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Abstract 

The work focuses on the methods used to develop one particular sub-part of a computer tool for 
optimizing the final cost of energy in offshore wind parks : the linking infrastructure for bringing electrical 
power ashore. The thesis is the outcome of a 6-month cooperation with AREVA Wind, within the Wind 
Plant Solutions department, and is based on previous work done by AREVA, their proprietary database, 
as well as on publically available technical data. 

Exporting power from an offshore electrical substation down to the grid connection point is 
nowadays a critical bottleneck in the development of offshore wind energy, where project optimization 
and cost reduction are for many viewed as powerful levers capable of increasing dramatically its 
competitiveness on the electricity market.  

The approach and methodology used to develop the model, along with challenges and difficulties 
encountered are exposed. The necessary outputs are defined, the related equations are carefully examined 
and give way to choices, simplifications and assumptions so that governing inputs are identified. 
Eventually, a project optimization algorithm is described and evaluated against available data from existing 
offshore developments, focusing primarily on decreasing the overall cost of electrical transmission and on 
the proper choice of technology for the particular project.  

The impact of the proposed algorithm and its sensitivity to varying parameters, as well as its 
precision and reliability have been estimated and validated with encouraging results allowing for 
immediate implementation in the industry.  In the thesis, for confidentiality purposes, fictive though 
realistic scenarios are computed, results presented and commented on, conclusions drawn.  

Finally, implementation and analysis of results on large-scale projects also provides with better 
understanding of upcoming challenges inherent to new technologies on the verge to be introduced as the 
industry keeps growing. 
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Nomenclature 
 

By order of appearance : 

 
𝑃𝑟𝑟𝑟𝑟𝑟  Cable rated power  

𝐼𝑟𝑟𝑟𝑟𝑟 Cable rated current 

𝑈 DC voltage in cable 

𝑃3−𝑝ℎ𝑟𝑎𝑟 Three-phase active power 

𝑃1−𝑝ℎ𝑟𝑎𝑟 Single-phase active power 

𝑈1−𝑝ℎ𝑟𝑎𝑟 Single-phase voltage 

𝐼1−𝑝ℎ𝑟𝑎𝑟 Single-phase current 

𝑈𝐿 Three-phase line voltage 

𝑟 Lineic resistance of cable 

𝑙 Lineic inductance of cable 

𝑔 Lineic leakage resistance of cable 

𝐶 Lineic capacitance of cable 

𝜔 Pulse of AC current 

𝜀0 Absolute permittivity 

𝜀𝑟 Relative permittivity of material 

𝐼𝑐ℎ𝑟𝑟𝑎𝑟 Charging current 

𝐼𝑟𝑡𝑟  Total current seen by conductor 

𝐼𝑤𝑤𝑤𝑟 Current from wind farm 

𝜑  Phase shift 

𝐿 Cable length 

𝑃𝑟𝑟𝑟𝑤𝑎 Transmittable power 

𝐿𝑚𝑟𝑚 Maximum transmission distance 

𝑄𝑐𝑟𝑟𝑟𝑟𝑟𝑟  Created capacitive reactive power 

𝑄𝐿  Consumed inductive reactive power 

𝑆𝑤𝑡𝑚 Nominal complex power 

𝑃𝑤𝑡𝑚 Nominal active power 

𝑚𝐹𝑟 Mass of iron core in transformer 

 𝑚𝐶𝐶 Mass of copper windings in transformer 



 

 

Optimization of electrical export infrastructure in offshore 
wind farms 

 

April 2015 Page : 11/53 

 

 Hugo Gaillard Master of Science in Sustainable Power Engineering KTH 
 

 

𝑐2 Quadratic loss factor 

𝑃 Instant active power 

𝑐 Capacity factor 

𝜎(𝑃) Standard deviation of power generated by turbines 

𝑃𝑡𝐶𝑟 Exiting power 

𝑃𝑤𝑤 Entering power 

𝑛 Number of cables 

𝜂𝑐𝑟𝑐𝑐𝑟 Average loss ratio of cables 

𝜌𝑐𝑡𝑎𝑎𝑟𝑎 Lineic power losses in cable 

𝑠𝑟𝑒𝑒 Effective cable cross section 

𝑠 Cable cross section 

𝑅 Cable radius 

𝛿 Skin depth 

𝜇 Magnetic permeability of material 

𝜎 Conductivity of material 

𝑃𝑐𝑡𝑎𝑎 Power losses in cable 

𝑃0 Iron losses in transformer 

𝑃𝑐𝑡𝑟𝑟 Copper losses in transformer 

𝑃𝑊 Copper losses in transformer at full load 

𝑆𝑚𝑟𝑚 Maximum capacity of transformer 

𝑆  Instant complex power flowing through transformer 

𝑃𝑐𝑡𝑎𝑎,𝑐𝑡𝑤𝑐 Power losses in converter  

𝑃0,𝑐𝑡𝑤𝑐 Fixed losses in converter 

𝜂𝑐𝑡𝑤𝑐 Variable losses ratio of converter 

𝜂𝐷𝐶 Average loss ratio of converter 

𝜀 Loss factor in reactive power compensators 

𝑈𝑡𝐶𝑟 Output voltage in transformer 

𝑈𝑤𝑤 Input voltage in transformer 

𝛼 Cost/Voltage ratio elasticity 

𝛽 Cost/frequency elasticity 

𝑓 Frequency of current in transformer 
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1. Introduction 

1.1 A holistic tool for improving competitiveness 

1.1.1 Levelized Cost of Energy 
The final price of the electricity from wind power is evaluated by the LCoE (Levelized Cost of 

Energy). This is the price at which electricity must be generated from a specific source to break even 
over the lifetime of the project [1]. It is defined as follows: 

   

LCoE �€ MWh� � =
CAPEX + ∑ O𝑃𝑃𝑋𝑤

(1 + 𝑑)𝑤
𝑁
𝑤=1

AEP ∗ ∑ 1
(1 + 𝑑)𝑤

𝑁
𝑤=1

 , where ∶ 

- CAPEX = Capital expenditures [€] 
- OPEX = Cost of Operation and Maintenance for year i [€] 
- AEP = Annualized Energy Production, [MWh] 
- d  = discount rate 
- N  = lifetime of the project [years]. 

 

Today, the LCOE for offshore wind power is typically around 140 to 180 €/MWh, the targets are 
110 €/MWh for 2020 then 100 €/MWh for 2025. In comparison, the LCOE is around 70 to 100 €/MWh for 
onshore wind power, 50 €/MWh for coal, 60 €/MWh for gas, 80 €/MWh for nuclear, and 150 to 180 
€/MWh for solar farms. 

 

1.1.2 The Wind Plant Optimizer 
The Wind Plant Optimizer is a computer tool that has been created to estimate the total cost of the 

Balance of Plant, which refers to all the elements of the farm except wind generators themselves and 
further called BoP, of an offshore wind park by analyzing the impact of technical options on AEP 
optimizations. It is designed to feed financial models with quick though sensible front-end estimates in 
order to identify the key elements driving the final value of the LCoE. 

Instead of being a heavy one-block holistic model for the entire Balance of Plant, it has been split 
into various separate though inter-connected modules, as follows : 

• Turbine installation 
• Foundation installation 
• Foundation procurement 
• Intra-array cabling 
• Export electrical infrastructure 
• Balance of Plant operation and maintenance 

 

http://www.supergen-wind.org.uk/presentations.html
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The author of this report has been in charge of two different modules : export electrical 
infrastructure and turbine installation. However, for confidentiality reasons, as the export part depends 
much less on turbine specifications, only works on the modelling of the electrical power export 
infrastructure are presented in the frame of the thesis. 

1.1.3 Power export infrastructure of a wind farm 
 

The power export infrastructure of an offshore wind park is composed by at least an offshore 
substation to which the wind turbines are connected through intra-array cables. The substation is 
equipped with transformers to increase the voltage and reduce the current of the electrical power coming 
from the turbine, and thus decrease transmission-related losses. In order to transmit power to the shore, 
an export cable is required from that substation to another one, located onshore, which connects to the 
grid. In case direct current is preferred to alternating current, converters need to be installed, offshore as 
well as onshore. 

The model developed by the author, and which this report is about, starts from the offshore 
platform and deals with all the necessary components up to the Point of Common Coupling (PCC) to the 
onshore grid, both in terms of procurement and installation. A more thorough description of this 
infrastructure is available further below (see section 2.1.2). 

The final outcome is an Excel document featuring macros for in-situ optimization, which has been 
validated through benchmarking with existing projects.  

 
Figure 1 : Simplified sketch of power transmission in a wind farm [2] 

 

1.2 Industrial purposes : how need for WPO arose 

The WPO tool is the property of AREVA Wind, part of the AREVA group, and is developed within 
the Wind Plant Solutions department, with the purpose of increasing chances of winning tenders the 
company bids on. 
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1.2.1 The AREVA group 
AREVA is a French multinational company, usually known as the global leader in nuclear power. It 

was created in 2001 as the result of a merger between 4 companies: CEA Industry (1945), its subsidiary 
Cogema (1976), Framatome (1958) and its microelectronics subsidiary FCI (1998). Thus this new 
company gathered 50 years of experience in nuclear power. Indeed, Framatome had built around 65 
reactors since its creation in 1958. With its headquarters located in Paris La Défense, AREVA is now 
present in more than 40 countries, with about 47,500 employees worldwide [3]. 

With a unique integrated offer from uranium mining to reactor design and used nuclear fuel 
recycling, AREVA´s business is structured in five main business groups (see Figure 2 below): Mines, 
Front End, Reactors and Services, Back End, and, since 2006, a fifth growing entity unit for renewable 
energies, including the four following divisions: Wind, Bioenergy, Solar and Hydrogen and Energy 
Storage. By doing so, AREVA confirmed its determination to offer a mix of low carbon solutions for 
power generation in addition to nuclear, in order to fit the fluctuation in power consumption [3]. 

 
Figure 2 : AREVA´s corporate structure [3] 

1.2.2 AREVA Wind 
Based in Bremerhaven (North Germany) with offices in Bremen, Hamburg, Edinburgh and Paris, 

AREVA Wind is among the 5 major Wind Turbine Original Equipment Manufacturers in the offshore 
business in Europe with Siemens and Repower (Germany), Vestas (Denmark), and Alstom (France). 
The business unit is part of AREVA’s Renewable Energies business group, and remains the most 
profitable as it represents almost 70% of its sales revenues, as shown in Figure 3 :  

Figure 3 : 2012 Renewable Energies business group´s sales revenue (570 million €) [3] 

http://fr.wikipedia.org/wiki/Areva
http://www.areva.com/
http://www.areva.com/
http://www.areva.com/
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In 2007 AREVA Wind took over Multibrid GmbH, a German wind turbine manufacturer with 20 
years of experience in offshore wind turbines, followed by the acquisition of AREVA Blade in 2009 
(formerly PN Rotor) which designs and produces its own blades. With an assembly site for wind turbine 
generator in Bremerhaven and a blade production factory in Stade, the company now assembles (75% 
of the components are ordered from sub-suppliers), installs and commissions 5 and 8-Megawatt offshore 
wind turbines. 

Since 2009, AREVA Wind supplied and is providing services in a collaboration with the power 
German companies EWE, E.ON and Vattenfall, the first German offshore test wind farm “Alpha Ventus” 
in the North Sea, in 30 meters water depth and 45 km from the German cost. 

AREVA Wind is at a challenging moment as, in the coming years, around 120 turbines offshore are 
going to be commissioned. The company is also dealing with other future projects in parallel. But the 
situation is similar for most other wind turbine manufacturers, as offshore wind is a young and maturing 
industry.       

1.2.3 WPS department 
WPS is an AREVA Wind department than stands for Wind Plant Solutions. WPS is responsible 

for improving and quantifying the understanding of the customers’ business model and focusing AREVA 
efforts to maximize customer benefit. WPS is a member of every tender team and acts as the ”Voice of 
the developer” responsible for executing project specific BoP (Balance of Plant) and LCoE 
improvements. 

The WPS was created at the beginning of 2013 by Paul Haberlein and is now composed of George 
Nicol and Thibaut Martin, under the supervision of Aurélien Petitot, who took over after Paul Haberlein 
retired. The mission is to improve the internal BoP analysis capability and improve tender responses to 
reduce LCoE on different projects and thus increase customer value and maintain WTG sales margins. 

Indeed, the part dedicated to turbine design and production represents on average 25 % of the 
total cost of a wind farm. The WPS entity has for purpose to reduce those 75% remaining : this is the 
part the WPO is aimed at modelling in order to be able to give hints on where and how the LCoE can be 
significantly decreased. Further development of the WPO still remains one of the main tasks of the WPS 
department and all calculations, conclusions and reports are based on results it provides. 
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2. A front-end model for power export 

2.1 Building the model 

2.1.1 Paradigm 
As stated previously, the main goal of the model is not to provide the user with exhaustive cost 

figures or accurate design solutions, which remains the task of qualified engineers and is also highly 
contract-dependent, but to give quick and somewhat simplified though accurate and practically 
applicable estimates in order to feed the financial model rather than use assumptions. In this context, the 
results given by the Wind Plant Optimizer shall be viewed in terms of orders of magnitudes, sensitivities 
and comparisons of scenarios. 

From the turbine manufacturer’s point of view, these investments will never be effectively made by 
the company as they are out of its scope, but this information can be used to estimate the impact of 
decisions made at the turbine level, and also inform the client that better decisions may be taken 
regarding the balance of plant in order to reduce the cost of energy. By doing so, the turbine 
manufacturer also endorses a consultant role, which enhances its credibility and gives higher chances in 
winning tenders. 

2.1.2 Scope of the export module 
The first aspect one should keep in mind is that the export model is almost turbine-independent. 

Indeed, the scope of the model starts at the offshore substation and ends at the grid connection point. 
Thus, unlike intra-array cables, which are directly related to the number of turbines and their layout, 
regardless of the manufacturer, and which particular turbine model is chosen, the results will almost 
remain unchanged except by the capacity factor that is likely to vary slightly with the turbine configuration 
and the turbine power curve, and which will have an impact on electrical losses. For this reason, all the 
elements starting from the offshore substation up to the grid connection point have been gathered into 
one single module. 

Once the scope has been defined, one shall identify the different elements that are needed to 
achieve their goal of bringing power ashore. Four main parts have been identified, which are :  

 

• the offshore substation : an offshore platform similar to the ones used in oil and gas, drilled 
into the ground. It is the support of high voltage transformers, switchgears, reactive power 
compensation, auxiliary transformers and emergency diesel generators. In case of a DC 
transmission line, an AC to DC converter needs to be installed. Our model can count up to 
3 offshore substations. 
 

• the subsea export cables : XLPE isolated three-core cables for AC, bipoles for DC. They 
are buried into the ground at a depth usually between 0,5 and 2 meters. 
 

• the land export cables : XLPE isolated single-core cables for both AC and DC laid together 
in a common underground shaft. 
 



 

 

Optimization of electrical export infrastructure in offshore 
wind farms 

 

April 2015 Page : 17/53 

 

 Hugo Gaillard Master of Science in Sustainable Power Engineering KTH 
 

 

• the onshore substation : a usual electrical station with high voltage transformers, 
switchgears and reactive power compensation located at the grid connection point. In case 
of a DC transmission line, or low-frequency transmission (16,7 Hz), a DC to AC converter 
or a BtB frequency converter needs to be installed. Only one onshore substation is 
considered. 
 

This scope should easily be reduced in order to take into account cases where the wind farm is 
connected to an offshore hub, or where the scope of the developer is limited to collecting power on the 
offshore substation. For this reason, the final results should clearly be displayed according to the four 
different blocks. 

For each part, the study consists then in dimensioning elements, putting a price on their 
procurement, evaluating the cost of installation, and calculating the losses in AEP occurring while 
transmitting power ashore.  

2.1.3 Methodology 
The earliest phase in building the model has consisted in assessing all the relevant outputs to be 

provided. By doing so, one can thereafter figure out how detailed the model should be and which 
elements should be considered for calculations to be carried out. According to the level of complexity 
needed for a given calculation, which does not necessarily have to be high if for instance the required 
output has a small weight in the final breakdown, one is then able to build the set of equations and 
thereby identify the variables that have to be implemented as inputs. Once the technical aspect has been 
done, cost data need to be gathered. When such data were not available, then either assumptions have 
been made, or a statistical approach has been chosen.  

 

2.2 Required outputs 

In order to determine the right outputs the model should deliver, the easiest option is to get back to 
the formula of the LCOE, which in the end is meant to be the driving indicator for competitiveness. When 
looking at the formula, three types of outputs come right away to light : capital expenditures, also 
referred to as CAPEX, operation expenditures, also referred to as OPEX, and annual energy production, 
also called AEP.  

Moreover, as the model is meant to be integrated into a bigger one, it has to deliver technical 
specifications about some of the components, which will feed other modules. 

 

2.2.1 Capital expenditures 
The first and most obvious factor contributing to the calculation of the LCOE lies in the capital 

expenditures a given project will require. Not only the amount of capital is relevant, but also the 
breakdown according to the different elements needed to export power in order to figure out what could 
be the main leverages to reduce the LCOE.  

 

2.2.2 Operation expenditures 
As the operation and maintenance of the balance of plant are taken into account in another 

separate model, it has been assumed that no outputs concerning operating expenditures were needed. 
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2.2.3 Annual Energy Production 
By combining the wind distribution curve over one year and the power curve of the whole wind 

turbine, one obtains the annual energy production at the bottom of the turbine, just before electrical 
power is sent through array cables. In order to calculate the effective amount of energy that will be 
supplied at the grid connection point, it has to be decreased by a series of losses of various kinds. In the 
Wind Plant Optimizer, the following sources of losses have been considered : 

• Contract availability of the wind turbine : losses due to the time when the turbine is not working 
though it should be, due to failure of components or unexpected events leading to unscheduled 
maintenance. 

• Permitted downtime : losses due to the time when the turbine is shut down for scheduled 
maintenance purposes. 

• Internal wake losses : losses in available wind power due to the screening effect of wind turbines 
on one another within the wind farm. They usually amount up to 7-8%. 

• External wake losses : similar to internal wake losses, but caused by other obstructions nearby.  

• Turbine hysteresis : when wind happens to reach the cut-out wind speed, the turbine stops 
operating, and starts again only once the wind speed has gone below a given level, lower than 
the cut-out wind speed, which results in losses over the whole year compared to the theoretical 
power curve. 

• Transport and Distribution : all electrical losses from the bottom of the turbines down to the grid 
connection point. 

• Balance of plant availability : downtime losses due to failure of components in the balance of 
plant. 

• Grid availability : downtime losses due to the grid being unable to transmit the power supplied by 
the wind farm. 

Among them, it appears quite intuitively that two are related to the export part : Transport and 
Distribution losses, and Balance of plant availability. Consequently, our model shall provide with two 
main outputs related to AEP, which are electrical losses, mainly occurring in export cables and 
transformers, and aggregated availability of the whole set of installed components. 

However, availability analysis is more based on statistics rather than technical issues and is 
strongly dependent on other parts of the balance of plant through conditional probabilities and 
combinatory logic.  

 In addition, data and inputs are basically the same as for unscheduled maintenance of the 
balance of plant. Hence, the availability of the entire balance of plant has been integrated to the BoP 
O&M module and has not been taken into consideration in the export model. 

Therefore, the only output relative to the AEP turns out to be the electrical losses from cables, 
transformers, reactive power compensators and DC converters. 

2.2.4 Amount and rating of equipment 
As all the different parts of the Wind Plant Optimizer are linked together, it is crucial to understand 

the interactions between them. Given that the operation, maintenance and availability of the components 
directly depend on the amount and the dimensioning of the different elements, all the specifications of 
the components shall be available on the output spreadsheet. 
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3. Technology background 

3.1 Dimensioning 

3.1.1 Export cables 
The export cable refers to a cable linking the offshore substation to the onshore substation, which 

in this case is located at the grid connection point. The main concern about transmitting the power 
ashore is to ensure that cables are not subjected to very high currents, which would lead to serious 
damages caused by high temperature loads, and, in case of AC transmission, to entirely deliver the 
active power on the receiving end in spite of high capacitive effects related to buried subsea cables. 

It has been assumed that the cable, whether AC or DC, is of only one type. In other words, the 
cable is defined by its cross section, the conductor material (aluminum or copper) and the voltage it can 
handle. Hence, for every set of cable parameters, the purpose of dimensioning is to determine the 
number of cables needed to supply the onshore substation with active power while meeting the 
requirements that are described in the following.            

            

 
 Picture 1 : XLPE Submarine cables 

Source : ABB 
 

3.1.1.1 Thermal study : preventing the cable from undergoing damaging or destructive thermal loads  

As soon as an electrical current flows into a conductor, a volumic source of heat appears through 
the Joule effect. 

Depending on how the heat is then extracted, the temperature inside the conductor will vary. In 
order to understand the process of heat being extracted out of the cable, one should have a look at its 
structure and keep in mind that it is buried into the seabed. 

The usual criterion, on which current limitations are based on, requires the temperature in the 
conductor to remain under 90°C everywhere in the cable at steady state. Based on Fourier’s heat 
transfer equation at steady state, a maximum value for the current, called ampacity, is calculated and 
given in the cable supplier specifications. These values are given for typical values of soil thermal 
resistivity ( 1 K.m.W-1), burial depth (1 m) and soil temperature (20°C). Then, in order to reflect the 
impact of these parameters, rating factors are applied, resulting in a combined rated factor α.  
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Once the rated current has been calculated, one can determine the maximum rated power that can 
be sent into the cable. Regarding DC transmission, the formula giving the rated power is the simplest : 

 
𝑃𝑟𝑟𝑟𝑟𝑟 = 2𝑈𝐼𝑟𝑟𝑟𝑟𝑟  

 

As for AC transmission, the use of a three-phase current, the power factor and the capacitive 
effects of the line make it more complex to assess, and requires choosing an appropriate model for the 
transmission line, which is developed in the next part. 

 
Figure 4 : Heat extraction from core [4] 

 

3.1.1.2  Electrical study : modeling a three-phase AC transmission line 
 

It is well-known that Joule effect losses are considerably reduced using higher voltages. 
Unfortunately, reaching high voltages through transformers can only be achieved using AC current, as 
windings behave as simple wires and do not produce any induction under direct current. For this reason, 
AC transmission has most often been preferred to DC as it remains the cheapest way to carry electricity 
over long distances with acceptable losses. However, undesirable effects then appear such as creation 
or consumption of reactive power, propagation, harmonics etc… In addition, three-phase transmission 
allows to carry more power, with a total current equal to zero.  

Three-phase systems are commonly replaced by a single-phase equivalent for calculations. One 
shall still be careful using the different electrical quantities : 

𝑃3−𝑝ℎ𝑟𝑎𝑟 = 3𝑃1−𝑝ℎ𝑟𝑎𝑟 = 3𝑈1−𝑝ℎ𝑟𝑎𝑟𝐼1−𝑝ℎ𝑟𝑎𝑟 = √3𝑈𝐿𝐼1−𝑝ℎ𝑟𝑎𝑟 

In cable specifications, and in this model, the voltage considered is 𝑈𝐿, and thus shall the value of 
the voltage in all single-phase calculations be replaced by 𝑈𝐿

√3
. 
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Depending on technical specifications available and how accurate the results should be, different 
levels of modeling will be appropriate.  

Below are listed all the simplifications that have been made : 
• The transmission line model 

If one wants to describe what physically happens along the transmission line, one should 
consider a model with distributed constants, as shown on the sketch below : 
 

 
Figure 5 : The transmission line model [5] 

 

In this model, voltage and current are linked by a system of two coupled partial differential 
equations : 

−
𝛿𝛿
𝛿𝛿

= 𝑟𝑟 + 𝑙
𝛿𝑟
𝛿𝛿

 

−
𝛿𝑟
𝛿𝛿

= 𝑔𝛿 + 𝐶
𝛿𝛿
𝛿𝛿

 

After solving this system, we obtain : 
 

       �𝑉(𝛿)
𝐼(𝛿) � = �

cosh (𝛾𝛿) −𝑍0sinh (𝛾𝛿)
− 1

𝑍0
sinh (𝛾𝛿) cosh (𝛾𝛿) � �𝑉(0)

𝐼(0) �             Where 𝑍0 = �𝑟+𝑗𝑐𝑗
𝑎+𝑗𝐶𝑗

 and 𝛾 = �(𝑟 + 𝑗𝑙𝜔)(𝑔 + 𝑗𝐶𝜔) 

 

For a three-core cable, the capacitance is given by the following formula : 

 
 

 

𝐶 =
𝜀0𝜀𝑟

9ln (3𝑎2
𝑟2 . (𝑅2 − 𝑎2)3

𝑅6 + 𝑎6 )
  

 

 
Figure 6 : Cut-in view of a three-core cable used for capacitance calculation [5] 

However, as one can see, these equations require plenty of input values and the model turns 
out to be excessively precise. For this reason, it has given way to some simplifications. 
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• The equivalent Pi 

As the typical value for 𝛾 is around 10−4 − 10−5, and distances considered below 1000km, 
an AC transmission line is often represented by the Equivalent Pi model displayed on Fig. 7.  

Figure 7 : Equivalent Pi of an AC transmission line [5] 

Contrary to an aerial line, a subsea cable is highly capacitive, which results in the first order 
increase of the current overwhelming the first order collapsing of voltage. For practical 
applications, and in first order approximation, the capacitive effects of the cable are modeled 
by a charging current that flows along the length of the cable. Charging current, 𝐼𝑐ℎ𝑟𝑟𝑎𝑟 is 
defined as shown in the following equations : 

𝐼(𝛿) = 𝐼(0) − 𝑗𝐶𝛿𝜔𝑉(0) = 𝐼(0) − 𝑗𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿) 

𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿) = 𝐶𝛿𝜔𝑉(0) = 𝐶𝛿𝜔
𝑈𝐿
√3

 

In technical specifications, either the capacitance or the charging current per unit of length, or 
even both, are given (see Appendix A [6]).  

Basing calculations on this model and if one considers, for a given active power 𝑃, that the current 
sent into the cable enters with a phase shift 𝜑, then, the actual value of the current seen by the 
conductor becomes : 

𝐼𝑟𝑡𝑟(𝛿)2 = (𝐼𝑤𝑤𝑤𝑟 + 𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿)𝑠𝑟𝑛𝜑)2 + (𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿)𝑐𝑐𝑠𝜑)2 

Figure 8 : Sketch of complex currents in the cable  

As shown in the formula, this current is not constant along the cable, and reaches its maximum 
value at the receiving end.  
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Hence the maximum tolerated current is given by : 

𝐼𝑤𝑤𝑤𝑟,𝑚𝑟𝑚 = �𝐼𝑟𝑟𝑟𝑟𝑟2 − (𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟𝑐𝑐𝑠𝜑)2 − 𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟𝑠𝑟𝑛𝜑 

Where    𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟 = 𝐶𝜔𝐿 𝑈𝐿
√3

 

It appears clearly that the worst case is reached when 𝑠𝑟𝑛𝜑 > 0. For dimensioning cables, one 
should take into account the reactive power requirements from the grid. As a matter of fact, the grid 
operator may ask the utility to supply or to consume reactive power in order to keep the voltage stable on 
the grid. In most cases, the electronics in the wind turbines allows to control the power factor at the 
bottom. However, this reactive power still has to flow into the cable in order to be supplied at the grid 
connection point. Therefore, dimensioning of electrical components is usually done considering 
maximum phase shift requirements at full power (typically 𝛿𝑎𝑛𝜑𝑚𝑟𝑚 =  ±0,4).  

And so the maximum transmittable power is given by: 

𝑃𝑟𝑟𝑟𝑤𝑎 = √3𝑈𝐿𝐼𝑤𝑤𝑤𝑟,𝑚𝑟𝑚𝑐𝑐𝑠𝜑 = √3𝑈𝐿(�𝐼𝑟𝑎𝛿𝑟𝑑2 − (𝐼𝑐ℎ𝑎𝑟𝑔𝑟,𝛿𝑐𝛿𝑐𝑐𝑠𝜑)2 − 𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟𝑠𝑟𝑛𝜑)𝑐𝑐𝑠𝜑 

One can easily see that a maximum distance for transmitting power appears and is reached when 

 𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟 = 𝐼𝑟𝑟𝑟𝑟𝑟, which is defined as : 

𝐿𝑚𝑟𝑚 =
𝐼𝑟𝑟𝑟𝑟𝑟√3
𝐶𝜔𝑈𝐿

 

The following graph shows the transmittable power versus distance to shore for different voltage 
values : 

Figure 9 : Power transmission capacity vs distance [7] 

 

Two elements can be noticed in Fig. 9. First, for a given voltage and to a smaller extent for a given 
cable section, beyond a certain distance no power at all can be transmitted to the receiving end. 
Secondly, as capacitive effects increase along with voltage, a negative aspect of using high voltages 
appears. As a conclusion, higher voltages allow greater loads to be sent in one single cable, with 
reduced losses but over shorter distances. 
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3.1.2 Reactive Power Compensation 
As explained previously, the high capacitive behavior of the subsea cables has to be compensated 

in order to keep the power factor close to 1. It is usually done thanks to a bank of shunt reactors located 
at the receiving end or at both ends, which then allows twice as long transmitting distances. The total 
amount of reactive power created in the export cable needs to be calculated in order to properly 
dimension the inductance that would consume it : 

 

𝑄𝑐𝑟𝑟𝑟𝑟𝑟𝑟 = √3𝑈𝐿𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟 = 𝐶𝜔𝐿𝑈𝐿2  ,   in MVAr 

 

As the reactive power created in the cable does not depend on the load, as shown in the previous 
equation, fixed shunt reactors can be used in order to cancel the capacitive effects. The variable 
component of the reactive power, both required by the grid and consumed by the low but not negligible 
inductance of the line (𝑄𝐿 = 𝑙𝜔𝐿 𝑃2

𝑈𝐿
2), is then generally compensated inside wind turbines through reactive 

power control.  

Two types of compensation have been considered in this study: single-end and double-end 50-50.  

Single-end consists in one single bank of shunt reactors set at the receiving end of the cable, with an 
equivalent reactance of = 𝑈𝐿

2

𝑄 𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 1

𝐶𝑗𝐿
 , which basically brings the phase shift back to its value at the 

sending end of the cable. Still, it appears more relevant to install two banks of reactors; the first half of 
the reactive power being pre-compensated at the sending point, the second half at the receiving end. By 
doing so, the maximum value of the transversal current is divided by two (see Figure 10) and the 
effective result is as if the cable were twice shorter. 

 
Figure 10 : Total current seen by conductor vs cable length under single and double-end compensation [4] 
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Figure 11 : Maximal power transmission vs distance under single and double-end compensation [4] 
 

On the other hand, installing reactive power compensation on an offshore substation still remains 
more expensive than onshore. For this reason, the user shall still be able to choose between single-end 
and double-end compensation. 

Figure 12 : Equivalent Pi of long line enables easy understanding of double-end compensation [8] 

3.1.3 Transformers 
The voltage at the bottom of the wind turbines is usually 33 kV, and some studies are currently 

being led in order to determine whether using 66 kV would be a more profitable option. This voltage 
range is called Medium Voltage (MVAC) and is used for intra-array cabling purposes. For small-scale 
projects (~10 WTG) near the shore (<10 km), it has been confirmed that MVAC should be chosen to 
directly bring the power ashore without any transformers in between. In other cases, for large-scale or 
remote wind farms, which are much more what the WPS department is dealing with, one or several 
offshore substations shall be installed to host high-voltage transformers, raising the voltage from 33/66 
kV to 132/150/220/400 kV, referred to as High Voltage (HVAC).  

The main issue in dimensioning transformers is matching their total installed capacity (expressed in 
MVA) with the nominal installed complex power  𝑆𝑤𝑡𝑚 = 𝑃𝑛𝑛𝑛

cos𝜑
 , the phase shift used here being the 

maximum requirements from the grid, as the transformer is required to cope with extreme reactive power 
requirements. By experience, the typical capacity ranges between 100 and 240 MVA.  
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Then, one can either choose to have fewer but more powerful transformers, or a larger number but 
smaller ones. There are actually competitions going on as overpowering leads to lower losses, and 
having more units decreases the risk of disruptions. This is why, in addition to adjusting the capacity of 
transformers to the installed nominal power of the wind park, the amount and capacity of units has to be 
supplied in the outputs in order to feed the availability and O&M module for further holistic optimization at 
the WPO level. 

If capacity has a direct impact on the transformer’s procurement cost, which is developed in part 
4.2.2, voltage ratio and frequency are two parameters that play a significant role in estimating the weight 
and also the procurement cost. Indeed, in addition to procurement cost, the transformers’ weight will be 
a driving factor for dimensioning the topside steel structure of the substation. In order to understand 
better the impact of voltage and frequency, one shall consider Boucherot’s formula, giving the induced 
voltage in a transformer: 

𝑈 =  4,44 𝑛𝑛𝑓𝐵𝑚𝑟𝑚 
 

            Where    𝑈 =  induced voltage   

                A = iron cross section 

                                                𝑛 = number of copper windings 

       𝑓 = current frequency 

           𝐵𝑚𝑟𝑚 = maximum induction 
 

Figure 13 : The Boucherot formula [9] 

If, for instance, the frequency is divided by 3:  𝑓 ← 𝑒
3
 , as 𝐵𝑚𝑟𝑚 is limited due to iron saturation, 𝑛𝑛 

shall be multiplied by 3. This can be done in several ways:  𝑛𝑛 ← 3𝑛𝑛 =  (3𝑚𝑛) ∗ (31−𝑚𝑛), the mass of 
iron and copper then becoming :   𝑚𝐹𝑟 ← 31−𝑚 𝑚𝐹𝑟  ,   𝑚𝐶𝐶 ← 3𝑚+

1−𝑥
2 𝑚𝐶𝐶 . Hence, by knowing the 

characteristics of a transformer for a given frequency 𝑓, the optimal weight of a transformer operating at 
frequency 𝑒

𝜆
 can be estimated by minimizing the total weight   𝜆1−𝑚 𝑚𝐹𝑟 + 𝜆𝑚+

1−𝑥
2 𝑚𝐶𝐶 according to 𝛿. As 

most transformers operate at 50Hz, this method has been used to calculate weight and thus cost 
estimates when switching from 50 to 16.7Hz, when no transformer manufacturer specifications were 
available. 

As regards voltage dependence, much more data were available from transformer manufacturers 
and they have been either directly used, or statistically extrapolated.  

3.1.4 HVDC Converter 
An HVDC converter system consists in two converter stations, one rectifier and one inverter. The 

rectifier terminal, which would be offshore in this case, takes electric power from the inter array, brings it 
to a higher voltage, converts it to DC and transmits it by a DC link to the inverter onshore terminal that 
converts it back to AC and feeds it in the grid.  

There are two main types of converters : Line Commuter Converter and Voltage Source Converter. 
Since the first VSC transmission was installed in Hellsjön, Sweden in 1997 [7], they are now 
commercially available and range up to 1200 MW and ± 500 kV. Compared to converter losses for LCC, 
which range between 1 and 2%, VSC has a higher power loss of around 4-5%, but there are a couple of 
benefits that the LCC cannot match. HVDC VSC systems can independently control active and reactive 
power at each terminal, and the transmission could be controlled with greater flexibility. It can even start 
with a dead grid. Thus, VSC is more suitable for offshore applications and have become the standard on 
the offshore wind market. For these reasons, only the VSC option has been considered here. Besides, 
as the thorough design of the converter is out of our scope, it is considered as a black box, whose cost 
and specifications depend on power and voltage, based on manufacturers and public reports. 
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3.1.5 Substation structure 
This part had already been outsourced to a consultancy of offshore structure experts. The outcome 

is a set of spreadsheets that has been incorporated into the model. In addition, some modifications have 
been implemented in order to reflect the impact of frequency and voltage on transformers’ size, which 
thereafter requires a bigger topside structure. 

A typical offshore substation is composed of two separate parts: the subsea structure and the 
topside structure.  

The subsea structure is very similar to the ones the wind turbines are erected upon, and can be of 
different types : monopile, jacket, gravity base. For large-scale projects, jacket or sometimes jack-up 
structures are preferred. For this reason, the substation structure model takes only into consideration 
jacket and jack-up structures. The jack-up structure differs from the jacket structure in the sense that the 
topside can be moved up and down along four vertical piles tied together by a frame at the bottom.  

The study led by the experts has shown that dimensioning the substructure essentially depends on 
water depth and soil profile, but quite surprisingly not on the topside weight and amount of equipment 
installed on the substation, the driving loads remaining mainly the waves. This is a key difference with 
wind turbine substructures, which undergo high loads due to the great lever of the tower. Therefore, only 
water depth, soil profile (i.e. sand or clay) and structure type (jacket or jack-up) have been identified as 
inputs. The model then provides with the mass of manufactured material, which will be used later on to 
estimate the total procurement cost of the structure.                                      

Picture 2 : AC substation with jacket substructure 
Source : RWE 

 
As regards the AC substation topside, its dimensioning is mostly driven by the installed power 

connected to the substation. A statistical approach has been adopted by the consultants and it has 
turned out that the weight of the topside follows an exponential law as towards the installed capacity, 
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which results in a usual upper limit of 600 MW for offshore substations. For greater installed capacities, 
several substations are erected. Moreover, three levels of equipment have been modelled : non-
equipped, partly-equipped (storage facilities) and fully-equipped (storage facilities and helideck), which 
impact on the deck area, and therefore on the topside structure weight. However, the impact of heavier 
transformers due to lower current frequencies or higher voltage ratio had not been taken into account, 
and thus an elasticity calculation has been done, using figures from a Vattenfall study [9] showing that 
transformers 2-2,5 times heavier lead to a 60% increase of the topside weight. 

Concerning HVDC converter substation, it has been assumed that the converter occupies a given 
area : 3000 m². The amount of steel needed is then estimated and enables to dimension the topside 
structure. 

Picture 3 : Borwin Alpha offshore converter station   
Source : courtesy of ABB 

3.1.6 Others 
In addition to all the equipment that has been described above, extra systems are necessary to 

match with safety, operation and control requirements, the main ones being : 

• Switchgears, which operate as circuit breakers in case of short-circuit, or can be intentionally 
opened in order to isolate a certain part of the electrical infrastructure to proceed to maintenance. 
Location and amount of switchgears vary considerably from one project to another, depending on 
the bus configuration. In our model, basic bus layout and maximum safety has been assumed : 
two MVAC switchgears per string, one HVAC switchgear per transformer and one per export 
cable.  

• Auxiliary transformers for bringing down voltage in powering equipment on substation. 
• Control and instrumentation systems, along with a communication unit. 
• An emergency diesel generator for keeping the substation operational in case of emergency. 
• Sea-water-based fire-extinguishing equipment. 
• Staff and service facilities. 

Except for switchgears, these elements have been gathered into one single category referred to as 
"Others", whose cost will only depend on installed capacity, based on estimates from public studies 
made by offshore wind consultancies. 
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3.2 Losses 

While dealing with electrical losses, one should pay attention to the statistical structure of the 
problem. For instance, for a given voltage, load losses, such as ohmic losses in cables or copper losses 
in transformers, depend on the square of the electrical power supplied by wind turbines. Therefore, while 
calculating annual losses starting from nominal values, the value of the exponent of the power should be 
carefully taken into consideration in order not to deteriorate the accuracy of the statistics available. For 
that purpose, it is crucial to introduce what will be called the “quadratic loss factor” 𝑐2: 
 

𝑐2 =  
〈𝑃2〉
𝑃𝑤𝑡𝑚2 =

〈𝑃〉2 + 𝑉𝑎𝑟(𝑃)
𝑃𝑤𝑡𝑚2 = 𝑐2 + (

𝜎
𝑃𝑤𝑡𝑚

)2 

Hence, not only the capacity factor has to be provided, but also the loss factor, or the standard 
deviation. If no power curve or wind data is available, then the only way to proceed is obviously to 
assume that 𝑐2 = 𝑐2, but losses are then underestimated. As much as possible, 𝑐2 should be calculated 
starting back from the power curve and the wind data : 
 

𝑐2 =
∫ 𝑃2(𝛿)𝑓(𝛿)𝑑𝛿∞
0

𝑃𝑤𝑡𝑚2  

The same operation shall be done for each different exponent of the power involved in the 
calculations. As matter of fact, it appears that only the first and second degrees are needed. 

Eventually, when calculating the average losses over the year starting from instant power losses, 
the following operations shall then be done: 

𝑃 ← 𝑐𝑃𝑤𝑡𝑚                     𝑃2  ←  𝑐2𝑃𝑤𝑡𝑚2  
 

Moreover, as total losses are expected to remain below around 5%, they have been calculated 
everywhere based on the electrical power delivered at the bottom of the turbines and simply added, 
which corresponds to a first order approximation commonly used for industrial efficiency calculations : 

𝑃𝑡𝐶𝑟 = 𝑃𝑤𝑤�(1 − 𝜂𝑤) = 𝑃𝑤𝑤(1 −�𝜂𝑤
𝑤

+ 𝑂𝑤,𝑗�𝜂𝑤𝜂𝑗�)
𝑤

 

 

3.2.1 Export cables 
The main source of losses in cables is quite intuitively ohmic losses taking place in the conductor. 

Although other types of losses related to the structure of the transmission line may be considered 
(dielectric losses, induced current in metallic sheath and armoring etc..), they have been neglected, as is 
usually the case when wind farm cabling is concerned.  

Concerning DC transmission, as the current remains unchanged along the cable, the power losses 
can directly be calculated as follows : 

 

𝑃𝑐𝑡𝑎𝑎𝑟𝑎 = 2𝑛𝑟𝐿𝐼2 = 𝑟𝐿
𝑃2

2𝑛𝑈2
 

 

And then the average loss ratio in the Annual Energy Production is given by : 
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𝜂𝑐𝑟𝑐𝑐𝑟 = 𝑟𝐿
𝑐2
𝑐
𝑃𝑤𝑡𝑚
2𝑛𝑈2  

As for AC transmission, the calculation turns out to be more complex due to the fact that the value 
of the current varies along the length of the cable. Therefore, losses need to be estimated locally, and 
then integrated over the entire length of the transmission line. Using the local value of the current 
calculated previously (see 3.1.1.b), the local ohmic losses in one three-core cable amount to : 

𝜌𝑐𝑡𝑎𝑎𝑟𝑎(𝛿) = 3𝑟𝐼𝑟𝑡𝑟(𝛿)2 = 3𝑟�𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿)2 + 𝐼𝑤𝑤𝑤𝑟2 + 2𝐼𝑐ℎ𝑟𝑟𝑎𝑟(𝛿)𝐼𝑤𝑤𝑤𝑟𝑠𝑟𝑛𝜑� 

 

𝜌𝑐𝑡𝑎𝑎𝑟𝑎(𝛿) = 𝑟(𝐶𝜔𝑈𝐿)2𝛿2 + 𝑟 �
𝑃

𝑛𝑈𝐿𝑐𝑐𝑠𝜑
�
2

+ 2𝑟
𝑃
𝑛
𝐶𝜔𝛿𝑎𝑛𝜑 𝛿 

 

As one can see in the previous equations, a lineic resistance has been considered. This implies 
that this data is available in the cable specifications as it is the case in Appendix A. 

In case it is not, one can calculate it starting from the volumic resistivity of the conductor. However, 
the skin effect shall not be forgotten. Indeed, using alternative current gives source to induced eddy 
current inside the conductor, which leads to the current only flowing in an outer ring, the “skin”. Thus, the 
effective section area that is used to estimate the resistance is reduced and is given by : 

 

𝑠𝑟𝑒𝑒 = 𝑠 − 𝜋(𝑅 − 𝛿)2     𝑤ℎ𝑟𝑟𝑟      𝛿 = � 2
𝑗.𝜇.𝜎

   

𝑎𝑛𝑑 𝛿ℎ𝑢𝑠     𝑟 = 1
𝜎𝑎𝑐𝑒𝑒

 

 
Figure 14 : Skin effect under alternating current [10] 

 

After integrating and multiplying the losses by the amount of cables, the losses in the cable are 
thus equal to: 

𝑃𝑐𝑡𝑎𝑎𝑟𝑎 = 𝑛� 𝜌𝑐𝑡𝑎𝑎𝑟𝑎(𝛿)𝑑𝛿
𝐿

0
= 𝑛𝑟(𝐶𝜔𝑈𝐿)2

𝐿3

3
+
𝑟𝐿
𝑛
�

𝑃
𝑈𝐿𝑐𝑐𝑠𝜑

�
2

+ 𝑟𝑃𝐶𝜔𝛿𝑎𝑛𝜑 𝐿2 

𝑃𝑐𝑡𝑎𝑎𝑟𝑎 =  𝑟𝐿 �𝑛𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟
2 + 1

𝑤
� 𝑃
𝑈𝐿𝑐𝑡𝑎 𝜑

�
2

+ 𝑃√3
𝑈𝐿

𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟𝛿𝑎𝑛 𝜑 �         (𝑠𝑟𝑛𝑔𝑙𝑟 − 𝑟𝑛𝑑 𝑐𝑐𝑚𝑐𝑟𝑛𝑠𝑎𝛿𝑟𝑐𝑛)                                            

 

http://upload.wikimedia.org/wikipedia/commons/c/c7/Skineffect_reason.svg
http://upload.wikimedia.org/wikipedia/commons/6/61/Skin_depth.svg


 

 

Optimization of electrical export infrastructure in offshore 
wind farms 

 

April 2015 Page : 31/53 

 

 Hugo Gaillard Master of Science in Sustainable Power Engineering KTH 
 

 

In case of double-end reactive power compensation, as the distribution of the charging current is 
an odd function with respect to the middle of the cable, the integral of the linear term is equal to zero. In 
addition, the maximum value of the charging current is divided by two, which leads to significantly lower 
losses : 

𝑃𝑐𝑡𝑎𝑎𝑟𝑎 =  𝑟𝐿 �
𝑛𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟

2

4
+

1
𝑛
�

𝑃
𝑈𝐿𝑐𝑐𝑠 𝜑

�
2
�         (𝑑𝑐𝑢𝑑𝑙𝑟 − 𝑟𝑛𝑑 𝑐𝑐𝑚𝑐𝑟𝑛𝑠𝑎𝛿𝑟𝑐𝑛) 

Over the year, the value of the power factor varies depending on the reactive power demand from 
the grid. Contrary to cable dimensioning, the average value of φ shall be used. Therefore, it has been 
added as an input, in case it is not equal to 1, which is still assumed if no data is available. The average 
loss ratio in the AEP is then given by : 

𝜂𝑐𝑟𝑐𝑐𝑟 = 𝑟𝐿 �
𝑛𝐼𝑐ℎ𝑟𝑟𝑎𝑟,𝑟𝑡𝑟

2

𝑐𝑃𝑤𝑡𝑚
+
𝑐2
𝑐

𝑃𝑛𝑐𝑚
𝑛(𝑈𝐿𝑐𝑐𝑠 𝜑)2 +

�3
𝑈𝐿

𝐼𝑐ℎ𝑎𝑟𝑔𝑟,𝛿𝑐𝛿𝛿𝑎𝑛 𝜑 �          (𝑠𝑟𝑛𝑔𝑙𝑟 − 𝑟𝑛𝑑) 

𝜂𝑐𝑟𝑐𝑐𝑟 = 𝑟𝐿 �
𝑛𝐼𝑐ℎ𝑟𝑟𝑎𝑟 ,𝑟𝑡𝑟

2

4𝑐𝑃𝑤𝑡𝑚
+
𝑐2
𝑐

𝑃𝑛𝑐𝑚
𝑛(𝑈𝐿𝑐𝑐𝑠 𝜑)2�               (𝑑𝑐𝑢𝑑𝑙𝑟 − 𝑟𝑛𝑑) 

When more cables are used, greater losses due to capacitive effects of the cables occur but load 
losses are reduced. Besides, it appears that the higher the installed capacity of the substation the 
greater the load loss ratio but the lower the capacitive no-load loss ratio. 

3.2.2 Transformers 
Transformers also yield two types of losses: no-load losses, also referred to as iron losses, and 

load losses, also known as copper losses. The former appear as soon as a potential difference is applied 
at the poles of a transformer and remain somewhat constant, no matter how much current is flowing, 
whereas the latter result from the Joule effect in windings and are proportional to the square of the 
transmitted power.  

   Figure 15 : The iron core is laminated in order to reduce eddy currents [11] 

 

The so-called iron losses refer to the eddy current and hysteresis phenomena occurring inside the 
iron core. As a matter of fact, due to induction, eddy currents appear and give birth to Joule losses in the 
core. This is the reason why laminated iron cores are used, in order to reduce these eddy currents. The 
second source of losses is hysteresis: the inverting magnetic flow makes the iron re-orientate, which 
occurs with frictions, and thus leads to losses. This is why electrical steel is preferred to regular iron as 
its hysteresis cycle has a much thinner area. These two effects depend on the voltage and the frequency 
of the current flowing in the windings, and therefore can be considered as no-load losses. For practical 
use, in technical specifications given by transformer manufacturers, one single figure is provided for all 
no-load losses for given voltages and frequencies, which we will call 0P . 

 

http://upload.wikimedia.org/wikipedia/commons/a/ad/Lamination_eddy_currents.svg
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Copper losses, on the other hand, are much more dependent on the load as they mainly come 
from Joule effect losses in the windings. Eddy currents are also present in the windings, but to a much 
more negligible extent, and are most of the time not taken into consideration. Therefore, transformer 
manufacturers usually provide with the value of load losses at full load, which we will call WP . For a given 
active power P , load losses are then given by: 

2 2

max max cosload W W
S PP P P

S S ϕ
   

= =   
   

 

Eventually, the average loss ratio in the AEP, when n transformers are used, can be expressed by 
the following formula: 

 
( )

0 2
2

max cos
nom W

transfo
nom

nP c P P
cP nc S

η
ϕ

= +   

3.2.3  HVDC Converters 
Losses in VSC HVDC converters are extremely significant, usually between 3 and 5 %, compared 

to all other losses and will be a key factor in the optimization process. It accounts for the reluctance to 
switch to DC power transmission for short distances or small-scale projects, especially given the great 
capital expenditures HVDC transmission implies.  

In order to estimate these losses and their dependence on instant power, a regression has been 
used, based on published losses of operating projects Murraylink and Cross Sound Cable [4]. The most 
accurate model turned out to be the following : 

𝑃𝑐𝑡𝑎𝑎,𝑐𝑡𝑤𝑐 = 𝑃0,𝑐𝑡𝑤𝑐 + 𝜂𝑐𝑡𝑤𝑐𝑃 

𝜂𝐷𝐶 =  
𝑃0,𝑐𝑡𝑤𝑐

𝑐𝑃𝑤𝑡𝑚
+ 𝜂𝑐𝑡𝑤𝑐  

This formula clearly shows that the greater the installed capacity of the project, the lower the loss 
ratio of the converter. Hence, it appears that switching to DC will be justified for large-scale wind parks. 

 

3.2.4 Others 
The remaining sources of losses happen to be reactive power compensation, auxiliary 

transformers and switchgears. The latter two turn out to be negligible. Reactive power compensation, 
though, may imply some losses. Considering shunt reactors, power losses are proportional to the 
reactive power to be compensated, according to the following formula [4] : 

 

𝑃𝑐𝑡𝑎𝑎 =  𝜀𝑄𝑐𝑟𝑟𝑟𝑟𝑟𝑟   ;           𝜀 ≈ 0.15 % 
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4. Inputs and data 

4.1 Technical inputs and data 

4.1.1 Project/client-dependent inputs 
These inputs are the most likely to be modified each time the model will be used. They refer to the 

characteristics of the project and the requirements specific to each client. Table 1 draws the list of 
parameters, with the expected impact they can have on the final results. 

Parameter Range and unit Main expected impacts 

Installed capacity  200-1200 MW • Size and cost of substation topside 

• Losses 

• Dimensioning of export cables 

Distance to shore 10-150 kilometers • Dimensioning and cost of subsea cables 

• Installation of subsea cables 

• Dimensioning and cost of reactive power 
compensation 

• Electrical losses 

Distance from shore to grid 
connection point 

0-60 kilometers • Dimensioning and cost of land cables 

• Dimensioning and cost of reactive power 
compensation 

• Electrical losses 

Maximum power factor 
(grid requirement) 

0.9-1.0 • Dimensioning of cables 

Grid voltage 220/400 kV • Need for transformers at onshore 
substation 

• Cost of transformers 

Average power factor ± 0.9 • Electrical losses 

Type of structure Jacket/Jack-up • Cost of substation 

Equipment on substation • Non/Partly/Fully-equipped 
• Crane capacity 8/30 tons 
• Helideck type1/2 

• Cost of substation 

Subsea cable burial depth 0,5-2 meters • Ampacity of export cables 

Soil temperature 15-25 °C • Ampacity of export cables 

Soil thermal resistivity 0,8-1,2 K.m.W-1 • Ampacity of export cables 

Soil hardness 0-100 %  • Installation costs of cables 

Table 1 : List of inputs depending on the considered project and the client's requirements 
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4.1.2 Results from WPO modules 
As explained above, some parameters are direct results from other modules of the Wind Plant 

Optimizer. When using our module alone, they become inputs and can be set by hand. When running 
the whole model, they are set automatically by macros linking the different modules one to another. 

Parameter Feeding module Main expected impacts 

Capacity factor    𝑐 Micro-siting department • Value of the AEP 

Loss factor    𝑐2 Micro-siting department • Average AEP losses 

Intra-array voltage  𝑈𝑤𝑤 Intra-array cabling model • Cost and weight of offshore 
transformers 

Intra-array reactive power  𝑄𝑤𝑤 Intra-array cabling model • Dimensioning and cost of 
offshore reactive power 
compensation 

Number of connected strings Intra-array cabling model • Number of switchgears on the 
offshore substation 

Water depth at substation Intra-array cabling model • Cost of substation subsea 
structure 

Soil profile at substation (Sand or Clay) Intra-array cabling model • Length and cost of substation 
piles 

Table 2 : List of inputs provided by other modules of the Wind Plant Optimizer 

4.1.3 Technical specifications 
These are data inherent to components. Public data from manufacturers or specifications from 

suppliers on previous projects have been used. They may be modified at all times if better specifications 
are available, or another manufacturer has been chosen. However, this operation is expected to happen 
quite seldom. For these reasons, they appear on data spreadsheets, and not on the input panel. 

Parameter Unit 

Maximum rated current  𝐼𝑟𝑟𝑟𝑟𝑟  A 

Lineic resistance  r Ω/km 

Lineic capacitance   C μF/km 

Iron losses in transformers   𝑃0 MW 

Nominal copper losses in transformers 𝑃𝑊 MW 

Loss factor in reactive power compensators   𝜀 % of Q 

Fixed losses in HVDC converter  𝑃0,𝑐𝑡𝑤𝑐 MW 

Variable  losses in HVDC converter     𝜂𝑐𝑡𝑤𝑐 % 

Table 3 : List of technical specifications needed for running the model 
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4.1.4 Optimization parameters 
Optimization parameters correspond to inputs that can be set by the user and that have competing 

effects, leading to trade-offs.  
 

Parameters Range - Unit Positive effects Negative effects 

Current type AC / DC • No transmission 
distance limitation 

• No reactive power 
compensation 

• Higher transmission 
capacity 

• Need for expensive DC 
converters 

• High losses in converters 

Frequency • 16,7 / 50 Hz  • No need for a frequency 
converter at the onshore 
substation 

• Lighter and cheaper 
transformers 

• Greater capacitive effects 

• Higher losses due to 
greater skin effect 

Export voltage • AC : 132/155/220 kV 

• DC : ±150/300/500kV 

• Lower Joule losses 

• Higher transmitting 
capacity 

• Higher costs for cables, 
transformers 

• Heavier transformers, 
thus heavy and expensive 
substation topside 

• Shorter transmitting 
maximum distance (if AC) 

• Higher creation of reactive 
power in cables (if AC) 

Cable section 240-3000 mm² • Lower Joule losses 

• Higher capacity 

• Higher costs for cables 

Conductor type Aluminum/Copper • Lower Joule losses 

• Higher capacity 

• Higher costs for cables 

Compensation type 
(if AC) 

Single-end/Double-end • Longer transmitting 
distance 

• Less creation of reactive 
power in cables 

• Higher costs for reactive 
power compensation 

Transformer 
capacity 

100-240 MVA • Fewer units 

• Lower losses when over-
dimensioning 

• Lower availability 

• Higher costs when over-
dimensioning 

Transformer 
redundancy 

0-100% of installed 
capacity 

• Higher availability • Higher costs for 
transformers & for 
maintenance 

Table 4 : List of optimization parameters and their impacts on the outputs 
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When using the export model alone, no real optimization is being done as it is meant to be 
descriptive, and thus these inputs do not differ from previous ones. Nevertheless, when running the 
whole WPO they become optimization variables and thereby levers for reducing LCOE.  

The input spreadsheet of the model is available in Appendix B.1. 

 

4.2 Procurement costs 

Procurement costs refer to the capital expenditures related to the purchase of components from 
manufacturers. Unfortunately, due to the large scale of projects, most of them apply case by case pricing 
or sell packages, and it often turns out impossible to obtain exact prices for specific components and 
determine how they vary according to technical specifications. Hence, when such data were not 
available, statistical extrapolation or assumptions have been made. These chapter then focuses on all 
the data that were actually available and have been collected, along with those extrapolations and 
assumptions needed in order to build up the whole set of inputs regarding procurement costs. 

4.2.1 Export cables 
Procurement costs for export cables are given as a price per meter of cable.  

AREVA had previously purchased price data for 33 and 66 kV copper cables from ABB. Besides, 
procurement costs for some cable types were known in the frame of tenders AREVA Wind was taking 
part in. In order to estimate the price for other voltages and cable sections, regressions have been used. 
In addition, the following assumptions have been made : 

• For given section and voltage, considering material density, average metal price over recent 
years and share in the cable's cost breakdown, aluminum cable turns out to be on average 11 % 
cheaper than copper cable. 

• Switching from three-core cable to bipole DC link, with unchanged voltage and section, is 
assumed to decrease cost by 25%. 

These inputs have been gathered on a spreadsheet displayed in Appendix B.2. 

4.2.2 Transformers 
As it has been said in part 3.1.3, cost of transformers depend on three main parameters : capacity, 

voltage ratio, and frequency. Costs were available for different capacities of 132/33 kV - 50 Hz 
transformers. Therefore, it has been assumed the following :  

 

𝐶 ∝ �
𝑈𝑡𝐶𝑟
𝑈𝑤𝑤

�
𝛼
𝑓𝛽 

 

Elasticity for each parameter has been estimated using the Boucherot formula (see 3.1.3) and 
values are available in Appendix B.3. 

4.2.3 Switchgears 
Prices for switchgears are assumed to depend only on the voltage under which they will operate. 

The figures are based on average values given in study [12] . 
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4.2.4 Reactors 
Prices for shunt reactors are assumed to depend linearly only on the reactive power in MVAr they 

create (see Appendix B.3.). 

4.2.5 HVDC Converter 
As HVDC converters are viewed as a box in our model, an average price per installed MW has 

been considered, depending on the DC voltage to be sent and whether the converter is located onshore 
or offshore (see Appendix B.3.). 

4.2.6 Substation structure 
This part has been outsourced to a consultancy of offshore structure experts, who already came up 

with figures concerning procurement costs. 

For each part of the structure, a certain mass of metal has been estimated, along with a price for 
manufactured metal. The cost is then obtained by multiplying these two figures. Only the amounts of 
metal composing all the different parts vary according to water depth and installed capacity on top of the 
structure. Extra fixed costs are in the end added up in case of a partly or fully-equipped substation.  

A detailed table of all costs of the substation structure is available in Appendix B.4. 

4.2.7 Others 
Costs of all other components installed both on the offshore and onshore substations have been 

summed into one single figure per MW of installed capacity (see section 3.1.6.).  
 

4.3  Installation costs  

In addition to procurement costs, installation costs shall also be taken into account. Indeed, once 
all the elements have been purchased, a significant share of the capital expenditures goes into building 
foundations, installing substations, laying cables, setting up all components and commissioning the farm. 
For this model, only most significant expenditures that may vary between scenarios have been taken into 
consideration and are described below. 

4.3.1 Offshore cables  
It appears quite obvious that installation costs will vary considerably depending on the number of 

subsea cables and the distance they shall cover. For these reasons, the main issue has been to 
estimate the cost of laying one meter of cable and, as it is often the case,  it has been split into fixed and 
variable costs.  

For what concerns laying and burying subsea cables, fixed costs turn out to be the mobilization of 
uncommon or oversized equipment such as installation barge or subsea plough along with specifically 
qualified crew. No matter the duration of the operation, in-advance booking of such equipment, staffing 
qualified personnel and negotiating contracts has been assumed to represent a significant fixed amount 
of capital expenditures. 

As regards variable costs, they are based on day rates for hiring vessel, plough and crew. Hence, 
a laying speed had to be defined, as the length of cable laid per day, in order to determine the total 
theoretical laying time.            

Different speeds have then been assumed according to soil hardness. Then, the duration of 
loading the cables at the harbour has also been taken into account. Eventually, as weather conditions 
may sometimes prevent vessels from operating, an extra weather downtime is added, during which a 
stand-by day rate is applied. 
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Detailed figures and calculations are available in Appendix B.5.                                                                                         

 
       Picture 4 : Cable laying vessel.  

Source : jandenul.com   

 

Picture 5 : Submarine trenching plough. 
Source : subseacablesuk.org.uk 
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4.3.2 Land cables  
Burying land cables is a way more common procedure with loads of existing examples, meaning 

more reliable data. Besides, no unusual equipment that would yield high mobilization costs is needed. 
For these reasons, a simple average cost per meter of buried cable has been considered (see Appendix 
B.5.). 

Picture 6 : Burial of land cables.  
Source : channelcable.co.uk 

 

4.3.3 Substation substructure  
Installing the substation substructure is the same process used for installing substructures of wind 

turbines, only the size being bigger. The main steps of the operation have been identified to be : loading 
the structure on a barge, bringing it into far sea and piling it down into the seabed. Here again, heavy 
equipment such as installation vessels, cranes and pile hammers give way to significant mobilization 
costs, along with variable costs depending on the number of days needed to complete the operation. In 
order to estimate the duration of the operation, a theoretical duration has been calculated based on 
vessel, lifting and piling speeds, the distance to shore being a key factor here, and on top of that, a 
weather downtime has been added. 

 

Detailed figures and calculations are available in Appendix B.6. 

4.3.1 Substation topside  
Regarding the substation topside, it is assumed to be fully assembled onshore, and the main issue 

of installing it lies in transporting the whole topside on a barge, lifting it with a crane and fastening it on 
top of the substructure, which once again requires specialized and costly equipment. A similar approach 
to the previous one has been adopted, including fixed mobilization costs and variable costs computed 
from day rates and various proceeding speeds. 

 
 

Detailed figures and calculations are available in Appendix B.6. 
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Picture 7 : Lifting and drowning a jacket substructure.  
Source : dantysk.vattenfall.com   

 

Picture 8 : Lifting the topside and placing it onto the substructure.  
Source : windpoweroffshore.com 
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5. Results 

5.1 Validation through benchmarks 

Once the model had been built, it had to be tested on several real cases in order to ensure its 
validity. This step has been done through several benchmarks on actual projects the company was 
tendering for and had reliable data on (named here A,B,C, D and E). Unfortunately, as scopes vary from 
one project to another, not all elements are displayed in Table 5. Therefore, only available figures on 
capital expenditures, both from real cases and given by our model, are shown below, along with the 
observed deviation.  

    
Figures 

from data 
Results from model with 

corresponding inputs 
Project Element M€ M€ Deviation 

A 
Total cost of offshore 
substation 56 58.5 4.46% 

       

B 
Total cost of offshore 
substation 86 70.3 -18.26% 

Subsea cables 183 185.1 1.15% 
       

C 

Electrical equipment 27.5 26.8 -2.55% 
Cost of structure 57.1 60 5.08% 
Installation of 
offshore substation 15 12.4 -17.33% 

Total cost of offshore 
substation 99.6 99.2 -0.40% 

       
D Total cost of offshore 

substation 80.5 101.6 26.21% 

       

E 

Total cost of offshore 
substation if jack-up 103.5 116.2 12.27% 

Total cost of offshore 
substation if jacket 103.5 87.4 -15.56% 

Subsea cables 133.5 124.9 -6.44% 
Onshore cables 34 43.7 28.53% 
Onshore substation 30 33 10.00% 

Table 5 : Compared results from the model with real data 

 

As one can see, our model either over- or underestimates capital expenditures, depending on the 
project, but to a reasonable extent given the uncertainties of many parameters and keeping in mind that 
these figures are to be used in front-end studies, where an error of 25% may be tolerated. 

For what concerns power losses, we will see in the next section that they turn out to be very 
correctly estimated and comply with common orders of magnitude. 
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5.2 The output spreadsheet : figures and breakdowns 

As our model is aimed at obtaining quick though reliable estimates within a few minutes without 
carrying out a deep study, all the figures needed for further use have been gathered on one single output 
spreadsheet. 

It also provides the user with breakdowns of costs and losses. Hence, for a given project, this 
model is able to generate forecasts that allow to identify key elements on which efforts should be made 
in order to efficiently reduce expenditures or power losses.  

Below is the output spreadsheet for project E, a 450 MW wind farm located 33 km from the shore 
with power exported under alternating current. The full set of input data can be found in Appendix B.1. 

Electrical equipment 

            CAPEX   AEP losses   
        Dimension # of units [M€]   % of AEP   
  

Offshore AC 
Substation 

Transformers   240 MVA 3 16.3   0.27%   
  

Switchgears 
In 33 kV 27 5.7   -   

  Out 132 kV 5 3.4   -   
  

Reactors 
Post Intra 3.0   - 0.11   0.00%   

  Pre Export 71.8 MVAr - 2.5   0.06%   
  Others - - - 1.58   -   
      
        Per substation 29.5   0.34%   
        Total   1 29.5       
             Converter 

Substation VSC Converter 0 MW 0 0   0.00%   
      
             

Subsea 
Cable 

Procurement 
  132 kV 

2 106.5 
      

    2000 mm²       
  Installation   - - - 18.4       
        Per substation 124.9       
        Total   2 124.9       
             

Land Cable 
Procurement 

  132 kV 
6 39.4 

  Total cable 
losses 

  
    2000 mm²     
  Installation   - - - 4.3       
        Per substation 43.7   0.58%   
        Total   6 43.7       
             

Onshore 
Substation 

Transformers   240 MVA 2 9.0   0.28%  
  

Switchgears 
In 132 kV 8 5.4   -   

  Out 400 kV 6 16.86   -   
  Reactors Post Export 71.8 MVAr - 1.8   0.06%   
    Pre Grid   MVAr -     -   
  VSC Converter 0 MW 0 0   0.00%   
              33.0   0.35%   
             Total electrical         231.1   1.3%   
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Offshore substation foundation and installation 
                   
            CAPEX   Decommissioning   
            [M€]   [M€]   
  Engineering Design and Certification costs 1.2       
  Fabrication 35.9       
  Specific Equipment 6.1       
  Transport and installation 12.5       
  Third Party verification and marine warranty surveyor 0.9       
  Electrical (Installation / Tie-in) 0.8       
  Insurance 0.6       
      Per substation   57.9   7.2   
      Total     57.9   7.2   

          

 
 

  Total capital expenditures   Total AEP losses    LCOE of power export infrastructure 

           
  289.0 [M€]   1.3  % of AEP    18.1   [€/MWh] 
                    

Table 6 : Results for project E considering base case scenario 

 

In addition to capital expenditures and annual energy production losses, dimension and amount of 
various equipments have been included as they are further used in the WPO but also help understand 
the impact of choices made towards technical specifications on final figures. 

In this example, regarding capital expenditure reduction, priority should be given to three elements: 
fabrication of the substation, subsea cable and electrical equipment on the substation. In other words, 
when trying to reduce capital expenditures, one should focus on cheaper solutions for elements 
representing highest shares, as these cuts will have more impact on total expenditures. 

In contrast, losses are quite evenly split, meaning that running optimization is needed here to find 
out whether and at which level modifying technical specifications will lead to significant reductions. 

30% 

43% 

12% 

15% 

Electrical CAPEX Breakdown 

Offshore AC
Substation

Subsea Cable

Onshore
Substation

Land Cable

2% 

62% 
11% 

22% 

1% 1% 

1% Structural CAPEX Breakdown 
Engineering Design and
Certification costs

Fabrication

Specific Equipment

Transport and installation



 

 

Optimization of electrical export infrastructure in offshore 
wind farms 

 

April 2015 Page : 44/53 

 

 Hugo Gaillard Master of Science in Sustainable Power Engineering KTH 
 

 

5.3 Optimization 

5.3.1 Optimization method 
In order to understand better the impact of each element on final values of capital expenditures, 

power losses and LCoE, not only minimization of the LCoE has been included into our model, but also 
these of CAPEX and losses alone. Thus, three buttons have been placed on the input spreadsheets (see 
Appendix B.1.), that activate macros testing all the optimization parameters (see part 4.1.4) and 
returning the set of inputs and outputs corresponding to the optimum that has been chosen. 

It is worth reminding that these functions are just in-situ indicators and their outcome should be 
used with care. The thorough and accurate optimization is taking place at the WPO level, where results 
might be different. 

5.3.2 Example : finding optimal configuration for project E 
The results for the base case scenario, referring to technical specifications chosen initially by the 

client, have been thoroughly presented above in section 5.2. 
In addition to this scenario, three other variables have been simulated here : lowest CAPEX, lowest 

power losses, and lowest LCoE under a 9 % discount rate and a 25-year project lifetime. Table 7 below 
shows a comparison of results where most significant and meaningful differences can be observed : 

      Value according to scenario Unit       Base case Min. CAPEX Min. Losses Min. LCoE 

Offshore AC 
Substation 
Equipment 

Transformers Capacity 240 180 140 180 MVA 
  # of units 3 3 4 3 - 
  Cost 16.3 18.6 20.5 18.6 M€ 

Reactors Capacity 71.8 96.2 158.1 96.2 MVAr 
  Cost 2.5 3.4 5.5 3.4 M€ 

Total cost   29.5 35.4 41.0 35.4 M€ 
AEP losses   0.34% 0.34% 0.39% 0.34% - 

        Substation 
structure 

Fabrication   35.9 39.8 39.8 39.8 M€ 
Total   57.9 62.0 62.0 62.0 M€ 

        

Export cable 

Voltage   132 220 220 220 kV 
Section   2000 630 2000 630 mm² 

# of units   2 2 2 2 - 
  Subsea cable cost 124.9 64.6 140.2 64.6 M€ 
  Land cable cost 43.7 21.3 49.3 21.3 M€ 

AEP losses   0.58% 0.61% 0.23% 0.61% - 
        

Onshore AC 
Substation 

Transformers Capacity 240 240 140 240 MVA 
  # of units 2 2 4 2 - 
  Cost 9.0 6.4 8.5 6.4 M€ 

Reactors Capacity 71.8 96.2 158.1 96.2 MVAr 
  Cost 1.8 2.4 4.0 2.4 M€ 

Total cost   33.0 35.5 41.6 35.5 M€ 
AEP losses   0.35% 0.37% 0.39% 0.37% - 

        Total CAPEX     289.0 218.9 334.1 218.9 M€ 
AEP losses     1.26% 1.32% 1.01% 1.32% - 
LCoE     18.1 13.7 20.8 13.7 €/MWh 

Table 7 : Compared results between variously optimized scenarios for project E. 
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In this example it appears that, by making more appropriate decisions on a technical solution level, 
more than 70 million euros can be saved compared to the base-case scenario, leading however to a 
0.06% increase in power losses, but in the end the value of the LCoE for what concerns power export 
will be cut down by more than 4 euros per MWh. In this particular case, minimizing capital expenditures 
turns out to be equivalent to minimizing the LCoE, which happens to be a coincidence. Eventually, in the 
context of a tender, the following advice would be given to the client : 

• Switch from 132 to 220 kV for export cables, with a cross section of 630 mm². 
• Choose three 180 MVA  33/220 kV transformers to equip the offshore substation. 
• Choose two 240 MVA 220/400 kV transformers to equip the onshore substation. 

 

By showing the client such hints on how they can make significant savings over the project's 
lifetime could help convince to elect our turbine model as we would give, in addition to price, estimates of 
the final LCoE when operating our turbine under these specific optimal conditions. 

This kind of works perfectly embodies the main function of the WPO, which is to say a consulting 
tool that may enhance the chances to win tenders by suggesting which turbine model the company 
should bid with or convincing the client to contemplate other options that would be cheaper and thus 
increasing the bid's credibility. 

5.3.3 Related study : AC vs DC 
One of the issues most projects are often challenged upon is the possibility to switch to direct 

current when exporting power ashore. Unfortunately, there is no magical recipe, and both technologies 
come along with advantages and drawbacks. By experience, the two main driving factors appear to be 
distance to shore and installed power capacity. Therefore, a set of several fictive projects have been 
simulated, with distance ranging from 30 up to 150 kilometers, and installed power capacity from 200 to 
1200 MW. The outcome is an abacus, presented below (Table 8), which allows to quickly give straight 
answer concerning the use of AC or DC for any project.  

 

  
Distance to onshore substation (km) 

  
30 40 50 60 70 80 90 100 110 120 130 140 150 

Installed 
capacity 

(MW) 

200 AC AC AC AC AC AC AC AC AC AC AC AC DC 
300 AC AC AC AC AC AC AC DC DC DC DC DC DC 
400 AC AC AC AC AC AC AC DC DC DC DC DC DC 
500 AC AC AC AC AC AC DC DC DC DC DC DC DC 
600 AC AC AC AC AC DC DC DC DC DC DC DC DC 
700 AC AC AC AC AC DC DC DC DC DC DC DC DC 
800 AC AC AC AC AC DC DC DC DC DC DC DC DC 
900 AC AC AC AC AC DC DC DC DC DC DC DC DC 

1000 AC AC AC AC AC DC DC DC DC DC DC DC DC 
1100 AC AC AC AC DC DC DC DC DC DC DC DC DC 
1200 AC AC AC AC DC DC DC DC DC DC DC DC DC 

Table 8 : Optimal transmission system abacus 

 

According to our estimations, except for very small projects (200 MW), three distance categories 
can be drawn. For up to 70 km, there is no need for DC transmission at all. To the contrary, for distances 
exceeding 100 km, AC transmission can be discarded. In between, further investigation has to be carried 
out, higher installed capacity being more likely to require DC as optimal transmission system.  



 

 

Optimization of electrical export infrastructure in offshore 
wind farms 

 

April 2015 Page : 46/53 

 

 Hugo Gaillard Master of Science in Sustainable Power Engineering KTH 
 

 

 

The latter short study is a typical example of how this model can be run in order to gain knowledge 
within the company and better understanding of how parameters impact on the optimal configuration for 
the balance of plant.  

 

5.4 Conclusions and perspectives 

On the whole, it has been considered that main objectives had been achieved as we are now able 
to quickly produce estimates remaining within reasonable ranges when certain parameters vary, which is 
sufficient in the frame of front-end competitiveness studies. Nevertheless, due to a so far lack of reliable  
data resources, especially regarding procurement costs, some improvements to the proposed model still 
have to be made in addition to developing other modules of the WPO.  

Therefore, along with caution to be taken when looking at results, here are some recommendations 
for anyone who would run or keep developing further the model as a future work :  

• Keep up to date, as soon as new cost or technical data become available to the firm. 
 

• Simulate figures every time a new project comes to light in order to ensure validity of the model 
and to achieve higher calibration. 
 

• Replace as much as possible assumptions and statistical estimations when data or better 
technical understanding emerge. 
 

• Identify and add inputs that could have been missing before and/or would impact significantly on 
the model reliability and its final results. 
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Appendices 

A. Example of technical specifications of XLPE submarine cables  

 

 

Source : Prysmian cables 
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B.1. Input  spreadsheet  for project E 
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B.2. Cable data spreadsheet 
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B.3. Substation equipment data and assumption spreadsheet 
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B.4. Structure fabrication spreadsheet 
 

 

B.5. Cable installation spreadsheet 
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B.6. Offshore substation installation spreadsheet 
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