
 

FACULTY OF SCIENCE AND TECHNOLOGY 

MASTER THESIS 

  

Study programme / specialisation: 
Marine and Offshore Technology 

The spring semester, 2022 
 

Open / Confidential 
Author:  
Kirill Krotov 

 
 

………………………………………… 
(signature author) 

Course coordinator: Professor Yihan Xing 
 
Supervisor(s):  
Professor Yihan Xing, University of Stavanger 
Rasmus Juhlin, Subsea 7 Norway AS 
 
Thesis title:  
A Methodology for Sizing Subsea Energy Storage Devices for Offshore Wind-
Powered Oil and Gas Platforms 
 
Credits (ECTS): 30 
 
Keywords: 
HES  
ESS 
RES 
Wind power 
Statistics 
Weather window analysis 
 
 

 
         Pages: 50 
     
     + appendix: 29 

 
 

         Stavanger, 15th June 2022 
                                date/year 
 
 

  



ii | P a g e  

 

 

Acknowledgements 

This thesis fulfilment and the achieved results were thanks to my supervisor's continuous 

support and supervision, Professor Yihan Xing. I felt more confident and gained a better level 

of self-research, self-development, communication skills, and alternatives exploration while 

working under Yihan's supervision. For that, I am deeply thankful. 

Also, I would like to thank Professor Lin Li, who provided me with a data and theoretical basis 

for making this work. Furthermore, I would also like to express my gratitude to my external 

supervisor, Rasmus Juhlin, for backing connected with the industrial and personal issues. 

Furthermore, I am thankful for the helpful tips and advice on making the thesis provided by 

my groupmates: Egor Smirnov, Usman Ahmad, and Christodoulos Tryfonidis.  

Finally, and most importantly, I would like to thank my parents, brothers, and grandparents for 

the continuous support during this study year filled with both ups and downs. With such a 

supportive relationship, I feel confident throughout my life. 

 

Kirill Krotov 

June 2022 

Stavanger, Norway 

 

  



iii | P a g e  

 

Abstract 

This thesis presents a methodology for sizing subsea energy storage devices for offshore wind-

powered oil and gas platforms. This study examines the literature on hybrid energy systems 

(HES) and subsea energy storage systems (ESS). A subsea energy storage system is proposed 

as an environmentally friendly and economically feasible solution for power backup. It could 

be integrated into the power grid of a HES consisting of the ESS, renewable and non-renewable 

energy sources. It requires an appropriate ESS sizing approach. Two methods of subsea energy 

storage sizing are presented in this thesis. The first method uses the wind speed expected value. 

The second method relies on the weather window analysis. Both methods aim to estimate the 

ESS size capable of working within a chosen period in the power grid of a HES consisting of 

the wind farm and non-renewable energy source. Correspondingly, the sizing results of an ESS 

comparing both methods are presented in this work. Finally, initial charging of the device, 

additional power supply from the shore, and recommendations on future work are discussed. 

As a result, this study is expected to serve as a guide for planned and existing projects regarding 

sizing subsea energy storage. 
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Chapter 1 - Introduction  

Traditional offshore field development is always connected with CO2 and greenhouse gases, 

taking up 5.8% of worldwide emissions. Air pollution contributes to global warming. From 

November 1982 to February 2022 global temperature anomaly increased by 0.72 °C (Our 

World in Data, 2022). For instance, from 2019 to 2020, greenhouse gas emissions from 

petroleum activities corresponded to about 12.5 million tonnes of carbon dioxide equivalent in 

Norway. Still, emissions decreased by 3.5% compared to 1990-2020, when the reduction was 

only by 4.2% (Norwegian Petroleum, 2022; Statistics Norway, 2021). According to DNV and 

the Federation of Norwegian Industries Energy Transition, Norway's outlook reports that 

emissions will be reduced by 24% by 2030 and 79% by 2050 compared to 1990 (Eriksen et al., 

2021). On the other hand, in February 2020 Norwegian government updated the goal of 

reducing emissions by at least 50% and towards 55% below 1990 levels by 2030 (Norwegian 

government, 2019). Such optimistic forecasts are possible due to modern approaches to 

reducing atmospheric emissions. They provide a sustainable, clean energy supply that meets 

power demand from offshore facilities. It was described by KonKraft (KonKraft, 2020) 

(Figure 1.1), including the projects connected with electrification (Riboldi et al., 2019), energy 

efficiency measures (Nguyen et al., 2016), carbon capture and storage (Roussanaly et al., 

2019), and design optimization of the platform (Nguyen et al., 2019).   

 

Figure 1.1 Emission reductions from oil and gas production on the NCS by 50 percent in 2030 (Adapted from 

(KonKraft, 2020)). 

A promising approach is the hybrid energy system (HES). It is a concept, which comprises 

utilizing traditional power generation technologies, such as gas turbines and onshore power 

sources, in conjunction with renewable energy sources (wind, solar, and hydropower) and 



2 | P a g e  

 

energy storage technologies located on-site, onshore, or subsea. Rafiee and Khalilpour (Rafiee 

& Khalilpour, 2019) provided an overview of various applications of renewable energy sources 

in the oil and gas sector. The main focus was on hybridization, highlighting that integrating 

clean energy sources with the petroleum industry decreases emissions and production costs.  

As the leading renewable energy source for HES, wind power is the most developed and 

promising among other clean energy sources, making significant progress in the oil and gas 

industry regarding emissions reduction compared to solar and hydropower. Hence, more 

attention is paid to wind power integration into a power grid system of offshore platforms. 

There are already investigations of the integration of wind power into simple cycle gas turbines 

(Aardal et al., 2012; Korpås et al., 2012), the onshore grid (He et al., 2013), and offshore power 

systems integrated with a wind farm providing optimization and techno-economic assessment 

(Orlandini et al., 2016; Riboldi & Nord, 2018). However, the viability of proposed strategies 

is influenced by increased costs of integrating wind power systems into offshore installations 

(Riboldi et al., 2020) and proper estimation of excess wind power potential. Therefore, adding 

the energy storage part to the power demand equation could be a helpful solution for handling 

the irregularity of wind power, the costs of its integration into the hybrid energy system, and 

utilizing the vast potential of wind excess power. 

Integration of the subsea energy storage into the power grid of HES, such as electrolyzers 

proposed by Riboldi (Riboldi et al., 2020), subsea energy storage by Kloster (Kloster et al., 

2021), subsea tanks by Fraunhofer Institute (Hahn et al., 2017) and Massachusetts Institute of 

Technology (MIT) (Slocum et al., 2013) implies its interconnection with wind energy. Since 

the wind is intermittent, wind turbines cannot consistently supply power and match the power 

demand. Wind power output is strongly connected with the wind irregularity, which means that 

subsea energy storage power contribution is also connected. The subsea energy storage will 

provide or store power depending on wind power output. Therefore, the subsea energy storage 

charging will not be constant during the operation period; there will be fluctuations in the 

charging. Thus, the subsea energy storage system (ESS) must be designed in such a way as to 

be capable of sustaining these fluctuations in power demand. In other words, it should be 

appropriately sized.  

When it is planned to design HES in conjunction with a wind farm or execute a part of power 

contribution from the HES (for instance, change the configuration of the gas turbine to a smaller 
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one) and fill this gap with an energy storage device, a suitable sizing method is required. Since 

there are several approaches to analyzing the wind data, two methods for ESS sizing are 

established in this study using 50 years of wind data from the Barents Sea (Reistad et al., 2011). 

The first method estimates the design ESS size required using the expected wind speed value. 

The second method estimates the design ESS size using weather windows analysis presented 

by the cumulative distribution function (CDF) estimation (Figure 1.2). This parameter shows 

the number of weather windows without wind power output due to wind speed exceeding or 

below the operational boundaries of the wind turbine. Results from this method are then tested 

through actual historical wind data, where the multiplication factor is empirically fed to adjust 

the ESS design to the minimum required size capable of operating within the assumed 

operational period. The aim is to increase understanding of the excess wind power potential 

and its cooperation with an energy storage device, effectively integrating ESS into a hybrid 

system by applying the proposed methodology, avoiding unnecessary costs, energy losses, and 

emissions into the atmosphere. 

 

Figure 1.2 Overview of subsea energy storage sizing methods. 

According to the background above, the objectives of this thesis work are set in two steps:  

(i) Determine the design of HES with subsea energy storage.  
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(ii) Using the proposed methodology for subsea energy storage sizing for its integration 

into the power grid of HES and effective utilization of excess power from the wind 

farm. 

This thesis consists of 6 chapters. Chapter 2 and Chapter 3 present the literature study of HES 

and subsea energy storage following this introduction. Chapter 4 contains the methodology 

for sizing subsea energy storage with the description of the system used in the sizing and 

working principles of both sizing methods. Chapter 5 shows the sizing results of the base case 

containing a comparison of both methods using such parameters as the accuracy of methods, 

data sample size, and cut-off (characteristic) value. Chapter 6 contains discussions and 

recommendations for future work. Finally, Chapter 7 summarizes the whole thesis work. In 

addition, Appendix A displays the MATLAB code used to obtain the subsea energy storage 

sizing results in Chapter 5. A paper draft based on the same work has been attached in 

Appendix B. 
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Chapter 2 – Hybrid energy systems  

This chapter will present the literature study of hybrid energy systems (HES). In Chapter 2.1 

main elements, configurations, and possible renewable energy sources (RES) of HES are 

discussed. Offshore renewable energy sources that could be implemented in the HES are 

discussed in Chapter 2.2. 

2.1 Composition and configurations of the hybrid energy system 

Wind turbines, solar panels, biomass plants, and hydro turbines are some of the power sources 

in a hybrid energy system. Excess power is stored in subsea energy storage units, but it may 

also be configured to draw power from the local electric grid when insufficient reserve power 

is available. 

HES is composed of several components: 

• Renewable energy generators (alternating current (AC)/direct current (DC) sources); 

• Non-renewable generators (AC/DC sources); 

• Power conditioning unit, storage; 

• Load (AC/DC) and could include a grid.  

The basic structure of the HES is presented in Figure 2.1. 

 
Figure 2.1 Basic structure of the HES. 
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As be seen, sources and loads could use different types of current (AC or DC). Therefore, HES 

can be divided according to the transmitting and receiving electricity method. It is presented in 

Table 2.1. 

Table 2.1 Configurations of HES. 

Configurations Sources Loads Advantages Disadvantages Applications 

DC-coupled 

system 

(Agbossou et 

al., 2004) 

DC DC 
There is no need for 

synchronization 

In this 

configuration, 

there is only 

one inverter, 

and therefore, 

if the inverter 

fails, the 

system will not 

be able to meet 

the load 

requirements 

Low voltage 

DC microgrid 

Power 

frequency AC 

coupled system 

(Maharjan et 

al., 2008; 

Rahman & 

Tam, 1988) 

AC AC Easier protection 

Managing 

power flow 

may require 

coupling 

indicators 

AC microgrid 

High-frequency 

AC coupled 

system (Cha & 

Enjeti, 2003) 

AC at 

various 

frequency 

HFAC 

The system with high 

efficiency and 

reduced size and 

weight of heat 

dissipation 

components 

Due to high 

switching 

rates, high-

frequency 

power 

converters 

suffer high 

switching 

losses 

Aeroplanes, 

vessels, 

submarines, 

and space 

station 

applications 

Hybrid coupled 

system (Nehrir 

et al., 2011) 

AC and 

DC 

AC and 

DC 

Due to the system's 

flexibility, it can be 

designed with 

maximum efficiency 

and at the lowest cost 

Since both AC 

and DC loads 

are required 

for control and 

energy 

management, it 

can be difficult 

Power 

sources and 

Loads are 

both AC 

and DC 
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Since one of the main components in the power grid of HES is RES, HES could also be divided 

according to the RES used in the system. For example, it is shown in Figure 2.2. 

 

Figure 2.2 HES configuration depending on the used RES. 

2.2 Main offshore RES 

Since this work focuses on implementing the HES offshore, it is essential to look through the 

RES, which is applicable offshore. 

2.2.1 Solar energy 

As the most abundant and easily exploitable natural resource on Earth, solar radiations, also 

known as electromagnetic radiations emitted by the sun, can generate solar power using solar 

photovoltaics (PV) and concentrating solar power (CSP) technologies. It is one of the fastest-

growing renewable technologies, with a capacity of 481 GW installed in 2018, while CSP 

technology accounted for around 5 GW (IRENA, 2019; Khan & Arsalan, 2016). 

According to Zhang, CSP plants have become increasingly popular due to their high efficiency 

and low costs (Zhang et al., 2013). Generally, the solar energy plant consists of several 

components: solar concentrators, receivers, steam turbines, electricity generators, and thermal 

storage. Using mirrors, solar rays are concentrated and converted into high-temperature heat; 

this heat is then used to generate electricity through a conventional generator. Figure 2.3 

represents different CSP technologies that could be used with related installed ratios in the 

technology mix. 
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Figure 2.3 CSP technologies classification (Adapted from (Islam et al., 2018)). 

On the other side, from the offshore installation perspective, PV arrays were claimed to be 

more efficient at the commercial stage than CSP (Khan & Arsalan, 2016). It relates to the fact 

that generating electricity directly from solar rays is possible without using any heat engine by 

using multiple cells and mechanical and electrical connections in solar PV plants. Furthermore, 

depending on the material used in the cell (crystalline silicon wafer, thin-film, organic 

materials), solar cells are divided into three different generations (Husain et al., 2018). PV 

technologies applicable offshore and their classification is presented in Figure 2.4. 
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Figure 2.4 PV technologies classification (Adapted from (Sahu et al., 2016)). 

To sum up, according to investigations by Jibran Khan and Mudassar Arsalan, CSP and PV 

technologies have pros and cons, and it is not possible which technology is better or worse 

since it depends on the type of usage and prevailing conditions (Khan & Arsalan, 2016). 

2.2.2 Wave and tidal energy 

Wave energy is another RES successfully implemented in conjunction with offshore 

installations. For instance, 21 first-of-a-kind and precommercial marine demonstration projects 

began production in 2016; 15 were located in European waters; maximum capacities ranged 

from a few kW to 10 MW. Some are connected to the grid and supply electricity to the grid 

(Davide et al., 2016). 

There is a simple working principle. The ocean waves are created by the wind blowing over 

the sea surface, caused by the differential heating of the Earth's surface. The technology used 

for electricity generation from the waves is called wave energy converters (WEC). It captures 

the kinetic energy of waves and transforms it into electricity. The classification of WEC 

technologies is presented in Figure 2.5. 
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Figure 2.5 WEC technologies classification (Adapted from (EMEC, 2020b)). 

Moreover, energy could be produced by the tidal currents or tidal streams caused by the 

gravitational and rotational forces between Earth, Moon, and Sun (Rourke et al., 2010). 

Technology for utilizing the energy of flowing water in tidal currents to generate electricity is 

called tidal energy converters (TEC). The classification of WEC technologies is presented in 

Figure 2.6. 

 

Figure 2.6 TEC technologies classification (Adapted from (EMEC, 2020a)). 
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Wave energy has reached a commercialization stage, whereas tidal energy has not. On the other 

hand, in 2014-2016, significant progress was made toward commercialization: 14 tidal energy 

projects were connected to the grid by the end of 2016 ranging in capacity from a few MW to 

14 MW (Davide et al., 2016). 

2.2.3 Offshore wind energy 

As in Chapter 1, the wind is the most promising and commercialized renewable energy source. 

At the end of 2015, offshore wind power capacity had increased significantly worldwide, 

reaching 12.1 GW, of which 11 GW were constructed in Europe (Global Wind Energy Council, 

2017). A total of 18 GW of offshore wind power capacity was installed in Europe in 2018 

because of further growth. The United Kingdom accounted for 44% of all installations in MW, 

followed by Germany (34%), Denmark (7%), Belgium (6%), and the Netherlands (6%) 

(Europe, 2018). There are several benefits of an offshore wind RES implementation on the 

HES:  

• high available area to harvest wind energy since there are no limitations relative to 

urban buildings and human activities; 

• stronger and more uniform wind speed with less turbulence; 

• limited visual and sound impact. 

Wind turbines are a technology used to generate electricity from the wind. The wind itself is 

produced by uneven heating of the Earth's surface by the sun. Offshore wind energy is 

electricity generated by the wind in the sea. Due to the increased implementation of this 

technology worldwide, various offshore wind turbines are presented in Figure 2.7. 
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Figure 2.7 Offshore wind turbines classification (Adapted from (Dincer et al., 2021)). 

It should be noted that high interest in wind power in this thesis is aroused by the excess wind 

turbine power potential, which could be used in the HES in conjunction with an energy storage 

device installed in the power grid of HES. This is described in detail in Chapter 4. 

2.2.4 Coupling of RES 

It is essential to mention that each of the described renewables could be used in conjunction. 

There are already investigations on large-scale applications of hybrid energy systems with 

coupled renewable energy sources (Kaldellis et al., 2010; Kapsali & Kaldellis, 2010; Kies et 

al., 2017; Papaefthymiou & Papathanassiou, 2014). For instance, such an exciting concept was 

proposed by Jakub Jurasz, where wind- and solar-powered hybrid is integrated into the power 

system by coupling it with a hydroelectric power station (Jurasz et al., 2018). In Figure 2.8, 

the conceptual design of this system is shown. Figure 2.9 represents the possible contribution 

of individual energy sources in covering energy demand. 
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Figure 2.8 Design of the HES with coupled wind, solar and hydro energy sources (Jurasz et al., 2018). 

 

Figure 2.9 Individual energy sources' power contribution (Jurasz et al., 2018). 

According to the authors, this concept is universal and can be implemented at any location, 

especially in locations that must make a trade-off between using water for energy generation. 

Moreover, using this HES can ease the integration of variable renewable energy sources into 

the power system. 
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Chapter 3 – Subsea energy storage systems (ESS) 

Hybrid energy system technologies assume the presence of the energy storage part in its power 

grid. Various energy storage inventions are successfully implemented into the HES available 

today. In Chapter 3 literature study on the ESS is conducted, covering most of the subsea 

energy storage concepts currently being investigated. 

Energy storage technologies applicable offshore and combined with RES can be classified as 

presented in Table 3.1. 

Table 3.1 Classification of the ESS technologies. 

Technology classification Core technology Working principle 

Mechanical 

CAES (Compressed Air Energy 

Storage) (Budt et al., 2016) 

The storage is charged using 

electrically driven compressors, which 

convert the electric energy into 

potential energy, or exergy, of 

pressurized air. The pressurized air is 

stored in CAS volumes of any kind 

and can then be released upon demand 

to generate electricity again by the 

expansion of the air through an air 

turbine 

Flywheels 

Electrochemical 

Secondary Battery 

Uses two electrodes and two different 

circulating electrolyte solutions, a 

positive and a negative, to convert and 

store electrical energy in the form of 

chemical energy and then convert that 

stored energy back into electrical 

energy 

Flow batteries (Lundin & Beitler-

Dorch, 2018) 

Electrical  

SMES (Superconductor Magnetic 

Energy Storage) (Chen et al., 2006) 
Stores energy in the magnetic field 

Supercapacitors 

Chemical (Hydrogen) 

Power to Power (fuel cells, etc.) 

(Riboldi et al., 2020) 

Hydrogen energy conversion system 

that converts the stored chemical 

energy in hydrogen to electrical 

energy, also producing water and heat 

as by-products with no carbon 

emissions 
Power to Gas 

Hydro 

Subsea Energy Storage (Kloster et al., 

2021) 

Generates electricity when water 

comes in and stores electricity when 

water is pumped out 

StEnSea (Stored Energy in the Sea) 

(Hahn et al., 2017) 

ORES (Ocean Renewable Energy 

Storage) (Slocum et al., 2013) 

Ocean Battery (Hut, 2020) 
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Overview of the designs of the ESS technologies are presented in Figure 3.1 

 

Figure 3.1 Overview of the energy storage designs. 
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Chapter 4 - Methodology for sizing subsea energy storage devices  

Chapter 4 overviews the methods used for sizing the energy storage system. A description of 

the system used in the proposed methodology is presented in Chapter 4.1. Next, both methods 

analyze the wind data and distribution described in Chapter 4.2. Furthermore, an overview of 

methods 1 and 2 are presented in Chapter 4.3 and Chapter 4.4, respectively. Finally, 

verification of the methods through 50-years data is shown in Chapter 4.5. 

4.1 System description 

4.1.1   Hybrid energy system 

The hybrid energy system for offshore oil and gas platforms combines an energy storage 

device, gas turbines, an offshore wind farm, and power from shore. Gas turbines (GTs) and 

onshore power sources are primary power sources. These provide the base-load power to the 

offshore installations. The offshore wind farm and ESS provide the remaining power. In case 

of excess power from the wind turbine, it is stored in the ESS and used when needed. 

Conversely, ESS supplies the required amount of power without wind power. Figure 4.1 

presents a schematic of the HES, where one of the ESS concepts proposed by Ernst Kloster 

(Kloster et al., 2021) is shown. 

There are several options for how power can be supplied to the offshore facility: 

1. Gas turbine + Wind farm + ESS 

2. Onshore power + Wind farm + ESS 

3. Gas turbine + Onshore power + Wind farm + ESS 
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Figure 4.1 Schematic representation of the hybrid energy system using subsea ESS. 

This part describes the main power contributors of the hybrid energy system. The following 

process components meet the power demand of the offshore installation (Equation 4.1): 

𝐿𝑜𝑎𝑑 = 𝑃𝐺𝑇 + 𝑃𝑊𝑇 + 𝑃𝐸𝑆𝑆 Equation 4.1 

Where 𝐿𝑜𝑎𝑑 is a power demand from the offshore platform, 𝑃𝐺𝑇 is gas turbine power output, 

𝑃𝑊𝑇 is the wind power output, 𝑃𝐸𝑆𝑆 is the power output from the ESS. All values are measured 

in megawatts (MW).  

The power demand from the offshore platform and on-site facility is constant throughout the 

operating period. 

Gas turbines GE LM6000 PF with a rated power of 44.7 MW and GE LM2500 + G4 with a 

rated power of 33.3 MW examined by Riboldi (Riboldi et al., 2020) were chosen as the primary 

on-site power source. It is an aero-derivative gas turbine, usually used in offshore applications 

(Riboldi et al., 2019). 
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4.1.2   Wind power 

The NREL offshore 5-MW baseline wind turbine was chosen as the primary source of wind 

power for this work (Jonkman et al., 2009). The characteristics of the wind turbine are 

presented in Table 4.1. Wind turbine power output depending on the wind speed is presented 

in Figure 4.2. 

Table 4.1 Properties of the NREL 5-MW wind turbine. 

Parameter Units Value 

Rating [MW] 5 

Rotor Orientation, Configuration - Upwind, 3 Blades 

Control - Variable Speed, Collective Pitch 

Drivetrain - High Speed, Multiple-Stage Gearbox 

Rotor, Hub Diameter [m] 126, 3 

Hub Height [m] 90 

Cut-In, Rated, Cut-Out Wind Speed [m/s] 3, 25 

Cut-In, Rated Rotor Speed [rpm] 6.9, 12.1 

Rated Tip Speed [m/s] 80 

Overhang, Shaft Tilt, Precone [m],[º],[º] 5, 5, 2.5 

Rotor Mass [kg] 110,000 

Nacelle Mass [kg] 240,000 

Tower Mass [kg] 347,460 

Since proposed approaches for ESS charging estimation rely on the irregularity of wind power, 

it should be noted that this aspect is strongly connected with the wind and environmental 

conditions in the operated region.  



19 | P a g e  

 

 

Figure 4.2 Wind turbine NREL 5 MW power output dependence on wind speed. 

4.2 Wind distribution 

Wind speed distributions can be approximated well by the two-parameter Weibull distribution 

(Bitner-Gregersen, 2005; Bitner-Gregersen & Haver, 1991), and the probability density 

function (PDF) is given by Equation 4.2. 

𝑓𝑈𝑤
(𝑢) =  

𝛼𝑈

𝛽𝑈
(

𝑢

𝛽𝑈
)𝛼𝑈−1 ∗ exp [−(

𝑢

𝛽𝑈
)𝛼𝑈] Equation 4.2 

Where 𝛼𝑈 and 𝛽𝑈 are the scale and shape parameters, respectively, and 𝑢 is the wind speed 

variable, 𝑓() refers to the PDF. It is shown in Figure 4.3. 
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Figure 4.3 Weibull distribution for wind speed 50 years data in the Barents Sea. 

Since the data can be measured at different heights scaling parameter is needed to be used, 

which is represented by the Equation 4.3 (Li et al., 2015):  

𝑈(𝑧) =  𝑈ℎ ∗ (
𝑧

ℎ
)𝛼 Equation 4.3 

Where 𝑧 represents the height, 𝑈ℎ is the mean wind speed at the reference height h [m], 𝛼 =

0.1 - constant wind speed profile parameter. 

4.3 Method 1: ESS sizing using expected wind speeds 

This method refers to the sizing of an energy storage device considering wind power's expected 

value. Since the wind speed varies, there is a different power contribution from the wind turbine 

at each time point. However, at the same time, a value occurs most often and can be obtained 

mathematically.  

Firstly, the wind speed expected value is needed to be found. Using Weibull distribution from 

Equation 4.2, shape parameter (𝛽𝑈)  and scale parameter (𝛼𝑈) are obtained. These parameters 

are used to find the expected wind speed value (Equation 4.4).  
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𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ = 𝛼𝑈 [Г(1 + 𝛽𝑈

−1
)] Equation 4.4 

Where 𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ – wind speed expected value [m/s]. 

Secondly, using linear interpolation relying on the data from the Figure 4.2 wind power 

expected value is calculated (Equation 4.5).  

𝑃𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ = 𝑃𝑤𝑖𝑛𝑑𝑡

+
𝑃𝑤𝑖𝑛𝑑𝑡+1

− 𝑃𝑤𝑖𝑛𝑑𝑡

𝑆𝑤𝑖𝑛𝑑𝑡+1
− 𝑆𝑤𝑖𝑛𝑑𝑡

(𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅  − 𝑆𝑤𝑖𝑛𝑑𝑡

)  Equation 4.5 

Where 𝑃𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ – wind power mean (expected) value [MW], 𝑡 – data point, 𝑃𝑤𝑖𝑛𝑑𝑡

 – wind power 

value in specific data point [MW], 𝑆𝑤𝑖𝑛𝑑𝑡
 – wind speed value in specific data point [m/s]. 

Finally, ESS size is estimated by solving simple Equation 4.6. 

𝑃𝐸𝑆𝑆
̅̅ ̅̅ ̅̅ = 𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ − 𝐺𝑇̅̅ ̅̅ − 𝑃𝑤𝑖𝑛𝑑

̅̅ ̅̅ ̅̅ ̅ Equation 4.6 

Where 𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ is the mean installed demand from the offshore platform and facility, 𝐺𝑇̅̅ ̅̅  is the 

mean power supply from the gas turbine. All values are measured in MW. 

4.4 Method 2: ESS sizing using weather windows  

The novelty of this work lies in the fact that weather window analysis is used to size the energy 

storage. Due to the intermittent wind, there are weather windows where the wind speed value 

is such that the wind turbine cannot generate power. Therefore, the maximum duration of the 

window is used to size ESS. Investigations are based on the 50-years wind data in the Barents 

Sea with 3-hour discretization (Reistad et al., 2011). 

Firstly, depending on the type of the wind turbine (different hub heights, where extreme wind 

speed values are determined), Equation 4.3 establishes wind speed boundaries, above and 

lower, of which there is no power production (Figure 4.4).  
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Figure 4.4 Wind speed boundaries within 50 years. 

Secondly, suppose a random sample size N (wind speed 50-year data) from a distribution. In 

that case, we often estimate the cumulative distribution function (CDF) of that distribution by 

the empirical distribution function, which is just the number of observations divided by the 

total number N. In other words, the empirical distribution function is the distribution function 

of the discrete distribution, which puts probability 1/N on each of the observations. Using 

Equation 4.7, empirical CDF of the weather window durations is obtained. It shows that below 

a particular probability, the particular duration of the window is likely to occur (Li et al., 2021).  

𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝐶𝐷𝐹 =  
𝑖 = 1, … , 𝑁

𝑁
  Equation 4.7 

Where 𝑖 – specific weather window,  𝑁 – total number of weather windows without wind power 

output within 50 years. 

Finally, according to the chosen cut-off (characteristic) value of the empirical CDF, which is 

equal to 0 to 1, the value of non-productive hours (weather window duration) for which ESS 

should be designed is obtained. Then, estimation of the ESS size is done as follows (Equation 

4.8): 
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𝐸𝐸𝑆𝑆 = (𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ − 𝐺𝑇̅̅ ̅̅ ) ∗ ℎ(𝑝), 𝑝 ∈ [0,1]  Equation 4.8 

Where  𝐸𝐸𝑆𝑆 – ESS charging [MW*h],  ℎ - weather window duration (non-productive hours) 

[h], 𝑝 – cut-off (characteristic) value of empirical CDF. 

4.5 Verification of methods 1 and 2 through 50-years data 

At this stage, the multiplication factor is introduced, which is empirically fed to adjust the ESS 

design obtained in method 1 and method 2 to the minimum required size capable of operating 

within 50 years. (Equation 4.9).  

1 𝑚𝑒𝑡ℎ𝑜𝑑: 𝐸𝑆𝑆50 𝑦𝑒𝑎𝑟𝑠 = 𝑃𝐸𝑆𝑆
̅̅ ̅̅ ̅̅ ∗ 𝑛  

2 𝑚𝑒𝑡ℎ𝑜𝑑: 𝐸𝑆𝑆50 𝑦𝑒𝑎𝑟𝑠 = 𝐸𝐸𝑆𝑆 ∗ 𝑚 

Equation 4.9 

Where 𝑛 - number of hours ESS should be designed to be capable of sustaining 50 years [h],  

𝑚 - multiplication factor. 
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Chapter 5 – Sizing of the subsea energy storage on the Norwegian 

continental shelf for offshore wind-powered oil and gas platform 

Chapter 5 discusses the results of the ESS sizing using methods 1 and 2. It explains the 

expected size of the energy storage system (device) in the hybrid energy system (Ref. Chapter 

5.1.1), the differences between both methods (Ref. Chapter 5.1.2), comparing different 

parameters and relevant multiplication factors (Ref. Chapter 5.1.3). Again, methodology and 

the system discussed in Chapter 4 are used. 

5.1 Base case 

The Norwegian continental shelf was chosen as the study area. According to Legorburu 

(Legorburu et al., 2018), this area is considered extremely promising for combining an offshore 

petroleum production facility and offshore wind farms when evaluating technical, 

environmental, and market aspects. There are 15 zones on the Norwegian shelf, including zones 

considered for bottom-fixed installations and floating turbines with a capacity factor is 

estimated to be in the range of 36–50% (from 4600 to 12600 MW), with an estimated average 

production of 19 – 60 TWh (Legorburu et al., 2018). This assessment is supported by He (He 

et al., 2010), which describes that offshore wind displays higher average wind speed, lower 

wind shear, and turbulence intensity. 

An offshore facility located in the Norwegian sector of the Barents Sea is used as a case study. 

The input data is presented in Table 5.1. 
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Figure 5.1 Norwegian and Russian sectors of the Barents Sea. 

Table 5.1 Input data. Base case. 

Parameter Unit Value 

Load from the offshore platform and 

facility 
MW 45.0 

Gas turbine installed power output  MW 44.7 

Gas turbine workload - 0.95 

Gas turbine-operated power output MW 42.5 

Number of wind turbines - 5 

The initial state of charge of the ESS % 50 

The following aspects have been investigated: 

• Size of the subsea energy storage. 

• Comparison of the methods. 

• Data samples influence the results. 

• Initial charging of the ESS. 
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5.1.1 Size of the storage required 

Results of this work show that a considerable amount of power for ESS is needed to maintain 

constant power demand from the offshore facility. More than 500 MWh of energy ESS should 

be capable of storing for 50 years of operation (Table 5.2). Method 1 and 2 show comparable 

results varying from 2 – 10 percent depending on the wind power expected values, CDF curve, 

and cut-off (characteristic) values used in the analysis.  

Table 5.2 Method 1, 2. ESS required charging for 50 years. Base case. 

Method 𝑷𝑬𝑺𝑺
∗ , MWh 

Method 1 

510 

Method 2 

* - operated years = 50 years, assumed as work-life of an offshore project 

Charging of the ESS is not constant during the operation period. There is always a surplus or 

deficit of power in the hybrid energy system due to wind power irregularity (Figure 5.2). The 

methods proposed in this paper help design ESS size capable of operating within a different 

assumed time range and wind speed variations.  

 

Figure 5.2 Method 1 - ESS state of charge over 50 years (left) and over 1 year (right) using wind power 

expected value for 50 years and 50 percent of initial charging. 
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5.1.2 Method 1 vs Method 2 

Accuracy of methods 

As mentioned in Chapter 5.1.1, method 1 and method 2 show comparable results,  equal to 

the 510 MW*h on average. Thus, both methods are applicable for estimating the ESS size and 

are comparable relative to each other. However, regarding complexity, Method 1 is more 

intuitive and straightforward to understand than the second method, where weather window 

analysis is used. Moreover, for Method 1, less wind data is needed, which is well-described in 

the next section. 

Data sample size 

Both methods clearly show that a large ESS should be constructed for 50 years of operation. 

To obtain the values of the size, multiplication factors were used. In Method 1 multiplication 

factor is equal to the number of hours for which ESS should be designed. In Method 2, this 

factor shows the value which should be applied to initially calculated ESS charging. It gives a 

result equal to the ESS size capable of operating within 50 years. 

Table 5.3 Method 1. Sizing results. Base case. 

Data sample* 𝑷𝒘𝒊𝒏𝒅
̅̅ ̅̅ ̅̅ ̅̅ , MW 𝑷𝑬𝑺𝑺

̅̅ ̅̅ ̅̅ , MW 𝒏∗∗
 𝟓𝟎 𝒚𝒓𝒔, hours 

1 year 1.66 0.88 578*** 

15 years 2.02 0.52 976 

25 years 2.03 0.51 998 

50 years 2.07 0.46 1090 

* - data sample in which wind power expected value is evaluated (return period) 

** - mean energy storage capacity is tested in 50-years data 

*** - multiplication factor - number of hours ESS should be designed to be capable of sustaining 50 years 

It is notable from Table 5.3 that the estimated data sample influences the multiplication factor 

since different expected values of wind speed and wind power are obtained. However, these 

values are similar, starting from a 5-year data sample. This highlights that more accurate results 

could be obtained using a larger data sample. 
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Figure 5.3 Probability of wind power supply for 50, 25, 15, 1 year. 

Table 5.4 shows that the multiplication factor relies on the chosen data sample and in Method 

1. For 50 years of operation, a multiplication factor equalled to 76 will be enough to estimate 

ESS charging. Moreover, this factor is applicable for 15 and 25 years as well. Since the data 

sample of 1 year is relatively small to estimate the size, correspondingly, the multiplication 

factor significantly differs compared to those where larger data samples are used. Moreover, 

window duration depends on the cut-off value; therefore, the ESS charging value will differ 

depending on the chosen cut-off value (Figure 5.4).  

Table 5.4 Method 2. Sizing results. Base case. 

Data sample* 
Non-productive 

hours** 
𝑷𝑬𝑺𝑺, MW*h 𝒎∗∗∗

 𝟓𝟎 𝒚𝒓𝒔 

1 year 3.7 9.4 54 

15 years 2.7 6.9 74 

25 years 2.6 6.7 76 

50 years 2.7 6.8 76 

* - data sample used for CDF calculation 
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**- wind boundaries were scaled using Equation 4.3, upper boundary at 10 m = 20.1 m/s, lower boundary at 10 

m = 2.4 m/s 

*** - multiplication factor using 50% cut-off (characteristic) value, which gives expected values of the non-

productive weather window 

 

Figure 5.4 CDF function for non-productive weather windows for 50, 25, 15, and 1 year. 

Method 2 is more sensitive to data sample size than Method 1. The standard deviation of the 

results in Method 2 equals 1.35, while in Method 1, this value equals 0.09 (Table 5.5). 

Therefore, the data sample size does not influence the wind power expected to value much.  

The weather window duration explains the sensitivity of the second method to the data sample 

size within a particular data sample and the probability of its occurrence. More non-productive 

weather windows fit into the cumulative distribution function in a larger data sample. On the 

other hand, wind speed variation differs in different data samples, influencing the result and 

should be considered.  
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Table 5.5 Influence of the data sample size on the ESS charging result. 

Data sample 

𝑷 𝑬𝑺𝑺*, MW*h 

Method 1** Method 2*** 

1 year 507.0 509.8 

5 years 507.2 510.2 

10 years 507.0 515.0 

15 years 506.8 510.6 

20 years 507.0 516.0 

25 years 507.2 512.0 

50 years 506.6 515.8 

* - operated years = 50 years, assumed as work-life of an offshore project 

** - wind power expected value using different data samples 

*** - CDF curve for different data samples using 50% cut-off value 

Regarding the influence of the data sample size on the multiplication factor for both methods, 

it can be noticed from Table 5.6 that the accuracy of the result is strongly connected with the 

time period chosen as a data sample. For Method 1, the factor n should be equal to at least 1000 

to apply to initially estimated ESS charging. This value can vary from 1-10 percent depending 

on the data sample used in the investigation, wind speed variation within this data sample, and 

obtained wind power expected value. 

For Method 2, the magnitude of the factor m depends on the cut-off value. For example, it is 

noticeable from Table 5.6 that the 50 percent cut-off value requires the application of the factor 

m equalled to 76, for 75 percent is 36, and 95 percent is 18, respectively. Thus, it is vital to 

establish the applicability of the multiplication factor for different cut-off values since it will 

affect the final result. These observations lead to the next point, where the influence of the 

chosen cut-off value on the results is discussed. 
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Table 5.6 Influence of the data sample size on the multiplication factor. 

Data sample 

Multiplication factor* 

Method 1 Method 2  

𝒏  𝒎 𝟓𝟎% 𝒎 𝟕𝟓% 𝒎 𝟗𝟓% 

1 year 578 54 34 18 

5 years 984 70 34 14 

10 years 886 72 36 14 

15 years 976 74 36 16 

20 years 958 74 36 14 

25 years 998 76 36 16 

50 years 1090 76 36 16 

* - operated years = 50 years, assumed as work-life of an offshore project 

Cut-off (characteristic) value 

According to the simulations provided for this paper, more significant cut-off values give a 

more extensive duration of non-productive weather windows. It means that the total number of 

these windows will be such that the storage will need to be designed with a larger size. It is 

shown in Table 5.7. For cut-off values over 90 percent, ESS initial charging should be about 

560 - 580 MWh. The values equal to and above 90 percent are between 510 - 540 MWh. 

Table 5.7 Comparison of the results for different cut-off values. 

Cut-off 𝑷∗
𝑬𝑺𝑺,𝟓𝟎 𝒚𝒓𝒔, MW*h 𝑷𝑬𝑺𝑺,𝟐𝟓 𝒚𝒓𝒔, MW*h 𝑷𝑬𝑺𝑺,𝟏𝟓 𝒚𝒓𝒔, MWh 

95% 564.8 567.8 578.2 

75% 533.4 521.4 527.6 

55% 520.4 513.8 507.0 

50% 515.8 512.0 510.6 
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Moreover, the survey shows that the difference in the results for various data samples has the 

slightest deviation using a 50 percent cut-off value (Table 5.8), which gives expected values 

of the non-productive weather window. It means that different data sample sizes and wind 

speed variations give comparable values of the non-productive weather window duration on 

average. 

Table 5.8 Standard deviation of the results for different cut-off values. 

Cut-off Standard deviation, σ 

95% 12.2 

90% 4.1 

75% 2.8 

70% 3.1 

55% 2.4 

50% 1.3* 

* - for data samples from 1 to 50 years 

5.1.3 Applicable multiplication factor 

To sum up, the results for both methods show comparable values differing from 1-10 percent 

depending on the data sample size and cut-off value used for the estimation. The most practical 

approach for Method 2 is using the expected (mean) values of weather window duration or 50 

percent cut-off value, which gives comparable results regardless of which data sample size and 

wind speed variation are used. Since Method 1 uses wind power's expected value and data 

sample size does not influence much the result, the mean value of the multiplication factor for 

data samples from 5 to 50 years can be used. Factors are presented in Table 5.9. 

Table 5.9 Applicable multiplication factor for Method 1 and Method 2. 

Multiplication factor 

Method 1 Method 2 

𝒏  𝒎 𝟓𝟎% 

1000 76 
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Chapter 6 – Discussions and future work 

In Chapter 6, several important topics are dedicated to the sizing of ESS. Firstly, Chapter 6.1 

reviews the initial charging of the subsea energy storage device. Secondly, the alternative 

option of the power grid layout is analyzed (Ref. Chapter 6.2). Finally, future work is 

discussed (Ref. Chapter 6.3).  

6.1 Initial charging of the device 

Charging of the device from year 1 is another thing to consider. From Figure 5.2, charging of 

the ESS always faces the limits equalled to 510 MWh if it is assumed to be 50 percent charged 

from the start. It means that there are periods where excess power from the wind turbine is 

significant and can be stored in the storage device.  

For the wind speed variation in the Barents Sea for 50 years, ESS should be initially charged 

at least 25 percent to sustain the whole operation period or maintain all the fluctuation of wind 

power supply and not to be empty for 50 years. The initial SoC of 25 percent is equal to 130 

MWh. This value is a minimum from what ESS could start an operation, almost five times less 

than the 100 percent of initial SoC or 510 MWh. During the operation period, the rest of the 

work will be done by wind turbines and excess power. For a variation of SoC, different 

multiplication factors are applied using Method 1 and Method 2 (Table 6.1). Therefore, a 

smaller value of initial SoC – a smaller value of the multiplication factor is needed. The primary 

consideration here is manufacturing issues, which are challenging and need to be discussed.  

Table 6.1 Influence of the initial charging of the ESS on the multiplication factor. 

The initial state of 

charge (SoC) of the 

ESS 

Multiplication factor 

Method 1 -  

𝒏∗
  

Method 2 – 

𝒎 𝟓𝟎%
∗∗  

25 % - minimum 275 19 

50 % 500 38 

100 % 1100 75 

* - wind expected value for 50 years 

** - cut-off value = 50% 
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Figure 6.1 Options of device charging. 

Furthermore, it can be considered to size the device with extra space for charging since excess 

power could be stored and utilized to reduce the renewable energy curtailment. If the size of 

the storage is increased by two times and will be equalled to the 1020 MWh with the same 

characteristics as in the base case: 

• Load from the platform: 45 MW; 

• Gas turbine power output: 42.5 MW; 

• Number of wind turbines: 5; 

• Initial SoC: 255 MWh;  

It can be seen from Table 6.2 that the mean value of SoC will shift and will be equal to 1003 

MWh. It says that according to the wind speed variation in the Barents Sea for 50 years, ESS 

can be designed with a size of over 500 MWh and can store over 1000 MWh of energy. Such 

results were obtained because 70 percent of the time is a surplus of power and only 30 percent 

is a deficit distributed over 50 years. For more precise results and making classification that 

can be unique for the seas worldwide, more offshore sites and wind speed variations are needed 

to be considered. 
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Table 6.2 Mean SoC for different ESS sizes. 

Size of the ESS, MW*h Mean SoC in 50 years, MWh 

510 499 

1020 1003 

It is a question of the economic feasibility of this proposal. It can be costly to manufacture the 

ESS for charging over 500 MWh. In case of additional power demand and potential expansion 

of the offshore project, a larger size ESS will be needed. Thus, precise calculation of the 

CAPEX and OPEX for the long-term operation of the hybrid energy system should be made 

before manufacturing the energy storage device. 

6.2 Additional power supply from the shore 

Since, in the base case, ESS is needed to be large enough, the question arises about what 

alternative solutions of power grid design can be proposed to construct the ESS in a smaller 

configuration with the saving of the concept with CO2 emission decreasing and effective 

maintaining of power demand from the offshore facility. 

To avoid the construction of large structures of subsea energy storage, the contribution from 

the direct power source from the shore via subsea power cable can be considered as an 

alternative solution. It will reduce the share of ESS’s power contribution and could be 

implemented for the project on the continental shelf with a short step-outs (such as Laggan & 

Tormore (Upstreamonline, 2022), Corrib fields (Alchetron, 2022)), where the power supply 

technologies from the shore are already tested and widely used. Results are shown in Table 

6.4. 

The alternative solution assumes modernization of the base set-up with minimal losses of a 

power grid efficiency. A small size configuration of the gas turbine with a rated power of 33.3 

MW was chosen (Riboldi et al., 2020) (Table 6.3). Power from the shore is considered the 

cable connected to the existing power plant onshore. Connecting to the power plant onshore 

will help avoid additional expenses on the required facility for power production. All the 

aspects mentioned above will influence several factors:  

• Decrease of CO2 emissions from the gas turbine. 
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• Fewer expenses on the gas turbine. 

• Size decreasing of the ESS. 

• Reduction of the ESS manufacturing costs. 

• Reduction of the ESS installation costs. 

Table 6.3 Input data. Alternative case. 

Parameter Unit Value 

Load from the offshore platform and 

facility 
MW 45.0 

Gas turbine-operated power output MW 33.3 

Power from the shore MW 9.6 

Number of wind turbines - 5 

The initial state of charge of the ESS % 50 

Table 6.4 Method 1,2. Sizing results. Alternative case. 

Method 𝑷 𝑬𝑺𝑺*, MW*h 

Method 1 
360 

Method 2  

* - operated years = 50 years, assumed as work-life of an offshore project 

It can be seen from the results that the size of the ESS decreased by almost 30 percent compared 

to the base case. Instead of 500 MWh, ESS could be manufactured with a size equal to 360 

MWh. Moreover, the initial SoC equals 178 MWh (50 percent initial SoC), approximately 70 

MWh less than the base case, where SoC was 255 MWh. It means that power grid design can 

be adjusted when the smaller type of the gas turbine is used, ESS could be designed in a smaller 

size configuration, and HES can be connected to the already exploited power supply 

technology from the shore. Also, with a power cable from shore, any excess power from WT 

could be exported back to the grid. 

6.3 Future work 

According to the background presented above, several points could be analyzed in future work. 

Firstly, wind speed data for the North and Norwegian Seas should be considered to establish 
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the size of the ESS applicable on the whole territory of the Norwegian continental shelf. In 

addition, worldwide long-term wind data for the seas can be studied to classify the ESS size 

for different areas. Secondly, Machine Learning tools for wind data analysis could be applied 

in future investigations to more precisely determine weather windows, their duration, and mean 

wind speed values. Moreover, it will help study the data sample and cut-off (characteristic) 

value influence on the final result and identify the data that will be most accurate for sizing. 

Finally, studies on installing the ESS with large sizes offshore could be conducted with an 

assumption about decreasing the contribution of the gas turbines having the most significant 

share of CO2 emissions in the power grid of the hybrid energy system. All recommendations 

can help create HES using ESS with the lowest emissions rate into the atmosphere and highest 

power efficiency. 
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Chapter 7 - Conclusions 

This master's thesis proposes a methodology for sizing subsea energy storage devices for 

offshore wind-powered oil and gas platforms. It consists of 2 methods. The first method uses 

the Weibull distribution function to estimate the wind speed expected value. The second 

method relies on the weather window analysis considering weather windows without wind 

power contribution. Both methods aim to estimate the ESS size capable of operating within a 

chosen time period in the hybrid energy system, consisting of the offshore platform, wind farm 

as a renewable energy source, and non-renewable energy source (such as gas turbine). As an 

alternative solution, a power supply from the shore by the subsea power cable was proposed. 

The results show that subsea energy storage of a considerable size equalled to 500 MWh is 

required for 50 years of exploitation. 

Furthermore, both methods are applicable for sizing since they show comparable results. In 

addition, data sample size does not influence the final sizing result and multiplication factor of 

method 1. This is mainly because the mean wind speed in different time intervals is 

approximately the same. 

On the other hand, for method 2, sizing results differ by 2 percent due to a different number of 

weather windows within a particular data sample. What is more, the sizing result is affected by 

chosen cut-off (characteristic) value. The difference in the results can be 12 percent, depending 

on the selected value. It is considered that the 50 percent cut-off value is more applicable since 

it is the most common option within the assumed time frame. Finally, it must be mentioned 

that the initial state of charge of the device should be at least 25 percent to operate, and the 

maximum size of the device could be expanded to more than 500 MWh in the Barents Sea 

wind conditions. This study is expected to be used as a guide for planned and existing projects 

regarding sizing subsea energy storage.  
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Appendix A – MATLAB code 
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1 Introduction 7 

Traditional offshore field development is always connected with emissions such as CO2 and greenhouse 8 

gases, taking up 5.8% of worldwide emissions  [1]. Air pollution contributes to global warming. From 9 

November 1982 to February 2022 global temperature anomaly increased by 0.72 °C [1]. For instance, in 10 

Norway, from 2019 to 2020, greenhouse gas emissions from petroleum activities corresponded to about 11 

12.5 million tonnes of carbon dioxide equivalent. Still, emissions decreased by 3.5% compared to 1990-12 

2020, where the number of emissions reduced only by 4.2% [1][2]. According to DNV and the Federation 13 

of Norwegian Industries Energy Transition, Norway's outlook reports that emissions will be reduced by 14 

24% by 2030 and 79% by 2050 compared to 1990 [3]. On the other hand, in February 2020 Norwegian 15 

government updated the goal of reducing emissions by at least 50% and towards 55% below 1990 levels 16 

by 2030 [4]. Such optimistic forecasts are possible due to modern approaches for reducing emissions into 17 

the atmosphere and providing a sustainable and clean energy supply capable of meeting power demand 18 

from offshore facilities,  described by KonKraft [5], including the projects connected with electrification 19 

[6], energy efficiency measures [7], carbon capture and storage [8], and design optimisation of the platform 20 

[9].   21 

A promising approach is the hybrid energy system (HES). It is a concept, which comprises utilising 22 

traditional power generation technologies, such as gas turbines and onshore power sources, in conjunction 23 

with renewable energy sources (wind, solar, and hydropower) and energy storage technologies located on-24 

site, onshore, or subsea. A hybrid offshore renewable energy platform that comprises wind turbines and 25 

arrays of wave energy converters was proposed by Hanssen [12], which is unique in this area, providing 26 

beneficial technical results and economic performance for the North Sea. Rafiee and Khalilpour [16]  27 

provided an overview of various applications of renewable energy sources in the oil and gas sector, focusing 28 

on the hybridisation and highlighting that integration of clean energy sources with the petroleum industry 29 

decreases not only its emissions intensity but production costs. Among other clean energy sources, the wind 30 

is the most developed and most promising, making significant progress in the oil and gas industry regarding 31 

emissions reduction compared to solar and hydropower. Hence, more attention is paid to wind power 32 

integration into a power grid system of offshore platforms. There are already investigations of the 33 

integration of wind power to either simple cycle gas turbines [13][20] and into the onshore grid [21], or 34 

offshore power systems integrated with a wind farm providing optimisation and techno-economic 35 

assessment [14][15]. The viability of proposed strategies is influenced by increased costs on the integration 36 

of wind power systems into offshore installations [22] and proper estimation of excess wind power 37 

potential. Adding the energy storage part to the power demand equation could be a helpful solution for 38 

handling the irregularity of wind power, valuability of its integration into the hybrid energy system, and 39 

utilising the wide potential of wind excess power. 40 

Nowadays, there are a variety of energy storage inventions successfully implemented into the hybrid energy 41 

system, such as electrolysers proposed by Riboldi [22], subsea energy storage by Kloster [23], and subsea 42 



tanks by Fraunhofer Institute [35] and Massachusetts Institute of Technology (MIT) [36]. Integration of the 43 

subsea energy storage into the power grid of HES implies its interconnection with wind energy. Since the 44 

wind is intermittent, wind turbines cannot consistently supply power and match the power demand. Wind 45 

power output is strongly connected with the wind irregularity, which means that energy storage system 46 

(ESS) power contribution is also connected with it. Depending on wind power output, the ESS will provide 47 

or store power. Therefore, the ESS charging will not be constant during the operation period; there will be 48 

fluctuations in the charging. Thus, the ESS must be designed in such a way as to be capable of sustaining 49 

these fluctuations in power demand. In other words, it should be appropriately sized. 50 

This paper proposes a methodology for sizing an ESS integrated into the hybrid energy system. When it is 51 

planned to design HES in conjunction with a wind farm or execute a part of power contribution from the 52 

HES (for instance, change the configuration of the gas turbine to a smaller one) and fill this gap with an 53 

energy storage device, a suitable sizing method is required. Since there are several approaches to analysing 54 

the wind data, two methods for ESS sizing are established in this study using 50 years of wind data from 55 

the Barents Sea [42]. The first method is based on estimating the design ESS size required using the 56 

expected wind speed value (Section 3.2). The second method estimates the design ESS size using weather 57 

windows (Section 3.3). This parameter shows the number of weather windows without wind power output 58 

due to wind speed exceeding or below operational boundaries of the wind turbine. Results from these 59 

method then are tested through actual historical wind data, where multiplication factor is empirically feeded 60 

to adjust the ESS design to the minimum required size capable to operate within assumed operational period 61 

(Section 0). The aim is to increase understanding of the excess wind power potential and its cooperation 62 

with an energy storage device, effectively integrating ESS into a hybrid system by applying the proposed 63 

methodology, avoiding unnecessary costs, energy losses, and emissions into the atmosphere. This paper 64 

presents the first publicly available methodology for subsea energy storage device sizing using long-term 65 

wind data to the authors' best knowledge.  66 



 67 

Figure 1 R&D approach scheme. 68 

2 System description 69 

2.1 Hybrid energy system 70 

The hybrid energy system for offshore oil and gas platforms combines an energy storage device, gas 71 

turbines, an offshore wind farm, and power from shore. The primary power supply is gas turbines (GTs) 72 

and/or onshore power sources. These provide the base-load power to the offshore installations. The offshore 73 

wind farm and ESS provide the remaining power. In case of excess power from the wind turbine, it is stored 74 

in the ESS and used when needed. Conversely, ESS supplies the required amount of power in the lack of 75 

wind power. Figure 2 presents a schematic of the HES, where one of the ESS concepts is shown. 76 

There are several options for how power can be supplied to the offshore facility: 77 

1. Gas turbine + Wind farm + ESS 78 

2. Onshore power + Wind farm + ESS 79 

3. Gas turbine + Onshore power + Wind farm + ESS 80 



 81 

Figure 2 Schematic representation of the hybrid energy system using ESS. 82 

This section describes the main power contributors that make up the hybrid energy system. The following 83 

process components meet the power demand of the offshore installation: 84 

 𝐿𝑜𝑎𝑑 − 𝑃𝐺𝑇 + 𝑃𝑊𝑇 + 𝑃𝐸𝑆𝑆 = 0 (1) 

where 𝐿𝑜𝑎𝑑 is a power demand from the offshore platform, 𝑃𝐺𝑇 is gas turbine power output, 𝑃𝑊𝑇 is the 85 

wind power output, 𝑃𝐸𝑆𝑆 is the power output from the ESS. All values are measured in megawatts (MW).  86 

The power demand from the offshore platform and on-site facility is assumed to be constant throughout the 87 

whole operating period. 88 

Gas turbines GE LM6000 PF with a rated power of 44.7 MW and GE LM2500 + G4 with a rated power of 89 

33.3 MW examined by Riboldi [22] were chosen as the primary on-site power source. It is an aero-90 

derivative gas turbines, usually used in offshore applications [6]. 91 

2.2 Wind power 92 

The NREL offshore 5-MW baseline wind turbine was chosen as the primary source of wind power for 93 

this work [32]. The characteristics of the wind turbine are presented in Table 1: 94 

Table 1 Properties of the NREL 5-MW wind turbine 95 



Parameter Value 

Rating 5 MW 

Rotor Orientation, Configuration Upwind, 3 Blades 

Control Variable Speed, Collective Pitch 

Drivetrain High Speed, Multiple-Stage Gearbox 

Rotor, Hub Diameter 126 m, 3 m 

Hub Height 90 m 

Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 25 m/s 

Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm 

Rated Tip Speed 80 m/s 

Overhang, Shaft Tilt, Precone 5 m, 5º, 2.5º 

Rotor Mass 110,000 kg 

Nacelle Mass 240,000 kg 

Tower Mass 347,460 kg 

Since proposed approaches for ESS charging estimation rely on the irregularity of wind power, it should 96 

be noted that this aspect is strongly connected with the wind and environmental conditions in the operated 97 

region.  98 

 99 

Figure 3 Wind turbine NREL 5 MW power output dependence on wind speed. 100 



2.3 Energy storage devices 101 

There are a variety of EES technologies available today. In this section, concepts that are currently being 102 

investigated are presented. Energy storage technologies applicable offshore and working in combination 103 

with wind power can be classified as follows: 104 

Table 2 – Classification of the ESS technologies 105 

Technology classification Core technology Working principle 

Mechanical 

CAES (Compressed Air Energy 

Storage) [47] 

The storage is charged by the 

use of electrically driven 

compressors, which con- 

vert the electric energy into 

potential energy, or more 

precisely exergy, of pressurised 

air. The pressurised air is stored 

in CAS volumes of any kind and 

can then be released upon 

demand to generate electricity 

again by the expansion of the air 

through an air turbine 

Flywheels 

Electrochemical 

Secondary Battery 

Uses two electrodes and two 

different circulating electrolyte 

solutions, a positive and a 

negative, to convert and store 

electrical energy in the form of 

chemical energy and then 

convert that stored energy back 

into electrical energy 

Flow batteries [46] 

Electrical  

SMES (Superconductor 

Magnetic Energy Storage) [45] 
Stores energy 

in the magnetic field 
Supercapacitors 

Chemical (Hydrogen) 

Power to Power (fuel cells, etc.) 

[22] 

Hydrogen energy conversion 

system that converts the stored 

chemical energy in hydrogen to 

electrical energy, also producing 

water and heat as by-products 

with no carbon emissions 
Power to Gas 

Hydro 

Subsea Energy Storage [23] 

Generates electricity when water 

comes in and stores electricity 

when water is pumped out 

StEnSea (Stored Energy in the 

Sea) [35] 

ORES (Ocean Renewable 

Energy Storage) [36] 

Ocean Battery [37] 

Overview of the designs of the ESS technologies described in the Table 2 are presented on the Figure 4. 106 



 107 

 108 

Figure 4 Overview of the energy storage designs. 109 

3 Methodology 110 

This part of the paper gives an overview of the methods used for sizing the energy storage system. Both 111 

methods analyse the wind data and wind distribution described in the section 3.1. Overview of methods 1 112 

and 2 are presented in section 3.2 and 3.3 respectively. Verification of the methods through 50 years data 113 

is shown in the section 3.4. 114 

3.1 Wind distribution 115 

Wind speed distributions can be approximated well by the two-parameter Weibull distribution [40][41] and 116 

the probability density function (PDF) is given by Eq. 2. 117 

 𝑓𝑈𝑤
(𝑢) =  

𝛼𝑈

𝛽𝑈
(

𝑢

𝛽𝑈
)𝛼𝑈−1 ∗ exp [−(

𝑢

𝛽𝑈
)𝛼𝑈] (2) 

where, 𝛼𝑈 and 𝛽𝑈 are the scale and shape parameters, respectively, and 𝑢 is the wind speed variable, 𝑓() 118 

refers to the PDF. It is shown in the Figure 5. 119 



 120 

Figure 5 Weibull distribution for wind speed 50 years data in the Barents Sea 121 

Since the data can be measured at different heights scaling parameter is needed to be used, which is 122 

represented by the equation 3 [33]:  123 

 𝑈(𝑧) =  𝑈ℎ ∗ (
𝑧

ℎ
)𝛼 (3) 

where 𝑧 represents the height, Uh is the mean wind speed at the reference height h [m], 𝛼 = 0.1 - constant 124 

wind speed profile parameter. 125 

3.2 Method 1: ESS sizing using expected wind speeds 126 

This method refers to the sizing of an energy storage device considering wind power expected value. Since 127 

the wind speed varies during the time, there is different power contribution from the wind turbine in each 128 

time point. At the same time there is a value that occurs most often and can be obtained mathematically.  129 

Firstly, the wind speed expected value is needed to be found. Using Weibull distribution from the Equation 130 

2 shape parameter, 𝛽𝑈  and scale parameter, 𝛼𝑈 are obtained. These parameters are used to find wind speed 131 

expected value (Equation 4).  132 

 𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ = 𝛼𝑈 [Г(1 + 𝛽𝑈

−1
)] (4) 

where, 𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ – wind speed expected value [m/s]. 133 



Secondly, using linear interpolation relying on the data from the Figure 3 wind power expected value is 134 

calculated (Equation 5).  135 

 𝑃𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ = 𝑃𝑤𝑖𝑛𝑑𝑡

+
𝑃𝑤𝑖𝑛𝑑𝑡+1

− 𝑃𝑤𝑖𝑛𝑑𝑡

𝑆𝑤𝑖𝑛𝑑𝑡+1
− 𝑆𝑤𝑖𝑛𝑑𝑡

(𝑆𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅  − 𝑆𝑤𝑖𝑛𝑑𝑡

)  (5) 

where, 𝑃𝑤𝑖𝑛𝑑
̅̅ ̅̅ ̅̅ ̅ – wind power mean (expected) value [MW], 𝑡 – data point, 𝑃𝑤𝑖𝑛𝑑𝑡

 – wind power value in 136 

specific data point [MW], 𝑆𝑤𝑖𝑛𝑑𝑡
 – wind speed value in specific data point [m/s]. 137 

Finally, ESS size is estimated solving simple equation 6.  138 

 𝑃𝐸𝑆𝑆
̅̅ ̅̅ ̅̅ = 𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ − 𝐺𝑇̅̅ ̅̅ − 𝑃𝑤𝑖𝑛𝑑

̅̅ ̅̅ ̅̅ ̅ (6) 

where, 𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ is mean installed demand from the offshore platform and facility, 𝐺𝑇̅̅ ̅̅  is mean power supply 139 

from the gas turbine. All values are measured in MW. 140 

3.3 Method 2: ESS sizing using weather windows  141 

The novelty of this work lies in the fact that to size the energy storage weather window analysis is used.  142 

Due to intermittent nature of wind, there are weather windows, where the value of the wind speed is such 143 

that the wind turbine cannot generate power. Maximum duration of the window is used to size ESS. 144 

Investigations are based on the 50 years wind data in the Barents Sea with 3-hour discretisation [42]. 145 

Firstly, depending on the type of the wind turbine (different hub heights, where extreme wind speed values 146 

are determined) equation 3 establishes wind speed boundaries, above and lower of which there is no power 147 

production (Figure 6Error! Reference source not found.).  148 

 149 

Figure 6 Wind speed boundaries within 50 years 150 

Secondly, if there is a random sample of size N (wind speed 50-year data) from a distribution then we often 151 

estimate the cumulative distribution function (CDF) of that distribution by the empirical distribution 152 

function, which is just the number of observations divided by the total number N. In other words, the 153 

empirical distribution function is the distribution function of the discrete distribution, which puts probability 154 

1/N on each of the observations. Using Equation 7 emperical CDF of the weather window durations is 155 



obtained. It shows that below particular probability, the particular duration of the window is likely to occur 156 

[39].  157 

 𝐸𝑚𝑝𝑒𝑟𝑖𝑐𝑎𝑙 𝐶𝐷𝐹 =  
𝑖 = 1, … , 𝑁

𝑁
  (7) 

where, 𝑖 – specific weather window,  𝑁 – total number of weather windows without wind power output 158 

within 50 years. 159 

Finally, according to the chosen cut-off (characteristic) value of the empirical CDF, which is equal from 0 160 

to 1, value of non-productive hours (weather window duration) for which ESS should be designed is 161 

obtained. Estimation of the ESS size is done as follows: 162 

 𝐸𝐸𝑆𝑆 = (𝐿𝑜𝑎𝑑̅̅ ̅̅ ̅̅ ̅ − 𝐺𝑇̅̅ ̅̅ ) ∗ ℎ(𝑝), 𝑝 ∈ [0,1] (8) 

where,  𝐸𝐸𝑆𝑆 – ESS charging [MW*h],  ℎ - weather window duration (non-productive hours) [h], 𝑝 – cut-163 

off (characteristic) value of empirical CDF. 164 

3.4 Verification of methods 1 and 2 through 50 years data 165 

A this stage, multiplication factor is introduced, which is empirically feeded to adjust the ESS design 166 

obtained in method 1 and method 2 to the minimum required size capable to operate within 50 years. 167 

(Equation 9).  168 

 
1 𝑚𝑒𝑡ℎ𝑜𝑑: 𝐸𝑆𝑆50 𝑦𝑒𝑎𝑟𝑠 = 𝑃𝐸𝑆𝑆

̅̅ ̅̅ ̅̅ ∗ 𝑛  

2 𝑚𝑒𝑡ℎ𝑜𝑑: 𝐸𝑆𝑆50 𝑦𝑒𝑎𝑟𝑠 = 𝐸𝐸𝑆𝑆 ∗ 𝑚 
(9) 

where, 𝑛 - number of hours ESS should be designed to be capable to sustain 50 years [h],  𝑚 - multiplication 169 

factor.  170 

4 Results and discussion 171 

In this section, the results of the ESS sizing using method 1 and method 2 are discussed. 172 

4.1 Base case 173 

The Norwegian continental shelf was chosen as the study area. According to Legorburu [19], this area is 174 

considered extremely promising for the combination of offshore petroleum production facility and offshore 175 

wind farms when evaluating technical, environmental, and market aspects. There are 15 zones on the 176 

Norwegian shelf, including zones considered for bottom-fixed installations and floating turbines with a 177 

capacity factor is estimated to be in the range of 36–50% (from 4600 to 12600 MW), with an estimated 178 

average production of 19 – 60 TWh [19]. This assessment is supported by He [18], which describes that 179 

offshore wind displays higher average wind speed, lower turbulence intensity, and wind shear. 180 

An offshore facility located in the Norwegian sector of the Barents Sea is used as a case study. The input 181 

data is presented in the Table 3. 182 



 183 

Figure 7 Norwegian and Russian sectors of the Barents Sea. 184 

Table 3 – Input data 185 

Parameter Unit Value 

Load from the offshore platform and facility MW 45.0 

Gas turbine installed power output  MW 44.7 

Gas turbine workload - 0.95 

Gas turbine operated power output MW 42.5 

Number of wind turbines - 5 

Initial state of charge of the ESS % 50 

The following aspects have been investigated: 186 

• Size of the subsea energy storage; 187 

• Comparison of the methods; 188 

• Data sample influence on the results; 189 

• Initial charging of the ESS; 190 

4.1.1 Size of the storage required 191 

Results of this work show that huge amount of power for ESS is needed to maintain constant power demand 192 

from the offshore facility. More than 500 MW*h of energy ESS should be capable to store for 50 years of 193 

operation (Table 4). Method 1 and 2 show comparable results varying from 2 – 10% depending on the wind 194 

power expected values, CDF curve and cut-off (characteristic) values used in the analysis.  195 



Table 4 – Method 1, 2. ESS required charging for 50 years 196 

Method 𝑷𝑬𝑺𝑺
∗ , MW*h 

Method 1 
510 

Method 2 

* - operated years = 50 years, assumed as work life of an offshore project 197 

Charging of the ESS is not constant during the operation period. There are always surplus or deficit of 198 

power in the hybrid energy system due to wind power irregularity (Figure 8). Using the methods proposed 199 

in this paper helps to design ESS size capable to operate within different assumed time range and wind 200 

speed variations.  201 

 202 

Figure 8 Method 1 - ESS state of charge over 50 years (left) and over 1 year (right) using wind power 203 

expected value for 50 years and 50% of initial charging 204 

4.1.2 Method 1 vs. Method 2 205 

Accuracy of methods 206 

As it was mentioned in the section 4.1.1 method 1 and method 2 show comparable results, which are equal 207 

to the 510 MW*h on the average. Thus, both methods are applicable for the estimation of the ESS size and 208 

and comparable relative to each other. In terms of complexity, Method 1 is more intuitive and simpler to 209 

understand in comparison with the second method, where weather window analysis is used. Moreover, for 210 

Method 1 less wind data is needed, what is well-described in the next section. 211 

Data sample size 212 

Both methods clearly show that the large size ESS should be constructed for 50 years of operation. To 213 

obtain the values of the size multiplication factors were used. In the Method 1 multiplication factor is equal 214 

to the number of hours for which ESS should be designed. In the Method 2 this factor shows the value 215 

which should be applied to initially calculated ESS charging. It gives the result, which is equal to the ESS 216 

size capable to operate within 50 years. 217 



Table 5 – Method 1. Base case. Results 218 

Data sample* 𝑷𝒘𝒊𝒏𝒅
̅̅ ̅̅ ̅̅ ̅̅ , MW 𝑷𝑬𝑺𝑺

̅̅ ̅̅ ̅̅ , MW 𝒏∗∗
 𝟓𝟎 𝒚𝒓𝒔, hours 

1 year 1.66 0.88 578*** 

15 years 2.02 0.52 976 

25 years 2.03 0.51 998 

50 years 2.07 0.46 1090 

* - data sample in which wind power expected value is evaluated (return period) 219 

** - mean energy storage capacity is tested in 50 years data 220 

*** - multiplication factor - number of hours ESS should be designed to be capable to sustain 50 years 221 

It is notable from the Table 5, that estimated data sample influences multiplication factor, since different 222 

expected values of wind speed and wind power are obtained. Starting from 5-year data sample these values 223 

are almost similar. This highlights the fact that using larger data sample more accurate results could be 224 

obtained. 225 

 226 

Figure 9 Probability of wind power supply for 50, 25, 15, 1 years 227 

Table 6 shows, that multiplication factor relies on the chosen data sample as well as in Method 1. For 50 228 

years of operation multiplication factor equaled to 76 will be enough to estimate the charging of ESS. 229 

Moreover, this factor is applicable for 15 and 25 years as well. Since the data sample of 1 year is relatively 230 

small to estimate the size, correspondingly, multiplication factor significantly differs compared to those 231 

where larger data samples are used. What is more, window duration depends on the cut-off value and, 232 

therefore, ESS charging value will be different depending on the chosen cut-off value (Figure 10).  233 

Table 6 – Method 2. Base case. Results 234 



Data sample* 
Non-productive 

hours** 
𝑷𝑬𝑺𝑺, MW*h 𝒎∗∗∗

 𝟓𝟎 𝒚𝒓𝒔 

1 year 3.7 9.4 54 

15 years 2.7 6.9 74 

25 years 2.6 6.7 76 

50 years 2.7 6.8 76 

* - data sample used for CDF calculation 235 

**- wind boundaries were scaled using Eq. 3, upper boundary at 10 m = 20.1 m/s, lower boundary at 10 m = 2.4 m/s 236 

*** - multiplication factor using 50% cut-off value 237 

 238 

Figure 10 CDF function for non-productive weather windows for 50, 25, 15, 1 years 239 

Method 2 is found to be more sensitive to data sample size in comparison with Method 1. Standard deviation 240 

of the results in Method 2 equals to 1.35, when in Method 1 this value equals to 0.09 (Table 7). Therefore, 241 

the size of the data sample does not influence much the wind power expected value.  242 

Sensitivity of the 2nd method to the data sample size is explained by the weather windows duration within 243 

particular data sample and probability of its occurring. Larger data sample, more non-productive weather 244 

windows fit into cumulative distribution function. From the other hand, variation of wind speed differs in 245 

different data samples, which influences much the result and should be considered as well.  246 

 247 

 248 



Table 7 – Data sample size influence on the ESS charging result 249 

 𝑷 𝑬𝑺𝑺*, MW*h 

Data sample Method 1** Method 2*** 

1 year 507.0 509.8 

5 years 507.2 510.2 

10 years 507.0 515.0 

15 years 506.8 510.6 

20 years 507.0 516.0 

25 years 507.2 512.0 

50 years 506.6 515.8 

* - operated years = 50 years, assumed as work life of an offshore project 250 

** - wind power expected value using different data samples 251 

*** - CDF curve for different data samples using 50% cut-off value 252 

Regarding influence of the data sample size on the multiplication factor for both methods it can be noticed 253 

from the Table 8 that accuracy of the result is strongly connected with the time period chosen as a data 254 

sample. For Method 1 the factor n should be equal at least 1000 to apply it to initially estimated ESS 255 

charging. This value can vary from 1-10% depending on the data sample used in the investigation, variation 256 

of wind speed within this data sample and obtained wind power expected value. 257 

For Method 2 the magnitude of the factor m depends on the cut-off value used. It is noticeable from the 258 

Table 8 that 50% cut-off value requires application of the factor m equaled to 76, for 75% is 36 and 95% is 259 

18, respectively. Thus, it is important to establish applicability of the multiplication factor for different cut-260 

off values since it will affect the final result. These observations lead to the next point, where influence of 261 

the chosen cut-off value on the results is discussed. 262 

Table 8 – Data sample size influence on the multiplication factor 263 

 Multiplication factor* 

 Method 1 Method 2  

Data sample 𝒏  𝒎 𝟓𝟎% 𝒎 𝟕𝟓% 𝒎 𝟗𝟓% 

1 year 578 54 34 18 

5 years 984 70 34 14 

10 years 886 72 36 14 

15 years 976 74 36 16 

20 years 958 74 36 14 

25 years 998 76 36 16 

50 years 1090 76 36 16 

* - operated years = 50 years, assumed as work life of an offshore project 264 



Cut-off (characteristic) value 265 

According to the simulations provided for this paper, bigger cut-off values give bigger duration of non-266 

productive weather windows. It means that the total number of these windows will be such that the storage 267 

will need to be designed with a larger size. It is shown in the Table 9. For cut-off values over 90% ESS 268 

initial charging should be about 560 - 580 MW*h. For the values equal and above 90% it is between 510 - 269 

540 MW*h. 270 

Table 9 – Comparison of the results for different cut-off values 271 

Cut-off 𝑷∗
𝑬𝑺𝑺,𝟓𝟎 𝒚𝒓𝒔, MW*h 𝑷𝑬𝑺𝑺,𝟐𝟓 𝒚𝒓𝒔, MW*h 𝑷𝑬𝑺𝑺,𝟏𝟓 𝒚𝒓𝒔, MW*h 

95% 564.8 567.8 578.2 

75% 533.4 521.4 527.6 

55% 520.4 513.8 507.0 

50% 515.8 512.0 510.6 

Moreover, the survey shows that difference in the results for various data samples has the smallest deviation 272 

using 50% cut-off value, which gives expected values of non-productive weather window. It means that 273 

different data sample sizes and variations of wind speed give comparable values of the non-productive 274 

weather window duration on the average. 275 

Table 10 – Standard deviation of the results for different cut-off values 276 

Cut-off Standard deviation, σ 

95% 12.2 

90% 4.1 

75% 2.8 

70% 3.1 

55% 2.4 

50% 1.3* 

* - for data samples from 1 to 50 years 277 

4.1.3 Applicable multiplication factor 278 

To sum up, the results for both methods show comparable values differing from 1-10% depending on the 279 

data sample size and cut-off value used for the estimation. The most applicable approach for Method 2 is 280 

using of the expected (mean) values of weather window duration or 50% cut-off value, which gives 281 

comparable results regardless of which data sample size and variation of wind speed are used. Since Method 282 

1 using wind power expected value and data sample size does not influence much the result, mean value of 283 

the multiplication factor for data samples from 5 to 50 years can be used. Factors are presented in the Table 284 

11. 285 

Table 11 – Applicable multiplication factor for Method 1 and Method 2 286 

Multiplication factor 

Method 1 Method 2 

𝒏  𝒎 𝟓𝟎% 

1000 76 



4.2 Initial charging of the device 287 

Charging of the device from the year 1 is another thing to consider. From the Figure 8 charging of the ESS 288 

always faces the limits equaled to 510 MW*h if it is assumed to be 50% charged from the start. It means 289 

that there are time periods where excess power from the wind turbine is significant and can be stored in the 290 

storage device.  291 

For the wind speed variation in the Barents Sea for 50 years ESS should be initially charged at least on 25% 292 

to be capable to sustain whole operation period or maintain all the fluctuation of wind power supply and 293 

not to be empty for 50 years. Initial SoC of 25% is equal to 130 MW*h. This value is a minimum from 294 

what ESS could start an operation, what is almost 5 times less compared to the 100% of initial SoC or 510 295 

MW*h. During the operation period rest of the work will be done by wind turbines and excess power from 296 

it. For variation of SoC different multiplication factors are applied using Method 1 and Method 2 (Table 297 

12). Proportionally, smaller value of initial SoC – smaller value of the multiplication factor is need. The 298 

main consideration here is manufacturing issues, which are quite challenging and needed to be discussed.  299 

Table 12 – Multiplication factor depending on the initial charging of the device 300 

 Multiplication factor 

Initial state of charge (SoC) of 

the ESS 

Method 1 -  
𝒏∗

  

Method 2 – 

𝒎 𝟓𝟎%
∗∗  

25 % - minimum 275 19 

50 % 500 38 

100 % 1100 75 

* - wind expected value for 50 years 301 

** - cut-off value = 50% 302 

 303 

Figure 11 Options of device charging 304 

Furthermore, it can be considered to size the device with an extra space for charging since there are always 305 

excess power which could be possibly stored. If the size of the storage will be increased by 2 times and will 306 

be equaled to the 1020 MW*h with the some characteristics as in the base case: 307 



• Load from the platform: 45 MW; 308 

• Gas turbine power output: 42.5 MW; 309 

• Number of wind turbines: 5; 310 

• Initial SoC: 255 MW*h;  311 

It can be seen from the Table 13 that mean value of SoC will shift and will be equal 1003 MW*h. It says 312 

that according to the wind speed variation in the Barents Sea for 50 years, ESS can be designed with the 313 

size over 500 MW*h and can store over 1000 MW*h of energy. Such results obtained because 70% of time 314 

is surplus of power and only 30% is deficite which is distributed over 50 years. For more precise results 315 

and making classification which can be unique for the seas all over more offshore sites and wind speed 316 

variations are needed to be considered. 317 

Table 13 – Mean SoC for different ESS size 318 

Size of the ESS, MW*h Mean SoC in 50 years, MW*h 

510 499 

1020 1003 

What is more, in case of additional power demand and potential expansion of the offshore project larger 319 

size of ESS will be needed. It is a question of economic feasibility of this proposal. It can be costly to 320 

manufacture the ESS for the charging over 500 MW*h. Thus, precise calculation of the CAPEX and OPEX 321 

for long-term operation of the hybrid energy system should be made before manufacturing the energy 322 

storage device. 323 

4.3 Additional power supply from the shore 324 

Since in the base case ESS is needed to be large enough, the question arises about what alternative solutions 325 

of power grid design can be proposed to construct the ESS in smaller configuration with the saving of the 326 

concept with CO2 emission decreasing and effective maintaining of power demand from the offshore 327 

facility. 328 

To avoid the construction of large structures of subsea energy storage, contribution from the direct power 329 

source from the shore via subsea power cable can be considered as an alternative solution for the project 330 

on the continental shelf with a short step-outs (such as Laggan & Tormore [43], Corrib fields [44] and so 331 

on), where the power supply technologies from the shore is already tested and widely used. Results are 332 

shown in Table 15. 333 

Alternative solution assumes modernisation of the base set-up with minimal losses of a power grid 334 

efficiency. Small size configuration of the gas turbine with rated power 33.3 MW was chosen [22]. Power 335 

from the shore is considered to be the cable connected to the already existed power plant onshore. 336 

Connecting to the power plant onshore will help to avoid additional expenses on the required facility for 337 

power production. All the aspects mentioned above will influence several factors:  338 

• decrease of CO2 emissions from the gas turbine; 339 

• less expenses on the gas turbine; 340 

• size decreasing of the ESS; 341 

• reduction of the ESS manufacturing costs; 342 

• reduction of the ESS installation costs; 343 

 344 



Table 14 – Input data. Alternative case 345 

Parameter Unit Value 

Load from the offshore platform and facility MW 45.0 

Gas turbine operated power output MW 33.3 

Power from the shore MW 9.6 

Number of wind turbines - 5 

Initial state of charge of the ESS % 50 

Table 15 – Method 1,2. Sizing results. Alternative case 346 

Method 𝑷 𝑬𝑺𝑺*, MW*h 

Method 1 
360 

Method 2  

* - operated years = 50 years, assumed as work life of an offshore project 347 

It can be seen from the results, that the size of the ESS decreased almost on 30% compared to the base case, 348 

instead of 500 MW*h ESS size could be manufactured with the size equal to 360 MW*h. What is more, 349 

initial SoC is equal to 178 MW*h (50% initial SoC), which is approximately 70 MW*h less compared to 350 

the base case, where SoC was 255 MW*h. It means that power grid design can be adjusted in a way, when 351 

smaller type of the gas turbine is used, ESS could be designed in a smaller size configuration and HES can 352 

be connected to the already exploited technology of power supply from the shore. 353 

5 Conclusion 354 

This paper proposes a methodology for sizing subsea energy storage devices for offshore wind-powered oil 355 

and gas platforms. It consists of 2 methods. The first method is based on wind speed expected value 356 

estimation using Weibull distribution function. The second method relies on the weather window analysis 357 

considering weather windows without wind power contribution. The purpose of both methods is to estimate 358 

the ESS size capable to operate within 50 years in the hybrid energy system, consisting of the offshore 359 

platform with the processing plant, wind farm and gas turbine. As an alternative solution, power supply by 360 

the subsea power cable from the shore was proposed. The results show that subsea energy storage of huge 361 

size equled to 500 MW*h is required for 50 years of exploitation. Furthermore, both methods are applicable 362 

for sizing since they show comparable results. In addition, data sample size does not influence much the 363 

final sizing result and multiplication factor of method 1. This is mainly due to the fact that the mean wind 364 

speed in different time intervals is approximately the same. On the other hand, for method 2 sizing results 365 

differ by 2% due to different number of weather windows within particular data sample. What is more, the 366 

sizing result is affected by chosen cut-off (characteristic) value. Difference in the results can be 12% 367 

depending on the selected value. From the authors point of view more applicable is 50% cut-off value since 368 

it is the most common variant is within assumed time frame. Finally, it must be mentioned that initial state 369 

of charge of the device should be at least 25% to be cable to operate and the maximum size of the device 370 

could be expanded to more than 500 MW*h in the Barents Sea wind conditions. It is expected that this 371 

study can be used as a guide for planned and existing projects when it comes to sizing of the subsea energy 372 

storage. 373 
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