Transmission line to PCC 
Overhead line АС 95/16 23 km 
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APPENDIX IV 

Table 1. Calculation of net profit for offshore WPP consisting of 12 wind turbines SWT-3.6-120 and located between the mouths of Varzuga and Chavanga 

rivers given maximum inflation rate guaranteed by the Central Bank and highest limits of specific CapEx, O&M costs set by Decree No. 449 

 

 

Parameter/Year 0 
(2019) 1 2 3 4 5 6 7 8 9 10 

Annual generation of an offshore WPP, 
thousands kWh 

– – 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 

Inflation rate,% 5.5 5.27 5.00 4.74 4.47 4.20 3.94 3.90 3.82 3.74 3.67 
The price for the electricity purchase under 

RC in 1st price zone , ₽/MWh 
1001 1053.77 1106.51 1158.93 1210.75 1261.66 1311.35 1362.49 1414.57 1467.54 1521.35 

Revenue,  thousands ₽/y _ _ 152844 160085 167244 174276 181139 188203 195397 202713 210146 
O&M costs,  thousands ₽/y – – – 79913 83487 86997 90423 93950 97541 101193 104903 

Depreciation deductions,  thousands ₽/y – – 141337 148034 154653 161156 167503 174035 180687 187453 194326 
Contingency costs,  thousands ₽/y – – 14134 14803 15465 16116 16750 17404 18069 18745 19433 
Balance sheet profit, thousands ₽/y – – -2628 -82666 -86362 -89993 -93537 -97185 -100900 -104678 -108516 

Corporate income tax, thousands ₽/y – – 0 0 0 0 0 0 0 0 0 
Net profit,  thousands ₽/y – – -2628 -82666 -86362 -89993 -93537 -97185 -100900 -104678 -108516 

Parameter/Year 11 12 13 14 15 16 17 18 19 20 21 
Annual generation of an offshore WPP, 

thousands kWh 
138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 

Inflation rate,% 3.59 3.51 3.43 3.36 3.28 3.20 3.20 3.12 3.04 2.97 2.89 
The price for the electricity purchase under 

RC in 1st price zone , ₽/kWh 
1575.95 1631.28 1687.29 1743.90 1801.06 1858.70 1918.18 1978.07 2038.29 2098.76 2159.39 

Revenue,  thousands ₽/y 217688 225331 233068 240889 248784 256745 264961 273234 281552 289905 298280 
O&M costs,  thousands ₽/y 108668 112484 116346 120250 124191 128165 132267 136396 140549 144718 148899 

Depreciation deductions,  thousands ₽/y 201300 208368 215522 222754 230056 237417 245015 252665 260357 268081 275825 
Contingency costs,  thousands ₽/y 20130 20837 21552 22275 23006 23742 24501 25266 26036 26808 27583 
Balance sheet profit, thousands ₽/y -112411 -116358 -120352 -124391 -128468 -132579 -136822 -141094 -145389 -149702 -154027 

Corporate income tax, thousands ₽/y 0 0 0 0 0 0 0 0 0 0 0 
Net profit,  thousands ₽/y -112411 -116358 -120352 -124391 -128468 -132579 -136822 -141094 -145389 -149702 -154027 
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APPENDIX V 

 Table 1. Calculation of net profit for offshore WPP consisting of 12 wind turbines SWT-3.6-120 and located between the mouths of Varzuga and Chavanga 
rivers for minimal profitable option assuming equal percentage decrease of CapEx and O&M costs limits, a temporary reduced corporate income tax and the 
lowest inflation rate forecasted by the Central Bank 

 

Parameter/Year 0 
(2019) 1 2 3 4 5 6 7 8 9 10 

Annual generation of an offshore WPP, 
thousands kWh – – 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 

Inflation rate,% 4.5 4.41 4.31 4.21 4.11 4.01 3.91 3.90 3.82 3.74 3.67 
The price for the electricity purchase under 

RC in 1st price zone , ₽/MWh 1001 1045.19 1090.28 1136.23 1182.97 1230.46 1278.63 1328.49 1379.27 1430.92 1483.38 

Revenue,  thousands ₽/y _ _ 150602 156949 163406 169966 176619 183507 190521 197655 204902 
O&M costs,  thousands ₽/y – – – 28989 30181 31393 32622 33894 35189 36507 37846 

Depreciation deductions,  thousands ₽/y – – 52295 54499 56741 59019 61329 63721 66156 68633 71150 
Contingency costs,  thousands ₽/y – – 5229 5450 5674 5902 6133 6372 6616 6863 7115 
Balance sheet profit, thousands ₽/y – – 93078 68012 70810 73652 76535 79520 82560 85651 88792 

Corporate income tax, thousands ₽/y – – 11635 8501 8851 9207 9567 15904 16512 17130 17758 
Net profit,  thousands ₽/y – – 81443 59510 61959 64446 66969 63616 66048 68521 71033 

Parameter/Year 11 12 13 14 15 16 17 18 19 20 21 
Annual generation of an offshore WPP, 

thousands kWh 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 138 132 

Inflation rate,% 3.59 3.51 3.43 3.36 3.28 3.20 3.20 3.12 3.04 2.97 2.89 
The price for the electricity purchase under 

RC in 1st price zone , ₽/kWh 1536.62 1590.57 1645.18 1700.39 1756.12 1812.32 1870.31 1928.71 1987.43 2046.39 2105.50 

Revenue,  thousands ₽/y 212256 219709 227252 234878 242576 250339 258350 266416 274527 282671 290837 
O&M costs,  thousands ₽/y 39204 40580 41974 43382 44804 46238 47718 49207 50705 52210 53718 

Depreciation deductions,  thousands ₽/y 73703 76291 78911 81558 84232 86927 89709 92510 95326 98154 100990 
Contingency costs,  thousands ₽/y 7370 7629 7891 8156 8423 8693 8971 9251 9533 9815 10099 
Balance sheet profit, thousands ₽/y 91978 95208 98477 101781 105117 108481 111952 115448 118963 122492 126030 

Corporate income tax, thousands ₽/y 18396 19042 19695 20356 21023 21696 22390 23090 23793 24498 25206 
Net profit,  thousands ₽/y 73583 76166 78781 81425 84094 86785 89562 92358 95170 97993 100824 
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APPENDIX VI 

Table 1. Definition of investment performance indicators of the offshore WPP consisting of 12 wind turbines SWT-3.6-120 and located between the mouths 
of Varzuga and Chavanga rivers given maximum inflation rate guaranteed by the Central Bank and highest limits of specific CapEx, O&M costs set by Decree 
No. 449 

Parameter/Year 0 
(2019) 1 2 3 4 5 6 7 8 9 10 

CapEx, thousands ₽/y -848 025 -1 773 664 – – – – – – – – – 
Free cash flow, thousands ₽/y -848 025 -1 978 724 138 710 65 369 68 291 71 163 73 965 76 850 79 787 82 775 85 810 
Accumulated free cash flow, 

thousands ₽/y 
-848 025 -2 826 749 -2 688 039 -2 622 670 -2 554 379 -2 483 216 -2 409 250 -2 332 400 -2 252 613 -2 169 838 -2 084 028 

Discount coefficient 1.000 0.896 0.803 0.720 0.646 0.579 0.519 0.465 0.417 0.374 0.335 
Discounted free cash flow, 

thousands ₽/y 
-848 025 -1 773 664 111 450 47 079 44 087 41 180 38 366 35 731 33 252 30 922 28 734 

Accumulated discounted free cash 
flow, thousands ₽/y 

-848 025 -2 621 688 -2 510 239 -2 463 160 -2 419 073 -2 377 893 -2 339 527 -2 303 796 -2 270 543 -2 239 621 -2 210 887 

 

  

Parameter/Year 11 12 13 14 15 16 17 18 19 20 21 
CapEx, thousands ₽/y – – – – – – – – – – – 

Free cash flow, thousands ₽/y 88 890 92 011 95 170 98 363 101 587 104 838 108 193 111 571 114 968 118 379 121 798 
Accumulated free cash flow, 

thousands ₽/y 
-1 995 

138 
-1 903 

127 
-1 807 957 -1 709 594 -1 608 006 -1 503 168 -1 394 975 -1 283 404 -1 168 436 -1 050 058 -928 259 

Discount coefficient 0.300 0.269 0.241 0.216 0.194 0.174 0.156 0.140 0.125 0.112 0.101 
Discounted free cash flow, 

thousands ₽/y 
26 681 24 755 22 952 21 264 19 685 18 209 16 845 15 570 14 382 13 274 12 242 

Accumulated discounted free cash 
flow, thousands ₽/y 

-2 184 
206 

-2 159 
450 

-2 136 499 -2 115 235 -2 095 550 -2 077 341 -2 060 496 -2 044 926 -2 030 544 -2 017 270 -2 005 028 
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APPENDIX VII 

Table 1. Definition of investment performance indicators of the offshore WPP consisting of 12 wind turbines SWT-3.6-120 and located between the mouths 
of Varzuga and Chavanga rivers for minimal profitable option assuming equal percentage decrease of CapEx and O&M costs limits, a temporary reduced 
corporate income tax and the lowest inflation rate forecasted by the Central Bank 

Parameter/Year 0 
(2019) 1 2 3 4 5 6 7 8 9 10 

CapEx, thousands ₽/y -313 769 -657 231 – – – – – – – – – 
Free cash flow, thousands ₽/y -313 769 -732 128 133 738 114 009 118 700 123 465 128 297 127 337 132 204 137 154 142 183 
Accumulated free cash flow, 

thousands ₽/y 
-313 769 -1 045 897 -912 159 -798 150 -679 450 -555 986 -427 688 -300 351 -168 147 -30 993 111 190 

Discount coefficient 1.000 0.898 0.806 0.723 0.649 0.583 0.523 0.470 0.422 0.379 0.340 
Discounted free cash flow, 

thousands ₽/y 
-313 769 -657 231 107 775 82 477 77 086 71 978 67 144 59 824 55 756 51 927 48 324 

Accumulated discounted free cash 
flow, thousands ₽/y 

-313 769 -971 000 -863 225 -780 748 -703 663 -631 685 -564 541 -504 718 -448 962 -397 035 -348 711 

 

 

Parameter/Year 11 12 13 14 15 16 17 18 19 20 21 
CapEx, thousands ₽/y – – – – – – – – – – – 

Free cash flow, thousands ₽/y 147 286 152 458 157 692 162 983 168 326 173 712 179 271 184 868 190 496 196 148 201 814 
Accumulated free cash flow, 

thousands ₽/y 258 477 410 934 568 626 731 609 899 935 1 073 647 1 252 918 1 437 786 1 628 282 1 824 430 2 026 244 

Discount coefficient 0.305 0.274 0.246 0.221 0.198 0.178 0.160 0.143 0.129 0.116 0.104 
Discounted free cash flow, 

thousands ₽/y 44 937 41 756 38 772 35 973 33 352 30 898 28 625 26 499 24 512 22 657 20 927 

Accumulated discounted free cash 
flow, thousands ₽/y -303 774 -262 018 -223 246 -187 273 -153 922 -123 024 -94 399 -67 901 -43 389 -20 732 195 
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