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Abstract 
 


This project presents a techno economic study to analyze the transmission 


systems of offshore wind farms. The main objective of the thesis is to determine 


the best transmission technology for a given offshore wind farm. 


 


The cost functions of the different elements will be evaluated as well as the losses 


for the two proposed technologies: High Voltage Alternating Current(HVAC) 


and High Voltage Direct Current (HVDC). The costs will be modelled either by 


cost functions found on literature or by providing with new cost functions based 


on actual data. 


Also, a qualitative criterion to help choose when the prices of HVAC and HVDC 


are similar will be exposed. This criterion, which was made by an utility, will be 


explained and then applied to a real case.  


The used methods are purely mathematic and are based on public data or data 


provided by Iberdrola. 


 


With the growing prominence of wind energy in the energy market better and 


safer transmission systems must come as a guarantee. Whilst it is important to 


optimize the existing technologies, it is also of the outmost importance to provide 


with new criteria when prices are matched. It was also felt important to re visit 


some of the public data available, which is few, so as to either refresh aforesaid 


data or provide with new perspectives. 
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1. Introduction to Offshore Wind Farms 
 


When thinking of wind power many picture Holland’s hills and its famous 


windmills, just as depicted in Rembrandt’s landscapes. Nevertheless, the use of 


wind driven wheel to power a machine dates as far back as the 1st Century A.D. 


when Egypt-Roman empire engineer Heron of Alexandria invented the 


precursor of today’s machinery.  


With its first steps taken on land, wind energy has found offshore winds have 


proved to be a bigger source of energy than those found on land.  


With 2017 being a record year for offshore wind installing 3.1 GW of new offshore 


wind, which is an increase of 25% in just one year, Europe has now installed a 


total of 15.8 MW across 11 countries  


 


1.1. EU Goals and Current Situation of Offshore Wind Farms 
 


Aware of climate change the EU has set some ambitious goals to reach over the 


years in order to reduce carbon emissions. EU countries have agreed on a 2030 


framework for climate and energy so as to meet its long-term of 2050 greenhouse 


gas reductions target. In 2030 the renewable target the EU has set is of 32%. 


Offshore wind in Europe represents nowadays one of the most stable sources of 


renewable energy as it features some of the highest load hours amongst all 


renewable technologies. It is expected to achieve over 4800 full load hours per 


year in the future, more than 8000 operating hours which would represent 


around 340 days of production. The main advantage of offshore wind is that due 


to the constant and consistent nature of  wind speed power fluctuations are small. 


Another benefit of offshore wind is there are fewer site restrictions found than 


onshore as for instance, the not in my backyard factor is almost inexistent. 


By 2020 Europe is expected to reach an installed capacity of 25 GW with Northern 


European countries leading the pack. In 2030 offshore wind is expected to grow 


to 70 GW which combined with the 258 GW expected onshore would cover up 


28% of EU power demand. The graph below shows the growth offshore wind has 


experienced over the years, with a growth of around 777% in the last 10 years. [3] 


[14]  
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Figure 1: Annual Installed Capacity over the years[14] 


 


Moreover 2017 also saw 6 new offshore wind projects covering 2.5 GW of 


capacity to be installed in the coming years.  


Nowadays most of offshore wind is installed in the North Sea with the UK and 


Germany as frontrunner countries in this field as it is shown below in the tables 


and map. 
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Figure 2: EU current situation on Offshore Wind 


 


Figure 3: Cumulative Installed capacity by sea basin 
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Figure 4: Map of Offshore Wind Farms from 4coffshore.com 


 


Even though its enormous advantages Offshore Wind is relatively recent 


technology with the first offshore wind farm dating back to only 1991. It was 


inaugurated 2,5 km off the Danish coast and consisted of eleven turbines with a 


total capacity of 4.95MW.  


This immaturity and the fact costs of building at sea are higher due to its rough 


weather conditions making this industry to be considered as a risky business to 


potential investors. In fact, large investors such as pension funds and insurance 


companies do not tend to invest on Offshore Wind until the farm is built because 


the construction phase is considered the riskiest. Furthermore, until the parks are 


actually built and working it is not possible to know the minimum profitable 


energy price. Needless to say, the big financial crisis the world has gone through 


did not help attract investments. Nonetheless, prices for renewables are expected 


to drop. [15] [3] 


With scale factor taking place since more offshore farms are being built, costs in 


the logistics and supply chain area will start to go down since tasks such as 


sharing crew transfer vessels or coordinating operators for major component 


replacements could become common. This could lower the costs by as much as 


7%. 


Moreover, technology advances will also help improve offshore wind to reach 


competitive prices since bigger turbines are being built and 13 o 15 MW turbines 


are likely to hit the market in the future. The introduction of higher capacity 


turbines is expected to help reduce around 9% in costs. Also new projects are 
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expected to have an operational lifetime of 30 years which is double the years 


compared to life expectation for parks in the 1990’s.  


All the aforesaid would translate into a drop on the LCOE – Levelized Cost of 


Electricity- , as the graph below shows. LCOE nowadays is around 100 to 140 


€/MWh and it is expected to drop at least to half of this quantity by 2030. [3] [13] 


 


Figure 5: LCOE trajextory from 2015 to 2030 [11] 


 


Figure 6: Economic Potentialof Offshore Wind [11] 


 


1.2. Transmission Systems – Problem description 
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Offshore wind farms (OWF) are made up of turbines connected through array 


submarine cables which are link them together on a specific layout. The energy 


generated by the turbines is transmitted through transmission cable to the 


landfall point, and then taken from the landfall point to a nearby grid connection 


to integrate the wind generation to the national grid. This thesis aims to analyze 


the transmission system that connects the offshore wind farms to the onshore 


grid connection point.  


When offshore wind industry first started, the distances to shore were relatively 


short as was the power to be transmitted. Thus, the transmission system design 


was not as challenging as it is nowadays since usually AC submarine cables at 


medium voltage were sufficient to transfer the wind generation.  


Nevertheless, as it has been seen before in Figure 1 in point 1.1, the power 


produced by offshore wind farms has largely grown over the last few years and 


it is expected to increase even more in the next decades. Moreover, offshore wind 


farms are built nowadays at greater distances from the shore since the winds 


found further from land are stronger. Due to these two factors, it is important to 


select alternative transmission system designs.  


An increase on capacity implies higher voltage and power range are needed for 


the transmission system. Factors such as the number of cables, the voltage level 


or the technology used, have an impact on the cost and losses of the connection. 


Therefore, they are of utter importance since they have a substantial impact on 


the wind farm profit.  


Furthermore, the aforementioned factors are dependent to the distance to shore 


so as the latter increases so do the costs and losses which accentuates their 


importance.  


The research of this thesis presents a methodology to deal with the following 


problem:  


Which would be the most fitting transmission system in terms of technical feasibility 


and costs for a specific wind farm considering its distance to shore? 


 


1.3. Objectives and Scope 
  


This thesis is a techno-economic analysis for the different technologies available 


for power transmission in offshore wind farms. The main objectives could be 


broken down as follows: 


• Present technical considerations for the transmission systems 
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• Provide an accurate economic analysis for both HVAC and HVDC 


transmission systems  


• Provide a qualitative criterion used by utilities to select the most suitable 


technology when DC and AC transmission options are at similar costs  


• Analyze a real case scenario in order to evaluate the most convenient 


transmission system based on their costs and in case the price was similar, 


its attributes. 


Consequently, the thesis main chapters and the information that can be found on 


them is the following:  


• Chapter 2: Technical background for OWF connections where 


technical considerations for the different technologies regarding 


power transmission will be analyzed 


• Chapter 3: Exposal of the economic functions for the different parts 


an OWF has. Comparing the accuracy of the available cost 


functions. 


• Chapter 4: Multi Criteria Decision Analysis, to use in cases when 


the costs for HVDC and HVAC connections is similar 


• Chapter 5: A case study will be analyzed, by using all the 


mentioned above 


This thesis is focused on the transmission systems of offshore wind farms, 


including all components from the offshore to the onshore substation: 


transformers, power converters (if required), GIS ( Gas Insulated Switchgear) and 


subsea cables. Moreover, the losses and cost patterns of the aforesaid devices are 


highly significant to this work.  


It is important to note that everything outside the mentioned transmission 


system is outside the scope of this work.  
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2. Technical Background for Offshore Transmission 


Systems 
 


In this chapter, the considered power transmission technologies will be 


presented. Each technology will be described along with its role and main 


components. The latter are of significance for the economic analysis, which will 


be presented in Chapter 3, and also for the MCDA, explained in Chapter 4. 


 


2.1. HVAC transmission system 
 


Since AC won the war to DC in what literature references as “The War of 


Currents” which took place in the late 19th century most of the current offshore 


wind farms were designed using AC technology. In these developments the AC 


experience compared to the DC experience was the main driver and AC 


connections were taken for granted as the best option. Thus, HVAC 


transmissions are the common option used to transfer the power generated from 


the turbines to the shore.  


2.1.a. General Description 
 


In broad terms the configuration of an HVAC transmission system is as follows: 


first, the wind farm produces power at a medium-voltage AC (MVAC) which is 


sent to an offshore substation. The turbines and offshore AC substation are 


connected among them through array cables usually at 33 kV. Then, the voltage 


is stepped up in the offshore substation through a power transformer, usually at 


a high voltage AC between 110kV and 275kV. Then, wind power generation is 


transferred through submarine cables buried under the seabed, from the offshore 


substation until the landfall point. and through underground onshore cables 


from the landfall point until the onshore AC substation and grid connection 


point. After the power produced by the OWF has reached the onshore AC 


substation the voltage will stepped-down to the voltage of the AC network 


through another transformer. It is important to note that the point of connection 


to the grid is where the power is evacuated, and the grid requirements are 


checked. Furthermore, it is also important to outline that other components such 


as switchgears and reactive power compensation systems, which will be 


explained later on, are essential to ensure the power transmission.  
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Figure 7: Typical structure of an HVAC system 


 


2.1.b. HVAC Losses 


 


Most losses in HVAC transmissions of OWF are in the submarine cables. Losses 


can be classified by the nature of the involved power that causes them. Thus, we 


can find two major types of losses: 


• Reactive losses  


o Capacitive 


o Inductive 


• Active losses 


o Ohmic  


o Dielectric 


It is important to note that reactive losses do not configure a real loss of energy 


but rather a form of power that reduces the maximum power transmission 


capacity of AC lines.  


Ohmic losses will be analyzed first. As it has been explained in section 2.a.a, the 


voltage of the electrical energy produced by the OWF is raised before it is 


transmitted to reduce the current and the associated ohmic losses. This is because 


ohmic losses are proportional to the square of the current amplitude and at a 


given power, for example by doubling the voltage we halve the current and 


reduce the ohmic losses by a fourth.  


. Ohmic losses are caused by the conductor resistivity, the skin effect and the 


proximity effect:  


• Conductor resistivity 


The conductor resistivity as it will be seen further on is proportional to a 


conductor’s losses for both AC and DC, meaning the higher the resistivity 


is the more losses there are. 


  


• Skin Effect  


Skin effect is basically the concentration of currents in the outer part of the 


cable instead of spreading evenly across it. This means the current density 
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will be largest near the surface of the conductor, so in its skin, which causes 


the resistance of the conductor to increase at higher frequencies lessening 


the skin of the conductor and thus the cross-section of it.  
 


  


𝛿 =  √
2𝜌


(2𝜋𝜔)(𝜇0𝜇𝑟)
 


(1) 


 


Where, 


𝛿 = 𝑠𝑘𝑖𝑛 𝑑𝑒𝑝𝑡ℎ 


𝜇𝑟 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 


𝜌 = 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 


𝜔 = 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 


𝜇0 = 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 


 


• Proximity Effect 


This occurs when two or more conductors are carrying an alternating 


current and are close to each other. The distribution of the current flowing 


in the conductors will be affected due to the magnetic field that each of 


them generates. This varying magnetic field induces eddy currents in 


neighboring conductors. Just as the skin effect, proximity effect is also 


highly dependent on the frequency and at higher frequencies it increases 


which also causes the resistance to rise.  


The formulae for Ohmic losses is the following: 


  


 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 3 𝐼 𝑐𝑎𝑏𝑙𝑒
2 𝑟 𝑑 


 


(2) 


 


Where,  


𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑖𝑛 [𝑊]           


𝐼𝑐𝑎𝑏𝑙𝑒 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 [𝐴] 


𝑟 = 𝑙𝑖𝑛𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [  𝑂ℎ𝑚
𝑘𝑚⁄  ] 


𝑑 = 𝐿𝑖𝑛𝑒 𝑙𝑒𝑛𝑔ℎ𝑡 [ 𝑘𝑚 ] 


 


Inductive losses on the other hand, are caused by the displacement between 


voltage and current which is something that can only happen in AC systems. Just 
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as ohmic losses, inductive losses are dependent of the square of the current and 


can be tackled by raising the voltage.  


  


𝑄𝐿 = 3 𝐼𝑐𝑎𝑏𝑙𝑒
2 2𝜋 𝜔 𝐿 𝑑 


 


(3) 


 


Where, 


𝑄𝐿 = 𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑑𝑢𝑒 𝑡𝑜 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 [𝑉𝐴𝑟] 


𝐼𝑐𝑎𝑏𝑙𝑒 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 [𝐴] 


𝐿 = 𝐿𝑖𝑛𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 [
𝐻


𝑘𝑚
] 


𝜔 = 𝐿𝑖𝑛𝑒 𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [ 𝐻𝑧] 


𝑑 = 𝐿𝑖𝑛𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑘𝑚] 


 


Capacitive power or “losses” have also to be considered as they, in turn, 


contribute to a transmission’s efficiency. Capacitive losses are proportional to the 


voltage squared and so cannot be mitigated by raising the voltage unlike the 


inductive losses. Capacitive losses are dependent on the line distance as well. 


Also in subsea cables, because of the proximity between the conductor and the 


sheath, the capacitance is much higher than for instance overhead lines.   


  


𝑄𝑐 = 3 ( 
𝑈𝑅𝑀𝑆


√3
 )2 2𝜋 𝜔 𝐶 𝑑 


 
 


(4) 


 


Where,  


𝑄𝑐 = 𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑏𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 [𝑉𝐴𝑟] 


𝑈𝑅𝑀𝑆 = 𝑃ℎ𝑎𝑠𝑒 𝑡𝑜 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 [ 𝑉] 


𝜔 = 𝐿𝑖𝑛𝑒 𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [ 𝐻𝑧] 


𝐶 = 𝐿𝑖𝑛𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 [
𝐹


𝑘𝑚
] 


𝑑 = 𝐿𝑖𝑛𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑘𝑚] 


 







Techno-economic comparison of electric power transmission systems for large-scale renewable power generation 


| 17 


[Title] 


 


 


A line apparent power (S) is the combination of the active power (P) and the 


reactive power (Q). P can be broken down into the transmitted power and the 


ohmic losses, which have been previously exposed. Q, on the other hand is made 


up of the capacitive and the inductive losses, which formulae have been shown 


above.  


  


𝑆 =  √( 𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 + 𝑃𝑙𝑜𝑠𝑠𝑒𝑠)
2 + ( 𝑄𝐿 − 𝑄𝐶)2 


 
 


(5) 


 


For a given voltage and current the line apparent power remains almost constant 


throughout the cable. Consequently, and after seeing the formulae for the S 


calculation, it is clear that an increase of the reactive power will produce a 


reduction of P, and thus of the power the line transmits. The higher the voltage 


is, the higher the generated reactive power is per km of cable. Therefore, the AC 


cables used must be rated higher than the power they are wanted to transmit, 


since when high voltages are present, the active power transmission is reduced 


abruptly. This, of course ends up resulting in higher costs for the transmission.  


Finally, to understand how to calculate dielectric losses, it is important to first 


take a look the transmission model that serves to exemplify the kind of 


transmission lines that will be analyzed. 


 


Figure 8: Transmission Line model for short distances 


In this scheme, G represents the dielectric losses and as it is obvious by the 


letters, C is the capacitance, L the inductance and so on. The dielectric losses 


modeled by G can be calculated as:  


  


𝑃𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝑄𝐶 tan 𝛿 
 
 


(6) 
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Where δ is a material dependent factor which usually is around 0,004.  


Later, in section 2.1.e, some solutions for the exposed problems existing in AC 


transmission will be described. 


 


2.1.c. Subsea Cables 
 


Nowadays there are two types of AC cable configurations: single-core cables and 


three core cables. Nonetheless, the layout for the two types of cables is different: 


for single-core cables connections three cables are needed whilst if the cable is 


three-core only one cable is required. 


Subsea cables are made of copper or aluminum, with three-core cables needing 


more cross section than single-core cables and thus a more substantial amount of 


copper/aluminum which increases their cost in comparison with single-core 


cables. [1] 


It is also important to consider that laying one single cable under the seabed is 


cheaper than laying three cables symmetrically. Moreover, single-phase cables 


must be transposed – change their relative position - every certain distance 


interval in order keep the magnetic fields generated by each phase balanced. 


When phases are not transposed the unbalance caused by the magnetic flux 


makes the middle phase have a slightly different impedance than the other two 


phases. This affects the cable inductance and so unbalances the three-phase 


system. Such unbalance could introduce negative and zero sequence currents 


into the system, with the first type of currents posing a threat to the induction 


generators used in loads of wind turbines since they can overheat the rotor. [1] 


Therefore, an unbalance calculation for single-core cables is strongly suggested 


in the pre-design phase if this type of cable is to be chosen. Moreover, it is also 


common to sometimes lay a 4th phase in single-core transmissions just in case 


one of the phases fails.  


Three-cored cables on the other hand have lower laying costs but since they 


consist of three-cables forming one structure their handling is more difficult due 


to the heavier weight. Another restricting factor is the burial depth since the 


weight of the cable also restricts it. [1] 


Last but not least, the cable sheath is also of importance. Both three-core and 


single-core cables are covered by a polymeric coating and a metallic coat. The 


polymeric sheath covers the metallic one and must be protected from over 


voltages. This is usually achieved by grounding the metallic covering at regular 


distances. The metallic sheathing has several roles, it carries fault current when 
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the cable is damaged and also creates a moisture barrier. Moreover, in AC cables 


current will be induced in this jacket which will cause losses.  The insulation 


material, serves as a cable classifier since the electrical performance of them 


depends on the chosen insulation. Cross-linked polyethylene (XLPE) is the 


recommended insulator by manufacturers for offshore transmissions. XLPE has 


a long experience on sheathing cables, covering submarine cables since the 1970s 


and underground land cables since even before. The main advantage XLPE has 


against its competitors is its low dielectric loss factor. Other shielding materials 


are polyethylene (PE), Ethylene Propylene Rubber (EPR) and Paper-oil 


insulation. Also, it is important to note that in addition to the polymeric 


insulation usually when cables are buried undersea they are in some places of 


their transmission route covered with a rock sheath – made with the dug material 


- to avoid misfortunate events such as anchoring incidents.  


It is important to note that even though it has been stated that cables can be made 


of aluminum or copper, the latter is the material that wins hands down as it can 


carry a larger amount of power than aluminum for a given section. For the same 


amount of power, aluminum cables need their cross section to be 3/2 of the 


copper’s. Moreover, aluminum cables are also more difficult to install but must 


nonetheless, be considered as an option since copper prices are and have been on 


the rise for a while now.  


    
Figure 9: Single core cable 
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Figure 10: Three core cable 


 


2.1.d. Power Transformer 
 


As it has been explained in previous sections, voltage must be boosted before 


power can be transmitted. The power transformers take care of that increase of 


voltage by means of electromagnetic induction. The attributes of a transformer 


consist in its nominal power, and nominal voltages at primary and secondary 


side. It is important to outline that when large amount of power is to be carried 


more than one transformer will be put in the same point. A sole transformer 


cannot bear more than 1000 MVA, and having various transformers at the same 


point increases the redundancy of the system.  


OWFs consist of two kinds of transformers, the first – which are out of scope for 


this work - are placed in the base of each turbine and raise the voltage from the 


generated values (around 6,6 to 11 kV) to the medium voltages carried by the 


array cables (33kV). The second ones are mounted on the offshore substation 


where all the array cables meet. This second group of transformers steps up the 


voltages to values between 110kV and 275kV. If the transmission voltages do not 


match the grid connection voltage, another group of transformers is to be found 


at the grid connection point.  


Transformers are highly efficient and large power transformers – up to 100MV 


or more – report efficiencies as high as 99,85%. Its main losses come from the iron 


core and from copper windings.  


 


2.1.e. GIS 
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A Gas Insulated Switchgear (GIS) is a protective element of the transmission 
system. It is made to work with high voltage and intensity levels. When there is 
a fault, the automatic switch helps to disconnect the circuit and stop the current 
from flowing. This kind of switches are compact and thus, are ideal to be 
mounted on an OWF.  


 


2.1.f. Solutions to compensate reactive power 


 


As previous sections have shown, reactive power is an existing problem for AC 


connections. Highly related to a transmission voltage, when the latter varies so 


does the reactive power of the line. A different reactive power to the established 


or expected one would cause voltages higher or lower than the nominal value 


which would cause failures in the line. Also, the grid connection has some 


requisites that must be met when transmitting power.  


According to the grid connection codes, the voltage, active and reactive power 


must be controlled at the exit of the OWF. That is either in the middle voltage or 


the high voltage side of the step-up transformer of the OWF. It is normally at that 


point where a power “controller” is installed.  


The way this control works is: first the controller receives a command of the 


active and reactive power it should have which is sent by the TSO control center. 


Usually, what the TSO does is fix the power factor so what the TSO actually sends 


is the power factor value the transmission should have. Then, when the power 


controller receives this value, it sends an order to the turbines so that they can 


generate or consume the needed reactive power. This power factor is imposed at 


the exit of the OWF as it has been previously explained.  


Nonetheless, sometimes to satisfy the grid requirements the turbines 


compensation is not enough and other systems must be installed to complement 


the turbines work. The easiest and cheapest solution is to install a shunt converter 


in parallel with the circuit at the exit of the OWF or at the exit of each and every 


turbine. The shunt will have a switch that will either connect or disconnect the 


capacitor depending on the OWF needs.  


In addition to this, it is important to outline more sophisticated options to try to 


control the voltage and so have a better control of the AC line FACTS can be used. 


These options provide with a better response to the OWF needs and thus, add 


stability to the OWF.  


FACTS stands for Flexible AC Transmission System, and are basically power 


electronics systems that are made up of thyristors or IGBT that help increase the 


flexibility of the AC energy flow. 
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FACTS can be classified into three types depending on their layout: in series, in 


parallel and mixt. If FACTS are arranged in series they will be installed in a line, 


if the chosen arrangement is in parallel the installation will be made in a bus 


whilst mixt FACTS consist of two parts: one installed in series and the other one 


in parallel.  


Depending on their installation the FACTS function varies. If FACTS are installed 


in series their main goal is the control and regulation of the power that flows 


through the lines, whilst FACTS in parallel are used to control the voltage of the 


sole node they are installed on. Mixt FACTS combine both aforementioned 


functions.  


Although an overview of what FACTS are and what types exist has been given, 


this thesis is about OWF and its aim is not to drown the reader in technical 


literature when possible. Hence, only the FACTS that are actually used on OWF 


will be explained. These are the FACTS in parallel.  


• FACTS IN PARALLEL 


Their objective is the control of the voltage, two types can be found: SVC 


and STATCOM. 


o SVC (Static Var Compensator) 


The vast majority of SVCs are made of a thyristor controlled 


reactance and some fix capacitors. The combination of these two 


devices makes it possible to have a variable capacitance so that the 


capacitors can inject reactive power gradually and the reactance 


will modify its impedance so as to reach all the possible values 


needed.  


The SVC will produce reactive power when the voltage is below 


the reference value and its trigger angle will be near 180º. On the 


other hand, if the voltage is above the reference value the SVC will 


consume reactive power and its trigger angles will be near 90º. 


 


o STATCOM (Static Synchronous Compensator) 


A STATCOM is a FACTS device of second generation since it uses 


VSC – voltage source converter -  technology based on IGBTs. Its 


interaction with the electrical net is the same as the SVC. 


Nonetheless, whilst the SVC behaved like a variable reactance, the 


STATCOM behaves like a variable current source.  


VSC technology, which will be explained when we tackle DC 


technicalities in 2,2,b, lets us produce a voltage source with a 


variable modulus and angle.  


By knowing the resistance and inductance of the cable used to 


connect the VSC to the circuit node along with its voltage at that 
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point, the active and reactive power needed to keep the voltage 


stable stop being an unknown quantity. As it has been mentioned 


before, VSC technology permits the modification of the voltage 


angle and modulus and thus the needed P and Q that must be 


injected to the grid can be “customized”.  


A STATCOM usually operates by consuming the active power 


needed to counterbalance its own losses whilst at the same time it 


generates or consumes the reactive power needed to maintain the 


desired grid voltage.  


The STATCOM can provide with everything the SVC does but at a 


faster speed and with better dynamic characteristics that do not 


depend on the grid voltage. This is of the outmost importance for 


the times when a rapid dynamic response is required or also for 


when the electric grid voltage is at low values.  


Also a STACOM is more compact than an SVC which is something 


to look for when building at sea.  


 


In addition to FACTS it is important to mention some companies like DONG 


Energy are trying to produce extra offshore AC substations to be built in some 


points of the transmission lines which would substitute FACTS. These extra 


substations aim would be to compensate the reactive power. Nevertheless, none 


have been installed as of now since the plan is to make Hornsea One the first 


offshore wind farm to have them yet this OWF is still in construction phase as of 


now.  


 


2.2. HVDC transmission 
 


As it has been explained in 2.a. AC won the war of currents and thus was 


awarded power transmission. Nonetheless as the latter section has also shown, 


along with an AC connections come many losses and issues to face. 


Starting from the 1970’s, DC started to be considered as an interesting method 


for power transmission since it did not pose the problems AC did. For instance, 


DC systems lack of the reactive power that causes losses in AC. This means no 


compensation of the reactive power is needed which lowers the transmission 


cost.  


The cross section needed for DC systems is lower than the one needed for AC 


connections, since as the frequency is null, skin effect and proximity effect are no 
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longer a reality and electric losses are lower. This causes DC cables to be cheaper 


than AC ones since less material is needed.  


Moreover, DC systems permit the connection between two systems operating at 


different frequencies. If the connection would had been AC, both systems would 


have had to be at the same frequency and synchronized. This also contributes to 


the system stability since it prevents cascading failures by stopping overloads or 


faults from propagating. In AC systems changes in load cause portions of the AC 


network to become unsynchronized and separate.  


The only limit DC systems face physically when transmitting power are ohmic 


losses, which are unavoidable. The main losses in DC connections come from the 


converter stations, which also generate harmonics that have to be filtered. In 


addition, due to the fact AC won the war of currents and thus AC was awarded 


power transmission, relegating DC connections to other fields, the conversion 


stations for DC transmissions come at high costs. Moreover, due to the short 


history of DC power transmission - which is still in development – AC systems 


are less complex, have fewer incidents and thus are more reliable. 


 


2.2.a. General Description 
 


DC technology is based on power electronics. Since the OWF generate power in 


AC an AC/DC converter is needed in order to transmit the power through DC 


cables. Moreover, the grid to which we are going to connect our line also works 


in AC so that means a DC/AC converter will also be needed.  


The way it works is the same as the AC system, first medium voltage is driven 


from the turbines to the offshore substation through the array cables. Then the 


voltage is stepped up and converted to DC. Next, the transmission cables take 


the power from the OWF to the grid connection point where the onshore 


converter transforms power from DC to AC so it can be incorporated to the main 


onshore AC grid.  


2.2.b. HVDC technologies 


AC/DC converters have been largely used in electronics and low voltage 


applications, converting more than hundreds of MW from AC to DC is 


something that became feasible in the last 30 years or so.  


There are two types of solutions when converting power from AC to DC and 


vice-versa: 


1. Line Commutated Converters (LCC) 
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LCC is a thyristor based technology which are regulated with a firing 


angle (α). The thyristor can be switched on by making a current flow 


through its gate with the firing angle, nonetheless the to turn the thyristor 


off a negative voltage must be applied to the thyristor since current cannot 


flow both ways through it. This means there must be an external element 


that provides this negative voltage. In fact, LCC rely on a strong AC 


system to function since voltage is necessary to allow the commutation of 


the device. Furthermore, since we want to convert from AC to DC and 


vice-versa the AC source must be found at both ends of the converter.  


Another thing to take into consideration with LCC is the fact they 


consume 0,6 p.u. of reactive power per 1 p.u. of active power. This of 


course means we have to compensate the reactive power (as we well 


know). The compensation of reactive power is done by capacitor banks, 


which means a larger substation size. To the already increased substation 


size due to the capacitor banks, filter banks must also be added to filter the 


harmonics of the current.  


On the bright side, LCC have less losses than their counterpart which will 


be seen right below. Despite this upside, LCC are not suitable for offshore 


applications due to the costs of building at sea where the lesser the space 


something takes the better.  


 


2. Voltage Source Converters (VSC) 


 


On the other hand, VSC can overcome with most of the LCC challenges in 


offshore wind transmission as well as offering with other advantages.  


The first windfarm with VSC technology appeared in the early 2000s and 


from that date on the improvements in this technology has been 


spectacular.  


VSC is a IGBT based technology which takes a DC voltage and generates 


voltage steps that are similar to a sinusoidal wave. The upside of IGBT is 


they are fully controllable and thus can be turned both on and off. 


Moreover, VSC converters permit the control of reactive and active power 


independently. Hence, the aforementioned reactive power compensation 


is no longer needed. 


Additionally, VSC converters permit the reversal of the power flow can be 


done through reversal of the current which also makes them more suitable 


for grid applications.  


Last but not least, VSC converters have black start capability which means 


in case of a black out VSC converters can restore the grid. That is of course 


if their capacitors are charged and thus are able to function as a voltage 


source. Unlike LCC then, they do not need an AC grid to function.  
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The basic structure of a VSC converter used for OWF is a Modular Multi 


Level converter with half-bridge inverters lay out in series. This is due to 


two main reasons: 


o To provide with steps of voltage as similar as possible to a 


sinusoidal wave. Thus, the more inverters there are, the better 


resolution of the wave since there will be less harmonics. 


o IGBTs can only cope with as much as 6kV each, which is far from 


the voltage values electricity is transmitted (as we have seen). So, 


many must be put in series in order to achieve the desired tension.  


The main drawback VSC have against LCC is their losses which in the 


beginning were around 3% and now are around 1% in the modular multi-


level converters available for offshore applications (or so state their 


manufacturers: ABB, Siemens and Alstom-GE). 


2.2.c. HVDC VSC cables 


When comparing an AC subsea cable to a DC one, one can notice DC cables can 


carry a substantially higher active power. Since no capacitive or inductive 


effects are present, no reactive power is produced and so the losses of the 


transmission are only ohmic.  


In addition, since there is no proximity effect nor skin effect either, for a given 


cross section DC cables will present lower resistance and consequently lower 


losses. 


Because of the non-existence of reactive power, the choosing of the voltage level 


should not be limited in theory. In practice, nonetheless, it is indeed limited since 


the cable technology(VSC-HDC cables are XPEL cables) can provide with a 


maximum of 500kV.  


Several topologies can be considered for the laying of the DC cables transmission. 


Yet, for offshore transmission the preferred layout would be symmetrical 


monopole or bipole. 


This work will only consider a symmetrical monopole layout where one 


converter is found onshore and another offshore. The main reason behind this is 


first to diminish the transmission systems costs and second not to over extend 


the thesis.  


 


Figure 11: Symmetrical monopole 
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Figure 12: Asymmetrical monopole 


In a monopolar topology, either one or two cables can be used. If one single cable 


is chosen to be used, the layout will be asymmetrical and the return path will be 


made by means of a ground return. On the other hand, a symmetrical layout 


consists in two cables of opposite polarity which are laid in the same ditch. This 


causes their respective magnetic fields to closely cancel each other.  


Symmetrical monopole was also chosen because in OWF the main two layouts 


are either symmetrical monopole or bipole and this work aims to be as realistic 


as possible.   
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3. Economic analysis of transmission systems 
 


The purpose of this part is to provide the reader with an idea of that determines 


the electrical transmission costs of the OWF from the offshore substation to the 


landfall or grid connection point.  


This chapter will present with two different formulae extracted from different 


sources.  


For HVAC we will compare the cost functions available from literature with 


actual data of the CAPEX of an OWF coming from Ofgem – Office of Gas and 


electricity markets of the UK - data. Please note not much data was available, and 


thus the model obtained from the Ofgem data aims to be more of a guideline, 


leaving further development for the future, around which the theoretical model 


should be. 


For HVDC, a comparation between the cost functions available from literature 


and a study that was done for Iberdrola in order to obtain the cost of the different 


components for HVDC. Iberdrola is interested on investing in HVDC in the near 


future and thus, wanted to have an idea of the quantities around which this 


investment could revolve. 


It is important to take into account that the data Iberdrola used to approximate 


the price was confidential and came from their own experience and contacts with 


the manufacturers. Hence, no data besides the actual results can be referenced.  


The goal is to explain both economical approaches to see how much they differ 


from each other and thus, see how much the theory matches real life.  


3.1. HVAC transmission costs 
 


To follow a logical order, the economic analysis from theory will first be exposed 


and then the model which came from Ofgem will be explained.  


To effect the calculations the following variables must be taken into 


consideration: 


• 𝑈𝑅𝑀𝑆,𝐻𝑉𝐴𝐶   , phase to phase voltage level of the transmission cables (V) 


• 𝑆 𝐻𝑉𝐴𝐶  , cable cross section (mm2) 


• 𝜔  , frequency of the line (Hz) 


• 𝑁𝑐𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐴𝐶  , number of three-core cables used for the transmission 


The line frequency will be by default 50 Hz since it is Europe’s electric frequency. 


The voltage level is limited and has to be between 110kV and 275kV, since it is 


the range at which the equations are valid. Voltage levels for subsea transmission 
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are standardized: 110kV, 132kV, 150kV, 220kV and 275kV and that is why the 


equation has the specified limits.  


The cable cross section is also standardized, so again only some values are 


possible. Although, the cross section could be non-standardized the aim of the 


work is to be as realistic as possible and so in general utilities do not customize 


cable cross sections unless necessary. This cross section defines the three-core 


cable ampacity which is deduced from the values suppliers provide.  


Table 1: cross section and ampacity 


Cross Section in mm2 Current Rating (A) 


300 530 
400 590 
500 655 
630 715 
800 775 
1000 825 


 


When the above values are known, they can be used to calculate the mean 


active current per cable core and the cable power rating: 


  


𝐼𝑚𝑒𝑎𝑛,𝐻𝑉𝐴𝐶 = 
𝑐𝑂𝑊𝐹 𝑃𝑂𝑊𝐹


𝑁𝐶𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐴𝐶√3 𝑈𝑅𝑀𝑆


 


 


(7) 


 


  


𝑆𝑐𝑎𝑏𝑙𝑒,𝐻𝑉𝐴𝐶 = √3𝑈𝑅𝑀𝑆𝐼𝑚𝑎𝑥,𝐻𝑉𝐴𝐶 
 


(8) 


 


where: 


𝐼𝑚𝑎𝑥,𝐻𝑉𝐴𝐶 ∶ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑐𝑎𝑏𝑙𝑒 𝑐𝑜𝑟𝑒 (𝐴) 


𝑃𝑂𝑊𝐹: 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑂𝑊𝐹 (𝑊) 


𝑈𝑅𝑀𝑆: 𝑝ℎ𝑎𝑠𝑒 𝑡𝑜 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 (𝑉) 


𝐼𝑚𝑒𝑎𝑛,𝐻𝑉𝐴𝐶:𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑎𝑘𝑖𝑛𝑔 𝑖𝑛𝑡𝑜 𝑎𝑐𝑜𝑢𝑛𝑡 𝑡ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟


− 𝑐𝑂𝑊𝐹 − (𝐴) 


𝑆𝑐𝑎𝑏𝑙𝑒,𝐻𝑉𝐴𝐶: 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑎𝑏𝑙𝑒 (𝑉𝐴) 
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• Fixed Costs 


 


In this subsection the fixed costs will be explained, these involve: 


transformers, GIS commuters and both substations onshore and offshore.  


 


o Transformers 


Out of their nominal power, data was gathered from[6]and [21] to 


create a model of the transformer cost. 


The data was used so as to establish a relationship between the 


costs and the nominal power.  


 


It is clear there is a high correlation between the nominal power and 


the transformer’s cost since the value of the R2 is 0,986. The final 


curve obtained by the data is: 
  


 


𝐶𝑇𝑅,𝐻𝑉𝐴𝐶 = 0,0418 𝑆𝑇𝑅,𝐻𝑉𝐴𝐶
0,7592 


 
 


(9) 


 


 


where: 


 


𝐶𝑇𝑅,𝐻𝑉𝐴𝐶 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑎 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 (𝑀€) 


𝑆𝑇𝑅,𝐻𝑉𝐴𝐶 ∶ 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑎 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 (𝑀𝑉𝐴) 


 


The quantity of transformers needed will depend on the power of 


the offshore wind farm.  


 


o GIS HV Switchgears 


 


Data for switchgears was available in [6] and the below table was 


extracted. 
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Total cost per GIS Switchgear per voltage 


 


From this data, a model which linked a GIS Switchgear to its 


voltage, was obtained.  


  


 
 


𝐶𝐺𝐼𝑆 = 0,0117 𝑈𝑅𝑀𝑆 + 0,0231 
 
 


(10) 


 


The number of switchgears a transmission system needs is two per 


cable where one will be located at the offshore end of it and the 


other at the onshore end. The main purpose of the GIS Switchgear 


is to protect the transmission.  


 


o Offshore substation 


 


The cost of an offshore substation depends on its size. A 


sophisticated offshore substation consists of a pre-fabricated multi 


layered cube which will be mounted on a foundation some distance 


above the sea.  


 


 


Figure 13: Offshore substation at Gode Wind OWF 


 


Although it would be interesting to see the relationship between the 


offshore platform cost and its volume and weight, no data was 


found concerning this subject.  


 


The cost of the offshore substation will then be modeled following 


the data of [6] and [21] and the following equation is obtained: 
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𝐶𝑆𝑆,𝐻𝑉𝐴𝐶 = 2,534 + 0,0887 𝑃𝑂𝑊𝐹 


 
 
 


(11) 


 


where, 


 


𝐶𝑆𝑆,𝐻𝑉𝐴𝐶 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 (𝑀€) 


 


𝑃𝑂𝑊𝐹 ∶ 𝑂𝑊𝐹 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑀𝑊) 


 


• Distance dependent Costs 


 


o Cable cost 


Modelling the cable cost is no easy task since all the information 


available for HVAC transmission systems regarding costs is given 


with the cost as a whole. That means it is not broken down on its 


different parts and just the final value is given. Furthermore, most 


of the times the final value does not regard the actual capital 


expenditure on goods but the total sum of the goods, their 


installation and the spare parts.  


 


 


Stefan Lundberg’s model found on [2] was considered quite 


interesting. According to [2]the cost of triple core cable could be 


modeled by the following exponential equation. 


 
  


 


𝐶𝑐𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐴𝐶 = 𝐴 + 𝐵 𝑒𝐶 𝑆𝐻𝑉𝐴𝐶 𝐶𝑎𝑏𝑙𝑒/102
 


 
 
 


(12) 


 


 


where, 


 


A,B,C : constants that are voltage dependent 
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𝐶𝑐𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐴𝐶 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑖𝑝𝑙𝑒 𝑐𝑜𝑟𝑒 𝑐𝑎𝑏𝑙𝑒𝑠 (
𝑀€


𝑘𝑚
) 


 


𝑆𝐻𝑉𝐴𝐶 𝐶𝑎𝑏𝑙𝑒: 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑎 𝑐𝑎𝑏𝑙𝑒 (𝑀𝑉𝐴) 


 


In the following table the constants values translated to euros can 


be found. The data has been updated to match the Eurozone’s 


inflation of 2% per year.  


 


Table 2: Constant values from Lundberg's paper[2] 


V (kV) A (M€) B (M€) C (M€) 


22 0,031 0,063 6,15 


33 0,044 0,064 4,10 


45 0,056 0,066 3,00 


66 0,074 0,068 2,05 


132 0,213 0,023 1,66 


220 0,344 0,012 1,16 


Since the maximum value for the voltage is 220kV, the resulting 


model will not be precise for URMS bigger than that voltage. 


 


The constants – A,B,C- have to be modelled for every given voltage 


above. By doing so we obtain: 
  


 
𝐴𝐻𝑉𝐴𝐶 = 0,001631 𝑈𝑅𝑀𝑆 − 0,0142 
 
 


 
 


(13) 


 


  


 


𝐵𝐻𝑉𝐴𝐶 = 0,9805 𝑈𝑅𝑀𝑆
−0,765 


 
 


 
 


(14) 


 


  


 


𝐶𝐻𝑉𝐴𝐶 = 45,713 𝑈𝑅𝑀𝑆
−0,693 


(15) 
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o Cable laying cost 


 


Cable laying costs depend on many factors, such as the weather 


conditions or the type of soil. Thus, many varied data about its 


related costs was found. 


 


A study done by Lancheros assumed a cost of 0,3M€/km per three-


core cable whilst Van Eeckout considered 0,170 M€/km.  


 


Due to the variety, it was decided to take the mean of the cost of the 


available data which is 0,273 M€/km. 


 


 


For the Ofgem model calculations the approach that was taken was different due 


to the fact not much information is available in public sources. Ofgem 


publications that were taken in order to estimate the guideline around which the 


prices should revolve did not have the CAPEX broken down into components. 


They just gave the overall price. The CAPEX price for Ofgem, as [8] defines, takes 


into account many factors which are not necessarily the price of the material per 


se. For instance, it considers the insurance, the risk assessments done, the spares, 


land costs and also the deals manufacturers do with utilities. The fact not much 


data was available summed to the latter explanation of what the price covers, 


which is a wider range than the equations explained before, is why the model 


aims to be more of a guideline for the prices. 


By combining the price of the Ofgem cost assessment with the power of the OWF 


and the distance to shore, equation (16) was obtained:  


  


 
𝐶𝐻𝑉𝐴𝐶 = −46502487,70 + 529280,84 𝑃𝑂𝑊𝐹


+ 1359046 𝑑𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 


 
 


 
 


(16) 
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where, 


𝐶𝐻𝑉𝐴𝐶 ∶ 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (€) 


𝑃𝑂𝑊𝐹: 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑂𝑊𝐹 (𝑀𝑊) 


𝑑𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 ∶ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 (𝑘𝑚) 


Only 16 wind farms had information available. Thus, even though the p-values 


obtained for the two variables and the intercept were lower or around 0,05; which 


can be considered positive with this little data in a two-variable regression, in no 


case can the regression be regarded as definitive. 


To be able to have related inputs, real OWF data from Table 3 was used as the 


input for the comparison of the functions since both had different variables which 


in reality are dependent with one another.  


Table 3: Data used for the cost comparison 


Wind Farm Power (MW) U(kV) cables S(MVA) 


East Anglia 1 714 220 2 357 


Galloper 336 132 2 168 


Anholt 400 220 1 400 


Horns Rev 209 150 1 209 


Alpha Ventus 60 110 1 60 


 


Table 4:Comparison of HVAC costs 


 


When comparing both functions it is clear that for the Ofgem function the costs 


obtained are much higher. Since the Ofgem includes other elements besides the 


costs of the components per se, which is what literature models, it can be 


0,00 €


100.000.000,00 €


200.000.000,00 €


300.000.000,00 €


400.000.000,00 €


500.000.000,00 €
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C
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assumed that is the cause of the over cost. Thus, only the literature function will 


be considered to calculate the costs in the case study of Chapter 5.  


Despite the fact the Ofgem function is not going to be used, it was included in 


the work since it was found interesting to see what wanting to implement an 


HVAC system, with all the factors that are involved, could cost.  


 


3.2. HVDC transmission costs 


 


In this part data obtained from literature to calculate a possible cost for HVDC 


will be explained as well as Iberdrola’s own work which took data not only from 


literature but also from their own expertise and contact with the manufacturers.  


Both approaches will be explained and afterwards compared. 


The first approach that will be tackled is the literature one.  


As it was done for HVAC, first the common variables for HVDC will be defined. 


UHVDC = Voltage of the transmission cables (V) 


SHVDC = Section of the cable (mm2) 


NCABLES = number of pair of cables used 


By default, as it was explained in Chapter 2, the number of pair of cables will be 


one since the system is a symmetrical monopole. Regarding the maximum 


admissible current, the values in the below table will be used to estimate it.  


Table 5: Data from ABB catalogue 


Cross Section 
(mm2) 


Ampacity 
(A/core) 


Cross Section 
(mm2) 


Ampacity 
(A/core) 
 


95 343 1200 1458 
120 392 1400 1594 
150 441 1600 1720 
185 500 1800 1830 


240 583 2000 1953 


300 662 2200 2062 
400 765 2400 2170 
500 883 2600 2275 
630 1023 2800 2373 


800 1175 3000 2473 
1000 1335   
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 𝑃𝑅𝐴𝑇𝐸𝐷,𝑐𝑎𝑏,𝑝𝑎𝑖𝑟 = 2 𝐼𝑅𝐴𝑇𝐸𝐷𝑈𝐻𝑉𝐷𝐶                     


𝐼𝑚,𝐻𝑉𝐷𝐶 =
𝐶𝑂𝑊𝐹𝑃𝑂𝑊𝐹


2 𝑁𝐶𝐴𝐵𝐿𝐸𝑆𝑈𝐻𝑉𝐷𝐶
 


 
 
 


(16) 
(17) 


 


 


where, 


𝑃𝑅𝐴𝑇𝐸𝐷,𝑐𝑎𝑏,𝑝𝑎𝑖𝑟 : 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 (𝑊) 


𝐼𝑅𝐴𝑇𝐸𝐷: 𝑟𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑎𝑏𝑙𝑒 (𝐴) 


𝐼𝑚,𝐻𝑉𝐷𝐶: 𝑚𝑒𝑎𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑎𝑏𝑙𝑒 (𝐴) 


𝐶𝑂𝑊𝐹: 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 


𝑃𝑂𝑊𝐹 ∶ 𝑂𝑊𝐹 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑊) 


 


• Fixed Costs 


o Transformer costs 


As it was explained in chapter 2 the power is produced by the 


turbines in AC. The power needs to be stepped up and then it is 


converter to DC in order to transmit it. Thus, the power 


transformers in charge of the raise of the voltage will be the same 


as the ones in the AC section. 


 


o VSC Converters cost 


To be able to model the VSC costs through literature, data was 


taken from [6] which reported the costs in the table below for the 


converters. 


 


Table 6: Costs of the converters according to the ENTSOE 


Rated Power (W) Cost Range (M€) Average Cost 
(M€/MW) 


500 75-92 0,167 


850 98-105 0,119 


1250 121-150 0,108 


2000 144-196 0,0085 
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As it is perceivable from the table, the costs of the VSC come down 


when the rated power rises. The modelled function is the following: 


 


  
𝐶𝑉𝑆𝐶 = 0,0589 𝑆𝑉𝑆𝐶 + 54,985 


 


(18) 


where, 


 


𝐶𝑉𝑆𝐶 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑎 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (𝑀€) 


𝑆𝑉𝑆𝐶 : rated power of the converter (MW) 


 


• HVDC Offshore Substation cost 


 


Since HVDC connections need to hold space for VSC converters, it is 


widely known that for a HVDC connection the substation will be bigger 


than their HVAC equivalent. From data [6] it can be seen that a VSC 


substation cost are 57,9% to 115,4% higher than in HVAC. Moreover a VSC 


platform is 85% bigger than an AC one. Since no other data was available 


and 85% falls in the middle of the cost range it will be assumed as a 


prudent value and thus, will be considered to model the costs. 


  
𝐶𝑆𝑆,𝐻𝑉𝐷𝐶 = 1,85(2,534 + 0,0887 𝑃𝑂𝑊𝐹) 


 
 


(19) 


 


 


where, 


 


𝐶𝑆𝑆,𝐻𝑉𝐷𝐶: 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 𝐻𝑉𝐷𝐶 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 (𝑀€) 


 


𝑃𝑂𝑊𝐹: 𝑂𝑊𝐹 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑀𝑊) 


 


• Distance dependent Costs 


o Cable costs 


 


To generate a function for the cable costs in HVDC (XLPE cables), 


data was gathered from two places. The first [21]assumed a fix price 


whilst the second, Lundberg [2], suggested a cost function. 


 


Cable technology has gone a long way since the time Lundberg 


proposed his cost function on 2003. Therefore, a new function will 
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be shaped with newest data. The data was gathered from [21] and 


the proposed equation has been:  
  


𝐶𝑝𝑎𝑖𝑟𝑐𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐷𝐶 = 0,652 + 0,00098 𝑃𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑖𝑟
𝐻𝑉𝐷𝐶


− 0,002363 𝑈𝐻𝑉𝐷𝐶 


 
 


 


(20) 


 


   


  where, 


  𝐶𝑝𝑎𝑖𝑟𝑐𝑎𝑏𝑙𝑒𝑠,𝐻𝑉𝐷𝐶 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 (𝑀€) 


𝑃𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑖𝑟
𝐻𝑉𝐷𝐶


∶ 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠(𝑀𝑊) 


𝑈𝐻𝑉𝐷𝐶: 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝐻𝑉𝐷𝐶 (𝑘𝑉) 


 


It is important to outline that a pair of cables located in the same 


ditch cannot cope with more than 1400MW. Therefore, if the OWF 


has less than 1400MW a pair of cables will be sufficient but if the 


power exceeds the aforesaid, then the number of cables will have to 


rise.  


 


o Cable laying costs 


 


The pair of cables must lay in the same ditch so as to minimize the 


generated magnetic fields. As with AC connections, not much data 


is available and thus a compromise cost is set at 0,4 M€/km per pair 


since all the cost data available was considered unreliable. 


 


 


A different interesting approach was found through [4], which came from 


Iberdrola’s work. Thanks to their relationship with the manufacturers, other 


people from the sector and internal knowledge they managed to calculate the 


value of the IGBTs used in the VSC-HVDC connections.  


Most of the data used in order to get this value is confidential. Nonetheless, the 


equations obtained are not. The approach they had was to model each of the VSC 
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converters available on the market. The equations obtained in [4] modeled a price 


between 1M€ and 1,8M€ for Siemens, 1,2M€ and 1,4M€ for ABB. Although the 


analysis was tried on GE-Alstom technology since they have done a considerable 


less amount of connections than their competitors the results were found to be 


unreliable.  


The approach to follow would be to calculate how many IGBTs are needed in a 


VSC converter, which is the most expensive part, by dividing the connection 


voltage by 6kV (the maximum an IGBT can withstand) for a half-bridge 


configuration. If the chosen layout were to be full bridge, the number of IGBTs 


would have to be the double. 


The equations for Siemens and ABB are: 


  
𝐶𝑜𝑠𝑡 𝑆𝑆𝑆𝑖𝑒𝑚𝑒𝑛𝑠 = (267932,63 + 2082,76 𝑈)𝑁𝐼𝐺𝐵𝑇 


 
 


 
 


(21) 


 


 


where, 


𝐶𝑜𝑠𝑡 𝑆𝑆𝑆𝑖𝑒𝑚𝑒𝑛𝑠: 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑖𝑒𝑚𝑒𝑛𝑠 𝑉𝑆𝐶 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 (€) 


𝐶𝑜𝑠𝑡 𝑆𝑆𝐴𝐵𝐵 ∶ 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝐴𝐵𝐵 𝑉𝑆𝐶 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 (€) 


𝑈 ∶ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑘𝑉) 


 


 


  
𝐶𝑜𝑠𝑡 𝑆𝑆𝐴𝐵𝐵 = (1537540,62 + 199 𝑈)𝑁𝐼𝐺𝐵𝑇 


 
 


 
 


(22) 
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Table 7: Compared prices for VSC-HVDC Siemens and ABB 


 


The price is €/ NIGBT.  


 


Since the modelling equations to estimate VSC converters price depend on 


different variables, to be able to compare them real data from built OWF with 


VSC-HVDC connections was taken as the input. By doing so, we can assure that 


even though the inputs are different there is an existing relationship between 


them which makes the results obtained comparable.  


The data taken is in Table 7 


Table 8: HVDC links data for VSC-HVDC OWF 


OWF Power (MW) Voltage(V) 


DolWin1 800 ±320 


BorWin2 800 ±300 


SylWin1 864 ±320 


HelWin1 576 ±250 


HelWin2 690 ±320 


DolWin2 900 ±320 


DolWin3 900 ±320 


BorWin3 900 ±320 


By using data from table 8 and applying equations (22) and (21) the results 


obtained are the following: 
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Table 9: Prices for the VSC technology 


Number of IGBT Siemens ABB Literature 


107 170.762.563,20 € 177.589.399,47 € 102.105.000,00 € 


100 151.758.863,00 € 165.694.062,00 € 102.105.000,00 € 


107 170.762.563,20 € 177.589.399,47 € 105.874.600,00 € 


84 109.982.260,92 € 137.511.412,08 € 88.911.400,00 € 


107 171.296.196,21 € 178.144.366,34 € 95.626.000,00 € 


107 171.296.196,21 € 178.144.366,34 € 107.995.000,00 € 


107 171.296.196,21 € 178.144.366,34 € 107.995.000,00 € 


107 171.296.196,21 € 178.144.366,34 € 107.995.000,00 € 
Table 10: Prices for the comparison 


 


 


From Table 9 we can notice that for Iberdrola’s models the price between 


manufacturers seems to be more or less the same, which is a good thing since in 


reality ABB and Siemens are close competitors. The product both offer is similar, 


so if one were to be significantly cheaper than the other there would be no 


competence.  


As for what regards the comparison between literature and field information, 


there is a noticeable difference which seems to be constant in every case applied. 
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Many factors could be influencing this difference, the major one could be the 


difference of time between both sources. The study conducted by Iberdrola was 


done on 2017 whilst the literature formula takes data from[6]published on 2011. 


Furthermore, in real projects the tendency is that the costs end up being more 


than what they were supposed to be so it makes sense the industry equations 


give higher costs than the literature ones.  


For the case study both equations will be used since by using both a better overall 


idea of what the real cost could be can be achieved.  
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4. Multi Criteria Decision Analysis 
 


Multi Criteria Decision Analysis (MCDA) or multiple criteria decision making 


(MCDM) has been used for the last 75 years to develop strategies in decision 


making. 


MCDA helps to provide a structure to thinking and to express concerns of a 


group and combine different perspectives. It helps to organize and synthesize the 


problem by considering all the factors involved with a specific weighting 


coefficient. It is important to remark that MCDA only provides a methodology 


and the decisions or factors included depend on the analysis. For this reason, an 


overview and research of the different factors to consider must be done. 


The MCDA that will be exposed below explains the new methodology Iberdrola 


wants to introduce in the selection of the future connections in offshore wind 


farms comparing HVAC and VSC-HVDC solutions at the distance in which both 


systems start to reach the break-even distance. 


Before the MCDA is explained, two considerations must be outlined. First, this 


decision-making methodology is specific for Iberdrola and thus it cannot be 


assumed other utilities have the same criterion. Second, since the preferences of 


the company can be exposed, the work is confidential and thus cannot be 


referenced.  In addition, the coefficients given to every factor are also confidential 


and only a priority list is provided. 


In order to find the most appropriate criteria, Iberdrola conducted interviews to 


expert people in the sector coming from different backgrounds: manufacturers, 


system operators and universities. The questionnaire was also part of a project 


called PROMOTioN(Progress on Meshed HVDC Offshore Transmission 


Networks). This project is a European framed project done in cooperation with 


the partners shown in Figure 14 
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Figure 14: Partners of the Promotion Project 


 


Figure 15 shows an example of the results from this project, where it is observed 


the difference between industry and academia 


 


Figure 15:Results from Promotion, challenges for HVDC 
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As it is shown in figure 15 both academia and industry agree on the challenges, 


but academia gives a slightly higher score to almost all parameters.  


 


Figure 16: Results of Promotion improvents HVDC Will bring 


The biggest differences in figure 16 are in relation to cost reduction and power 


quality improvement. Also, academia thinks that cost reduction will come with 


HVDC links whilst industry clearly gives a lower score on that point. On the 


other hand, industry believes it will lead to a noticeable power quality 


improvement whereas academia is not so optimistic. 


Within the questionnaire many questions addressed to the stakeholder where to 


describe the advantages and disadvantages between AC and DC solutions. The 


answers of the questionnaire were used to construct and conduct the MCDA 


process.  


The main topics were organized in the following main groups: 


• Technology 


• Environmental Impact 


• Operations and Maintenance (O&M) 


• Experience 


 


The topics were then re-grouped in order to be more manageable through a short 


list, which produced Table 11 
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Table 11: MCDA Factors 


Factor’s List 


Criteria Factors Measurement 


Technology Mature Technology For how long has the implemented technology 
existed. In how many projects has it been 
used?  


Electric Losses  Losses in the cables and substations 


Availability Controllability and uncoupling of the system 


WTG Selection Constraints in the WTG selection due to the 
grid connection 


Flexibility How controllable is the system in order to face 
future issues 


Additional ancillary 
Services 


Extra services provided by the offshore wind 
power plant at the grid connection which 


improve the network stability 


Power Quality Possibility to damp sub synchronous 
oscillations in the network 


Possibility to damp harmonics in the network 


Environmental 
Impact 


Volume Volume of the transmission system 


Weight Weight of the transmission system 


Cables Number of submarine and underground 
cables 


O&M Complexity  Complexity to perform O&M tasks due to 
offshore location 


Components Access Component availability in case of replacement 


Experience Construction time Time consumed to construct existing 
installations 


Previous Installations Level of experience in previous installations 


Delays in Construction Delays occurred in existing installations 


 


Each aspect had an internal scale from 0 to 100 with 100 being the best score an 


attribute could get and 0 the worse.  


 


• Technology 


 


Technology is a criterion to take into account as it is highly related to the 


design of the solution. Its attributes are as follow: 


 


o Maturity 


 


The maturity of the technology is no irrelevant matter in complex 


projects. It is clear that here AC scores better since it has been long 
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implemented with good performances. Whereas VSC, being a new 


technology, it scores lower. 


 


o Electric Losses 


Electric losses could be defined as: the amount of power lost in the process of 


transmitting power from one location to another. Losses in DC cables, as it was 


explained in chapter 2, are lower than AC. Nonetheless, the losses from the VSC 


substations are higher than losses of AC substations. Thus, AC scores higher than 


DC. It is important to point out that this score is qualitative and these values are 


highly dependent on the project and should be calculated every time. 


o Availability 


 


The availability is the ability of a system to transmit at any time 


power up to the rated power. It is an important figure since it 


represents the time that the transmission connection will be able to 


transmit power. VSC-HVDC solutions showed higher availability 


than AC systems.  


 


o Flexibility 


 


Grid requirements applied to OWF are changing every five or so 


years. In this changing environment it is key to have a system 


which is able to adapt to the new requirements. VSC-HVDC is more 


flexible than AC due to the use of power electronics with high 


controllability. Besides controllability, uncoupling of the elements 


is also important which is something VSC-HVDC connections 


have. In VSC-HVDC connections, by modifying the controllers, the 


adaptation to new grid requirements is more achievable, since in 


this case the changes are in software without an increase of cost 


whereas in AC solutions this adaptation may mean having to 


upgrade parts of the transmission link.  


 


 


o Power Quality 


 


Power quality could be broken down to the two attributes of the 


table 11. 
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All the transmission system options meet with the requirements set 


up for several standards. This attribute however, is not the measure 


of capacity to meet with these standards but rather how the 


transmission system can improve the quality of the power injected 


to the network. Even though power electronics generate harmonics 


due to its own performance, they are also capable to damp them. 


Therefore, VSC-HVDC scored higher in PowerQ Harmonics. 


Regarding sub-synchronous resonances, In AC this is done mainly 


using passive filters and in VSC the filtering is done through 


software. So, DC here also scored better than AC. It is important to 


note that since harmonics problems are more common than sub-


synchronous resonances, their MCDA weight is higher.  


 


 


 


 


o Additional ancillary services 


 


Renewable plants are on the rise every year and are substituting 


conventional power plants. The abilities of conventional power 


plants such as: black start, inertia and islanding must therefore be 


produced by renewable plants. AC connections have no capacity to 


provide these services, and so the wind turbines should do it 


instead. VSC solutions on the other hand could do it, which gave 


DC solutions a higher score over AC.  


 


o Wind turbines selection (WTG) 


 


This attribute defines the independence of the wind turbines with 


the connection solution selected. This attribute is highly related 


with the availability of the systems, since the latter is affected by 


the independence of the wind turbines with the transmission. In 


AC, wind turbines must provide all the ancillary services requested 


by the system operator, whereas in VSC-HVDC wind turbines are 


not required to provide these services. This is important since it 


reflects on the overall cost of the project in the end. Not only 


because less complex turbines can be used, which cheapen the 


costs, but also because if any change has to be made lesser elements 


have to be involved which also implies lower costs.  


 







Techno-economic comparison of electric power transmission systems for large-scale renewable power generation 


| 50 


[Title] 


 


 


From more important to less important factor, the final weights order for the 


technology criterion was the following: 


 


As it is seen above, WTG Selection and flexibility are matched. This must come 


as no surprise since as the explanation showed they are highly related since both 


factors take into account the independence of the turbines (one explicitly and the 


other implicitly).  


 


• Environment Impact 


 


OWF have both an impact onshore and offshore. Since this work scope is 


only the transmission system up until the grid connection point is reached, 


only the offshore impact will be evaluated.  


 


o Volume 


 


Volume is important to take into consideration since it has an 


impact on visual and marine routes. AC solutions use smaller 


offshore substations, so the scoring was bigger compared to DC 


solutions.  


 


o Weight 


The substation weight has an impact on the sea bed that must hold 


it in place. Since AC solutions are smaller, they require of less 


equipment and thus also weight less than DC solutions.  


o Cables 


 


On the other hand, VSC solutions need less cables than AC 


solutions and thus scored better in this part. 


 


From more important to less important factor, the final weights order for the 


environmental criterion was the following: 


Power Quality > Ancillary Services > WTG Selection – Flexibility > Maturity > Electrical 


Losses > Availability 


 


Volume > Weight > Cables 
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• O&M 


 


The operation and maintenance of the OWF is very important to keep it 


running and limit the amount of wind power that cannot be transferred. 


Two attributes were identified: 


 


o Complexity 


 


The complexity in OWF is a key factor since more complex systems 


mean harder maintenance. For instance, AC alternative have been 


long used and are based on standardized equipment: from cables 


to transformers, which make them meet with the grid 


requirements. VSC solutions on the other hand are more complex 


due to the high level of power electronics and the many control 


strategies to manage it. Therefore, in this case, AC scored better 


than DC.  


 


o Components Access 


This factor defines the availability to get the components in order 


to keep the OWF in good state. AC solution ranks first again mainly 


due to the fact their parts are standardized. On the contrary VSC 


solutions have components which are difficult to obtain, for 


instance the IGBTs used in the converters. Also, when considering 


VSC-HVDC solutions it is important to look on the dependency of 


the IGBTs with the manufacturer. Some manufacturers use their 


own IGBTs design which could cause the dependency with that 


manufacturer to be too high. 


 


In this case both attributes are given the same weight.  


 


• Experience 


 


o Number of previous installations 


 


. The experience gathered in previous projects is important in 


complex developments.  Most of current offshore wind projects are 


in AC, which provides a higher experience compared to DC 
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o Construction time 


 


AC solutions construction time is around 3 years whilst for VSC 


projects the average time is 5 to 6 years. VSC-HVDC transmissions 


need bigger components which limits the number of available 


vessels and thus, extends the construction time.  


 


o Delays in construction 


 


Construction delays are important to take into account since they 


end up being an unexpected over cost one has to cover. Since VSC-


HVDC systems are more recent there are more unexpected delays, 


as the suppliers and owners of the offshore wind farms told 


Iberdrola. 


 


From more important to less important factor, the final weights order for this part 


was the following: 


 


In order to give the above criteria a certain priority one of the main topics 


considered was the new regulation defined by the European Network of 


transmission System Operators for Electricity (ENTSO-E) which will apply in 


2019. In these new regulations the European transmission operators are 


demanding new grid requirements for the OWF in both AC and DC solutions. 


The solution achieved must be able to cope with all the new requirements which 


means technology will play an important role on the final decision. Therefore, 


Technology is awarded the higher score in the criteria.  


Following technology comes experience, since it provides security mainly during 


the risky phase of construction in which the objective is to reduce the cost 


attached to delays.  


In third place comes Environment since all the solutions are providing new ideas 


to reduce their impact. 


Last comes O&M. Even though it is not a topic to take lightly since all companies 


consider plans to reduce the cost and timing of it.  


Table 12 acts as a resume by showing the criterion from more to less important 


and who was awarded which attributes. 


Number of previous installations > Construction time – Delays in construction 
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Table 12: MCDA attributes with scoring 


 


 


 


 


 


 


 


Main Criteria Sub-Criteria AC DC 


Technology Power Quality 


  


  


Ancillary Services 


  


WTG Selection 


  


Flexibility 


  


Mature Technology 


  
Electric Losses  


  
Availability 


  


Experience Previous 
Installations   


Construction time 


  
Delays in 


Construction   
Environmental 
Impact 


Volume 


  
Weight 


  
Number of cables 


  


O&M Components 
Access   


Complexity 
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5. Case Study 
 


The case study will be techno-economic comparison combining the transmission 


systems explained in sections ( abcd) applied to concrete Offshore Wind Farms. 


The aim of this study would be to determine the ideal transmission system 


amongst all the available possibilities. Nevertheless, before we get started several 


things are to be outlined first.  


For the case study not any Offshore Wind Farm could be chosen as they should 


meet some requirements. First, they should be far enough from the coast so as to 


be able to compare both transmission systems HVAC and HVDC seeing that for 


really short distances it is widely known HVAC is the best alternative. Thus, 


making a comparative for transmission systems which are not at least around 


50km far off the shore – which is the distance where both systems meet a 


breakeven point - would be absurd.  


Second it was also considered important to choose an OWF with transmission 


systems that had not already been designated so that the comparison would be 


more realistic. It was assumed that if a utility or company had already chosen 


their transmission system it was because the pick acted in their best interest. 


Therefore, there was a probability that after the study the result that came out as 


ideal was the same as theirs. Furthermore, many could have already announced 


all the specifics to their transmission system and so the study would be, again, 


absurd. 


Finally, it was important that the OWF were located on the UK coast. This 


geographical restriction was mainly due to the fact the quantity of available 


information found for UK offshore wind farms and its activities exceeded that of 


any other country.  


Once all three restrictions were taken into account the search narrowed down 


pretty much by itself and one OWF arose:  


1. Hornsea - Project 3 


Which is 120km afar the coast respectively. Further details will be exposed up 


ahead when making the analysis. 


 


Hornsea-3  


Hornsea-3 is an OWF property of DONG Energy Power located in the central 


region of the southern North Sea between UK and Dutch waters. It is part of the 
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Hornsea Zone (namely Hornsea Project One and Two) also owned by DONG 


Energy.  


The OWF is not built yet and consent to build is still to be given as of now. 


Hornsea-3 is in planning phase. The tables and maps below will show the details  


Table 13:Hornsea 3 Data 


Round Project Phase MW Number 
of 
Turbines 


Average 
water 
depth 


Distance 
to shore 


Cable 
array 
corridor 
length 


Landfall 
Proposed 
Point 


Connection 
Point 


2 Hornsea 
Project 3 


Planning 2.400 300 30-40m 120km 145km North East 
from 
Weybourne 


Norwich 
Main 
National 
Grid 
Substation 


 


 
 


 


It is important to outline that even though Hornsea-3 has not decided their 


transmission system yet, it has planned what it could and could not have. 


Therefore, all the maps, cable corridor, possible structure and landfall point for 


it are the actual data Dong Energy has submitted in the several stages of their 


project to be approved.  


 


Hornsea-3 
 


For Hornsea-3 some of the data available came from Dong Energies [1]. Although 


some changes had to be made in order to have realistic results since the formulae 


explained on Chapter 3 had some limitations. Mainly on the cable costs which 


was not modeled for an S as big as the one this OWF has.  
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The real project will have two three-core cables of 400kV, nonetheless the 


presented formula for the cable laying was modeled for a lower range of power 


values than the one Hornsea-3 presents. Although an attempt was made to see 


how the equation would behave with the power of the OWF, the price obtained 


(15bN €) was unreasonable. Therefore, it was decided to adapt the transmission 


data to fit with the modeled costs available. The decided transmission will consist 


on 6 one core cables of 400kV which have their modeled laying costs for S up to 


1000MVa, only 200MVa less than the bundle of three cables of the transmission.  


Also, prices for the cable and the laying were taken from[21]so as to adapt to the 


new layout.  


 


Figure 17: Arrangements from DONG for both connections 


 


Table 14: Components needed for the transmission 


Component HVAC HVDC 


Offshore 


transformer 


substation 


YES Maybe 


Offshore HVDC 


converter 


substation 


NO YES 


Offshore Export 


Cable 


YES YES 
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Offshore Booster 


HVAC 


Maybe NO 


Onshore HVDC 


converter/HVAC 


substation 


YES YES 


 


Table 15: Parts required 


 HVAC HVDC 


Cables required per 


circuit 


1 2 


Number of circuits 6 4 


Cores 1 1 


Maximum Voltage (kV) 400 600 


Cable diameter (mm) 320 320 


Number of Subsea 


HVAC booster stations 


6 - 


Number of surface 


offshore HVAC booster 


stations 


4 - 


Number of offshore 


HVDC converters 


- 4 


Number of Offshore 


transformer substations 


12 12 


 


First, AC calculations will be made. Following, will come DC.  


 


For the AC cable, data from [21] will be used. 


Cable Tension(kV) Cores Total Current (A) Current 
per 
cable 
(A) 


Maximum 
current 
(A) 


400 1 693 693 1732 
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Resistence(Ω/km) Inductance(mH/km) Capacity(µF/km) Material Insulation 


0,036 1,4 0,13 Copper XLPE 


Table 16: Cable data for AC connection 


Table 17: CAPEX of  the HVAC Connection 


 Transformer 
(M€) 


GIS 
(M€) 


Offshore 
Substation 
(M€) 


Cable 
(M€) 


Cable laying 
(M€) 


Unitary 2,68 4,70 215,41 1,7328 0,5 


TOTAL 64,33 9,41 215,41 1247,62 360 


 


The costs were calculated by taking into account the maximum design scenario projected 


by DONG Energy and modifying it to what was thought necessary. The number of GIS 


considered was 2, one onshore and one offshore. The number of transformers is 12, as in 


DONG maximum scenario. The GIS and transformers will be put in the same substation, 


although in the project description DONG suggests that maybe they will create a 


substation per transformer. This was disregarded for this study since in most cases 


transformers and GIS share the same substation.  


Not only the CAPEX has to be calculated but also the transmission losses since as it was 


explained in Chapter 2, they are also an important factor. 


The cable resistance is calculated following the IEC 60287 standards, provided by [2] 


and [16]. The equivalent AC resistance of the cable is: 


  
 


𝑅𝐴𝐶 = 𝑅𝐷𝐶( 1 + 𝑦𝑠 + 𝑦𝑝) 


 
 


 
 


(23) 


Where, 


𝑅𝐴𝐶: 𝐴𝐶 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 (
Ω


𝑘𝑚
) 


𝑅𝐷𝐶: 𝐷𝐶 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟  (
Ω


𝑘𝑚
) 


𝑦𝑠 𝑎𝑛𝑑 𝑦𝑝 ∶ 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑘𝑖𝑛 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑝𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦 𝑒𝑓𝑓𝑒𝑐𝑡𝑠  


 


And the DC resistance is calculated as follows: 
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𝑅𝐷𝐶 =


1,02 109𝜌20


𝑆
 ( 1 + 𝛼20 ( 𝜃 − 20)) 


 


(24) 


Where,  


𝜌20: 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑡 20º𝐶 (Ω𝑚) 


𝛼20: 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑡 20º𝐶 (𝐾−1) 


𝑆: 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑎𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑚𝑚2) 


𝜃:𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 (º𝐶) 


 


Due to the fact the selected material is copper, the thermal resistivity and thermal 


coefficient will be fix at 1,7241· 10-8 and 3,93· 10-3. The temperature will also be 


fix at 90º which is the maximum temperature at which the XLPE cables can 


operate. 


Skin effect is calculated as: 


 
𝑦𝑠 = 


𝑥𝑝
4


192 + 0,8 𝑥𝑝
4 


 


𝑥𝑝
4 = (


8 𝜋 𝑓 10−7𝑘𝑠


𝑅𝑑𝑐
)2 


 


(25) 


(26) 


 


Where, 


𝑓 ∶ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧) 


𝑘𝑠: 𝑓𝑎𝑐𝑡𝑜𝑟 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 1 𝑓𝑜𝑟 𝑐𝑖𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠 


 


Proximity effect, for three-core cables is calculated as:  


 


𝑦𝑝 = 
𝑥𝑝


4


192 + 0,8𝑥𝑝
4
(
𝑑𝑐


𝐶
)
2


[
 
 
 
 


0,312 (
𝑑𝑐


𝑠𝑐
)
2


+ 
1,18


𝑥𝑝
4


192 + 0,8𝑥𝑝
4 + 0,27


]
 
 
 
 


 


 


(27) 


 


Where, 
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𝑑𝑐: 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟(mm) 


𝑠𝑐: axis space between conductors(mm) 


 


A conductor’s diameter can be calculated through its transversal section but the 


axis space is more difficult to find. Due the latter, a linear regression has been 


used in order to estimate the axis space. This linear regression explains more than 


a 95% of the variability.  


  
𝑠𝑐 = 20,491 + 0,15155 𝑈𝑅𝑀𝑆 + 0,78141 𝑑𝑐 


 


(28) 


 


Where 𝑈𝑅𝑀𝑆: 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑘𝑉) 


 


The reactive power generated can be split into inductive and capacitive, the 


equations are  


 𝑞𝑙 = 𝑛𝑐𝑎𝑏𝑙𝑒𝑠3 𝐼2
𝑚𝑒𝑎𝑛,𝐻𝑉𝐴𝐶  2𝜋𝑓 𝐿 


 


𝑞𝑐 = 𝑛𝑐𝑎𝑏𝑙𝑒𝑠3 (
𝑈𝑅𝑀𝑆


√3
)
2


 2𝜋𝑓 𝐶 


 


(29) 


(30) 


 


Where, 


𝑞𝑐: 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑘𝑚 (
𝑉𝐴𝑟


𝑘𝑚
) 


𝑞𝑙: 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑘𝑚 (
𝑉𝐴𝑟


𝑘𝑚
) 


𝑛𝑐𝑎𝑏𝑙𝑒𝑠: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 


 


 𝑈𝑅𝑀𝑆: 𝑣𝑜𝑙𝑡𝑎𝑔𝑒(𝑉) 


𝑓: 𝑒𝑙𝑒𝑐𝑡𝑟𝑐 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧) 


𝐶: 𝑙𝑖𝑛𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝐹


𝑘𝑚
) 


𝐿: 𝑙𝑖𝑛𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 (
𝐻


𝑘𝑚
) 
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𝐼𝑚𝑒𝑎𝑛,𝐻𝑉𝐴𝐶:𝑚𝑒𝑎𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒(𝐴) 


 


The total will be : 𝑞𝑡𝑜𝑡 = 𝑞𝐿 − 𝑞𝑐 


 


Following Van Eekhout approximations the following formula was estimated to 


calculate the compensation costs: 


  
𝐶𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = 0,01|𝑞𝑡𝑜𝑡| + 0,086 · 0,1 · |𝑞𝑡𝑜𝑡| 


 
 


(31) 


 


 


Where, 


𝑞𝑡𝑜𝑡: 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒𝑠(𝑀𝑉𝐴𝑟) 


𝐶𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛: 𝐶𝑜𝑠𝑡𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 (𝑀€) 


 


Moreover, the compensation systems will have its own losses which represent a 


0,2% of the transmitted power. The modelling equations are: 


 𝑃𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑙𝑜𝑠𝑠 = 0,002|𝑞𝑡𝑜𝑡| 
 


𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑙𝑜𝑠𝑠 = 𝑃𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑙𝑜𝑠𝑠 𝐹𝑙𝑜𝑠𝑠𝑒𝑠 
 
 


(32) 


(33) 


 


Where,  


𝑃𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑙𝑜𝑠𝑠: 𝑙𝑜𝑠𝑠𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 (
𝑊


𝑘𝑚
) 


𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑙𝑜𝑠𝑠: 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 (
€


𝑘𝑚
) 


𝑞𝑡𝑜𝑡: 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒𝑠 (𝑉𝐴𝑟, 𝑡𝑜 𝑚𝑎𝑡𝑐ℎ 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡𝑠) 


𝐹𝑙𝑜𝑠𝑠𝑒𝑠: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑓𝑖𝑥𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑈𝐾 𝑔𝑜𝑣𝑒𝑟𝑛𝑚𝑒𝑛𝑡, 𝑖𝑡 𝑖𝑠 𝑛𝑜𝑤 𝑎𝑡 120 £/𝑀𝑊 


The cable active losses will be modeled following: 
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𝑃𝑎𝑐𝑡𝑖𝑣𝑒,𝑂ℎ𝑚
𝐻𝑉𝐴𝐶 = 𝑛𝑐𝑎𝑏𝑙𝑒𝑠 3 (𝐼𝑚,𝐻𝑉𝐴𝐶)2 𝑅𝐴𝐶 


 
 


(34) 


Where,  


𝑃𝑎𝑐𝑡𝑖𝑣𝑒,𝑂ℎ𝑚
𝐻𝑉𝐴𝐶: 𝑙𝑜𝑠𝑠𝑒𝑠 𝑐𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡 𝑝𝑒𝑟 𝑘𝑚 (


𝑊


𝑘𝑚
) 


𝑛𝑐𝑎𝑏𝑙𝑒𝑠: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 


𝐼𝑚,𝐻𝑉𝐴𝐶:𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝐴) 


𝑅𝐴𝐶: 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝐴𝐶 (
Ω


𝑘𝑚
) 


 


The associated cost is: 


  


𝐶𝐴𝐶𝑇𝐼𝑉𝐸𝐿𝑂𝑆𝑆𝐻𝑉𝐴𝐶 = ( 𝑃𝑎𝑐𝑡𝑖𝑣𝑒,𝑂ℎ𝑚
𝐻𝑉𝐴𝐶)𝐹𝐿𝑜𝑠𝑠 


 
 


(35) 


 


Where 𝐶𝐴𝐶𝑇𝐼𝑉𝐸𝐿𝑂𝑆𝑆𝐻𝑉𝐴𝐶is the cost of the losses in each HVAC cable (€/km).  


 


Then come the ohmic losses, which are dependent on the charging current. 


However, the compensation at both ends reduces the compensated current value 


to half of its original value.  


So, for a given distance l, the formulae is the following. 


𝑖𝐶 = 
𝑞𝑡𝑜𝑡


√3𝑈𝑅𝑀𝑆𝑛𝑐𝑎𝑏𝑙𝑒𝑠


 


𝑖𝑐,𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 = 𝑖𝑐/2 


𝑖𝑐𝑎𝑏𝑙𝑒(𝑙) = 𝐼𝑚,𝐻𝑉𝐴𝐶 + (𝑖𝑐/2)𝑙  


𝐶𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑙𝑜𝑠𝑠𝑒𝑠
𝐻𝑉𝐴𝐶 𝑐𝑎𝑏𝑙𝑒 = 𝑛𝑐𝑎𝑏𝑙𝑒𝑠3 


𝑖𝑐2


12
𝑅𝐴𝐶𝐹𝐿𝑜𝑠𝑠 


Where, 


𝐶𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑙𝑜𝑠𝑠𝑒𝑠
𝐻𝑉𝐴𝐶 𝑐𝑎𝑏𝑙𝑒 𝑖𝑠 𝑖𝑛 €/𝑘𝑚3 
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Last the transformers losses which will be: 


  


𝑃𝑙𝑜𝑠𝑠𝑒𝑠
𝑇𝑅,𝐻𝑉𝐴𝐶 = 𝑁𝐿𝐿 𝑆𝑇𝑅,𝐻𝑉𝐴𝐶 + 𝐿𝐿 𝐿𝐼2𝑆𝑇𝑅,𝐻𝑉𝐴𝐶 


𝐿𝐼 =  
𝐶𝑂𝑊𝐹𝑃𝑃𝑊𝐹 (𝑛𝑡𝑟


2⁄ )⁄


𝑆𝑇𝑅,𝐻𝑉𝐴𝐶
 


 
 


(36) 
(37) 


 


Where, 


𝑁𝐿𝐿: 𝑛𝑜𝑛 𝑙𝑜𝑎𝑑 𝑙𝑜𝑠𝑠 𝑖𝑛𝑑𝑒𝑥 (𝑝𝑢) 


𝐿𝐿: 𝑙𝑜𝑎𝑑 𝑙𝑜𝑠𝑠 𝑖𝑛𝑑𝑒𝑥 (𝑝𝑢) 


𝐿𝐼: 𝑙𝑜𝑎𝑑 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 (𝑝𝑢) 


𝑛𝑡𝑟: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟𝑠 


The non-load and load indexes will be considered 0,002 pu. Since the 


configuration set has not the transformers working at its maximum value which 


lowers the transformer losses.  


 


Table 18: Cost of the losses 


 TOTAL (M€) 


Cable losses (Ohmic and compensation) 237,4 


Transformer losses 94,85 


Reactive losses 14,15 


 


As for DC, the considered gear is 4 VSC converters, 24 transformers (12 onshore 


and 12 offshore). The VSC and the transformers will be placed in the same 


substation since the cost equation regards when the two of them are put together. 


DONG energy though is planning to put them in separate substations.  
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Table 19: CAPEX for HVDC 


 Transformer 
(M€) 


VSC 
(M€) 


Offshore 
Substation 
(M€) 


Cable 
(M€) 


Cable laying 
(M€) 


Unitary 2,68 125,665 398,52 0,21 0,3 


TOTAL 64,33 502,66 398,52 100,53 144 


 


As for Siemens the cost of the VSC would be approximately: 553.448.926,00 € with 


200 IGBTs. 


ABB cost would be: 355.268.124,00 € with 200 IGBTs also.  


It is safe to say the literature model and ABB and Siemens prices fall into the same 


range although, the one that fits most seems to be Siemens cost estimation.  


DC losses for the cable can be modelled following  


 𝑃𝑂ℎ𝑚𝑖𝑐𝐻𝑉𝐷𝐶 = 2 𝑛𝑐𝑎𝑏𝑙𝑒𝑠 𝐼
2
𝑚𝑒𝑎𝑛 𝐻𝑉𝐷𝐶  𝑅𝐷𝐶 


 
 


(38) 


 


Where 𝑛𝑐𝑎𝑏𝑙𝑒𝑠 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 


𝑃𝑂ℎ𝑚𝑖𝑐𝐻𝑉𝐷𝐶: 𝑂ℎ𝑚𝑖𝑐 𝑙𝑜𝑠𝑠𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑏𝑙𝑒 (
𝑊


𝑘𝑚
) 


Just as in AC, the ohmic losses will be multiplicated by the Flosses factor. 


 


As for the VSC-HVDC converter: 


 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 2 𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠0,01 𝑐𝑂𝑊𝐹𝑃𝑂𝑊𝐹 
 
 


(39) 


 


Where, 


𝑃𝑙𝑜𝑠𝑠𝑒𝑠: 𝑙𝑜𝑠𝑠𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑆𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (𝑀𝑊) 


 The 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 will be multiplicated by the same factor the ohmic losses do.  
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Table 20: Costs of the HVDC losses 


 TOTAL (M€) 


Cable losses 2,73 


Converter losses 76,80 


Transformer losses 94,85 


 


In table 21 we can see how the costs compare. Since the numbers are similar, 


MCDA explained in Chapter 4 will be applied in order to evaluate the possible 


choice.  


 


Table 21: Comparison of HVAC and HVDC 


 HVAC (M€) HVDC (M€) 


CAPEX 1897,78 1210,04 


Losses 346,4 174,38 


 


Table 22: MCDA with weights 


Main Criteria Sub-Criteria AC DC 


Technology 0,5 Power Quality 
0,25 


30 100 


30 100 


Additional 
Ancillary Services 


0,2 


0 100 


WTG Selection 
0,15 


20 100 


Flexibility 
0,15 


30 100 


Mature Technology 
0,1 


100 30 


Electric Losses  
0,08 


100 60 


Availability 
0,06 


30 100 


Experience 0,3 Previous 
Installations 


0,5 


100 50 


Construction time 
0,25 


100 50 


Delays in 
Construction 


0,25 


100 50 


Volume 
0,65 


100 50 







Techno-economic comparison of electric power transmission systems for large-scale renewable power generation 


| 67 


[Title] 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


TOTAL 61,2 65,15 


 


By applying MCDA criteria in this case, due to the weights given the best 


option for the transmission system would be HVDC.  


  


Environmental 
Impact 0,1 


Weigh 
0,2 


100 50 


Number of cables 
0,15 


20 100 


O&M 0,05 Components 
Access 


0,5 


100 40 


Complexity 
0,5 


100 50 
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6. Conclusions 
 


With the growth on the coming years for OWF each time more afar from the coast 


and with bigger capacities, better transmission systems will be needed. These 


systems will have to evacuate efficiently the generated power minimizing the 


losses. 


As the work has shown, HVAC will end up becoming obsolete if they don’t 


match their competitor’s qualities in terms of losses and additional ancillary 


services. Utilities are starting to think in the long-term investment and thus, with 


the growth for HVDC that will come and its cheapening in the future it is starting 


to become the alternative. Nonetheless, further development has to be made on 


the HVDC field so as to make it more affordable. 


The economic analysis has established cost functions which combined can give 


an approximation of a transmission cost. As this work has shown however, many 


leave room for improvement since they are becoming outdated. Bigger OWF are 


being built and thus, the functions of 7 years ago which modeled lesser powerful 


OWF cannot be applied.  


Finally, even though no function could be updated, this work has provided with 


some additional cost functions which are encouraged to be used. Furthermore, 


the thesis also gives a qualitative criterion which is not to be taken as a general 


rule but that in case of doubt for similar prices can be applied.  


Last, the work leaves room for improvements to be made in the future, when if 


more data is available the cost function and decision-making points could be 


bettered.  
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