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ABSTRACT 

A comparison between a traditional fixed high voltage direct current energy transmission 

system and a mobile transmission system utilizing vanadium redox flow batteries has been 

conducted in this degree work.  The purpose of this comparison was to evaluate if a mobile 

energy transmission system could be competitive in terms of energy efficiency and cost-

effectiveness for use in offshore wind power applications. A literary study was made to fully 

grasp the various technologies and to create empirical ground of which cost estimation 

methods and energy calculations could be derived. A specific scenario was designed to 

compare the two transmission systems with the same conditions. To perform the 

comparison, a model was designed and simulated in MATLAB. The results from the model 

showed that the flow battery system fell behind in energy efficiency with a total energy loss of 

33.3 % compared to the 11.7 % of the traditional system, future efficiency estimations landed 

it at a more competitive 17.5 %. The techno-economic results proved that a mobile flow 

battery system would be up to nine times more expensive in comparison to a traditional 

transmission system, with the best-case scenario resulting in it being roughly two times more 

expensive. The main cause of this was found out to be the expensive energy subsystem, 

specifically the electrolyte, used in the flow battery system. Several environmental risks arise 

when using a flow battery system with this electrolyte as well which could harm marine life 

severely. In conclusion; with further development and cost reductions, a case could be made 

for the advantages of a truly mobile energy transmission system. Specifically, in terms of the 

pure flexibility and mobility of the system, allowing it to circumvent certain complications. 

The mobility of the system gives the possibility of selling energy where the spot prices are at 

their highest, providing a higher revenue potential compared to a traditional fixed system. As 

for now though, it is simply too expensive to be a viable solution.    
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SUMMARY 

The strive for renewable energy sources has increased over the past years due to the 

European Union’s goal to the year 2020. The goal is to decrease greenhouse gas emissions by 

20 % compared to 1990 levels, that renewable energy sources reach a 20 % share of the total 

energy consumption and a 20 % energy saving is made for a regular energy consumption. For 

this purpose, offshore wind energy is a good alternative since greater amounts of wind 

resources exist at sea. Offshore wind power technology is still under development and is 

considered to be an expensive renewable energy source. A major cost component for offshore 

wind is the transmission system and therefore, another solution for the connection between 

mainland and offshore site is relevant and can become beneficial for further development of 

offshore wind power.  

The purpose of this degree project was to analyse and compare a traditional high voltage 

direct current system to vanadium redox flow batteries as energy transmission methods in 

techno-economical and energy efficiency aspects. The aim was to conclude most cost-efficient 

method between these. 

By using recent scientific studies and their methodologies, it was possible to calculate the 

techno-economic and energy efficiency aspects for the wind farm and the two transmission 

methods. A scenario was set up to compare the transmission methods under equal 

conditions. A location off the east coast of Great Britain and a wind farm size of twenty 3MW 

turbines was chosen as constant parameters for the calculation models. The calculations were 

done in MATLAB, these included an energy output with and without any losses, capital 

expenditures, operation and maintenance costs and levelized cost of energy for both 

transmission methods. 

The results showed a clear advantage to high voltage direct current transmission system in 

terms of efficiency and cost-effectiveness. The proposed vanadium redox flow battery system 

came close in terms of energy efficiency but fell short in all scenarios regarding costs. With 

the worst-case scenario being up to nine times more expensive. The energy subsystem, 

specifically the electrolyte required for the vanadium redox flow battery, was proven to be the 

main factor of these high capital costs. Even with future cost reduction estimations it proved 

to be roughly two times more expensive than the high voltage direct current transmission 

system. 

The vanadium redox flow battery system provides a flexible system that can be moved to 

different locations. This would enable the energy to be sold in higher spot price regions, as 

well as project times being shortened compared to traditional wind farm projects. 

The environmental aspects of both transmission methods were also shortly discussed with 

the conclusion that the proposed vanadium redox flow battery system would be more 

harmful in terms of the greenhouse gas effect and marine life than a traditional high voltage 

direct current system. 
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NOMENCLATURE 

Symbol Description Unit 

𝑨 Area m2 

c Scale parameter - 

cc VSC-HVDC offshore converter station 
variable cost 

M€/MVA 

𝒄𝒄𝒂𝒃𝒍𝒆 Cable cost M€/km 

𝒄𝒄𝒂𝒃𝒍𝒊𝒏𝒈 Intra-array cable cost M€/km 

𝒄𝒄𝒂𝒃𝒍𝒆,𝒊𝒏𝒔𝒕𝒂𝒍𝒍 Cable installation cost M€/km 

𝒄𝒄𝒐𝒏𝒔𝒆𝒏𝒕 Cost of consent € 

𝒄𝒇𝒆𝒆 Cost for port fee €/MWh 

𝒄𝒇𝒊𝒙𝒆𝒅 Fixed cost €/MWh 

𝒄𝒇𝒐𝒖𝒏𝒅𝒂𝒕𝒊𝒐𝒏 Cost of foundation € 

𝒄𝒊𝒏𝒔𝒕𝒂𝒍𝒍 Cost of installation € 

𝒄𝒋𝒂𝒄𝒌−𝒖𝒑 Cost of foundation installation vessel M€/day 

𝒄𝒐𝒇𝒇𝒔𝒉𝒐𝒓𝒆 Cost per platform M€ 

𝒄𝒐𝒏𝒔𝒉𝒐𝒓𝒆 Cost per onshore convertor station M€ 

𝒄𝒕𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 Transmission cost € 

𝒄𝒕𝒖𝒓𝒃𝒊𝒏𝒆𝒔 Cost of turbines € 

𝒄𝒗𝒂𝒓 Variable costs €/MWh 

𝑪𝑫 Deadweight coefficient  - 

𝑪𝒑 Power coefficient - 

𝑪𝑨𝑷𝒘𝒊𝒏𝒅−𝒇𝒂𝒓𝒎 Overall wind farm capacity MW 

CAPEX Initial Capital Cost € 

𝒅𝒄𝒂𝒃𝒍𝒆 Cable distance between off- and onshore 
substation 

m 

𝒅𝒏𝒆𝒂𝒓,𝒑𝒐𝒓𝒕 Distance to the nearest port m 

𝒅𝒘𝒕𝒔𝒉𝒊𝒑 Carrying capacity of a ship dwt 

[𝒅𝒂𝒚𝒔]𝒊𝒏𝒔𝒕𝒂𝒍𝒍 Number of days to install days 
[𝒅𝒂𝒚𝒔]𝒕𝒐−𝒔𝒊𝒕𝒆 The journey time  days 

𝛁 Displacement of ship ton 

𝝆 Density kg/m3 

Eannual Annual Energy Production (electrical 
energy) 

MWh 

Edensity Energy Density Wh/kg 

€ European currency Euro 

f Frequency Hz 

Fannual Estimated annual fuel consumption ton/year 

𝒇𝒅𝒆𝒗. Development factor % 

FCHVDC VSC-HVDC offshore converter station 
platform fixed cost 

M€ 

FCR Annual Fixed Charge Rate % 
[𝒉𝒐𝒖𝒓𝒔]𝒘𝒐𝒓𝒌𝒊𝒏𝒈−𝒅𝒂𝒚 Length of working day h 

I Current A 

k Shape parameter - 

𝒍 Length m 

𝒍𝒓𝒐𝒖𝒏𝒅−𝒕𝒓𝒊𝒑 Total distance travelled for a round-trip km 

LCOE Levelized Cost of Electricity €/MWh 



 

λ Motor coefficient - 

n Operational life years 

nc Number of transformers per offshore 
platform 

- 

nT Number of converters per offshore 
platform 

- 

[𝒏]𝒐𝒇𝒇𝒔𝒉𝒐𝒓𝒆 Number of offshore platforms - 

[𝒏]𝒐𝒏𝒔𝒉𝒐𝒓𝒆 Number of onshore convertor stations - 
[𝒏]𝒑𝒆𝒓−𝒗𝒊𝒔𝒊𝒕 The number of foundation pieces that can 

be carried per trip 
- 

[𝒏]𝑾𝑻 Number of wind turbines - 

OPEX Annual Operation and Maintenance Cost € 

P Power W 

r Interest rate % 

R Resistance Ω 

$ United States currency USD 

T Degrees Celsius °C 

tc Cable cost per set M€/km 

𝒕𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 Discharge time h 

tper-trip Estimated round-trip travel time h 

U Voltage V 

𝒗𝒋𝒂𝒄𝒌−𝒖𝒑 The speed of the installation vessel km/h 

vknots Ship speed knots 

𝒗𝒎𝒂𝒙 Cut out wind speed m/s 

𝒗𝒎𝒊𝒏 Cut in wind speed m/s 

𝒗𝒔𝒉𝒊𝒑 Ship speed km/h 

𝒗𝒘 Wind speed m/s 

 x Water depth m 

 

  



 

ABBREVIATIONS 

Abbreviation Description 

c-Si Crystalline Silicone 

EU European Union 

EU ETS EU Emission Trading System 

HFO Heavy Fuel Oil 

HVDC High Voltage Direct Current 

IGBT Insulated-Gate Bipolar Transistor 

LCC Line-Commutated Converters 

Li-ion Lithium-ion 

LiPS Lithium Polysulfide 

LP Linking Point 

OPC Onshore Plant Cost 

OPPC Offshore Platform and Plant Cost 

PV Photovoltaics 

Q Quarter 

RFB Redox Flow Battery 

VRFB Vanadium Redox Flow Battery 

VSC Voltage Source Converters 

WT Wind Turbine 

UPLM Unit Price Less Materials 

SOC State of Charge 

XLPE Cross-Linked Polyethylene, cable insulation type  
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1 INTRODUCTION 

Since the oil crisis back in the 1970s and the Chernobyl nuclear accident in the 80s, western 

countries were shaken and had to strive for new energy solutions. The politicians from these 

countries required a new type of renewable energy source that could decrease the use of fossil 

energy sources such as oil. This energy source also had to be reliable in terms of safety. The 

answer for this problem was found in wind and an international programme was established 

for development of wind energy. The goal was to develop wind power plants in a larger scale 

to harvest the wind energy in greater amounts. Ever since, a rapid development has occurred 

within the wind power technology. Today we find many wind turbines in all parts of the 

world, mainly located on the mainland. The next step of development is to take wind power 

towards the seas, where the turbines take up less land space and the wind blows at its 

strongest (Wizelius, 2015). 

1.1 Background 

 

A report named “Global Trends in Renewable Energy Investment” from Angus McCrone, 

Eric Usher, Virginia Sonntag-O'Brien, Ulf Moslener, and Grüning (2014) reviews investments 

and costs behind different energy technologies, such as nuclear, coal fired, solar PV and wind. 

Furthermore, in their report; they put renewable energy in a global perspective. As for the 

year 2007, renewable power had 5.2 % of the total power generation in the world. Ever since, 

the power share has increased by 3.3 % to the year 2013. This shows a steady increase for 

renewables in the near future. 

The report also presents the Levelized Cost of Electricity (LCOE) which indicates the cost 

over produced electrical energy in mega watthours [$2014/MWh] for several energy 

generation technology types. These technologies are shown in Figure 1, LCOE considers costs 

for development, construction, operation, maintenance, feedstock purchasing and financing 

of the project. Figure 1 illustrates that onshore wind had a 15 % LCOE reduction, while 

offshore wind had a 41 % increase in LCOE since offshore projects have moved towards 

deeper waters. Which required the use of more experimental, rather than proven technology. 

Comparing some renewables as PV and onshore wind with conventional power plants 

powered by coal, diesel, oil or nuclear; the cost decrease for renewables make them 

competitive against the conventional options according to Angus McCrone et al. (2014). 
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Figure 1 LCOE For Different Generation Technologies from Q3 2009 to Q1 2014 
[$2014/MWh] (Angus McCrone et al., 2014) 

As for power generation costs, the world energy outlook report from IEA (2015) categorizes 

them into four main components; 

• Provision for the recovery of capital investments.  

• Fuel costs, reflecting the amount and price of fuels used (fossil, nuclear and biomass). 

• Operation and maintenance (O&M) costs to provide for the upkeep of power plants.  

• Carbon costs, as determined by the carbon intensity of the power plants and the level of the 

carbon price, if any. (page 322) 

 

Estimations from the IEA (2015) points out that carbon prices will continue to grow, even if 

there is an efficiency improvement for carbon-based energy sources. It is also expected that 

renewable energy sources will become more competitive because of this.  

 

Nowadays, offshore wind power technology is developed mainly in Europe whereas the 

installed capacity there has doubled between the years 2016 and 2017 according to a report 

from WindEurope, Remy, and Mbistrova (2017).  The report also states that at the end of the 

year 2017 the number of offshore wind power turbines in Europe were 4149 in total and are 

still increasing. The total wind power capacity was 15 780 MW, whereas United Kingdom was 

the leading country with a total installed capacity of 6835 MW with over a total of 1753 

turbines. The second-best country was Germany with 1169 turbines installed and a capacity 
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of 5355 MW. Denmark reached third place with 506 turbines and an installed capacity of 

1266 MW.  

Since there is a great ongoing development in the installation and technology of offshore 

wind turbine plants; the future shows excellent potential for further expansion and research 

on offshore wind technology. WindEurope(2), Hundleby, and Freeman (2017) suggests that it 

is possible for offshore wind power to meet 25 % of the total EUs electricity demand by the 

year of 2030. Theoretically this energy generation could become 2600 - 6000 TWh yearly, 

with an average cost of 65 €/MWh.  

Recently, the market has received a growing trend of floating offshore wind power. This new 

type of technology shows potential in the offshore wind market and has a possibility of 

exceeding the market for stationary offshore wind. Musial et al. (2017) showed in their report 

that in 2016, there was 11 ongoing floating offshore wind power projects around the globe 

which added up to an installed capacity of 229 MW. There was also an estimate that the 

floating offshore wind power market would increase its total capacity by 2905 MW between 

the years 2017 and 2025. The estimated cost for floating offshore wind technologies are 200 

$2016/MWh1. It should be noted that this cost is roughly estimated since the technology of 

floating wind power is new and still under development. However, the cost is said to decrease 

significantly in the following years and has the potential of becoming cheaper than fixed-

bottom over the next 15 years. These cost reductions mainly hinge on the removal of 

construction steps, automation and higher production of energy. The higher electrical energy 

production depends on that depths below 60 meters for which fixed-bottom constructions 

cannot reach, has higher wind resources available. An estimate was made in the report 

(Musial et al., 2017),  which showed that in Europe around 80 % of the existing wind 

resources is at greater depths than 60 meters.  

This trend towards moving offshore wind farms to deeper waters requires the development of 

newer, more cost-effective technologies. One of these technologies is floating wind turbines, 

which could practically mean that a wind farm could be placed almost anywhere where the 

wind is at its strongest. Since they are floating, they are also mobile, which means that they 

can be moved to another location when the wind subsides. This technology currently has its 

constraints, for instance the expensive and tethering connection to the mainland through 

submarine cables. Therefore, a new transmission method must be developed in order to 

make this idea into a viable and mobile energy resource.  

1.2 Problem Formulation 

Offshore wind power has a rapidly increasing international market due to growths in 

renewable energy demands. However, a problem exists that make offshore wind power an 

expensive renewable energy source, namely the connection between the site and the 

mainland. Usually the site is connected via a submarine power cable to the mainland in order 

                                                        

1Equivalent to 158 €/MWh, see Appendix 3 for Euro conversion. 
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to transfer the produced power from the offshore site. These transmission systems take up a 

major part of the overall cost of an offshore project. Therefore, another solution for the 

connection between the mainland and offshore site is relevant and can become beneficial for 

furthering the development of offshore wind power. 

1.3 Purpose and Aim 

The purpose of this degree project was to analyse and compare two energy transmission 

methods in techno-economical and energy efficiency aspects for offshore wind power, 

namely: A traditional fixed transmission using High Voltage Direct Current Voltage-Source 

Converters (HVDC-VSC) and a mobile transmission utilizing Vanadium Redox Flow Batteries 

(VRFBs).  The aim was to find the most cost-efficient way among these two methods to 

transfer energy between an offshore wind farm and the mainland. To summarize the purpose 

and aim, the following questions were considered: 

• In what way can VRFB technology be applied to a wind farm transmission system? 

• Which transmission method is the most cost-effective in current and future scenarios? 

• How much energy from the wind farm is lost during each transmission method? 

1.4 Scope and Limitations 

This degree project mainly focused on the transmission of energy delivered to the mainland 

from an offshore wind farm. Within the project only theoretical valuations were considered. 

The control volume was set between the wind farm, energy transmission methods and ended 

at the distribution of electrical power at the mainland (see Figure 2). Further limitations 

included production estimates from the offshore wind farm, which were made as in monthly 

mean values for a year.  

 

Figure 2 Overview of the Concept 
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2 METHOD 

The methodology for this degree work focused on highlighting the most optimal techno-

economic solution to fulfil the purpose. Therefore, the first step of approach was to conduct a 

literature study. For each transmission method, including the wind farm; the literature study 

provided a theoretical method for calculating energy and techno-economic aspects. The next 

step was to establish a scenario for the offshore wind farm model in terms of location and 

other factors affecting the energy and techno-economic calculations. Lastly, a MATLAB 

model was created to perform the calculations and provide comparative results for each 

method. 

2.1 Literature Study 

The literature study was divided into two parts.  The first part provided theoretical 

background on how each transmission method works. The purpose of this part was to 

provide a greater understanding of the energy transmission methods as well as to clarify the 

most optimized solutions for each method.  

The second part of the literature study formed a theoretical methodology, therefore former 

scientific studies were examined. The second part created empirical ground to determine the 

most cost-efficient transmission method. The studied literature mainly contained equations 

and approximations for different costs within the control volume as described in the Scope 

and Limitations section. These literary studies were conducted by using Google Scholar as a 

database search engine with key words such as “cost estimation”, “efficiency” and “system 

losses” used. Furthermore, assumptions were also included in the studied literature. The 

costs were divided into two different categories; operation and maintenance cost, and capital 

costs. The cost calculations could then be implemented into a MATLAB model. 

2.2 Scenario 

A scenario for an offshore wind farm was created to evaluate the different methods of energy 

transmission, this is described further in section 4.1, Wind Farm Scenario. The parameters 

chosen here had basis on relevant location, type of turbine and amount of wind turbines. 

Wind data for the location was collected from monthly averages. From these values, Weibull 

parameters were acquired in order to determine an approximate annual energy output for 

each month for the farm. These parameters remained constant throughout each transmission 

method calculation in order to provide a fair comparison. Other factors regarding the 

transmission systems themselves such as components used, distance from shore, services 

required, construction costs and system design varied for each case.  
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2.3 MATLAB Model 

The data from the literature study was combined with the data from the scenario to complete 

the case study for a year. This complete set of data was used as an input for a MATLAB model 

that is described in detail in section 4.3, MATLAB model. Hence, the inputs can vary for each 

method, therefore the model was adapted according to the given inputs. The MATLAB model 

in general calculated the energy and techno-economical aspects for each method with the 

limitations according to section 1.4. As the model completed the energy and techno-

economical calculations, the output values were analysed and summarized for the results 

using Excel. The results for each method were examined and compared for final conclusions. 

3 LITERATURE STUDY 

The literature study in this degree work provides theoretical background on offshore wind 

technology and for the two transmission methods in sections 3.1 -3.3. These sections describe 

the workings of the technologies in general. Within sections 3.4 - 3.5, the basis for the 

different calculation methods and assumptions needed to determine a comparative 

performance model for each transmission method, is described. Both in regard to energy as 

well as techno-economic calculations.  

3.1 Offshore Wind Power Technology 

Higgins and Foley (2013) summarizes the UKs offshore wind power technology in their 

report and describes that offshore wind power is similar to onshore wind power technology. 

However, the differences of these technologies are encountered between the different 

environments, markets and infrastructures.  

Horizontal-axis wind turbines are usually used for both on- and offshore wind turbines. 

However, in regards to environmental changes, Higgins and Foley (2013) describes that the 

foundation for offshore wind varies with the sea depth. There exist five different types of 

foundations that are visualized in Figure 3. Meanwhile, according to Tong (2010) the 

foundation for onshore site would consist of a concrete circular raft type or tubular tower.  

For offshore, Higgins and Foley (2013) highlights that the monopile foundation is suitable for 

depths of 0 - 30 m, whereas gravity based foundation can be applied for 0 - 40 m. Both tripod 

and jacket foundations can reach depths of 0 - 50 m, while floating can reach depths greater 

than 60 m.  
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Figure 3 Offshore Wind Turbine Foundation Types (Higgins & Foley, 2013) 

3.2 Offshore Power Transmission for Wind Farms 

Offshore wind farms today use a collection grid within the farm which is then carried over to 

a transmission system to deliver power to the mainland. Each wind turbine in the farm has a 

transformer, usually placed at its base, to increase voltage levels from 690 V to a medium 

high voltage of 25 – 40 kV. Medium-voltage submarine power cables are typically buried 

around one meter in the seabed, they connect the wind turbines to an offshore substation. 

This is where the transmission system begins. The substation steps up voltage levels to 

between 130 - 170 kV to allow for less power losses and the use of submarine cables with 

smaller diameters which decreases the cost of the cable that is to be used for the long stretch 

to the mainland(Green, Bowen, Fingersh, & Wan, 2007). The newest energy transmission 

technology used in today’s offshore wind projects is High Voltage Direct Current – Voltage 

Source Conververs (HVDC-VSC). 

 

HVDC using voltage-source converters is a relatively new technology with the first system 

installed 1997 in Hellsjön by ABB. de Alegría, Martín, Kortabarria, Andreu, and Ereño (2009) 

explains that HVDC-VSC uses high power Insulated-Gate Bipolar Transistors (IGBTs) as 

switches rather than thyristors, this produces almost non-existent amounts of harmonic 

distortions which removes the need for large filters. A more compact converter station can 

then be made and therefore a smaller offshore platform can be used, which will lower costs. 

Although, it does come with higher power losses of around 4 – 5 %. A VSC system can also do 

a ‘black start’ which means that it can start from a dead grid. No start-up mechanism is 

therefore required for the offshore station, as well as the ability to start by itself even if the 

grid onshore has collapsed. A general schematic of a HVDC-VSC transmission system for 

offshore wind farm is shown in Figure 4.   
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Figure 4 Offshore Wind Farm HVDC-VSC Transmission System  

Korompili, Wu, and Zhao (2016) highlight another advantage with VSC technology, the 

ability to control both active and reactive power. Active power control provides the system 

with the capability to quickly level out dips in power generation, it can reduce the amount of 

active power injected to the grid or even consume active power if necessary. This means that 

the grid frequency can be regulated, which might prove very helpful in a situation where the 

onshore grid is weak. Reactive power control is used to sustain grid AC voltage levels, the 

converters can achieve this by adjusting its reactive current. Voltage support to the network is 

therefore another advantage of a VSC system.  

These advantages with VSCs provides a number of benefits in terms of design and operation 

of wind turbines according to Korompili et al. (2016). By being able to decouple the wind 

farm from the grid, it can refrain from being grid code compliant which allows more focus on 

cost reduction efforts for the wind farm in terms of efficiency, reliability and standardization 

to be made.  

3.3 Vanadium Redox Flow Batteries 

Li et al. (2011) explains that battery technologies used today come with some serious 

limitations, specifically charging time and life cycle. Redox Flow Batteries (RFBs) are being 

developed to address these drawbacks. RFBs uses two electrodes and two different 

circulating electrolyte solutions, a positive and a negative, in order to convert and store 

electrical energy in the form of chemical energy and then convert that stored energy back into 

electrical energy. The two solutions are separated by a membrane that keeps the solutions 

separate but still allows for ionic transport.  

Figure 5 depicts the process for a vanadium redox flow battery (VRFB), the most commonly 

used type of RFB in todays’ industry. Zimmerman (2014)  explains that this is where the 

reduction and oxidation between the different redox states occurs. While charging, Vanadium 

ion V3+ is reduced to V2+ in the negative electrolyte and V4+ is oxidized to V5+ in the positive 

electrolyte. Discharging the battery is the reverse of this process. The supporting electrolyte is 

typically sulphuric acid, H2SO4, which is added to provide the right amount of solubility for 

the various oxidation states of vanadium.  
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Figure 5 Vanadium Redox Flow Battery Schematic 

Vanadium makes for a fitting electrolyte material since it has the same metal ions for both 

electrolyte solutions, preventing cell capacity deterioration as well as the fact that it can exist 

in multiple oxidation states (Zimmerman, 2014).  

There are several advantages with RFBs over conventional batteries. These include indefinite 

life cycle, very low self-discharge, fast response time and high energy efficiency. The most 

valuable property is the ability to independently scale power generation and storage capacity. 

This is possible since the battery cell and electrolyte are separated. Furthermore, it allows 

electrical storage capacity to be increased by adding larger electrolyte tanks while power 

generation capacity can be increased by stacking battery cells together. The scalability of 

RFBs is therefore one of the most attractive aspects for industrial and network applications 

(Li et al., 2011).  

According to Zimmerman (2014) the main disadvantage with VRFBs is currently the 

relatively low energy density of 50 Wh/kg electrolyte compared to Lithium-ion batteries for 

instance, which can achieve an energy density of up to 250 Wh/kg. The current price of 

vanadium is also of concern with market prices of $35/kg2 being recorded on January 31st of 

2018 (InvestmentMine, 2018). However, this is predicted to decrease drastically as new 

procurement methods for vanadium are developed and when demand for the metal 

increases.  

 

                                                        

2Equivalent to €28/kg, see Appendix 3 for Euro conversion. 
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3.4 Wind Farm and HVDC Transmission Costs 

A report from Cavazzi and Dutton (2016) demonstrate a methodology for calculations of 

offshore wind farm costs, including HVDC-VSC system costs. Another report by Gonzalez-

Rodriguez (2017) also shows other various methods to approximate certain component costs 

for wind turbine farms, one of these methods are described later in the bisections of Wind 

Farm and HVDC Transmission Costs.  

The report by Cavazzi and Dutton (2016) described a general formula for calculating the total 

cost of producing electrical energy for a wind farm, namely: levelized cost of energy (LCOE). 

This provides a general economical comparison of different systems. The LCOE can be 

defined as:  

 
LCOE =

(CAPEX ∙  FCR) + OPEX

E𝑎𝑛𝑛𝑢𝑎𝑙
 [€/MWh] (1) 

Where;  

LCOE = levelized cost of energy [€/MWh] 

CAPEX = Initial Capital Cost [€]  

OPEX = Annual Operation and Maintenance Cost [€] 

FCR = Annual Fixed Charge Rate [%] 

Eannual = Annual Energy Production (electrical energy) [MWh] 

The LCOE is described similarly with the same methodology as in Purvins et al. (2018), with 

the exception of different variable naming’s and operations and maintenance cost, fuel cost 

and carbon price are added to the equation.  

For the LCOE calculation, following sections define detailed explanations for the CAPEX, 

OPEX, FCR and Eannual. 

It should be noted that the naming of the variables in all equations have been modified and 

currency units from Pounds £ to Euros € have been adapted from the original to fit the 

context of the literature study as a whole.  

 

According to the report by Cavazzi and Dutton (2016), the capital expenditures can be 

summarized as the investment costs to be made in order for a wind turbine to be operational. 

The costs are divided into several categories as; Development and Consent, Turbine, Balance 

of Plant and Installation, and Commissioning.  These categories can be further sub-

categorized, which are shown in the table under Appendix 1. The table also shows some 

estimated values for CAPEX, which can be used as a reference for a typical case. Cavazzi and 

Dutton (2016) stated that calculations for CAPEX could be defined as;  
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𝐶𝐴𝑃𝐸𝑋 =

𝑐𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠+𝑐𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛+𝑐𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛+𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙+𝑐𝑐𝑜𝑛𝑠𝑒𝑛𝑡

(1−𝑓𝑑𝑒𝑣.)
   (2) 

Where; 

𝑐𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 = cost of turbines [€] 

𝑐𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = transmission cost [€] 

𝑐𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 = cost of foundation [€] 

𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = cost of installation [€] 

𝑐𝑐𝑜𝑛𝑠𝑒𝑛𝑡 = cost of consent [€] 

𝑓𝑑𝑒𝑣. = development factor [%] (takes account for development, consent and overall 

management, typically 5 %) 

The individual costs for the CAPEX are described within sections 3.4.1.1-3.4.1.5. For these 

calculations the assumptions defined in section 3.4.1.6 are applicable. 

 Cost of Turbines: 

For the cost of turbines, it was possible to approximate to a relevant value with basis from 

other real values. The following equation gave a regression to a set of data from different 

studies described in the report by Gonzalez-Rodriguez (2017) to evaluate an estimated cost of 

the wind turbines used in a wind farm.  

 
𝑐𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 = 1081 ∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚

0,9984 (3) 

 Where;  

𝑐𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 = the total cost of all turbines within a wind farm [k€2016] 

𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 = the overall capacity of the wind farm [MW] 

If equation (3) is divided with the constant, 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚, it is possible to describe the cost as 

a CAPEX cost directly, which has the unit [𝑘€2016/MW]. Here, it is also important to note 

that the euros are converted to their value in 2016. 

In the other report written by Cavazzi and Dutton (2016), the cost of wind turbines were 

estimated to be: 1.5 M£/MW3. Additionally, if the floating technology is used, the CAPEX will 

be 50 % more expensive. 

 Cost of Foundation: 

The CAPEX for foundation can be described as shown in equation (4). The estimation for this 

cost has basis on a polynomial regression for three different offshore foundation 

technologies; Monopile, Jacket and Floating. The observed data for the regression is previous 

                                                        

3Equivalent to 1.8 M€/MW, see Appendix 3 for Euro conversion. 
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data from real project costs for foundations. It should also be noted that the cost of steel 

determines the foundation cost as a function of water depth(Cavazzi & Dutton, 2016).  

 
𝑐𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 =  𝐶𝐴𝑃𝐸𝑋𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 ∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 =  

 

= ((𝑎𝑥2 + 𝑏𝑥 + 𝑐) + ([𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙  + [𝑑𝑎𝑦𝑠]𝑡𝑜−𝑠𝑖𝑡𝑒) ∙ 𝑐𝑗𝑎𝑐𝑘−𝑢𝑝)

∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 

(4) 

Where; 

𝐶𝐴𝑃𝐸𝑋𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 = The Cost of a foundation [€/MW] 

𝑐𝑗𝑎𝑐𝑘−𝑢𝑝 = The Cost of foundation installation vessel [M€/day] 

x = Water depth [m] 

a, b, c = Constant values (see Table 1) 

[𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = Number of days to install (see Table 1) 

[𝑑𝑎𝑦𝑠]𝑡𝑜−𝑠𝑖𝑡𝑒 is the journey time in days, see equation (5). 

 

[𝑑𝑎𝑦𝑠]𝑡𝑜−𝑠𝑖𝑡𝑒 = 
2 ∙ 𝑐𝑗𝑎𝑐𝑘−𝑢𝑝 ∙ (

𝑑𝑛𝑒𝑎𝑟
1000)

(𝑣𝑗𝑎𝑐𝑘−𝑢𝑝 ∙ [ℎ𝑜𝑢𝑟𝑠]𝑤𝑜𝑟𝑘𝑖𝑛𝑔−𝑑𝑎𝑦 ∙ [𝑛]𝑝𝑒𝑟−𝑣𝑖𝑠𝑖𝑡)
 (5) 

Where; 

𝑑𝑛𝑒𝑎𝑟 = The Distance to the nearest deep water port [m] 

𝑣𝑗𝑎𝑐𝑘−𝑢𝑝 = The Speed of the installation vessel [km/h] 

[ℎ𝑜𝑢𝑟𝑠]𝑤𝑜𝑟𝑘𝑖𝑛𝑔−𝑑𝑎𝑦 = Length of working day [h] 

[𝑛]𝑝𝑒𝑟−𝑣𝑖𝑠𝑖𝑡 = The Number of foundation pieces that can be carried per trip 

Furthermore, additional manufacturing costs of 50 % and 20 % of the total 𝐶𝐴𝑃𝐸𝑋𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 

are added for jacket and floating respectively according to Cavazzi and Dutton (2016).  

 Cost of Installation: 

The CAPEX for installation summarizes the costs of shipping turbines to their respective 

installation sites, installation of the turbines and the cabling in-between. The equation for 

this estimation is described as following (Cavazzi & Dutton, 2016):  

𝑐𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = 𝐶𝐴𝑃𝐸𝑋𝑖𝑛𝑠𝑡𝑎𝑙𝑙 ∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 = 

 
= ([𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙  + [𝑑𝑎𝑦𝑠]𝑡𝑜−𝑠𝑖𝑡𝑒) ∙ 𝑐𝑗𝑎𝑐𝑘−𝑢𝑝

+ (𝑐𝑐𝑎𝑏𝑙𝑖𝑛𝑔  + 𝑐𝑐𝑎𝑏𝑙𝑒,𝑖𝑛𝑠𝑡𝑎𝑙𝑙) ∙ 𝑙𝑐𝑎𝑏𝑙𝑖𝑛𝑔 

(6) 

 

Where; 

𝐶𝐴𝑃𝐸𝑋𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = Installation cost [€/MW] 

[𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = Number of days to install (see Table 3) 
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[𝑑𝑎𝑦𝑠]𝑡𝑜−𝑠𝑖𝑡𝑒 = The journey time in days, see equation (5). Note that [𝑛]𝑝𝑒𝑟−𝑣𝑖𝑠𝑖𝑡  becomes the 

number of turbines that can be carried per trip 

𝑐𝑐𝑎𝑏𝑙𝑖𝑛𝑔 = Intra-array cable cost [M€/km] 

𝑐𝑐𝑎𝑏𝑙𝑒,𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = Intra-array cable installation cost [M€/km] 

𝑙𝑐𝑎𝑏𝑙𝑖𝑛𝑔 = Length of the Intra-array cable [km] 

 Cost of Connection: 

The CAPEX cost for connection of the wind farm to an electrical grid is described in equation 

(7) from the report by Cavazzi and Dutton (2016). 

 
𝑐𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝐶𝐴𝑃𝐸𝑋𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 = 

 

= [(
𝑑

1000
) ∙ 𝑛 ∙ 𝑐]

𝑐𝑎𝑏𝑙𝑒
+ [𝑛 ∙ 𝑐]𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 + [𝑛 ∙ 𝑐]𝑜𝑛𝑠ℎ𝑜𝑟𝑒  

(7) 

Where; 

𝐶𝐴𝑃𝐸𝑋𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = Transmission cost [€/MW] 

𝑑𝑐𝑎𝑏𝑙𝑒 = Cable distance between off- and onshore substation [m] 

[𝑛]𝑐𝑎𝑏𝑙𝑒 = Number of cables to shore 

𝑐𝑐𝑎𝑏𝑙𝑒 = Cable cost [M€/km] 

[𝑛]𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 = Number of offshore platforms 

𝑐𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 = Cost per platform [M€] 

[𝑛]𝑜𝑛𝑠ℎ𝑜𝑟𝑒 = Number of onshore convertor stations 

𝑐𝑜𝑛𝑠ℎ𝑜𝑟𝑒 = Cost per onshore convertor station [M€] 

Another report by Xiang, Merlin, and Green (2016) estimates the costs for a HVDC system in 

the same manner, but with a slightly more recent empirical formulas for convertor station 

and platform costs.  

 Cost of Consent  

The cost of consent according to Cavazzi and Dutton (2016) summarizes the costs for 

environmental survey, seabed survey, met mast and development services. The costs are 

shown in the table located in Appendix 1.  

 Assumptions 

The assumptions relevant for the CAPEX of turbines, foundations, connections and 

installations are shown below in table format, these assumptions are from the report by 

Cavazzi and Dutton (2016). However, the values have been converted from (£, GBP) to (€, 

EUR) according to the values in Appendix 3. 



14 

Table 1 Cost of Foundations Parameters 

 a b c [𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙  

Monopile 0.0011 0.0023 1.2253 1 

Jacket 0.0008 -0.0154 1.5847 3 

Floating 0 0.0017 3.732 2 

Number of turbines per visit [𝑛]𝑝𝑒𝑟−𝑣𝑖𝑠𝑖𝑡 5 

Speed of installation vessel [km/h] 𝑣𝑗𝑎𝑐𝑘−𝑢𝑝 20 

Length of the working day [h] [ℎ𝑜𝑢𝑟𝑠]𝑤𝑜𝑟𝑘𝑖𝑛𝑔−𝑑𝑎𝑦 24 

Material cost of steel [€/tonne] 𝑐𝑠𝑡𝑒𝑒𝑙  2167.2 

Cost of foundation installation vessel [M€/day] 𝑐𝑗𝑎𝑐𝑘−𝑢𝑝 0.1805445 

 

Table 2 Cost of Connection Parameters 

Number of offshore platforms [𝑛]𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 2 

Cost per platform [M€] 𝑐𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 132.3993 

Number of cables to shore [𝑛]𝑐𝑎𝑏𝑙𝑒 2 

Cable cost [M€/km] 𝑐𝑐𝑎𝑏𝑙𝑒 1.083267 

Number of onshore convertor stations [𝑛]𝑜𝑛𝑠ℎ𝑜𝑟𝑒 2 

Cost per onshore convertor station [M€]  𝑐𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 78.23595 

 

Table 3 Cost of Installation Parameters 

Number of days on site to install each turbine [𝑑𝑎𝑦𝑠]𝑖𝑛𝑠𝑡𝑎𝑙𝑙 2 

Length (intra-array) cable [km] 𝑙𝑐𝑎𝑏𝑙𝑖𝑛𝑔 350 

Intra-array cable cost [M€/km] 𝑐𝑐𝑎𝑏𝑙𝑖𝑛𝑔 0.1805445 

Intra-array cable installation cost [M€/km] 𝑐𝑐𝑎𝑏𝑙𝑒,𝑖𝑛𝑠𝑡𝑎𝑙𝑙 0.120363 

Number of turbines per visit [𝑛]𝑝𝑒𝑟−𝑣𝑖𝑠𝑖𝑡 5 

Speed of installation vessel [km/h] 𝑣𝑗𝑎𝑐𝑘−𝑢𝑝 20 

Length of the working day [h] [ℎ𝑜𝑢𝑟𝑠]𝑤𝑜𝑟𝑘𝑖𝑛𝑔−𝑑𝑎𝑦 24 

Cost of installation vessel [M€/day]  𝑐𝑗𝑎𝑐𝑘−𝑢𝑝 0.2832 
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The Eannual summarizes the annual electrical energy production of a wind farm. A general 

approach is described by Lakshmanan, Liang, and Jenkins (2015); the first step is to calculate 

the Weibull probability distribution as described: 

 

𝑓(𝑣𝑤) =
𝑘

𝑐
∙ (

𝑣𝑤

𝑐
)
𝑘−1

∙ 𝑒
(−(

𝑣𝑤
𝑐

)
𝑘
)
 (8) 

Where;  

𝑣𝑤 = The Wind speed [m/s] 

𝑓(𝑣𝑤) = The Weibull probability distribution function of occurrence of wind speed 𝑣𝑤 

k = Shape parameter 

c = Scale parameter 

The Weibull probability distribution is a function that specifies the occurrence of wind speed 

and its probability.  

The second step is to calculate the power generated, as shown below: 

 
𝑃𝑔𝑒𝑛,𝑊𝑇(𝑣𝑤) =

1

2
∙ 𝜌 ∙ 𝐴 ∙ 𝐶𝑝 ∙ 𝑣𝑤

3 (9) 

Where; 

𝑃𝑔𝑒𝑛,𝑊𝑇(𝑣𝑤) = Power generated at each wind speed [W] 

𝜌 = Air density [kg/m3] 

𝐴 = Area covered by the turbine blades [m2] 

𝐶𝑝 = Power coefficient 

The power coefficient describes the wind turbine characteristics and decides how efficiently 

the conversion of wind energy can be turned into electrical energy. This principle follows Betz 

law, whereas it is stated that power coefficient cannot exceed values greater than 59.3 %.  

(Wizelius, 2015) 

For the final step, using the equations (8) and (9), electrical energy production is received 

accordingly to:  

 
𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = [𝑛]𝑊𝑇 ∫ ((𝑃𝑔𝑒𝑛,𝑊𝑇(𝑣𝑤)) ∙ 𝑓(𝑣𝑤) ∙ 8760)𝑑𝑣𝑤

𝑣𝑚𝑎𝑥

𝑣𝑚𝑖𝑛

 (10) 

Where; 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = Annual energy production [MWh] 

[𝑛]𝑊𝑇 = Number of wind turbines 

𝑣𝑚𝑎𝑥 = Cut out wind speed [m/s] 

𝑣𝑚𝑖𝑛 = Cut in wind speed [m/s] 
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The OPEX is described by Cavazzi and Dutton (2016) as: 

 

𝑂𝑃𝐸𝑋 = 𝑐𝑓𝑖𝑥𝑒𝑑 + 𝑐𝑓𝑒𝑒 + ((
𝑑𝑛𝑒𝑎𝑟,𝑝𝑜𝑟𝑡

1000
) ∙

𝑐𝑣𝑎𝑟

100
) (11) 

Where; 

𝑐𝑓𝑖𝑥𝑒𝑑 = Fixed cost [€/MWh] 

𝑐𝑓𝑒𝑒  = Cost for port fee [€/MWh] 

𝑑𝑛𝑒𝑎𝑟,𝑝𝑜𝑟𝑡 = Distance to the nearest port [m] 

𝑐𝑣𝑎𝑟 = Variable costs [€/MWh] 

For the OPEX calculation following assumptions are possible according to Cavazzi and 

Dutton (2016), where the euro conversion was adapted. 

Table 4 OPEX Parameters 

Fixed costs [€/MWh] 𝑐𝑓𝑖𝑥𝑒𝑑  21.66534 

Variable costs [€/100 km] 𝑐𝑣𝑎𝑟 7.22178 

Port fees [€/MWh] 𝑐𝑓𝑒𝑒  3.61089 

 

According to Purvins et al. (2018) the capital recovery factor CRF which is equivalent to FCR 

can be calculated as following: 

 
𝐹𝐶𝑅 = 𝐶𝑅𝐹 =

𝑟 ∙ (1 + 𝑟)𝑛

(1 + 𝑟)𝑛 − 1
 (12) 

Where; 

r = Interest rate  

n = Operational life [years] 

 

The overall system losses consider the collection losses and the transmission losses. The 

collection losses include three main categories according to the report Lakshmanan et al. 

(2015), namely; power electronics losses, collection cables losses and the losses in collection 

system components.  

 Collection System Component Losses 

The losses in AC-collection system components can be estimated with annual energy losses 

(Lakshmanan et al., 2015): 
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𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝐴𝐶 = ∫ (𝑃𝑃𝐸,𝐴𝐶(𝑣𝑤) + 𝑃𝑐𝑎𝑏𝑙𝑒,𝐴𝐶(𝑣𝑤)) ∙ 𝑓(𝑣𝑤) ∙ 8760 ∙ 𝑑

𝑣𝑚𝑎𝑥

𝑣𝑚𝑖𝑛

𝑣𝑤 (13) 

Where; 

𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝐴𝐶 = Annual energy losses [MWh] 

𝑣𝑚𝑎𝑥 = Cut out wind speed [m/s] 

𝑣𝑚𝑖𝑛 = Cut in wind speed [m/s] 

𝑃𝑃𝐸,𝐴𝐶 = Total power electronic losses [MW] 

𝑃𝑐𝑎𝑏𝑙𝑒,𝐴𝐶 = Total cable losses [MW] 

The power electronics includes components such as converters (AC-DC, DC-AC and DC-DC) 

and transformers. According to Glover, Overbye, and Sarma (2017), cable losses in the AC-

collection context are mainly related to series resistance R and shunt conductance G. The 

cable losses can be acknowledged as power losses, defined with I2R and V2G losses. I2R losses 

occur when current is applied to the transmission line and there is resistance within the line, 

which results in ohmic losses. Meanwhile, V2G losses occur when voltage is applied to the 

line, which causes insulator leakages and dielectric losses. During normal operation 

conditions the I2R losses are greater than V2G losses. In DC-transmission context the losses 

mainly consist of I2R losses.   

 Transmission Line Losses VSC-HVDC 

To determine the overall losses for the transmission between the onshore and offshore 

substations, the method from Negra, Todorovic, and Ackermann (2006) can be used. The 

method includes the losses at the converter stations (on- and offshore) and the cabling 

between them. 

For the offshore station, the power after the convertor station can be defined as: 

 
𝑃1 = (1 − 𝑥𝑠) ∙ 𝑃𝑖𝑛 (14) 

Where; 

𝑃1 = The offshore convertor station power [W] 

𝑥𝑠 = The convertor station loss [%] 

𝑃𝑖𝑛 = The power before convertor station [W] 

The cable power losses can then be defined as: 

 

𝑃𝐶 = 𝑃1 − 𝑃2 = 𝑅 ∙ 𝐼2 = 𝑅 ∙ (
𝑃1

𝑉𝐶
)
2

 (15) 

Where; 

𝑃𝐶 = The cable power losses [W] 

𝑃2 = The onshore convertor station power [W] 
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𝑅 = The cable resistance [Ω] 

𝐼 = The current flowing in the cable [A] 

𝑉𝐶 = The rated voltage of the cable [V] 

At the onshore station, the outlet power becomes: 

 
𝑃𝑜𝑢𝑡 = (1 − 𝑥𝑠) ∙ 𝑃2 (16) 

Where; 

𝑃𝑜𝑢𝑡 = The power after the convertor station [W] 

In this method, Negra et al. (2006) states that 𝑥𝑠 remains constant for both on- and offshore 

convertor stations. By using the already estimated value of 1.24 % for platform converter 

losses, the value for convertor station loss is then 𝑥𝑠 = 0.0124. 

For the transmission line between onshore and offshore substations, the ohmic losses can be 

calculated by taking DC-resistance, RDC and multiply it with the transmitted current to 

receive the total power loss for the transmission line. The DC-resistance can be calculated by 

using the following equation and data from Glover et al. (2017): 

 
𝑅𝐷𝐶 =

𝜌𝑇 ∙ 𝑙

𝐴
 (17) 

Where; 

𝑅𝐷𝐶 = The DC-resistance of conductor [Ω] 

𝜌𝑇 = Conductor resistivity at temperature T [Ωm] 

𝑙 = Conductor length [m] 

𝐴 = Conductor cross-sectional area [m2] 

For determining the conductor area of the cable required, relevant cable data can be used, 

which is found in datasheets from the manufacturers. 

3.5 VRFB System Costs 

A study conducted by Ha and Gallagher (2015) titled Estimating the system price of redox 

flow batteries for grid storage, present a comprehensive Unit Price Less Materials (UPLM) 

analysis of VRFB systems. UPLM include plant investment costs and unit costs for the 

battery packs. The unit costs consist of variable costs such as direct labour, warranty as well 

as research and development. However, the study by Ha and Gallagher (2015) also includes 

an analysis of the total system cost of VRFBs for both present material costs and predicted 

future costs. Projections for Li-ion battery systems and Lithium Polysulfide semi-flow 

batteries (LiPS) are included to provide a comparison with VRFBs. The model presented in 

the study regard the batteries as being produced in a mature and developed industry on a 

large scale. This does not exist for flow batteries yet, although their production is predicted to 
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increase in the near future. The baseline used in the study are an annual production rate of 

100,000 battery stacks with a continuous stack power of 20 kW and an energy storage of 100 

kWh. If higher power ratings are required, the stacks can be combined in parallel or series to 

provide a suitable value. 

Projections for the entire battery system prices are also presented in the study, which include 

projections for 2014 material costs as well as predicted future material costs. These are 

shown in Figure 6 and Figure 7 respectively. Both figures show VRFBs as being the least 

expensive option for energy storage systems.  

 

Figure 6 System price as a function of annual production rate using 2014 material costs 
(Ha & Gallagher, 2015)  

 

Figure 7 System price as a function of annual production rate using future state material 
costs (Ha & Gallagher, 2015) 
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There is however uncertainty in these results, with Ha and Gallagher (2015) stating a system 

price variation of ± 28 % for 95 % confidence intervals for VRFB systems. This large disparity 

is mostly due to the large variation in vanadium commodity price on the market. They further 

state that the costs for the carbon felt and ion-exchange membrane for flow batteries are key 

obstacles for broader deployment. While VRFBs have benefited greatly from efforts made in 

fuel cell development, there is still a long way to go before they can reach the same amount of 

production rate as Li-ion. One thing not taken into consideration in this paper is site 

installation cost though, which typically is a large factor in system capital cost. This cost is 

highly location specific and is therefore difficult to estimate.  

In conclusion Ha and Gallagher (2015) describe flow batteries as being able to utilize the 

advantages of production volume at much lower rates than Li-ion and suggest that just 

moderate levels of production (e.g. 20,000 20-kW batteries per year) could lead to cost-

effective deployment of flow batteries for energy storage applications.  

Another, more recent study, conducted by Minke, Kunz, and Turek (2017) describes another 

techno-economic model for determining VRFB system costs. Component and electrochemical 

models were used to calculate current cost of equipment such as the stacks and electrolyte, as 

well as identifying specific cost reduction potentials for each part of the system.  

Minke et al. (2017) derive a linear cost function (see equation (18)) from the model results in 

order to determine system costs for varying VRFB systems. The results provided cost rates 

for both the power subsystem and the energy subsystem of the VRFB, with cpower = 1080 

€/kW and cenergy = 385 €/kWh. The function is stated to provide accurate results within the 

scope of P = 1 MW – 20 MW and E/P = 4 h or 8 h. 

 
𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑃 ∙ 1080 [

€

𝑘𝑊
] + 𝐸 ∙ 385 [

€

𝑘𝑊ℎ
] (18) 

Where; 

Csystem = Total system cost 

P = Cell stack power 

E = Energy storage capacity 

 

Transferring the electrolyte from one place to another requires transportation. In this degree 

work the transportation occurs at sea meaning that tankers are required to transfer and hold 

the electrolyte from an offshore wind farm to an onshore station. This brings costs along with 

it. 

In order to transport and hold the electrolyte, a chemical tanker is needed. Wärtsilä (2018) 

describes a chemical tanker as being a cargo ship specifically constructed and used to carry 

any liquid chemical in bulk. The ships typically use a series of separate tanks with specialized 

coatings that determine which type of chemicals it can carry. Chemical tankers used today 

can carry up to 120,000 dead-weight tonnes (dwt) for deep-sea travel, while vessels used for 
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short sea travels typically range from 10,000 to 35,000 dwt according to a market review by 

UNCTAD (2017).  

A market review given by Finance (2016) provide information on time charter rates for 

chemical tankers, which in November 2016 were on average 16,000 $/day. This value does 

however fluctuate quite heavily from year to year, which make it a highly uncertain value. 

Newly built chemical tankers are stated to be priced at 33 M$ while second-hand values of 

the ships go down with age, from 22 M$ for a 5-year-old ship to 10 M$ for a 15-year-old ship, 

the price does depend heavily on the carrying capacity of the ships however.  

 

A report from Turker, Arroyo Klein, Hammer, Lenz, and Komsiyska (2013) titled “Modeling 

a vanadium redox flow battery system for large scale applications” explores the various 

losses in a VRFB unit, both for charging and discharging operations. These energy losses 

occur in the stacks during the electrochemical conversion as well as auxiliary power 

consumption of the surrounding systems drawing some energy, such as the hydraulic 

circuits. Losses such as the power demand of the control system and the air conditioning 

system are neglected in these calculations since their minimal effect on a megawatt-size 

systems’ efficiency. The main losses in the system are coulombic losses, overvoltage losses 

and pumping losses, with inverter and rectifier losses depending on which connection the 

battery has, AC or DC. Figure 8 from the report describes the process for both operational 

modes. Rectifier and inverter losses in their report were assumed to be 5 %.  

 

Figure 8 Losses for Charging and Discharging of a VRFB System (Turker et al., 2013) 
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The State of Charge (SOC) is one of the main factors that affect battery performance. Turker 

et al. (2013) evaluated efficiency at multiple levels of SOC in their study. The efficiency stayed 

relatively stable during the discharge process, the efficiency dropped about 15 % when SOC 

reached above 75 % during the charge process. This happened because pumping power 

demand increases significantly at high SOC levels. Most of the time the efficiency stays stable, 

with the round-trip efficiency holding at around 64 % between 20 – 75 %. The full efficiency 

results are shown in Figure 9. 

 

 

Figure 9 Overall Efficiency of a 2 MW Scale Model (Turker et al., 2013) 
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4 DESCRIPTION OF ACTUAL STUDY 

The description of actual study reviews the scenario laid out for each transmission system as 

well as which calculation methods and assumptions that has been applied to retrieve the 

results. 

4.1 Wind Farm Scenario 

The wind farm scenario was initially created by choosing the appropriate components to be 

used. These were then applied within a layout, and a location for the farm was defined. The 

location included appropriate wind data for the wind farm. 

 

The components that were chosen for the scenario depended on the transmission system. 

Therefore, a general model for the wind farm was created that could be applied for each 

transmission method.  

  Wind Farm 

The wind farm consisted of wind turbine model; V112-3 MW, manufactured by Vestas (2018). 

The summarized data for the model is shown in Appendix 2. 

The same model of wind turbine was used for the whole wind farm and the amount of wind 

turbines was set to 20, which would result in a total rated power of 60 MW for the entire 

wind farm. This is quite a low sized wind farm compared to real scenarios. The size was 

decided upon since a VRFB system of the magnitude of 500 MW with today’s energy 

densities and cell voltages would require such impossibly large cell stacks and electrolyte 

tanks. Therefore, a comparison between the two methods would be redundant. 

The layout for the wind farm is visualized in Figure 10. Here, the wind turbines (WTs) 

consisted of a generator (AC power source) and a transformer. Four sets of five turbines in 

series were connected in parallel to a bus via an AC collection system. Each wind turbine was 

separated by a distance of 1 km from the other turbines, while the connections to the bus 

from the wind turbine series had a distance of 3 km respectively. The bus was connected to a 

linking point (LP) that could be connected to a HVDC- or a VRFB transmission system. 
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Figure 10 Wind Farm Layout 

 HVDC System 

The HVDC system, as mentioned in the literature study (section 3.2.1); consisted of an 

offshore substation, a submarine cable and an onshore substation. The overall system can be 

seen in Figure 11. The offshore substation was connected to the wind farm (note linking 

point, LP). The substation consisted of two AC to DC converters and transformers. 

Submarine cabling, consisting of two lines, were connected between the off- and onshore 

substations. The distance between these stations are indicated with a variable; dcable. The 

onshore substation consisted of similar components as the offshore substation. The 

difference was that onshore substation has DC to AC converters and the transformers has 

different voltage ratings. 

dcable

LP

Onshore 
substation

Offshore 
substation

Grid

 

Figure 11 HVDC System Layout 

 VRFB System 

The overall design of the VRFB system did not differ much from the HVDC system. The main 

difference was that the VRFB system used a transportation vessel instead of a submarine 

cable to transfer energy. This method is done via charging and discharging the VRFB at 

offshore and onshore stations respectively. The electrolyte is charged in the vessel tanks from 

a cell stack floating platform at the offshore station, which is then sent to the onshore station 
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for discharging and afterwards transmit the energy from electrolyte to the grid. An energy 

density of 50 Wh/kg was assumed for this degree work. 

The discharge time at the onshore station would become a problem with using VRFBs. Since 

the vessel is discharging, nothing is charging at the offshore station. This means that at least 

two tanker vessels have to be used in rotation. In that way one vessel can charge at the 

offshore station while the other discharges at the onshore station, the size and number of 

ships in use depended on what discharge time that was chosen. Figure 12 shows a general 

layout of the system.  

dtransport

LP

Onshore 
substation

Offshore 
substation

Grid VRFB Charging 
station

VRFB Discharging 
station

 

Figure 12 VRFB System Layout 

The size and number of cell stacks and electrolyte tanks was determined depending on the 

power and energy output of the wind farm as well as what the number of ships and their 

respective discharge time would be. The model suggested by Minke et al. (2017) was used to 

determine the power and number of cells for each cell stack required for the proposed wind 

farm. Cell voltage is dependent on SOC, in this case the value was averaged for a SOC of 20 – 

80 % as to keep efficiency as high and consistent as possible. 

Since the cell stacks would have to reach the same 60 MW that the wind farm could 

potentially put out, 3 of the 20 MW power subsystems mentioned by Minke et al. (2017) was 

used. This model used 250 kW stacks with 75 cells in each which would result in a stack area 

of 201 m2. To charge each stack with 250 kW of power a voltage of 980 V and a current of 252 

A can be used, in accordance with a VRFB project at Fraunhofer-Gesselschaft, Germany, 

which uses similar stacks (Alotto, Guarnieri, & Moro, 2014). For one 20 MW system a total of 

80 stacks would be required, these can be placed on top of each other to keep platform area 

down at the offshore station. The set-up of stacks at the discharging station onshore was 

assumed to be of equivalent size and numbers.  

To compare different possible solutions for this transmission method in terms of CAPEX and 

OPEX, two different methods of electrolyte charging/discharging and transportation were 

compared. The first consisted of having two larger ships in rotation, each with a discharge 

time of 50 h. The other scenario had a chosen discharge time of 8 h, with four vessels used in 

rotation.  
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The location chosen for the wind farm was off the east coast of Great Britain, since they are 

currently expanding their offshore wind power dramatically and there is plenty of wind data 

in the area readily available. The wind speed data was gathered from the Marine Data 

Exchange database at a height of 82 m from the Greater Gabbard wind farm situated about 

22.5 km off the coast, see Figure 13. 

 

Figure 13 Location of Greater Gabbard Wind Farm (marked in light green) (Bing, 2018) 

The data was taken from both the northwest and southwest direction and was measured 

every ten minutes, in this degree work an average value between these two directions was 

used at each time interval for the years 2006 - 2009. The data was then separated into values 

for each month of the year using Excel, in order to determine energy output of the wind farm 

on a monthly basis. 
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4.2 Calculations 

 

The following section describes the energy calculations that were made for the wind farm, 

including system losses for the two transmission systems. 

 Wind Farm Energy Output 

The wind speed data collected and aggregated was imported into MATLAB where a Weibull 

distribution parameter function made by Roche (2013) was applied, which uses a graphical 

method encompassing line fitting to determine both shape- and scale parameters from said 

data. These parameters were then used in equation (8) to provide the Weibull distribution for 

every month.  

The swept area of the turbine specified in Appendix 2 was applied to equation (9) with 

assumptions being an air density of 1.225 kg/m3. The power coefficient for different wind 

speeds was determined with the turbines’ power curve supplied by the manufacturer and 

through the use of equation (9). These two equations were combined in equation (10), 

integrating over the turbines’ cut-in- and cut-out speeds of 3 m/s and 25 m/s respectively to 

determine the total energy output each month. These were summed up to acquire an annual 

energy output for the wind farm. 

 Collection System Losses 

The power electronic losses required for the use of equation (13) for the AC-collection system 

was estimated to (Lakshmanan et al., 2015):  

• Full scale converter at each turbine (Si converters): 6.5 % 

• 50Hz transformer losses at each turbine: 1 % 

 

The power output of the wind farm from previous calculations was used here to estimate the 

power electronic losses. The loss assumptions made above as well as the power output results 

were applied to equation (13). These losses also depend on the number of turbines used in the 

system, since the converters and step-up transformers are used at each turbine. 

The collection cable system was assumed to be AC and with this the AC resistance of the 

cables was calculated with equation (19), (Nord, 2011). 

 
𝑅𝐴𝐶 = 𝑅𝐷𝐶 ∙ (1 + 𝑦𝑠 + 𝑦𝑝) [

Ω

𝑘𝑚
] (19) 

The DC resistance was computed with equation (17) with the resistivity of copper at 90° 

Celsius being used, which lies at 21.5 Ωmm2/km. ys is the skin effect factor which was given 

by equations (20) and (21). 
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𝑦𝑠 = 
𝑥𝑠

4

192 + 0.8𝑥𝑠
4 (20) 

 
𝑥𝑠

2 = 
8𝜋𝑓

𝑅𝐷𝐶
∙  10−7 ∙  𝑘𝑠 (21) 

The cables were presumed to be round which sets the coefficient ks to 1 and the frequency f 

was presumed to be 50 Hz. A proximity effect factor was also calculated since the cables used 

were decided to be three-core cables. This was done through equations (22) and (23). 

 

𝑦𝑝 = 
𝑥𝑝

4

192 + 0.8𝑥𝑝
4 (

𝑑𝑐

𝑠
)
2

[
 
 
 
 

0.312(
𝑑𝑐

𝑠
)
2

+ 
1.18

𝑥𝑝
4

192 + 𝑥𝑝
4 + 0.27

]
 
 
 
 

 (22) 

 
𝑥𝑝

2 = 
8𝜋𝑓

𝑅𝐷𝐶
∙  10−7 ∙  𝑘𝑝 (23) 

Where dc is the diameter of the conductor, s is the distance between conductor axes and kp is 

equal to 0.8 using the same presumptions as for ks. 

The active losses of the cabling were then calculated with equation (24). 

 

𝑃𝑙 = 𝐼2 ∙  𝑅𝐴𝐶 = (
𝑛𝑊𝑇 ∙  𝑃𝑖

𝑈 ∙ cos(𝜑)
)
2

∙  𝑅𝐴𝐶  [
𝑊

𝑘𝑚
] (24) 

Where nWT is the number of wind turbines at each cable row, Pi the power at wind speed i, U 

the rated voltage and cos(𝜑) the power factor. This equation was integrated over each wind 

speed within the working range of the farm in order to acquire the total power loss from the 

cables. In this degree work the number of turbines per row was set to 5, with the rated voltage 

being set to 33 kV and an assumed power factor of 1 (reactive power compensation is 

assumed). The total length of the cables across the entire system was 28 km with 4 rows in 

total. 

Determination of cable was aided by calculating the maximum amount of current the cable 

would have to withstand within the system, this was done with equation (25). 

 
 𝐼𝑚𝑎𝑥 = 

𝑛𝑊𝑇 ∙  𝑃𝑟𝑎𝑡𝑒𝑑

𝑈 ∙ cos(𝜑)
 [𝐴] (25) 

A cable datasheet from ABB (2010) which included current ratings for various cables was 

used to determine an appropriate conductor area. In this case a three-core, copper cable with 

a conductor area of 400 mm2 and a diameter of 23.2 mm was chosen to provide a good safety 

margin.  

These power electronic and cable losses conclude the losses created in the collection system 

of the wind farm and determines the amount of power arriving at the linking point. 
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 HVDC System Losses 

The HVDC system losses consist of converter losses as well as transmission cable losses. The 

platform converter losses were assumed to be the previously mentioned 1.24 %, a 

transformer loss of 1 % was assumed here as well. By subtracting the collection system losses 

with the total power output of the wind farm, the power entering the converter station 

offshore was determined.  

equation (14) was then used to acquire the power flowing through the transmission cable, 

with the rated voltage being 150 kV and power factor being set to 1. The transmission cable 

resistance in a HVDC system consisted of DC resistance which was calculated with equation 

(17). These are single-core cables with a copper conductor. Determination of conductor area 

was done in the same way as for the collection system cable. The area in this case was set to 

1000 mm2 with the distance between the onshore and offshore stations being altered between 

60, 100 and 140 km to see how distance affects both losses and costs.  

The onshore converter station then receives the remaining power and has the same loss 

percentage as the offshore station. 

  VRFB system losses 

For the VRFB system charging and discharging losses was only considered since 

transportation losses of the electrolyte could be assumed negligible because of the minimal 

self-discharge in the electrolyte. Assumptions of the charge- and discharge efficiencies can 

then be made from Turker et al. (2013) to be 82 % and 78 % respectively. Since VRFBs are a 

developing technology, higher future efficiencies were considered to be at 90 % for both 

processes.  

 

 Wind farm Costs 

The Wind Farm costs were calculated by combining different methods described in the 

literature study. To begin with, the cost of turbines was estimated by using equation (3) and 

inserting the rated power of 60 MW as the capacity of wind farm (CAPwind-farm).   

The cost of foundation for the wind turbines within the wind farm was calculated by using 

equations (4) and (5). A water depth of 60 m was assumed, and therefore floating technology 

was applied. The parameters assumed in Table 1 were used for the equations, including a dnear 

which was set to the same length as for the HVDC cable length. 

For the installation cost of the collection system, equations (5) and (6) were used. The data in 

Table 3 was used for the equations and a total length of cabling was set to 28 km as 

mentioned earlier. 
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The cost of consent was assumed to be of the same value as described in Appendix 1 for 

development and consent. The total cost was received by multiplying the total capacity of the 

wind farm with the cost per MW. 

Furthermore, a development factor of 5 % for the CAPEX calculation and an interest rate of  

6 % for the FCR calculation was assumed. 

 HVDC System Costs 

To calculate capital costs for the HVDC transmission system, the cost estimation used in the 

study by Xiang et al. (2016) was used. The methodology and cost assumptions in the study 

were deemed reasonable since similar values, results and calculation methods were found in 

other reports as well, such as Van Eeckhout (2008) and Lazaridis (2005). The study by Xiang 

et al. (2016) had more current values though, which is the reason it was chosen. A full list of 

cost assumptions made is shown in Table 5, all values have been converted from GBP to EUR 

(see Appendix 3 for the Euro conversion). 

Table 5 Cost Assumptions HVDC System 

Variable Description Assumption Value 

FCHVDC VSC-HVDC offshore converter station platform fixed cost 30.1 M€ 

cc VSC-HVDC offshore converter station variable cost 0.1324 M€/MVA 

tc Cable cost per set (with set voltage rating and set) 0.8067 M€/km 

nc Number of transformers per offshore platform 2 

nT Number of converters per offshore platform 2 

 

Firstly, the costs the offshore platform and plant cost (OPPC) were calculated via equation 

(26), these equations are empirically made following commercial project reports; 

 
 𝑂𝑃𝑃𝐶 =  𝐹𝐶𝐻𝑉𝐷𝐶 + 𝑐𝑐 ∙ 𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 [𝑀€] (26) 

Secondly, the onshore plant cost (OPC) was calculated by equation (27). 

 
 

 𝑂𝑃𝐶 =  0.098102 ∙  𝐶𝐴𝑃𝑤𝑖𝑛𝑑−𝑓𝑎𝑟𝑚 [𝑀€] (27) 

The total cable cost was then determined through equation (28). 

 
 

 𝑐𝑐𝑎𝑏𝑙𝑒 = 𝑡𝑐 ∙ 𝑙𝑐𝑎𝑏𝑙𝑒 [𝑀€] (28) 

Installation of the cable at a depth of 1 m under the seabed was assumed, with an average cost 

of 0.365 M€/km being assumed from a journal article by Dicorato, Forte, Pisani, and Trovato 

(2011). This value can vary greatly, with costs being heavily dependent on seabed 

composition and supplying conditions. The total cost of the installation was calculated with 

equation (29). 

 
 

 𝑐𝑐𝑎𝑏𝑙𝑒−𝑖𝑛𝑠𝑡𝑎𝑙𝑙 =  0.365 ∙ 𝑙𝑐𝑎𝑏𝑙𝑒 [𝑀€] (29) 
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The total cost of the entire HVDC system was determined summing up all the results from 

equations (26) - (29). This cost was added into equation (2)  as the cost of connection.  

The OPEX for the entire wind farm was calculated using equation (11). This allowed for the 

LCOE calculation to be completed with equation (30). 

 
LCOE𝐻𝑉𝐷𝐶 =

(CAPEX𝐻𝑉𝐷𝐶  ∙  FCR) + OPEX𝐻𝑉𝐷𝐶

(E𝑎𝑛𝑛𝑢𝑎𝑙 − 𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝐻𝑉𝐷𝐶)
 [€/MWh] (30) 

 

These LCOE and CAPEX values were compared to the VRFB system costs. 

 VRFB System Costs 

When evaluating costs for the VRFB transmission system, several considerations had to be 

made. The two cost estimation methods described in section 3.5 did end up with varying 

results in their studies. While the method used by Minke et al. (2017) is more recent and 

takes more parameters into account, it is still stated to only give accurate results within the 

previously mentioned parameter ranges, which this transmission system exceeds. The 

method by Ha and Gallagher (2015) is older and stated to have a system price uncertainty of 

±28%. Therefore, both methods were used to calculate the costs of the VRFB transmission 

system in order to compare both estimations as well as highlight some of the uncertainties 

that arise when doing an estimation on technology that is still under development. 

For the calculating costs using the method specified by Minke et al. (2017), which will from 

now on be referred to as method 1, the previously mentioned equation (18) was used. The 

power was set to 120 MW (60 MW offshore and 60 MW onshore) and the energy would be 

determined depending on the results from the wind farm energy and loss calculations. The 

cost reduction potentials mentioned in method 1 were used to determine an estimated future 

cost, with the power subsystem cost being reduced by 42 % and the electrolyte cost of the 

energy subsystem being reduced by 85 %. The electrolyte price was set to 200 €/kg which 

was equal to 55 % of the energy subsystem costs for a 8 hour (h) discharge system in the 

study by Minke et al. (2017). The potential cost reduction potential for the electrolyte was 

derived from a paper by Söderkvist (2013) regarding future production of vanadium oxide by 

extracting it from fly ash. 

For method 2, the one specified by Ha and Gallagher (2015), an annual battery production 

rate of 50 GWh was assumed when determining system price. This led to a price of the power 

subsystem of 1194 €/kW and a price for the energy subsystem of 237.3 €/kWh. With future 

material cost estimations these values were 711.9 €/kW and 141.6 €/kWh respectively. The 

electrolyte cost using this method was set to 23 €/kg at 2014 material costs and 17.4 €/kg as 

future state costs.  

For the first transportation cost scenario involving the two larger vessels, an assumed 

discharge time of 50 h was used to determine how much electrolyte each vessel would have to 

be able to carry. For the second scenario using the four smaller vessels, a discharge time of 8 
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h was assumed. The amount of dwt the vessels in each scenario had to carry was acquired 

with equation (31). 

 
  𝑑𝑤𝑡𝑠ℎ𝑖𝑝 = 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ∙  𝑃𝑠𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚

𝐸𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
 [𝑡𝑜𝑛] (31) 

Where 𝑑𝑤𝑡𝑠ℎ𝑖𝑝 is the resulting carrying capacity required of each ship, 𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 the discharge 

time, 𝑃𝑠𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚 the power of the stacks and 𝐸𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 the energy density of the 

electrolyte. 

The energy capacity for each vessel per trip was thereafter acquired by using equation (32). 

 
 

 𝐸𝑝𝑒𝑟−𝑡𝑟𝑖𝑝 = 𝐸𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 ∙ 𝑑𝑤𝑡𝑠ℎ𝑖𝑝 ∙ 103 [𝑊ℎ] (32) 

The number of round-trips required per ship per year for each scenario was then calculated 

through equation (33). 

 
  𝑛𝑡𝑟𝑖𝑝𝑠 = 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙 − 𝐸𝑃𝐸−𝑙𝑜𝑠𝑠 − 𝐸𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛−𝑙𝑜𝑠𝑠

𝐸𝑝𝑒𝑟−𝑡𝑟𝑖𝑝 ∙  𝑛𝑠ℎ𝑖𝑝𝑠
  (33) 

An investment cost of 20 M€ for a larger chemical tanker as well as 12 M€ for a smaller 

vessel was assumed. An offshore platform cost of 25 M€ for the system was added onto the 

costs for both estimation methods to sum up the transmission systems total capital costs. 

This was then added into equation (2) in the same way as for the HVDC system to acquire the 

CAPEX value. 

The OPEX calculation was done in the same way as for the HVDC system except that the 

operational and fuel costs for the ships was added onto it. The annual operational costs which 

include parameters such as crew, maintenance and insurance costs were derived from 

average operating expenses per dwt from a journal article by Goodridge (2015) for various 

shipping companies Q1 2015. The average value assumed for these calculations was cper-dwt per-

quarter = 3.72 €/dwt. The operational costs for each scenario could then be calculated through 

equation (34). 

 
 

 𝑐𝑜𝑝−𝑠ℎ𝑖𝑝 = 𝑐𝑝𝑒𝑟−𝑑𝑤𝑡 𝑝𝑒𝑟−𝑞𝑢𝑎𝑟𝑡𝑒𝑟 ∙ 𝑑𝑤𝑡𝑠ℎ𝑖𝑝 ∙ 𝑛𝑠ℎ𝑖𝑝𝑠 ∙ 4 [€/𝑦𝑒𝑎𝑟] (34) 

Where the cost is multiplied by 4 to acquire an annual value.  

Fuel costs for the ships used in each scenario were also calculated. Mersin, Alkan, and 

Mısırlıoğlu (2017) describes a classical method of acquiring the fuel consumption of a ship 

using equations (35) and (36). Equation (37) has been taken from Barrass (2004). These 

equations have been modified to suit the scenario described in this chapter with the additions 

of the number of trips and ships to acquire the total fuel consumption.  

 
  𝐹𝑎𝑛𝑛𝑢𝑎𝑙(𝑣) =  

𝑡𝑝𝑒𝑟−𝑡𝑟𝑖𝑝

24
∙  𝜆 ∙ 𝑣𝑘𝑛𝑜𝑡𝑠

3 ∙ ∇
2
3  ∙ 𝑛𝑡𝑟𝑖𝑝𝑠 ∙ 𝑛𝑠ℎ𝑖𝑝𝑠 [𝑡𝑜𝑛 𝑓𝑢𝑒𝑙/𝑦𝑒𝑎𝑟] (35) 
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  𝑡𝑝𝑒𝑟−𝑡𝑟𝑖𝑝 =

𝑙𝑟𝑜𝑢𝑛𝑑−𝑡𝑟𝑖𝑝

𝑣𝑠ℎ𝑖𝑝
 [ℎ] (36) 

 
 

∇ = 𝑑𝑤𝑡𝑠ℎ𝑖𝑝 ∙ 𝐶𝐷 [𝑡𝑜𝑛] (37) 

A full list of parameter descriptions and assumed values can be found in Table 6. 

Table 6 Parameter Descriptions and Values for Equations (35) - (37) 

Variable Description Assumption Value 

Fannual Estimated annual fuel consumption Calculated [ton/year] 

tper-trip Estimated round-trip travel time Calculated [h] 

λ Constant motor coefficient from (Mersin et al., 2017)  1

100 000
 

vknots Ship speed 12 knots 

𝛁 Displacement of ship Calculated [ton] 

𝒍𝒓𝒐𝒖𝒏𝒅−𝒕𝒓𝒊𝒑 Total distance travelled for a round-trip 120, 200 or 280 [km] 

𝒗𝒔𝒉𝒊𝒑 Ship speed 22.224 [km/h] 

𝑪𝑫 Deadweight coefficient from (Barrass, 2004)  0.83 

 

After the fuel consumption for both scenarios was known, a total fuel cost was determined. A 

crude oil price estimate for the year 2020 of 80 $/barrel was assumed from IEA (2015). The 

fuel used was assumed to be Heavy Fuel Oil (HFO) which according to Kretschmann, 

Burmeister, and Jahn (2017) was traded at an average value of 70 % of the crude oil price 

between 2005 and 2014. The barrel price was converted to tonnes and reduced by the 30 % to 

provide a rough estimate of the fuel price per tonne for the ships. This could be multiplied 

with the previously calculated Fannual in order to acquire a total annual fuel cost for each ship 

scenario. 

The LCOE calculation was made for each estimation method and ship scenario, both with 

present and potential future values, through equation (38). 

 
LCOE𝑉𝑅𝐹𝐵 =

(CAPEX𝑉𝑅𝐹𝐵  ∙  FCR) + OPEX𝑉𝑅𝐹𝐵

(E𝑎𝑛𝑛𝑢𝑎𝑙 − 𝐸𝑙𝑜𝑠𝑠𝑒𝑠,𝑉𝑅𝐹𝐵)
 [€/MWh] (38) 

These LCOE and CAPEX values were compared to the HVDC system costs.  
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4.3 MATLAB model 

The MATLAB program that was developed with the knowledge gained from the literary study 

works as depicted in the figures below. Figure 14 and Figure 15 was used to model energy 

output for each transmission method while still having the same wind farm and collection 

system.  

 

Figure 14 Flow chart describing the MATLAB model used for the HVDC transmission 
system 
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Figure 15 Flow chart describing the MATLAB model used for the VRFB transmission system 
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Figure 16  shown below describes the cost evaluation model used in the MATLAB program. 

The results from the previous energy output models as well as the capital (CAPEX) and 

operational costs (OPEX) were used in order to determine the final LCOE cost for each 

transmission system. 

 

Figure 16 LCOE Evaluation model for both transmission systems 
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5 RESULTS 

The results section covers the techno-economical aspects of the wind farm and transmission 

methods with figures and tables.  

5.1 Energy Output 

Figure 17 and Table 7 below displays the amount of electrical energy received to the grid from the wind 

farm in GWh per month for an average year. The ideal case shows the total amount of energy received 

to the grid from the wind farm with no losses, while the other cases take in account losses for each 

transmission method. It should be noted that Figure 17 shows the data for the 100 km case. 

 

Figure 17 Monthly Energy Output, 100 km case 

Table 7 Yearly Energy Output 

Method 

Value [GWh] 

Length 1: 60 km Length 2: 100 km Length 3: 140 km 

Ideal 309.13 309.13 309.13 

HVDC 273.13 273.00 272.88 

VRFB 206.31 206.31 206.31 

Future VRFB 254.93 254.93 254.93 
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5.2 Costs 

Table 8 Wind Farm Costs without Cost of Transmission 

Component 

Value [M€] 

Length 1: 60 km Length 2: 100 km Length 3: 140 km 

Turbines 64.44 64.44 64.44 

Foundations 29.95 30.03 30.11 

Installation 8.99 9.00 9.00 

Consent 8.84 8.84 8.84 

TOTAL 112.22 112.30 112.38 

 

Table 8 shows the total costs for each component within the wind farm in M€. The cost for 

transmission system between the offshore and onshore site are excluded. 

Table 9 Cost of Transmission 

Type of Method and Scenario 
Value [M€] 

Length 1: 60 km Length 2: 100 km Length 3: 140 km 

HVDC 136.13 197.60 259.07 

VRFB 

Small Ship 
Scenario 

Method 1 1205.56 1205.56 1205.56 

Method 2 963.16 963.16 963.16 

Large Ship 
Scenario 

Method 1 2768.45 2768.45 2768.45 

Method 2 1923.44 1923.44 1923.44 

Future 
VRFB 

Small Ship 
Scenario 

Method 1 514.92 514.92 514.92 

Method 2 605.69 605.69 605.69 

Large Ship 
Scenario 

Method 1 1343.47 1343.47 1343.47 

Method 2 1175.47 1175.47 1175.47 

 

Table 9 shows the total costs for all transmission methods in M€ for three different lengths. For VRFB 

and Future VRFB, two different calculation methods were applied and are presented with small and 

large ship scenarios. 
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Table 10 VRFB Ship Transportation Results 

Type Length  

Annual Number 
of Trips Per Ship 

Annual Fuel 
Consumption 
[ton/ship,year] 

Annual Fuel Cost 
[M€/Ship,year] 

Annual Operational 
Costs [M€/Ship,year] 

Small ship 

120 km 149 269.33 0.09 0.14 

200 km 149 448.88 0.14 0.14 

280 km 149 628.43 0.20 0.14 

Large ship 

120 km 48 294.39 0.09 0.89 

200 km 48 490.65 0.16 0.89 

280 km 48 686.91 0.22 0.89 

 

Table 10 shows the resulting data used to determine the transportation costs of the electrolyte in the 

VRFB transmission method. Both ship scenarios are presented as well as the fuel cost dependence on 

round trip distance. 
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Figure 18 shows a cost breakdown of the system cost for each respective scenario and estimation method for all transmission systems. Each precentral value 

represents an individual cost of the total system, for instance: the cost of the energy system is 61.32 % of the total system cost for VRFB when using method 1 

in the small ship scenario with a distance of 100 km to shore. The costs can be seen in M€ in Appendix 4. 

 

 Figure 18 Transmission Cost Break Down 
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5.3 CAPEX, OPEX and LCOE 

Figure 19 summarizes the total CAPEX in M€ and LCOE in €/MWh for each transmission method, including the wind farm. For VRFB and Future VRFB, two 

different calculation methods were applied. 

 

Figure 19 Total CAPEX and LCOE for the Wind Farm Including Transmission 
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Table 11 Total CAPEX, OPEX and LCOE for the Wind Farm Including Transmission 

Type of Method and Scenario Length CAPEX [M€] OPEX [M€] LCOE [€/MWh] 

HVDC 
60 km 261.42 7.81 112.06 

100 km 326.21 7.81 132.80 

140 km 390.99 7.81 153.55 

V
R

FB
 

Small Ship 
Scenario 

Method 1 

60 km 1387.13 8.73 628.48 

100 km 1387.22 8.95 629.62 

140 km 1387.30 9.18 630.76 

Method 2 

60 km 1131.98 8.73 520.66 

100 km 1132.06 8.95 521.79 

140 km 1132.15 9.18 522.93 

Large Ship 
Scenario 

Method 1 

60 km 3032.28 9.79 1328.84 

100 km 3032.36 9.91 1329.48 

140 km 3032.45 10.03 1330.12 

Method 2 

60 km 2142.79 9.79 952.95 

100 km 2142.88 9.91 953.59 

140 km 2142.96 10.03 954.23 

Fu
tu

re
 V

R
FB

 

Small Ship 
Scenario 

Method 1 

60 km 660.15 8.73 260.00 

100 km 660.23 8.95 260.92 

140 km 660.32 9.18 261.84 

Method 2 

60 km 755.70 8.73 292.68 

100 km 755.78 8.95 293.60 

140 km 755.86 9.18 294.52 

Large Ship 
Scenario 

Method 1 

60 km 1532.30 9.79 562.43 

100 km 1532.38 9.91 562.95 

140 km 1532.46 10.03 563.46 

Method 2 

60 km 1355.46 9.79 501.95 

100 km 1355.54 9.91 502.47 

140 km 1355.63 10.03 502.99 

 

In Table 11 the total CAPEX, OPEX and LCOE are shown for each transmission method, including the 

costs for the wind farm. For VRFB and Future VRFB, two different calculation methods were applied. 
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6 DISCUSSION 

The discussion is divided into four parts. The first part consists of discussion of results, while 

the second part discusses the advantages of the mobile energy solution. The third part and 

final part lifts the methodology and the environmental aspects for each transmission method. 

6.1 Results 

The energy output analysis showed that the wind farm generated a total output of 309 GWh 

of electrical energy from the wind. This seemed like a reasonable value, if only a bit high, for a 

wind farm of this size when comparing it to other projects. This is most likely due to the 

generally high wind speeds that were observed at the Greater Gabbard site. The total energy 

output that were transmitted to the grid, with monthly averages can be seen in Figure 17 for 

the 100 km case. The figure showed that the total energy output is less from the ideal when 

HVDC was used as a transmission method, while VRFB was proven to be even more 

inefficient than HVDC. For the lengths 60 and 140 km, the total energy output for HVDC 

varied with ±0.04% from the 100 km case, while the total energy output remained constant 

for both VRFB cases. The differences in total losses became clearer in Table 7. The wind farm 

with a HVDC system received a total loss of approximately 11.7 % for all lengths, while the 

wind farm with VRFB system received a total loss of 33.3 %. However, the total loss can be 

decreased to 17.5 % or even more in the future if the efficiency of VRFBs are increased with 

further development of the technology. These statements can indicate a potential for VRFB to 

have somewhat equal efficiency to HVDC. Nevertheless, in terms of energy losses, HVDC is a 

better solution than VRFB to-date. 

The cost analysis showed that the wind farm without transmission costs had a total cost of 

112.3 M€ for 100 km case. For cases 60 and 140 km, the cost varied with ±80 000 € from the 

100 km case. The main variation depended on the foundation costs, which increased linearly 

in parallel to the length between the onshore and offshore sites. The foundation costs became 

greater since jack-up’s need to travel further for installation and anchoring of the floating 

wind farm required more cabling.  The changing fuel and steel prices could even further vary 

these costs. 

The total project capital costs for each transmission method and scenario are represented in 

Table 9. If these costs were to be compared to the wind farm costs, one would find that the 

total cost would double when the cost of transmission is added to the wind farm costs. This is 

true for the 60 km case. However, the total cost would be higher for the HVDC system the 

greater the length is between the sites. For 100 and 140 km cases the total cost would be 

around 310 and 371 M€ respectively. The HVDC transmission cost depended heavily on the 

length of the cable and its material costs which is driven for instance by the varying copper 

price.  

The VRFB transmission costs showed a high variation in different scenarios. However, the 

varying length did not affect the total cost because the VRFB transmission system only 
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required transportation vessels for the electrolyte and a charge and discharge station. The 

main factor for all VRFB scenarios proved to be the energy subsystem, specifically the 

electrolyte cost, as shown in Figure 18. The market price of vanadium should therefore be one 

of the most crucial factors to look at when designing a system utilizing VRFBs. Figure 18 

further shows that the cost of cabling takes up the majority of HVDC system costs and that 

the distance from shore plays a major part in this cost as well. 

Table 9 showed that the usage of two large ships would give a total project cost of 6-9 times 

higher than for a wind farm with HVDC for a distance of 100 km, depending on the type of 

estimation method used. For the future case the total project cost would be 4-5 times higher 

than for HVDC. The costs are to be further reduced by usage of smaller vessels that carry the 

electrolyte. The use of multiple smaller vessels would result in the cost becoming 3-4 times 

higher than HVDC, while for the future case it was approximately 2 times higher. 

The electrolyte was a major part of the total system cost, it is possible to reduce this expense 

by increasing the fly ash concentration whenever vanadium oxide is produced. A 

concentration of 12 % in vanadium oxide reduced the price of the electrolyte by 85 %. This 

lead to a cheaper overall cost of the VRFB system as a transmission method. The future 

scenario for method 1 did take this cost reduction into account yet the system still proved to 

be of higher expense than HVDC. 

The results of the transportation costs for the VRFB system are shown in Table 10. The 

scenario with multiple smaller vessels required a lot of round-trips per year to transport all 

the energy produced by the wind farm. This due to the shorter discharge time of the vessels 

which limits the amount of energy they can carry during each trip. These results would mean 

that an average of 3 trips per ship and week had to be made. Far fewer trips per year would 

have to be made by using the two larger vessels instead, only one trip per ship and week 

would be required in that scenario. Fuel consumption and thereby costs per ship proved to be 

slightly higher for the large ship scenario due to the displacement of the large vessel 

outweighing the number of trips required in the small ship scenario. If the number of vessels 

were to be accounted for, the fuel costs for the small ship scenario would prove to be higher. 

The operational costs were taken from several different companies but was only from the first 

quarter of 2015. It was therefore probably one of the most uncertain parameters for the VRFB 

transmission system OPEX costs, more data should be collected on the subject to provide 

more accurate results.    

The CAPEX and LCOE showed similar results in Figure 19. The CAPEX for HVDC was about 

261 M€ for 60 km, 326 M€ for 100 km and 391 M€ for 140 km. While for all cases of VRFB 

the CAPEX cost varied between 660 – 3032 M€ depending on the type of ships and 

estimation method used. The LCOE on the other hand was approximately 112, 133 and 154 

€/MWh for HVDC, while for all cases of VRFB LCOE was between 260 – 1330 €/MWh. From 

these results, HVDC proved to be cheaper than VRFB in terms of CAPEX and LCOE. The 

OPEX varied for VRFB when different lengths were applied and whenever small or large 

sized ships were used, mainly due to fuel costs. In Table 11, the OPEX for VRFB ranged 

between 8.7 M€ at its lowest and 10 M€ at its highest. The future case of VRFB also showed 
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the same results. Meanwhile, the OPEX was 7.8 M€ for HVDC and remained constant since it 

did not require anything else expect maintenance.  

An autonomous system could be a possible solution to reduce the OPEX for the VRFB system 

by reducing the cost of crew. However, the CAPEX would increase due to an investment in 

hardware and software for the autonomous system to function. In the long run this kind of 

solution could overpass the investment CAPEX due to reduced OPEX. Several studies for 

autonomous vessels have been conducted and with a fixed trip system such as the one 

presented for the VRFB system would make it an exciting technology to look into. 

Offshore wind in general has a LCOE around 160 €/MWh and is estimated to decrease for 

the upcoming years, making this technology more cost-competitive against conventional 

fossil-based power sources. This depends on the increased interest in renewables that is 

influenced by EUs goal to limit emissions and increase the use of renewable energy sources. 

This decrease in cost is estimated for wind farms with HVDC transmission rather than 

VRFBs, perhaps making HVDC even cheaper in the future. 

Furthermore, the wind farm size played a major role for VRFB system costs. The size of the 

wind farm increases the power capacity and energy output, which is proportional to system 

costs. An increased size of the wind farm project would therefore dramatically increase the 

VRFB system cost, leading to greater CAPEX and LCOE. On the other hand, the proposed 

VRFB system might prove to be more cost-effective in smaller wind farms situated long 

distances from shore. 

6.2 Mobile Energy Solution 

A combination of floating wind technology and VRFBs would make the system a mobile 

energy solution. The individual floating wind turbines could be moved with jack-ups to 

different location and be re-anchored there. At the same time the transmission system 

consisting of vessels that carry the electrolyte could also be moved to the new site along with 

the charging station. The discharging station on the other hand must be built at the coast of 

the new site.  

With the mobile energy solution, it is possible to adapt the wind farm accordingly to the spot 

price market. The energy could be sold directly to other regions where the spot prices are 

higher, making this solution more profitable.  

Setting up a HVDC transmission system that consist of a submarine power cable can become 

a time-consuming process. Several studies have to be made and permissions to be allowed 

before the cable can be installed. This includes for instance a selection for the provisional 

cable route that contain surveys and designing the cable for meeting the conditions for the 

selected route. A permission is required from relevant authorities to complete the process 

before the installation. Nevertheless, there also exists physical obstacles in the sea that would 

make the submarine cable route longer or even impossible to install. These obstacles can for 

instance be tough seabed conditions, other pipelines or environmental protected areas (KIS-
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ORCA, 2018). These complications can most likely be avoided by using a VRFB transmission 

system, which would lead to a less time-consuming process to install an offshore 

transmission system for the wind farm. From this, the VRFB transmission system remains 

flexible since its establishment is rather straightforward than for the HVDC system. 

The premise itself is promising, if the current costs of the system could be lowered to within 

reasonable levels one could consider the advantages to outweigh the disadvantages. 

6.3 Methodology 

 

The methodology behind the energy output calculations for the wind farm and HVDC system 

is sound, with many literary sources to back it up. The graphical method used to determine 

the shape and scale parameters does have a margin of error, this is relatively small however 

and would not affect the results in a meaningful way. 

The collection system could be set up in several different ways, the layout used in this degree 

work is one of the most common ones used in projects today. Some assumptions were made 

here as well, with reactive power losses assumed to be negligible as well as dielectric and 

sheath losses not being considered for the collection system. The losses of the collection 

system would not affect the performance of the transmission systems themselves which is 

why these simplified assumptions were made. 

Similar assumptions to the ones being made for the HVDC system losses were also found in 

previous studies and while more complex calculations could have been made, the results 

would most likely not have differed too much from what is presented in this degree work.  

Since VRFBs are a developing technology with not much research being made on large scale 

systems, determining an accurate efficiency for the system would always be difficult. The 

efficiency assumptions made here is what has been observed in research studies. However, in 

larger, more practical scenarios such as the one in this degree work these values could 

potentially change. The design layout chosen for this transmission system could also be 

altered in any number of ways which could affect both costs and energy efficiency, the ones 

suggested here are just examples of possible solutions for the implementation of this 

transmission method.  

 

All cost calculations done in this degree work are based, in various degrees, on assumptions 

made in previous reports and studies. While similar values and methodologies were observed 

in regard to wind farm and HVDC system cost estimations, it should still be noted that all of 

them are based on assumptions. The LCOE calculation method is widely used in the energy 
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field and is an effective way to compare different technologies to each other in terms of cost-

effectiveness, which is why it was used here as well.  

Determining costs for the VRFB system proved to be quite difficult since not a lot of cost 

estimations have previously been made, as well as the fact that they all differ, both in terms of 

methodology and results. Therefore, two different estimation methods were used for the cost 

calculations. Both methods have large uncertainties, with method 1 not providing reliable 

results for systems of this size and method 2 having a large factor of uncertainty in regard to 

system price.  

The investment and operational costs of the ships was based on previously reported values, 

these were not taking into consideration the renovations and changes that the vessel might 

require in order to make it capable of transporting and charging the electrolyte. The fuel cost 

calculations for both ship scenarios use a well-known calculation in the field for estimating 

fuel consumption of a vessel, the assumptions here being the motor coefficient, the 

displacement factor and that the vessel speed was set to 12 knots. 

The two different charging/discharging and transportation scenarios proved that CAPEX and 

OPEX would depend quite heavily on the system layout. Other scenarios than the ones 

calculated on in this degree work might prove to be more cost-efficient. The cost of a VRFB 

system is heavily dependent on the price of Vanadium that it almost becomes an uncertain 

estimation, perhaps withdrawing the cost of the electrolyte could be a way to provide a better 

economic model. 

6.4 Environmental Impact 

A high energy efficiency in the transmission system is crucial in order to take advantage of as 

much of the electrical energy produced as possible and not let it go to waste. In this regard it 

has been determined that the HVDC system is the best possible solution in today’s market. 

The VRFB system lags in this field, but with possible future efficiency improvements as well 

as the advantages mentioned for a mobile wind farm, close numbers to that of HVDC could 

be achieved.  

The submarine cables that are installed using HVDC systems has not be proven to affect the 

environment and the surrounding marine life in any harmful way. The installation of the 

cables themselves could disrupt marine life in a small degree but overall HVDC is seen as an 

environmentally friendly transmission method of energy. 

The VRFB system’s core component is the vanadium electrolyte, which has been proven to 

have a harmful impact to the environment. If a tanker was to spill its electrolyte, especially 

with the copious amounts mentioned in this case into the ocean, it would cause severe 

damage to marine animals since it is not a naturally occurring element in the oceans. 

Therefore, other electrolyte solutions for flow batteries might prove to be more attractive, 

such as a sodium-based electrolyte. Sodium exists naturally in sea water which means that a 

spill of the electrolyte would not cause any considerable damage to the environment. Another 
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issue with using a flow battery system is the transportation vessels that are used, most 

tankers today are powered by burning bunker fuel, which contributes to greenhouse gas 

emissions (Dahlquist, 2018). 

Environmentally friendly solutions for flow battery systems needs to be developed before 

they can compete with the traditional transmission systems in terms of environmental 

impact, especially for offshore systems such as the one described in this degree work. A 

suggestion for this issue could be to electrify the vessel and use the carried energy in the 

electrolyte to empower the vessel. This would prevent the emitted greenhouse gases from the 

vessel.  

7 CONCLUSIONS 

In this degree work a cost and energy efficiency comparison between two transmission 

methods were presented. A suggested transmission system using VRFB technology was 

described and compared in terms of energy transferring efficiency and costs to a traditional 

HVDC-VSC transmission system.  

The VRFB system lagged in efficiency but with estimated future efficiencies for the 

technology, the results became competitive to HVDC. Also, utilizing multiple smaller sized 

ships to transport and charge/discharge the electrolyte resulted in decreased capital and 

operational expenditures than using fewer, larger ships.  

The results from the techno-economic assessment strongly suggested that the HVDC 

transmission system was the most cost-efficient solution in all cases, both current and future. 

With the VRFB system being up to nine times more expensive overall, the best-case scenario 

for the VRFB system still proved to be about two times more expensive.  

It can be concluded through the results of this degree work that VRFB technology would not 

be a viable replacement for HVDC as an energy transmission system for offshore wind farms, 

neither in current nor near future scenarios. As for now, it does not seem likely that a wind 

farm utilizing this specific system will be seen any time soon. In the far future however; with 

further development of flow-battery technology in terms of efficiency, energy density and 

system costs. The mentioned benefits of a truly mobile and flexible system such as this could 

advance offshore wind power into the forefront of tomorrow’s sustainable energy market. 
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8 SUGGESTIONS FOR FUTURE STUDIES 

Since the VRFB system proved to be overly expensive, other solutions and system layouts 

could be studied in order to lower costs for offshore wind connections. For example, using a 

VRFB system to peak-shave from the HVDC system could prove to be a cost-effective solution 

for long range connections. Various electrolytes could also be tested, which might have lower 

costs, increased energy density or reduced environmental impact. An in-depth analysis of the 

revenue potential of a truly flexible and mobile transmission system would provide a more 

thorough comparison between the two systems as well. 

Other methods of energy transmission such as the use of Li-ion batteries and hydrogen gas 

production could also be suitable solutions to evaluate. With Li-ion batteries having a high 

production- and research rate these days as well as a much higher energy density compared 

to VRFBs, it is likely that a system implementing these will at the very least be more cost-

efficient than the system introduced in this degree work. Hydrogen gas can itself be sold as a 

product for many different applications such as heat, electricity or fuel production which 

could be more profitable if electricity prices go down.   



 

50 

9 REFERENCES 

ABB. (2010). XLPE Submarine Cable Systems. In. 
Alotto, P., Guarnieri, M., & Moro, F. (2014). Redox flow batteries for the storage of renewable 

energy: A review. Renewable and Sustainable Energy Reviews, 29, 325-335. 
doi:https://doi.org/10.1016/j.rser.2013.08.001 

Angus McCrone, Eric Usher, Virginia Sonntag-O'Brien, Ulf Moslener, & Grüning, C. (2014). 
GLOBAL TRENDS IN RENEWABLE ENERGY INVESTMENT 2014. Retrieved from 
http://fs-unep-centre.org/system/files/globaltrendsreport2014.pdf 

Barrass, C. B. (2004). Chapter 1 - Preliminary estimates for new ships: Main Dimensions. In 
Ship Design and Performance for Masters and Mates (pp. 3-16). Oxford: 
Butterworth-Heinemann. 

Bing. (2018).  
Cavazzi, S., & Dutton, A. G. (2016). An Offshore Wind Energy Geographic Information 

System (OWE-GIS) for assessment of the UK's offshore wind energy potential. 
Renewable Energy, 87, 212-228. doi:https://doi.org/10.1016/j.renene.2015.09.021 

Dahlquist, E. (2018, 2018-05-10). [Professor in Energy Technology, Mälardalen University]. 
de Alegría, I. M., Martín, J. L., Kortabarria, I., Andreu, J., & Ereño, P. I. (2009). 

Transmission alternatives for offshore electrical power. Renewable and Sustainable 
Energy Reviews, 13(5), 1027-1038. doi:https://doi.org/10.1016/j.rser.2008.03.009 

Dicorato, M., Forte, G., Pisani, M., & Trovato, M. (2011). Guidelines for assessment of 
investment cost for offshore wind generation. Renewable Energy, 36(8), 2043-2051. 
doi:https://doi.org/10.1016/j.renene.2011.01.003 

Finance, D. S. (2016). Shipping market review. Retrieved from 
http://www.shipfinance.dk/media/1649/shipping-market-review-december-
2016.pdf 

Glover, J. D., Overbye, T. J., & Sarma, M. S. (2017). Power system analysis & design. In. 
Boston, MA: Cengage Learning. 

Gonzalez-Rodriguez, A. G. (2017). Review of offshore wind farm cost components. Energy 
for Sustainable Development, 37, 10-19. 
doi:https://doi.org/10.1016/j.esd.2016.12.001 

Goodridge, S. (2015). Comparing Tanker Companies' Operating Expenses per DWT. 
MarketRealist.  

Green, J., Bowen, A., Fingersh, L. J., & Wan, Y. (2007). Electrical Collection and 
Transmission Systems for Offshore Wind Power: Preprint. Retrieved from 
https://www.nrel.gov/docs/fy07osti/41135.pdf 

Ha, S., & Gallagher, K. G. (2015). Estimating the system price of redox flow batteries for grid 
storage. Journal of Power Sources, 296, 122-132. 
doi:https://doi.org/10.1016/j.jpowsour.2015.07.004 

Higgins, P., & Foley, A. (2013). Review of offshore wind power development in the United 
Kingdom. 

IEA. (2015). World Energy Outlook 2015: IEA. 
InvestmentMine. (2018, 2018-01-31). 1 Year Vanadium Prices and Price Charts. Retrieved 

from http://www.infomine.com/investment/metal-prices/ferro-vanadium/1-year/ 
KIS-ORCA. (2018). Subsea Cables - Installation Procedures and Methods. Retrieved from 

http://www.kis-orca.eu/subsea-cables/installation-procedures-and-
methods#.WxpEm0xuIis 

Korompili, A., Wu, Q., & Zhao, H. (2016). Review of VSC HVDC connection for offshore wind 
power integration. Renewable and Sustainable Energy Reviews, 59, 1405-1414. 
doi:https://doi.org/10.1016/j.rser.2016.01.064 

Kretschmann, L., Burmeister, H.-C., & Jahn, C. (2017). Analyzing the economic benefit of 
unmanned autonomous ships: An exploratory cost-comparison between an 
autonomous and a conventional bulk carrier. Research in Transportation Business & 
Management, 25, 76-86. doi:https://doi.org/10.1016/j.rtbm.2017.06.002 

https://doi.org/10.1016/j.rser.2013.08.001
http://fs-unep-centre.org/system/files/globaltrendsreport2014.pdf
https://doi.org/10.1016/j.renene.2015.09.021
https://doi.org/10.1016/j.rser.2008.03.009
https://doi.org/10.1016/j.renene.2011.01.003
http://www.shipfinance.dk/media/1649/shipping-market-review-december-2016.pdf
http://www.shipfinance.dk/media/1649/shipping-market-review-december-2016.pdf
https://doi.org/10.1016/j.esd.2016.12.001
https://www.nrel.gov/docs/fy07osti/41135.pdf
https://doi.org/10.1016/j.jpowsour.2015.07.004
http://www.infomine.com/investment/metal-prices/ferro-vanadium/1-year/
http://www.kis-orca.eu/subsea-cables/installation-procedures-and-methods#.WxpEm0xuIis
http://www.kis-orca.eu/subsea-cables/installation-procedures-and-methods#.WxpEm0xuIis
https://doi.org/10.1016/j.rser.2016.01.064
https://doi.org/10.1016/j.rtbm.2017.06.002


 

51 

Lakshmanan, P., Liang, J., & Jenkins, N. (2015). Assessment of collection systems for HVDC 
connected offshore wind farms. Electric Power Systems Research, 129, 75-82.  

Lazaridis, L. (2005). Economic Comparison of HVAC and HVDCSolutions for Large Offshore 
Wind Farms underSpecial Consideration of Reliability. In. 

Li, L., Kim, S., Wang, W., Vijayakumar, M., Nie, Z., Chen, B., . . . Graff, G. (2011). A stable 
vanadium redox‐flow battery with high energy density for large‐scale energy storage. 
Advanced Energy Materials, 1(3), 394-400.  

Mersin, K., Alkan, G., & Mısırlıoğlu, T. (2017). A new method for calculating fuel 
consumption and displacement of a ship in maritime transport. Cogent Engineering, 
4(1), 1415107. doi:10.1080/23311916.2017.1415107 

Minke, C., Kunz, U., & Turek, T. (2017). Techno-economic assessment of novel vanadium 
redox flow batteries with large-area cells. Journal of Power Sources, 361, 105-114. 
doi:https://doi.org/10.1016/j.jpowsour.2017.06.066 

Musial, W., Beiter, P., Schwabe, P., Tian, T., Stehly, T., Spitsen, P., . . . Gevorgian, V. (2017). 
2016 Offshore Wind Technologies Market Report. Retrieved from  

Negra, N. B., Todorovic, J., & Ackermann, T. (2006). Loss evaluation of HVAC and HVDC 
transmission solutions for large offshore wind farms. Electric Power Systems 
Research, 76(11), 916-927. doi:https://doi.org/10.1016/j.epsr.2005.11.004 

Nord, E. (2011). Cost estimation of wind farms&apos; internal grids. 
Purvins, A., Sereno, L., Ardelean, M., Covrig, C.-F., Efthimiadis, T., & Minnebo, P. (2018). 

Submarine power cable between Europe and North America: A techno-economic 
analysis. Journal of Cleaner Production, 186, 131-145. 
doi:https://doi.org/10.1016/j.jclepro.2018.03.095 

Roche, R. (2013). Weibull distribution parameters function. In. 
Söderkvist, C. (2013). Vanadium for flow batteries : a design study. (Independent thesis 

Advanced level (degree of Master (Two Years)) Student thesis), Retrieved from 
http://urn.kb.se/resolve?urn=urn:nbn:se:mdh:diva-26454 DiVA database.  

Tong, W. (2010). Wind power generation and wind turbine design: WIT press. 
Turker, B., Arroyo Klein, S., Hammer, E.-M., Lenz, B., & Komsiyska, L. (2013). Modeling a 

vanadium redox flow battery system for large scale applications. Energy Conversion 
and Management, 66, 26-32. doi:https://doi.org/10.1016/j.enconman.2012.09.009 

UNCTAD. (2017). Review of Maritime Transport 2017. Retrieved from 
http://unctad.org/en/PublicationChapters/rmt2017ch3_en.pdf 

Van Eeckhout, B. (2008). The economic value of VSC HVDC compared to HVAC for offshore 
wind farms. Offshore (Conroe, TX).  

Vestas. (2018). General Specification V112–3.0 MW 50/60 Hz Retrieved from Denmark:  
WindEurope, Remy, T., & Mbistrova, A. (2017). Offshore Wind in Europe Key trends and 

statistics 2017. 6-19.  
WindEurope(2), Hundleby, G., & Freeman, K. (2017). Unleashing Europe’s offshore wind 

potential A new resource assessment 9-10.  
Wizelius, T. (2015). Vindkraft i teori och praktik (3., uppdaterade uppl. ed.). Lund: Lund 

Studentlitteratur. 
Wärtsilä. (2018). Chemical Tankers. In Encyclopedia of ship technology: Wärtsilä. 
Xiang, X., Merlin, M., & Green, T. (2016). Cost analysis and comparison of HVAC, LFAC and 

HVDC for offshore wind power connection.  
Zimmerman, N. (2014). Vanadium Redox Flow Battery.  

 

https://doi.org/10.1016/j.jpowsour.2017.06.066
https://doi.org/10.1016/j.epsr.2005.11.004
https://doi.org/10.1016/j.jclepro.2018.03.095
http://urn.kb.se/resolve?urn=urn:nbn:se:mdh:diva-26454
https://doi.org/10.1016/j.enconman.2012.09.009
http://unctad.org/en/PublicationChapters/rmt2017ch3_en.pdf


 

 

Appendix 1: CAPEX Costs for Typical Case  

The source of data for the table has origin from the study conducted by (Cavazzi & Dutton, 

2016). The key assumptions for the values displayed below included average offshore wind 

farm in North Sea conditions, where the wind farm was located 80 km offshore with a water 

depth of 30 m. Further assumptions are described in their study. 

The costs have been converted from pound sterling (GBP,£) to Euros (Eur,€) according to 

Appendix 3. 

Summary of Capital Expenditures for Offshore Wind Turbine 

Category: Cost [%]: Sub-Category: 
Cost 
[%]:  Costs [M€2016/MW] 

Development & 
Consent 

4 

Environmental Survey 0  

0,147264 

0,011328 

Seabed Survey 1  0,022656 

Met Mast 0  0,011328 

Development Services 3  0,101952 

Turbine 33 
Rotor 11  1,24608 

0,39648 

Nacelle 22  0,79296 

Balance of Plant 37 

Tower 6  

1,35936 

0,215232 

Foundations 16  0,577728 

Cables 5  0,181248 

Offshore Substations 7  0,249216 

Other Electrical 3  0,101952 

Installation & 
Commissioning 

26 

Foundations 7  

0,90624 

0,249216 

Cables 9  0,328512 

Turbines 9  0,328512 

Offshore Substations 1   0,022656 

Total: 100  %  100 % 3,62496 M€2016/MW 

        

 [M€/MW]       

Development & 
Consent 0,147264       

Turbine 1,744512       

Foundations 0,838272       

Transmission 0,883584       
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Appendix 2: V112-3 MW 

Retrieved from Vestas (2018) 

 Towers 

Type Description   Cylindrical/Conical tubular 

Hub Heights  84 m/94 m/119 m 

Maximum Diameter  4.2 m (Standard)/4.45 m (119 m DIBt 2)) 

Material Steel 

Rotor 
Description: The V112-3.0 MW is equipped with a 112-meter rotor consisting of three blades and a hub. The 
blades are controlled by a microprocessor pitch control system called OptiTip®. Based on the prevailing wind 
conditions, the blades are continuously positioned to optimise the pitch angle 

Diameter, D [m] 112 

Swept Area, A [m2] 9852 

Generator 
Description: The generator is a 3-phase synchronous generator with a permanent magnet rotor which is 
connected to the grid through the Grid StreamerTM full scale converter. The generator housing is built with a 
cylindrical jacket and channels, which circulate cooling liquid around the generator internal stator housing. 

Type Description Synchronous with permanent magnets 

Rated Power, P [MW] 3.3 

Rated Apparent Power, Sn [kVA] 3880 

Frequency fN [Hz] 145 

Voltage, stator 3 x 710 V @1450 RPM 

Number of poles 12 

Rated efficiency, n gen [%] 98 

Rated RPM / Rated Slip [RPM] 1450 

Converter 
Description: The Grid StreamerTM converter is a full scale converter system controlling both the generator 
and the power quality delivered to the grid. The converter consists of four converter units operating in 
parallel with a common controller. The converter controls conversion of variable frequency power from the 
generator into fixed frequency AC power having desired active and reactive power levels (and other grid 
connection parameters) suitable for the grid. The converter is located in the nacelle and has a grid side 
voltage rating of 650 V. The generator side voltage rating is up to 710 V dependent on generator speed 

Rated Apparent Power [SN]  [kVA] 3800 

Rated Grid Voltage [V] 650 

Rated Generator Voltage [V] 710 

Rated Current [A] 3440 

HV Transformer 
Description: The step-up transformer is located in a separate locked room in the nacelle with surge arresters 
mounted on the high voltage side of the transformer. The transformer is a two winding, three-phase dry-
type transformer, which is self-extinguishing. The windings are delta-connected on the high voltage side 
unless otherwise specified.  The low voltage winding is star-connected. The low voltage system from the 
generator via the converters is a TN-S system, which means the star point is connected to earth. The 
transformer is equipped with 6 PT100 temperature sensors for measuring of core and winding temperatures 
in the 3 phases. The nacelle auxiliary power supply is supplied from a separate 650/400 V transformer 
located in the nacelle. 

Type Description Dry-type cast resin 

Primary Voltage [UN] [kV]  10-35 

Secondary Voltage  [UNS] [V] 3 x 650 

Rated Apparent Power [SN] [kVA] 3450 

No Load Loss [P0] [kW] 6.6 
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Load Losses (@ 120° C) [Pn] [kW] 24.5  

No Load Reactive Power [Q0]  [kVAr] 7.5   

Full Load Reactive Power [Qn] [kVAr] 275 

Frequency Hz 50/60 

HV Cables 
Description: The high voltage cable runs from the transformer in the nacelle down the tower to the 
switchgear located at the bottom of the tower. The high voltage cable is a 4-core rubber insulated halogen 
free high voltage cable. 

High Voltage Cable Insulation Compound Improved ethylene-propylene (EP) based 
material – EPR or high modulus or hard grade 
ethylene-propylene rubber – HEPR 

Conductor Cross Section 3x70/70 mm2 

Max Voltage 24 kV / 42 kV depending on the rated 
transformer voltage 

HV Switchgear 
Description: The high voltage switchgear is located in the bottom of the tower. 

Type Gas insulated SF6 

Nominal frequency [Hz] 50/60 

Nominal rated voltage [kV] 10-22 22.1-33 33.1-35 

Max voltage [kV] 24 36 40.5 



 

 

Appendix 3: Euro Conversion 

The Euro conversion is based on a daily average value from May 2008 to May 2018, the data 

was retrieved from Bank (2018). 

GBP vs. EUR 

£1 (GBP) = € X (EUR) 

Average: 1.2040 

Minimum (29 December 2018): 1.0219 

Maximum (5 August 2015): 1.4362 

Deviation ≈ ±17% 

 

USD vs. EUR:  

$1 (USD) = € X (EUR) 

Average: 0.7910 

Minimum (15 July 2008): 0.6254 

Maximum (20 December 2016): 0.9649 

Deviation ≈ ±21% 

 

 

 

 

 



 

 

Appendix 4: Cost Breakdown Values 

Type of Method and Scenario Length 
Cabling 

[M€] 

Offshore 
platform 

[M€] 

Onshore 
station [M€] 

Ship [M€] 
Power 

Subsystem [M€] 

Energy 
system 

[M€] 

TOTAL 
[M€] 

HVDC 

60 km 92.20 38.05 5.89 0.00 0.00 0.00 136.13 

100 km 153.67 38.05 5.89 0.00 0.00 0.00 197.60 

140 km 215.14 38.05 5.89 0.00 0.00 0.00 259.07 

V
R

FB
 

Small Ship 
Scenario 

Method 1 

60 km 0.00 30.10 0.00 47.46 388.80 739.20 1205.56 

100 km 0.00 30.10 0.00 47.46 388.80 739.20 1205.56 

140 km 0.00 30.10 0.00 47.46 388.80 739.20 1205.56 

Method 2 

60 km 0.00 30.10 0.00 47.46 429.99 455.62 963.16 

100 km 0.00 30.10 0.00 47.46 429.99 455.62 963.16 

140 km 0.00 30.10 0.00 47.46 429.99 455.62 963.16 

Large Ship 
Scenario 

Method 1 

60 km 0.00 30.10 0.00 39.55 388.80 2310.00 2768.45 

100 km 0.00 30.10 0.00 39.55 388.80 2310.00 2768.45 

140 km 0.00 30.10 0.00 39.55 388.80 2310.00 2768.45 

Method 2 

60 km 0.00 30.10 0.00 39.55 429.99 1423.80 1923.44 

100 km 0.00 30.10 0.00 39.55 429.99 1423.80 1923.44 

140 km 0.00 30.10 0.00 39.55 429.99 1423.80 1923.44 

Fu
tu

re
 V

R
FB

 

Small Ship 
Scenario 

Method 1 

60 km 0.00 30.10 0.00 47.46 225.50 211.86 514.92 

100 km 0.00 30.10 0.00 47.46 225.50 211.86 514.92 

140 km 0.00 30.10 0.00 47.46 225.50 211.86 514.92 

Method 2 

60 km 0.00 30.10 0.00 47.46 256.28 271.85 605.69 

100 km 0.00 30.10 0.00 47.46 256.28 271.85 605.69 

140 km 0.00 30.10 0.00 47.46 256.28 271.85 605.69 

Large Ship 
Scenario 

Method 1 

60 km 0.00 30.10 0.00 39.55 225.50 1048.31 1343.47 

100 km 0.00 30.10 0.00 39.55 225.50 1048.31 1343.47 

140 km 0.00 30.10 0.00 39.55 225.50 1048.31 1343.47 

Method 2 

60 km 0.00 30.10 0.00 39.55 256.28 849.53 1175.47 

100 km 0.00 30.10 0.00 39.55 256.28 849.53 1175.47 

140 km 0.00 30.10 0.00 39.55 256.28 849.53 1175.47 
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