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Abstract 

When developing a wind project, it is necessary to have a lifetime perspective to make the most 
economically viable choices. This is particularly true when designing the internal electrical grid of 
the windfarm. Quite often, the impact of the losses is set aside and only the investment cost is 
considered.  

The objective of this thesis is to develop a model that can be used for any wind project to 
calculate the costs associated to the internal electrical grid over the lifetime. The model can take 
from one to ten wind distribution as an input, includes optimization tools to help dimensioning 
the grid, and gives information on the economic impact of these choices over the lifetime of the 
windfarm.  

Integrated in Excel, the model has shown satisfying results when compared to measured data 
with a difference under 5% and given interesting insights on the impact of the choice of voltage 
level and the dimensioning of the cables on the economy of the park, among others. The model 
includes additional features concerning the connection options and the connection tariffs, to give 
a complete overview of the electrical structure, but this aspect is part of another thesis performed 
simultaneously by Malin Sundberg. 
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Nomenclature 
Ac: cable conductor area [mm²] 
Arotor: area covered by the rotor’s blade when rotating [m²] 
Aw: scale parameter for Weibull calculations [-] 
C: cable capacitance [μF/km] 
C1, C2 and Cp: partial capacitance for three core cables [μF/km] 
Cl: losses cost [kr/year] 
CNPV: losses cost with net present value estimation over the life time [kr] 
D: cable outer diameter [mm] 
dc: cable conductor diameter [mm] 
Di: cable insulation diameter [mm] 
E: energy produced in a year [Wh] 
Ecert: energy sold as certificates [MWh] 
Eel: energy sold as electricity [MWh] 
f: frequency of the current in the cable [Hz] 
I: intensity of the current in the cable [A] 
Ish: intensity of the current in the cable’s sheath [A] 
k: shape parameter for Weibull calculations [-] 
kel.x and kcert.x: coefficient that are either 1 or 0 depending on the relevance of x for the 
calculations [-]  
kp: proximity effect constant [-] 
ks: skin effect constant [-] 
L: cable inductance [H/m] 
N: number of turbines which power is carried by the cable [-] 
n: transformer load [-] 
P: active power [W] 
Pc.DLoss: dielectric power losses in the cable [W/km] 
Pc.RLoss: resistive power losses in the cable [W/km] 
Pc.shLoss: sheath power losses in the cable [W/km] 
pcert: certificates price [kr/MWh] 
pel: electricity price [kr/MWh]  
PFL: full load losses coefficient [kW] 
pi: wind distribution for turbine i [-/year]  
PL: load part of the transformer’s power losses [kW] 
PNL: no load losses coefficient [kW] 
pR: Rayleigh wind distribution [-/year] 
Pti: power produced by turbine i [W]  
Ptot: total power losses in the internal grid [W]  
Ptt.loss: turbine transformer losses [kW] 
pW: Weibull wind distribution [-/year]  
Pwind: power contained in the wind [W] 
Q: reactive power [VAr] 
QR: reactive power losses [VAr/km] 
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RAC: cable resistance under alternating current [Ω/km] 
RDC: cable resistance under direct current [Ω/km] 
Rsh: resistance in the cable’s sheath [Ω/m] 
Rev: revenues [kr/year] 
S: distance between the conductor centers [mm] 
Sa: apparent power [VAr] 
T: cable operative temperature [°C] 
T0: reference cable temperature [°C] 
UIG: voltage level in the internal grid [V] 
v: wind speed [m/s] 
vav: average wind speed [m/s] 
XL: cable’s inductive reactance [Ω/km] 
Xm: mutual inductive reactance in the sheath [Ω/m] 
xp: proximity effect parameter [-] 
xs: skin effect parameter [-] 
 
α: temperature coefficient of resistance of the cable conductor [-] 
γS: sheath factor [-] 
γP: proximity factor [-] 
tan(δ): loss factor in the isolation [-] 
ΔT: studied time period [h] 
ε: relative dielectric constant of insulation [-] 
ε0: permittivity of free space [F/m] 
μ0: permeability of free space [H/m] 
ρ: air density [kg/m3] 
ρa: availability factor [-] 
ρc: cable conductor’s resistivity [Ω.mm²/km] 
ρW: wake effect factor [-] 
cos(φ): capacity factor [-] 
ω: pulsation in the cable [rad/s] 
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1 INTRODUCTION 

1.1 Background 

1.1.1 Presentation of Statkraft 
Statkraft is a Norwegian owned energy company which produces 56 TWh electricity per year of 
which 97% are renewable, making it Europe’s biggest renewable energy producer. Although its 
largest and most traditional work area is hydropower, Statkraft also owns and operates wind 
turbines and gas-fired plants, and is a provider of district heating in many Northern and Western 
Europe countries like Sweden, Germany and the UK. 

Statkraft has participated in the installation of 509 GWh of wind power in Sweden, and is 
currently working on projects all over Sweden that will amount to 4.6 TWh of energy produced, 
once all the parks are built. (Statkraft Sverige, 2015). 

1.1.2 Thesis Background 
During the past few decades, wind power has grown into a more and more crucial element in the 
energy market, to become today a key factor of energetic strategies in most developed countries 
that face energy supply challenges, and a vector of development in some developing countries. 
Renewable energy companies like Statkraft are now competing on an active market, rhythmed by 
the governments’ energy policies and regulation, as well as the limitations of the grid, where 
investments have to be thoroughly thought and decisions have to be taken fast.  

A windfarm is usually composed of two to several hundreds of wind turbines, linked together by 
medium voltage cables, connected to one or several transformers that convert the electricity to 
the level required for feeding into the local or national grid. The cables, the park transformers 
and the transformers that are associated to every turbine compose the internal grid of the park. 
When the wind farm is still at the project development stage, the amount of data known is quite 
low and the conditions are ever changing because several stakeholders are involved, therefore the 
decisions that are made at this point can have a great impact on the economy of the park.  

One such important decision is the design of the internal grid, and whether the developer will 
keep it as its own or sell it to a grid manager. If the losses and operation and maintenance costs in 
the grid are too high compared to the benefits of keeping the grid, then it might be preferable not 
to own it. This decision can have a huge impact, for two similar parks with the same equipment 
and similar wind condition there can be a difference of several millions of SEK in costs over the 
year and it is therefore necessary to develop tools that will help the project developers evaluate 
these costs and take the right decision. 

In 2013, Statkraft attempted to build such a tool in the form of two thesis works. One of them 
resulted in the creation of a Matlab model that evaluated the losses and costs in the grid of a 
windfarm (Thalin, 2013). The model has been tested on a small sized farm, but is not convenient 
for regular application at Statkraft, as it is based on Matlab which is not commonly used.  
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1.2 Objectives 
The main objective of this thesis is to develop a handy model to evaluate the losses and the costs 
in the internal grid of a windfarm of any size, in Excel. This model should be easily used by 
anyone and adaptable to any windfarm. It will calculate the losses in the internal grid of the park, 
including the electrical part of the turbine and the main transformers, given some basic 
information about the park (wind distribution, number and type of turbine, length and dimension 
of the cables, characteristics of the transformers). It will also take into account the operation and 
maintenance costs and evaluate the overall costs for a given period of time, although that part 
will be further developed by another KTH student, who will be working on another section of 
the model in parallel with this study. A tool to help choose the right cable dimension, with 
electrical and economical insight, will also be implemented. This tool will be of use during 
planning and procurement, when the dimensions of the cables are not chosen yet. 

To make sure that the model is accurate as well as user friendly, the degree of precision of the 
losses calculation and the required accuracy of the input will be evaluated and discussed. 
Eventually, the model will have to present an easily accessible interface, that will require the 
minimum information but will authorize customization of some parameters, to help choose the 
equipment that should be installed and eventually make a decision of procurement of the grid.  

 

1.3 Methodology 
The first step of this thesis consisted in a literature study to acquire the technical background 
necessary to develop a calculation method. This included a review of the previous thesis reports 
written on this topic, but mostly of specialized electrical engineering literature. The next step was 
the development of a calculation method based on the theory acquired. It had to be compatible 
with Excel and include the features required by the company, which included the possibility to 
have different wind distribution profiles and to implement large scale parks. This also meant a 
strong collaboration with the other student who was working on the tariff part, to integrate both 
calculation tools and requirements in the same model. Finally, a number of case studies on real 
parks, either running or in construction were lead in order to validate the results. 
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2 WIND TURBINES 
A wind turbine is usually composed of the tower, the nacelle, the rotor and the blades. Inside the 
nacelle are, depending on the model, the gear box and the generator as well as the elements 
necessary to orient the rotor and control the performance, and the blades’ pitch system, visible in 
Figure 2.1 (U.S. Department of Energy, n.d.). The wind hits the blades which makes them rotate 
along with the rotor shaft, which is then connected to the gear box if there is one and the 
generator, which converts the kinetic energy into electrical power that is then transferred to the 
internal grid of the park. The other elements are here to ensure that the turbine only works when 
the wind speed is within the required range, generally between 3m/s and about 25 m/s, and that 
the nacelle is oriented towards the main wind direction. To maintain a rotation speed and output 
as optimum as possible, there is often a pitch mechanism installed in the nacelle too, that allows 
the blades to change their orientation on the rotor and thus vary the angle with the incoming 
wind. Another method is the stall control, where the blades are fixed but designed to limit the 
output in high wind speeds. The balance in the choice of technology and components has to be 
found between the investment costs and the benefits of this technology. 

Figure 2.1: Basic composition of a wind turbine  

 

2.1 Wind distribution 
The energy production of a windfarm is directly dependent on the wind distribution in the area. 
In order to evaluate the energy production of a future wind park, the developer usually needs 
wind measurements over at least a year, and then, based on the data gathered and the local 
historical data, an average wind distribution prediction is made. Indeed, since this measurement is 
only performed over a fraction of the actual lifetime of the park, it has to be balanced against 
other data to include the natural variations of the wind over several years. This prediction is then 
used to estimate the production of the turbines, with calculations that will be further explained in 
chapter 2.2.  
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There are two main models used to represent the distribution of the wind over a given period of 
time at a specific place: Rayleigh and Weibull distributions (Nelson, 2009).  

The Rayleigh distribution follows equation 2.1 where v is the wind speed, and vav is the average 
wind speed of the wind in the studied area. 
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The 2-parameter Weibull distribution follows equation 2.2 where AW is a scale parameter and k a 
shape parameter. 
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The Rayleigh distribution depends on only one parameter, the local average wind speed, which 
makes it easier to use but also less accurate and adaptable to actual wind distribution compared to 
the Weibull distribution, which takes two parameters into account. On the other hand, the right 
parameter in the Weibull distribution are more complicated to evaluate than the average speed.  

Figure 2.2 and Figure 2.3 show the different shapes these distribution can take depending on the 
values of the coefficients. The limitations of the Rayleigh distribution is particularly visible, in 
comparison to the variety of shapes that the Weibull distribution can take. For example, the 
Weibull distribution can be centred on a defined wind speed when k is high enough. 
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2.2 Power production in turbines 

2.2.1 Power output 
Power is produced in a wind turbine when the kinetic energy of the wind is transmitted through 
the blades to the rotor that is then connected to a generator, sometimes with a gearbox in 
between. The power contained in the wind for a given surface, for a given wind speed v is 
dependent on the air density ρ and the area of the surface Arotor (in the case of a turbine, the area 
covered by the rotor’s blade when rotating) and the relation can be seen in equation 2.3. 

Equation 2.3 illustrates the influence of the air density on the power contained in the wind: the 
denser the air, the more power the wind contains. Several factors influence the air density, 
including the temperature, the pressure and the humidity of the air, which means that the 
meteorological characteristics of the area will influence the power the wind can carry. Since these 
characteristics also depend on the height at which the measurements are made, the altitude is also 
a factor that will influence the calculations (Nelson, 2009). Usually in wind power projects, an 
average value is calculated for the turbines’ height that takes into account the meteorological 
variations over the life time of the turbine. 

The connection between the power contained in the wind and power produced by the turbine is 
not linear and given by the manufacturer in the form of a power curve describing the energy 
output per wind speed, as seen in the example of Figure 2.4. These power curves are given in 
standard conditions, and a difference in air density for example will have an influence on the 
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shape of the curve and should therefore be taken into account when doing accurate calculations. 
Figure 2.4 shows different values that are used to describe a turbine’s characteristics.  

The rated output power is the maximum power that a turbine can produce and is the only power 
value used to describe the turbine. The cut-in and cut-out speed define the range of working 
wind speeds outside of which the turbine is shut down to avoid failure. The rated output speed is 
the lowest wind speed for which the rated power is achieved. After this speed, mechanical 
control is applied to the turbine to ensure a constant power output. 

 

 

2.2.2 Energy output calculation 
To calculate the energy produced by a turbine over time, both the power curve and the wind 
distribution need to be known. The power curve is usually given as a table for every whole-digit 
wind speed value or every half wind speed, the calculation is therefore usually done for a finite 
number of wind speeds, N, but it can also be done as an integration if the power curve is 
transformed into a function. The energy is then calculated according to equation 2.4 (Nelson, 
2009), where pi is the probability of occurrence of wind speed i, Pti is the turbine power output at 
wind speed i and T is the period of time during which the wind speed i occurs. 
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If the turbine is placed in a wind park, a phenomenon called wake effect lowers the energy in the 
wind that a turbine receives because of the perturbation caused by the turbines placed before 
them in the wind direction. Indeed, once the wind has gone through the turbine, the energy 
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contained in it is lower, as its speed is reduced and turbulences are increased (González-Longatt, 
Wall, & Terzija, 2012). This effect is very hard to simulate and evaluate in a simple way for every 
turbine of the park, as it is very dependent on the actual conditions, such as orientation, speed, 
atmospheric conditions, etc.   

To lower the impact of the wake effect, the organization of the park has to be optimized to 
ensure a reasonable distance between the turbines in the main wind direction, usually from 5 to 7 
rotor diameters, and in the perpendicular direction around 3 diameters, in order to allow the wind 
to get to a steadier state although the wind goes back to its initial state after at least 10 diameters 
(Wizelius, 2007). A wake factor is often considered to take into account the production loss 
caused by the wake effect, which value is dependent on the number of turbines and the layout of 
the park. 

Another factor that can affect the energy production of a wind farm is the availability: when there 
is a failure or ongoing maintenance operations, the wind turbine does not produce energy. This 
factor is relatively low in Sweden, around 98% (Wizelius, 2007). This factor will increase over the 
operational lifetime of the turbine, which is around 25-25 years, since mechanical failure is more 
likely to occur on aging turbines. 

These two factor need to be evaluated for the park, and the actual energy output of each turbine 
will then be calculated thanks to equation 2.5, where ρw is the wake effect factor and ρa is the 
availability factor. 

 
E =  𝜌𝑤𝜌𝑎 � 𝑝𝑤𝑃𝑟𝑤

𝑁

𝑤=0

𝑇𝑤 [𝑊ℎ] 2.5 

 

2.3 Electrical losses in the turbines 
There are a number of losses inside a wind turbine, ranging from the mechanical losses in the 
transmission between the rotor and the gear box and inside the gear box, as well as electrical 
losses in the generator, but these losses will not be further studied in this thesis, as they are 
already included in the power curve. Indeed, the power curve’s output is the electrical power 
either before or after the internal transformer depending on the turbine model. Whether or not 
the turbines’ transformers should be included in the model as a part of the internal grid is a valid 
question, since they are not elements that the park owner will sell to the grid company. As this 
study’s main focus are the losses in the internal grid and their impact on the economy of the park, 
it is necessary to calculate the losses in these transformers for the accuracy of the other 
calculations if they are not already included in the power curve, but their economic impact will be 
limited (see Chapter 4.2). 

A transformer is a device that transfers a certain amount of electric power at a constant frequency 
but with different voltage levels on each side. It is composed of a magnetic core and at least two 
windings connected to each side of the circuit, as shown in Figure 2.5 (University of Idaho, n.d.). 
An alternative current is applied in the primary winding, which creates a strong electromagnetic 
field in the core that binds the two windings together. 
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2.3.1 No-load losses 
Because of the magnetic properties of the core, there are some losses even when the transformer 
is not on load. They are due to two phenomenon: hysteresis and eddy currents (ABB, 2004). The 
hysteresis losses are typical of ferromagnetic materials and depend on the characteristics of the 
material and the volume of the core. The eddy currents are created when a variable magnetic field 
is applied to a material. They are currents that are directed in the opposite direction of the flow 
and create losses. They are proportional to the square of the surface of the material. To lower 
both of these losses, good quality of the material and isolation of the core are necessary, but 
induce greater investment costs. The value of these losses is given by the manufacturer in the 
form of a coefficient PNL in kW. A typical value for PNL for a 3.5MW 36kV to 130kV transformer 
is 8kW. 

2.3.2 Load losses 
There are also losses when the transformer is under load, caused by the resistance in the windings 
and the increased flux in the core. They are estimated by the manufacturer who provides a loss 
coefficient, PFL in kW, which corresponds to the losses when the transformer is on full load, at 
the rated current intensity. A typical value for PFL for a 3.5MW 36kV to 130kV transformer is 
30kW.  To calculate the losses at any load PL, equation 2.6 has to be applied, where n is the load 
factor and equals 1 when on full load, ½ when half load and so on. 

 𝑃𝐿(𝑛) = 𝑛2𝑃𝐹𝐿 [𝑘𝑊] 2.6 

The total losses in the transformer for a given load can then be calculated according to equation 
2.7. 

 𝑃𝑟𝑟.𝐿𝑟𝐿𝐿(𝑛) = 𝑃𝑁𝐿 + 𝑃𝐿 = 𝑃𝑁𝐿 + 𝑛2𝑃𝐹𝐿 [𝑘𝑊] 2.7 

Figure 2.5: Schematic view of a transformer 
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3 LOSSES IN THE GRID 
The internal grid of a wind farm is composed of the transformers associated with every turbine, 
given that they are not integrated to the turbine, the cables that connect all the turbines and the 
transformation units that converts the power to a voltage adapted to the transmission grid. A 
traditional layout of the internal grid of a wind farm is shown in Figure 3.1.  

 

 

 

 

 

 

 

 

 

 

The windfarm is often divided in radials like in the example given in Figure 3.1, that correspond 
to a group of turbines and cables linked to the transformer by a different connection point. The 
maximal number of turbines per radial is limited by the maximal power that the final cable can 
carry. 

The losses in the transformers associated to the turbines have been studied in the previous 
chapter 2.3. This chapter will therefore focus on the losses in the cables and in the 
transformation unit. 

 

3.1 Choice of cables 

3.1.1 Formation 
Although overhead lines would be preferable, factors like the public opinion, the possibility of 
icing and the different risks associated to overhead line favour underground three-phase cables 
for the connection. The cables have to be able to support medium level voltage, usually around 
36 kV, The cables are composed of the phase conductor, which is made of several wires of 
aluminium or copper, surrounded by a semiconducting conductor shield usually made of polymer 
with a carbon filler, the insulation that isolates the conductor is made of TRXLPE (tree retardant 
crossed linked polyethylene) or EPR (ethylene propylene rubber) in most medium voltage power 
cables, the insulation semiconducting shield also made of polymer with a carbon filler, a metallic 
shield that is connected to the ground and can be used as a neutral return conductor and finally 
the jacket, as we can see in Figure 3.2 (Short, 2006). 

Figure 3.1: Layout of the internal grid of a windfarm 
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As said before, the cables are most of the time three phase cables, and can be composed of one 
three phase cable or three single phase cables. The most common organization of these cables is 
the flat formation or trefoil formation, with the cables stacked in a triangle. This choice has 
consequences on some of the losses, which will be discussed in Chapter 3, although there are 
other parameters that have to be taken into account like the conductor area, the available space in 
the ground and the bonding method. 

 

3.1.2 Bonding 
Because of the metallic shield, also called sheath, is conductive, it has to be grounded in an 
appropriate way, in order to reduce the losses that occur in this sheath. Transmission cables can 
be grounded according to different configurations, illustrated in Figure 3.3 (Dyer, 2012):  

• Multiple ground connections: this is the method that induces the highest losses in the sheath 
because it creates a sheath current, but it is also the one that guarantees security since 
there is no sheath voltage. It is done by grounding the cable at multiple points which 
creates a circuit in which can circulate a current created by the magnetic field in the 
conductor. This current's intensity is only dependent on the intensity of the conductor's 
current and the resistivity of the shield. In three phase cable, the other conductors also 
have to be taken into account because of their proximity.  

• Single point grounding: with this method, there is no closed circuit in which the current can 
flow, as every phase's shield is only connected to the ground at one point. Although this 
reduces the losses, it also creates safety issues because a voltage will appear, and increase 
as it gets further from the grounding point (Thue, 2011). Voltage limiters need to be 
installed to reduce this risk and protect the equipment and the personnel, along with 
other security measures (proper marking, security ground line during maintenance…) 

Figure 3.2: Construction of a cable  

Metallic sheath 
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• Cross bonding: this methods was developed to limit the sheath voltage in single point 
grounded cables, so as to have the advantages of single point grounding while reducing 
the risks. The basic idea is to divide the cable circuit into three sections, where the shield 
will be grounded at the beginning of the first and at the end of the third section. The 
sheath in the second section is bonded to the other phases. The voltage in the section will 
be shifted of 120° resulting in an induced voltage equal to zero. In reality this is not 
always achieved as it requires even spacing of the joints which is not always possible, but 
the resulting voltage is still lower than with simple point grounding. This method is 
mostly used on long cables. 

Figure 3.3: Grounding methods (A) Multiple ground connections (B) Single point 
grounding (C) Cross bonding  
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3.1.3 Physical properties of the cables 
The choice of material and formation has a great impact on the properties of the cables and this 
will be discussed in this chapter. There are two main material used in transmission cables: 
aluminium and copper. Copper is only used in small area cables, under 16 mm2, because of its 
costs. For bigger cables, aluminium is usually chosen for its low price and weight, even though its 
conductivity is only 61% of copper's. The maximum current a cable can support is given by the 
manufacturer in nominal condition (Short, 2005). In practice, the condition in which the cable is 
installed, the ground properties and the organisation of the cables in the ground can affect this 
maximal current intensity. The relationship between the maximum current and the installation 
characteristics are often given by the manufacturer as tables. An example of these tables is given 
in APPENDIX A. 

There are a number of properties that are essential to know in order to calculate the losses in a 
cable: resistance, impedance and capacity. As said before, they are highly dependent on the 
material and the characteristics of the cable.  

The first property is the resistance of the cable under DC or AC, which are calculated according 
to equation 3.1 and 3.2 resp. In these equations, ρc is the resistivity of the material at T0, 
expressed in Ω.mm2/km, Ac is the area of the conductor in mm2, α is the temperature coefficient 
of resistance, T the temperature of the conductor in ℃ and γs and γp are the sheath and proximity 
factors resp. At 20℃, aluminium’s resistivity is of 28.15 Ω.mm2/km (BICC Cables, 1965).  

 𝑅𝐷𝐷 =
𝜌𝑐

𝐴𝑐
. 𝛼(𝑇 − 𝑇0) [Ω 𝑘𝑘⁄ ]  3.1 

 𝑅𝐴𝐷 = 𝑅𝐷𝐷(1 + 𝛾𝑆 + 𝛾𝑃) [Ω 𝑘𝑘⁄ ] 3.2 

 

As shown by these equations, the resistance of the cable is linearly dependent on the temperature, 
thanks to the coefficient α. For aluminium, α is equal to 0,004 1/℃ and it is slightly smaller for 
copper. This dependency is illustrated in Figure 3.4: Resistance change with temperature (Short, 
2006), that shows how a variation in the temperature alters the resistance of the cable, compared 
to the resistance at normal temperature conditions (25°C). 

Figure 3.4: Resistance change with temperature 
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The factors γS and γP can be calculated with equations 3.3 and 3.4 resp., where dc is the diameter 
of the conductor in the cable in mm, given by the cross area, f is the frequency of the current in 
Hz, S is the distance between the conductors centres in mm, kp is the proximity effect constant 
and ks is the skin effect constant which values are 0.8 and 1 respectively for typical round 
conductors. The value of S depends on the formation of the cable, as shown in Figure 3.5. 

 
𝑥𝑆

2 =
8𝜋𝜋
𝑅𝐷𝐷

𝑘𝑆 ∗ 10−7 [Ω/𝐻𝐻] 

𝛾𝑆 =
𝑥𝑆

4

192 + 0,8𝑥𝑆
4  [−] 

 

3.3 

When a conductor is submitted to a changing current, the electromotive force induced in the 
circuit varies. The variation rate is called the inductance. In a single-phase concentric cable, it is 
calculated with equation 3.5, where μ0 is the permeability of free space (Dyer, 2012). 

 
L =

𝜇0

2𝜋
�

1
4

+ 𝑙𝑛 �
2𝑆
𝑑𝑐

��  [𝐻 𝑘⁄ ] 

𝜇0 = 4𝜋10−7 [𝐻 𝑘⁄ ] 

3.5 

 

The inductive reactance is more commonly used in calculations, as it is expressed in ohms per 
km. It is calculated with equation 3.6, where omega is the pulsation, calculated with equation 3.7.  

 
𝑥𝑃

2 =
8𝜋𝜋
𝑅𝐷𝐷

𝑘𝑃 ∗ 10−7 [Ω/𝐻𝐻] 

𝛾𝑃 =
𝑥𝑃

4

192 + 0,8𝑥𝑃
4 �

𝑑𝐷

𝑆
�

2

⎝

⎜
⎛

0,312 �
𝑑𝐷

𝑆
�

2

+
1,18

𝑥𝑃
4

192 + 0,8𝑥𝑃
4 + 0,27

⎠

⎟
⎞

 [−] 

 

3.4 

Figure 3.5: Flat and trefoil formation and S value 
associated – where D is the cable’s diameter 
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 𝑋𝐿 = ωL10−3 [Ω 𝑘𝑘⁄ ] 3.6 

 𝜔 = 2𝜋𝜋 [𝑟𝑟𝑑 𝑠⁄ ] 3.7 

 

A cable is also a capacitor, with the conductor and the metallic sheath as electrodes and the 
isolation the dielectric. The capacitance is calculated with equation 3.8, where ε is the relative 
dielectric constant of the insulation and equals 2.5 for XLPE and 2.9 for EPR, ε0 is the free space 
permittivity expressed in F/m and di is the diameter of the insulation in the cable (Dyer, 2012). 

 
C =

2𝜋𝜋𝜋0

𝑙𝑛 �𝑑𝑤
𝑑𝑐

�
∗ 103 [𝜇 𝐹 𝑘𝑘⁄ ] 

 𝜋0 =
10−9

36𝜋
 [𝐹 𝑘⁄ ] 

3.8 

 

Since the capacitance is between the conductor and the metallic sheath, if the cable is a three 
phase cable with only one sheath, then the calculations are more complex and based on empirical 
equations (BICC Cables, 1965). Two partial capacitances have to be defined to show the 
interactions between the insulations of the cables and the sheath. C1 is the capacitance of one 
conductor to the two others and the sheath, and C2 is the capacitance between one conductor 
and one other without taking the sheath and the third conductor into account.  

The first step is to calculate the capacitance Cp according to equation 3.8 but replacing di with D 
the diameter of one conductor plus the thickness of the insulation between conductors plus the 
thickness of the insulation between one conductor and the sheath, as shown in Figure 3.6: 
Distances in a three phase trefoil cable. Then the two partial capacitance are estimated thanks to 
equations 3.9 and 3.10. 

 𝐶1 = 0,83𝐶𝑝 [𝜇𝐹 𝑘𝑘⁄ ] 3.9 

 

 𝐶2 = 0,5𝐶𝑝 [𝜇𝐹 𝑘𝑘⁄ ] 3.10 

 

 

 

 

 

 

 

 

 

 

 

dc 

di 

D 

Figure 3.6: Distances in a three phase 
trefoil cable 
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To obtain the effective capacitance in the whole cable, equation 3.11 has to be applied. 

 
C =

3𝐶1 − 𝐶2

2
 [𝜇𝐹 𝑘𝑘⁄ ] 3.11 

 

3.2 Losses in the cables 
There are three major losses in a power transmission cable: the resistive losses due to the inner 
resistance of the cable, the dielectric losses due to the capacity created inside the isolation, and 
the sheath losses that are induced by the currents in the conductor and in the sheath in some 
cases.  

3.2.1  Resistive losses 
Resistivity in the cable is the main cause of losses in cables. Resistive losses in the cable PcRLoss are 
calculated according to equation 3.12, with the resistance value calculated in the previous chapter. 
The intensity of the current that flows through the cable is crucial, as it is of quadratic value in 
the equation, and should be calculated cautiously.  

It is necessary to calculate the intensity of the current that comes out of turbine j and its 
transformer, Ij, in order to calculate the current in the cable. This is done thanks to equation 3.13, 
where Ptj and Pttj.Loss are respectively the power produced by the turbine j and the losses in the 
turbine’s transformer as calculated in chapter 2.3, and UIG and cosφ are the voltage and the 
capacity factors in the grid. 

 𝑃𝑟𝑡 − 𝑃𝑟𝑟𝑡.𝐿𝑟𝐿𝐿 = 𝑈𝐼𝐼𝐼𝑡 cos 𝜑  [𝑊] 3.13 

The intensity of the current in one cable, I, is the sum of the intensity of the currents that come 
out of every turbine connected to this cable, as shown in equation 3.14, where N is the number 
of turbines connected to the cable. 

 
𝐼 = � 𝐼𝑡

𝑁

𝑡=1

= �
𝑃𝑟𝑡 − 𝑃𝑟𝑟𝑡.𝐿𝑟𝐿𝐿

𝑈𝐼𝐼 cos 𝜑

𝑁

𝑡=1

 [𝐴] 

 

3.14 

If the power output of every turbine is the same, i.e. if the wind distribution of every turbine is 
the same, then the calculations are simplified, and the resistive losses can be expressed by 
equation 3.15. 

 𝑃𝑐.𝑅𝐿𝑟𝐿𝐿 = 𝑁2𝑅𝐴𝐷𝐼𝑡2  3.15 

The losses are proportional to the square of the intensity, which is directly linked to the wind 
distribution in the windfarm, as seen in equations 3.12 and 3.14. Therefore a relatively small 
variation in the wind distribution can have a great impact in the losses. For this reason, when 
direct measures on site are not available, it is preferable to have a wind distribution as detailed as 
possible between the turbine rather than an average for the whole farm.  

  

 𝑃𝑐.𝑅𝐿𝑟𝐿𝐿 = 𝑅𝐴𝐷𝐼2 [𝑊 𝑘𝑘⁄ ] 3.12 
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3.2.2  Dielectric losses 
The dielectric losses are the second most important losses in a cable, although they are much 
smaller than the resistive losses. They are calculated with equation 3.16, where tanδ is the loss 
factor in the isolation. For a medium voltage cable with XLPE isolation, the loss factor value is 
between 0,004-0,001 (BICC Cables, 1965). 

3.2.3  Sheath losses 
As explained in chapter 3.1.2, there is almost inevitably a voltage induced in the sheath, which 
value is dependent on the grounding method. If the circuit is closed with multiple point 
grounding, this voltage has a constant value all over the circuit, but there is also a current flowing 
in the circuit. 

If there are currents in the sheath, then there will be resistive losses in the sheath and these are 
calculated with equation 3.17, where Rsh is the resistance in the sheath and Xm is the mutual 
inductive reactance in the sheath, induced by the current flowing in the nearby conductors. It is 
calculated with equation 3.5 and 3.6, but with the sheath's diameter instead of the conductor's 
diameter.  

 
𝑃𝑐.𝐿ℎ𝐿𝑟𝐿𝐿 = 𝑅𝐿ℎ𝐼𝐿ℎ

2 = 𝑅𝐿ℎ
𝑋𝑚

2

𝑅𝐿ℎ
2 + 𝑋𝑚

2 𝐼2 [𝑊 𝑘𝑘⁄ ] 3.17 

In any case, the current flowing in the conductor induces eddy currents in the field, but these are 
usually very small and the losses induced are negligible compared to the other losses (BICC 
Cables, 1965). 

3.2.4  Reactive losses  
The ratio of reactive power produced by the wind turbine can be manually set for every turbine. 
In most cases, it is preferable to only produce active power, noted Px along this report, but if the 
local grid or other factors require it, they can produce a certain amount of reactive power, usually 
noted Q and measured in VAr. The relationship between these two values is given by equation 
3.18 where Sa is the apparent power and j the imaginary unit. 

 S𝑎 = 𝑆𝑎𝑒𝑡𝑗 = P + 𝑗Q [𝑉𝐴𝑟] 3.18 

If there are reactive losses then the angle of the apparent power will change. To calculate these 
losses, equation 3.19 has to be applied.  

 𝑄𝑅 = 𝑋𝐿𝐼2 [𝑉𝐴𝑟 𝑘𝑘⁄ ] 3.19 

 

3.3 Losses in the transformation unit 
The transformation unit is composed of one or several transformers, and is located over the 
ground, in an enclosed building. The calculation of the losses in this unit is the same as the 
calculations for the transformers in the turbines presented in chapter 2.3.  

 

 𝑃𝑐.𝐷𝐿𝑟𝐿𝐿 = ωC𝑈𝐼𝐼
2 tan(𝛿) . 10−6 [𝑊 𝑘𝑘⁄ ] 3.16 
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However, given the values of the voltages and the size of the transformers, these losses will be 
much higher than the ones in the turbines’ transformers. 

3.4 Summary of losses 
The total power losses in the internal grid are calculated according to equation 3.20, where Pst.Loss 

are the transformation unit’s losses, when the turbines transformer losses are not included in the 
power curve, and the grounding method creates sheath losses. 

 𝑃𝑟𝑟𝑟 = 𝑃𝑟𝑟.𝐿𝑟𝐿𝐿 + 𝑃𝑐.𝑅𝐿𝑟𝐿𝐿 + 𝑃𝑐.𝐷𝐿𝑟𝐿𝐿 + 𝑃𝑐.𝐿ℎ𝐿𝑟𝐿𝐿 + 𝑃𝐿𝑟.𝐿𝑟𝐿𝐿 [𝑊 𝑘𝑘⁄ ] 3.20 

 

For an average wind farm, the electrical losses are spread according toFigure 3.7. In this case, the 
sheath losses are not present since the grounding method prevents them. 
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4 ECONOMIC ANALYSIS 
An economic analysis of the electric part of the windfarm is necessary to come up with an 
objective advice on the decision to take towards ownership of the internal grid. The first step is 
to identify the installation costs of the internal grid, then the operation and maintenance costs 
and finally the revenues. Finally, it is necessary to study the solution of selling the internal grid to 
a grid owner in order to compare it to the ownership solution. 

4.1 Installation costs 
The installation costs include the material costs and the installation costs. They gather the costs 
for the cables and cable cabinets, the optic cable, the transformer and the transformer station and 
all the equipment included – switch gears, breakers, control equipment, protection, etc.   

The construction and installation of the internal grid of a windfarm is only a part of the whole 
construction process of the whole farm, therefore some costs are shared or not taken into 
account as dependent on the electrical part of the farm. For the cable and internal grid part for 
example, the digging of the trenches is not considered as electrical installation costs but as 
infrastructure construction costs, whereas the foundation of the station or the fence around it 
are. The limit between what should be taken into account or not requires experience and depends 
on the habits in the company. 

Each year, Svensk Energi releases a catalogue of prices for electric networks installation called 
EBR, based on prices gathered and averaged over the previous year. This catalogue includes 
material, installation and equipment costs at different stages of planning of the network. These 
prices are averaged and are only to be used as indicators for the companies to estimate the costs 
of installation of the network depending on what is going to be included. They can therefore 
differ from the actual prices the company will have to pay for the service. 

4.2 Revenues 
The energy produced by the park is sold to a grid company at the market electricity price. The 
park owners also get revenues from certificates. The certificates system was introduced in 2003 to 
promote the production of renewable energy in Sweden. For every MWh produced, the producer 
gets one certificate that can then be sold on an open market at market price (Energimyndigheten, 
2012). 

The amount of energy delivered to the grid company depends on the connection point, and 
therefore on which part of the park the owner keeps and which part is sold to the grid company. 
Four situations can occur, as shown in Figure 4.1 and explained below:  

1. The park owner owns only the turbines and their transformers: the energy is measured 
right after the turbines’ transformers and only these losses are taken into account 

2. The park owners owns the turbines and the internal cables up to the transformation 
station: the energy is measured right before the station and the resistive and dielectric 
losses in the internal cable are added to the turbines’ transformers’ losses. 

3. The park owner owns the internal grid and the transformer station: the energy is 
measured right after the transformer station and the transformer’s losses are also taken 
into account. 

4. The park owner owns everything including the export cable until a connexion point to 
the grid: all of the losses calculated in the model are taken into account. 
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Each of these measurement points, and an additional one before the turbines’ transformers can 
also be used to measure the energy sold as certificates, for example if the park owners owns 
everything up to the transformation station, the energy sold as electricity has to be measured 
there, but the energy sold as certificates can be measured inside the turbine before the 
transformer.  

The calculation of the revenues can be summarized in equation 4.1, where Eel and Ecert are the 
amount of energy measured to be sold as electricity and certificates resp. in MWh/year and pel 
and pcert are the electricity and certificates prices respectively, in SEK/MWh. 

 𝑅𝑒𝑣 = 𝐸𝑒𝑒 ∗ 𝑝𝑒𝑒 + 𝐸𝑐𝑒𝑟𝑟 ∗ 𝑝𝑐𝑒𝑟𝑟  [𝑘𝑟/𝑦𝑒𝑟𝑟] 4.1 

It is important to note that these options entail different construction costs, as it can be more 
expensive to build measurement units in some part of the grid than other, as well as operation 
and maintenance costs, see chapter 4.3, and has a very large impact on the tariff at which the grid 
is bought, as explained in chapter 4.4. Therefore the revenues should be the only criteria to take 
into account when choosing a connection point. 

4.3 Operation and maintenance costs 

4.3.1 Losses costs 
The losses are already taken into account in the revenues calculations and are not per say a cost, 
but it is important to estimate their economic value as an operation cost, as it can be a decisive 
factor for the choice of equipment. In this perspective, they can be considered as a loss of 
income, energy that cannot be sold as electricity and, depending on the measurement points 
chosen, certificates. The method used to calculate this loss of income is presented in equation 
4.2, where Pttr, Pc, Ptr and Pex are the losses in the turbines’ transformers, the internal cables, the 
park’s transformer(s) and the export cable resp. in MWh/year, and the kel.x and kcert.x are factors 
worth 1 or 0 depending on whether these losses are to be taken into account given the 
measurement point for electricity and certificates sales, respectively. 

Figure 4.1: Ownership options of the grid of a wind park 
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 𝐶𝑒 = (𝑃𝑟𝑟𝑟𝑘𝑒𝑒.𝑟𝑟 + 𝑃𝑐𝑘𝑒𝑒.𝑐 + 𝑃𝑟𝑟𝑘𝑒𝑒.𝑟𝑟 + 𝑃𝑒𝑒𝑘𝑒𝑒.𝑐) ∗ 𝑝𝑒𝑒
+  (𝑃𝑟𝑟𝑟𝑘𝑐𝑒𝑟𝑟.𝑟𝑟 + 𝑃𝑐𝑘𝑐𝑒𝑟𝑟.𝑐 + 𝑃𝑟𝑟𝑘𝑐𝑒𝑟𝑟.𝑟𝑟 + 𝑃𝑒𝑒𝑘𝑐𝑒𝑟𝑟.𝑐) ∗ 𝑝𝑐𝑒𝑟𝑟 

[𝑘𝑟 𝑦𝑒𝑟𝑟⁄ ] 
4.2 

 

4.3.2 Maintenance costs 
The scope of this thesis does not include an operation and maintenance analysis, as it was one of 
the objectives of the other student working on the same model. However, to understand the 
process of development of this model, it is necessary to address this issue. Maintenance is needed 
all along a component’s lifetime, as it starts to deteriorate as soon as it is installed. Several factors 
affect the efficiency and integrity of electrical components, from environmental factors like the 
humidity level, variations in temperature around and inside the components, to electrical factors 
like an unbalanced load or a deterioration of the connections (Gill, 2008). Although most 
components have a lifetime expectancy longer than the lifetime of a wind farm, it is necessary to 
proceed to regular controls and test to ensure the good functioning and state of all the 
components, as well as preventive maintenance, for example oil control or change in oil isolated 
transformers. The maintenance policies vary from one company to another, whether emphasis is 
put on prevention or reaction. This means that there is no general formula to estimate 
maintenance costs and discussions with the company are necessary to include them in the model. 

4.4 Tariffs 
Since 2011, the electricity market in Sweden is ruled by Nord Pool Spot, a power market between 
the Nordic and the Baltic countries. Sweden is divided into 4 bidding areas from North to South, 
with different supply and demand levels. Historically, the North of Sweden has been a producer 
of power, whereas the South is more of a consumer, creating a flow of electricity from North to 
South (Svenska Kraftnät, n.d.). This difference, added to the fact that transporting the electricity 
form the North to South implies more equipment and higher losses, means that it is more 
expensive to produce electricity in the North than in the South. 

There are around 170 grid companies in Sweden, each having a defined area wherein they are the 
only local grid owner. The network is divided into three level (Energimyndigheten, 2007): 

• The high voltage grid, over 220 kV, owned and managed by Svenska Kraftnät, a state 
owned company to which only plants producing over 500MW can be connected to.  

• The regional grid, with voltages between 30 and 130 kV is not owned by the state but 
divided into geographical areas in which grid companies have a monopoly. The grid 
companies are responsible for managing the power balance between and inside the 
different areas. The maximal capacity of plants that can be connected to this grid depends 
on the voltage in the area, but can go up to 300 MW. 

• The local grid, for voltage under 20 kV. Like the regional grid, it is divided in areas and 
shared between several grid companies.  

A wind farm has to be connected to the grid at one of these levels. It is important to note that 
the power limits that are given above are average values taken from Energimyndigheten and not 
absolute limits, each case has to be submitted to the approval of the grid company. Most of the 
time, because of the size of the farms, they connect to the regional or local grids but very large 
parks or group of parks can be connected directly to the transmission grid. It is the grid 
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companies that have authority on connecting to these grids, and set a tariff at which for the 
connection. There are two kinds of tariffs: channel tariffs and point tariffs. For E.ON, the grid 
company with whom Statkraft operates, point tariffs are only possible in the South of Sweden, 
where the production is low, and for parks with an internal voltage under 24 kV. Both tariffs can 
be divided into three fees: the connection fee, the transmission fee and the subscription fee.  

• The connection fee is a fixed fee per number of connexion points. It covers the costs of 
building a new connection to the grid (Svenska Kraftnät, 2012).  

• The transmission fee is given per MWh produced and covers the expenses of sending the 
energy to the consumer. It is dependent on what grid level the consumption point is at, 
and how far it is. As it has been mentioned before, the demand is very high in the South 
of Sweden and this fee is actually negative for producers located in the South, whereas it 
is positive for producer in the North (Svenska Kraftnät, 2012).  

• The subscription fee is given per MW installed and depends on the type of tariff. For the 
channel tariff, this fee includes the construction costs and the operation and maintenance 
costs of the extra grid that is necessary to build in order to support this new source. It is 
therefore dependant on the distance between the connection point and the balance point 
–i.e. the point where the energy is consumed- whereas it is a fixed value for the point 
tariff (E.on Elnät Sverige AB, 2014).  
 

Table 4.1: Tariffs applied in Sweden and their characteristics 

 CHANNEL TARIFF POINT TARIFF 

ELIGIBILITY Every park Parks in the south of Sweden 
with a voltage under 24kV 

CONNECTION FEE [KR] Fixed per number of connection 
point 

Fixed per number of connection 
point 

TRANSMISSION FEE 
[KR/MWH] 

Depends on the overlaying grid 
and the distance to the consumer 

Depends on the overlaying grid 
and the distance to the consumer 

SUBSCRIPTION FEE 
[KR/MW] 

Depends on the distance 
between the connection point 

and the consumption point 
Fixed for the whole area 

 

 

Table 4.1 summarizes these tariffs and the dependencies of theirs fees, which highlights the 
importance of the position of the connection point for the channel tariff, which is the one that is 
the most easily available. It is also interesting that, when applicable, for parks located far from the 
local grid, the point tariff can offer a very interesting economic solution since the transmission 
fee is actually a compensation. 
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5 METHOD 

5.1 Assumptions 
The biggest assumption in this model concerns the current intensity calculation when several 
wind distributions are implemented in the model. In Figure 5.1, turbine T1 has a wind distribution 
h1 and turbine T2 has a wind distribution h2. For a given wind speed, I1 and I2 are the same, as the 
characteristics of the turbines are the same. The difference between the turbines is in the energy 
produced, when summarizing over the year. The same difference occurs when summarizing the 
electrical power flowing through the cables and their losses over the year, because of the different 
wind distributions. 

The issue here is to do this summarization for the third cable, that carries the power of the two 
turbines, and which distribution to take into account to do it. In this situation, I3 is calculated as 
in equation 5.1 for every wind speed according to Kirchhoff’s circuit law, and the assumption 
that has been made to calculate h3 is that it is calculated according to equation 5.2.  

 𝐼3(𝑣) = 𝐼1(𝑣) + 𝐼2(𝑣) [𝐴] 5.1 
 

 
𝑝3(𝑣) =

𝑝1(𝑣) + 𝑝2(𝑣)
2

[−] 5.2 

This means that, from the third cable’s point of view, the wind speed is the same for turbines T1 
and T2 at every moment, but the possibility that this happens is an average of the probability of 
having this wind speed at each turbine. The impact of this assumption on the results is hard to 
estimate as there is no theory to compare with but, since the whole loss calculation is based on it, 
it is reasonable to say that the impact would be great. 

The cables in the internal grid are assumed to always be directly buried in the ground, without 
pipes, and that the depth of burying is the same in the whole internal grid. This means that the 
correction factor that is applied to the maximal current capacity of the cables is not always true to 
the conditions on site. This parameter has little influence on the results as it is not part of the 
calculations, but might result in overheating and faster wear and tear of the cables if the actual 
maximal current capacity is overestimated and exceeded. 

The bonding method that is chosen for the model is single point bonding which means that the 
only sheath losses are the eddy losses in the sheath which are not taken into account. According 
to the literature study, these losses are negligible compared to the resistive and dielectric losses, 
therefore taking them into account would have very little influence on the results. On the other 
hand, if another bonding method was chosen, the sheath losses would be higher because of the 

T1 

T2 

I1 

I2 

I3 

Figure 5.1: Illustration of the intensities in a cable, with 
different wind distributions in the turbines 
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current flowing in the sheath. Although the impact of this change would be higher, it would not 
change the conclusions of the report. 

5.2 Losses calculation 
The power and losses calculations are carried out according to the equations given in chapters 2 
and 3 and below is given a description of the process. The model allows the user to choose 
among a number of turbines and to associate them with a Weibull wind distribution and a wake 
effect factor. Up to 10 different associations of turbine and wind distribution are possible. This 
leaves the possibility to have different type of turbines in the same park, when a new park is built 
in the very close proximity of an older one for example, and different wind distributions. The 
power output and electric losses in the turbine of these associations are calculated with equations 
2.5 and 2.7. The user is also able to choose the voltage levels and the availability factor for the 
whole park. 

The user then has to manually enter the length, area and formation of every cable, and to 
associate it with a turbine. At this stage of development, the exact cables are not chosen yet, their 
properties can therefore not be taken from the manufacturer’s information. Because the 
insulation’s thickness and the quality of the insulation depend on the manufacturer, the 
resistance, capacity and inductance vary from one cable to another, even if the area of the cable is 
the same. Thanks to equations in chapter 3.1.3, the electrical properties of the cable can be 
calculated, but they require some geometric properties that depend on the manufacturer. In the 
model, these properties are calculated thanks to the method explained in APPENDIX B based 
on the values taken from different manufacturers. With these information, the electrical 
properties of the cables, the current that flows through it for every wind speed and the wind 
distribution are calculated with equations 3.14, 5.1 and 5.2.  

These values are then used to calculate the resistive, dielectric and reactive losses in every cable, 
with equation 3.12, 3.16 and 3.19. The only parameter that is not calculated but taken from a 
database is the maximal current capacity of the cable. The model also calculates the correction 
factor that has to be applied to this intensity, given the depth of laying, the thermal resistivity of 
the soil, and the temperature of the soil, thanks to the database given in APPENDIX A. 

Then come the losses in the transformation station. The user has to enter manually the 
characteristics of the transformer: rated power and no-load and full-load losses coefficient. The 
losses are then calculated with equation 2.7, taking into account the losses in the cables. The wind 
distribution that is used to calculate the losses over the year is an average of all the wind 
distributions present in the grid, with a principle similar to the one explained in chapter 5.1. 
Finally the losses in the export cable are calculated in a way similar to the internal cables, with the 
possibility to have overhead cables. 

The whole process can be summarized in Figure 5.2, where the production or losses in each 
block are taken into account to calculate the losses in the next one. 

Wind 
distribution Turbine Turbine's 

transformers 
Cables 

internal grid 
Park 

transformer Export cable 

Figure 5.2: Flow chart of the calculation process 
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5.3 Economic analysis 
As mentioned in chapter 4.1, Sweden has a national database for installation prices for electrical 
grid elements, from the cables to the transformers and the stations, that is updated every year. 
Since this model also calculates tariffs for different connection options, the costs listed in the 
model had to be similar to the ones used by grid companies. The EBR list is therefore the main 
source for the database in the model. Statkraft also has provided a list of costs for different 
elements that give a better estimation of the actual prices that the park owner can get, and this list 
has been added to the database, but it is still essential to keep the EBR prices for the tariff 
calculations. If there are any, the prices given by Statkraft and saved in the database will prevail 
on the EBR prices for the calculations, in order to get results as close to reality as possible. 

The model automatically calculates the quantities for the essential elements of the grid: cables, 
cable cabinets, transformers, switch gears. But the user can enter manually prices and quantity for 
all the elements of the grid. The information entered manually will always prevail on the default 
values in the model. 

To convert the losses calculated in MWh/y equation 4.2 is used, with electricity prices and 
certificates prices taken from Statkraft’s own predictions for the next 25 years. The model initially 
calculates the losses costs with the certificates measurement point inside the turbines, but the 
extra cost associated to placing the measurement point before the transformation station is also 
calculated, to give the user all the information that could be necessary to make this decision.  

5.4 Cable comparison tool 
The cable comparison tool is an element independent from the rest of the model. It is used to 
make feasibility studies and compare the costs of cables for a given wind distribution, turbine and 
grid voltage, and see which one is the most economically viable over the lifetime under a given 
load. In the model, this is performed by comparing the added investment cost and losses costs 
over the lifetime for different area of cables carrying the power of one to seven turbines.  

With this tool, the user can see which cable is the cheapest for each load, but also compare 
different cables and see which combination could be used in the grid, to have minimal cost. It is 
actually often more interesting for the wind park developer to have as few cable sizes as possible 
in the whole grid, since buying greater lengths of cables often leads to lower prices. It also has 
repercussions on the installation costs. The cable comparison tool does not take this aspect into 
account, but gives the possibility to the user to evaluate the cost of having two cables instead of 
one for example. 

The losses are calculated with the same method as in the rest of the model, and the investment 
price is taken from the database. The losses costs are calculated with the net present value 
calculations as expressed in equation 5.3, where pelk is the electricity price for year k in kr/MWh, 
Ptot the losses per year in MWh/year, i the interest rate and N the economic lifetime of the park. 
The electricity prices and interest rate can be changed by the user. The tool also includes a 
sensitivity analysis, to illustrate the influence of an increase or decrease in the investment cost and 
electricity price.  

 
C𝑁𝑃𝑁 = 𝑃𝑟𝑟𝑟 ∗ �

𝑝𝑒𝑒𝑘

(1 + 𝑖)𝑘  [𝑘𝑟]
𝑁

𝑘=1

 5.3 
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6 CASE STUDY 
The objective of this chapter is to confront the model with available data from existing wind 
parks or parks where the development is already relatively advanced. Through two case studies, 
the validity of the production and losses calculation will be compared to actual field data or 
results from other models. The chosen parks are both Statkraft owned. The first one, Em, is a 
small scale park with only 4 turbines. The second one, Lyckås is a medium scale park with 14 
turbines. Although the model can be used for large scale parks up to 100 turbines, no case study 
could be carried for a park that large, Statkraft’s only large scale park being still in development 
there is no data to compare with yet, and the other models are not designed for large parks. 

The models to which the results will be compared are both results from master theses from 
previous years. The first one, in Excel too, designed by Erika Nord (Nord, 2011), is quite similar 
in principle as it calculates the losses in the grid and estimates the costs for a given electricity 
price, but the calculations are less advanced, and the model does not include many of the features 
the one presented here does, like for example the possibility to input different wind distributions, 
the automatic calculation of the investment costs or the tariff calculations. The second one, called 
WFESC (Thalin, 2013), was designed by Emil Thalin and since it was developed on Matlab, has 
significantly different calculation methods and display features. The objective of this model is the 
same, calculating the losses and estimating their cost over the lifetime of a wind farm, but the 
calculations are based on an iteration method that cannot be implemented in Excel. 
Unfortunately, its calculation method could not be tested against the studied model because of a 
recurrent problem in the code when trying to launch the simulation. WFESC also includes a 
“simplified method” for the losses calculations based on the same principle as the method used 
in the studied model and it is this method that is used in this chapter to confront the results. 

6.1 Case study 1 – A small scale park: Em  

6.1.1 Presentation of the park 
Em’s park is a 10 turbines park, for a total capacity of 23MW, of which only 4 turbines belong to 
Statkraft. The turbines are Enercon 82 models, with a rated power of 2.3MW, and each turbine is 
equipped with a 2.5MVA transformer, with a no-load loss coefficient of 2.5kW and a load loss 
coefficient of 17kW. The internal grid is divided into two radials of two turbines, at a voltage of 
36kV, where the cables are three core 3x95 mm² cables, and one connection cable connection to 
the station, which is a three core 3x240 mm² cable. The overlying grid is the regional grid at 
130kV, therefore the connection solution chosen is a channel tariff. 

Table 6.1: Em’s park characteristics 

Turbines Cables Turbines transformers 
Each Total Size Length Power 2,5 MVA 

Enercon E82 4 turbines 3x95mm² 2,585 km No-load losses 2,5 kW 
2,3 MW 9,2 MW 3x240mm² 3,21 km Full-load losses 17 kW 

 

The transformation station gathers the power from the whole park and from a neighbouring 
source, therefore only a small share of the losses in the transformer are dependent on the part of 
the park that is studied. 
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For this reason, this case study focuses on the energy production and losses in the turbines’ 
transformers and the internal grid, and excludes the transformation station and the export cable, 
by comparing two scenario, the first with a wind distribution for each turbine, the second with 
one distribution for the whole park. The park has been in place for several year, therefore data 
exists for the production and losses in the grid. The power in the park is measured into two 
points: in the turbine before the transformers by the park owner, and before the station. For this 
reason, there is no data available to know the exact distribution of the losses in the actual grid. 

6.1.2 Energy production 
Two scenarios are being studied in this chapter with the exact same characteristics for the park 
except for the wind distributions. In scenario 1, each turbine is associated with a different wind 
distribution whereas in scenario 2, only one wind distribution is given for the whole park. Table 
6.2 and Figure 6.1 below show the results of this comparison. The first result of this study is that, 
when looking at the values for the whole park, the difference between the measured and 
calculated values are quite low for both scenarios. It is also to be noted that the results are slightly 
closer to the measured value for the first scenario, where the wind distribution is specified for 
each turbine. On the other hand, when looking at the results for each turbine in scenario 1, the 
deviation between the calculated value and the measured value is relatively high. This may be due 
to the fact that the production data used for this comparison are only the results of one year of 
monitoring, whereas the wind distribution parameters are given for the whole lifetime of the 
park. Because of the yearly variations of the wind characteristics over 22 years, it is predictable 
that there will be differences between the each year.   

Table 6.2: Production comparison in the park with one or several wind distributions - Em 

 TURBINES DIFFERENCE BETWEEN THE MEASURED AND CALCULATED VALUES  

SCENARIO 1 

Turbine 1 -2,05% 
Turbine 2 -8,01% 
Turbine 3 0,40% 
Turbine 4 6,99% 

All -0,51% 
SCENARIO 2 All -0,58% 

Turbine 1 Turbine 2 Turbine 3 Turbine 4 Total park scenario 1Total park scenario 2

Comparison between the measured and calculated values of  energy 
production in both scenarios 

Calculated Measured

Figure 6.1: Comparison between the measured and calculated values of energy production 
in both scenarios - Em 
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Despite the difference between the two scenarios, the difference with the measured value is low 
for both of them, and the results can be considered as satisfying. This difference will nevertheless 
have an impact on the losses calculations, and the range of this impact is studied in Chapter 6.1.3. 

6.1.3 Losses in the grid and the turbines’ transformers 
As mentioned above, there is no measurement after the turbines’ transformers so there is no way 
of knowing the actual share of losses between the cables and the transformers. The model 
calculated the losses in each turbine’s transformer and these losses are then taken into account to 
estimate the power, and thus the intensity of the current, that flows through each cable. In 
scenario 1, with different wind distributions in the turbines, the losses per km are different for 
every cable. Unfortunately, there was no data available as to which turbine is connected to which 
cable in this park therefore an analysis of the losses for each possible combination of turbines 
was made and the results presented here are the ones with the best results. This analysis is 
presented in APPENDIX C. 

  

Table 6.3: Percentage of losses between the turbine and the transformation station for 
each scenario - Em 

 MEASURED SCENARIO 1 SCENARIO 2 
% LOSSES 1,14 1,13 1,10 

 

Figure 6.2 and Table 6.3 display the results of this comparison. The difference between the two 
scenarios is quite small, and both total losses values are slightly lower than the measured value 
when only looking at the losses –3.3% and 4.2% resp. -, but the results are nevertheless close 
enough to the measured value. When also taking into account the production, as shown in Table 
6.3, scenario 1 shows better results than scenario 2, which illustrate the interest of having 
different wind distributions.  

Measured Scenario 1 Scenario 2

Losses comparison between the scenarios 

Turbines' transformers Resistive in the cables Dielectric in the cables Total

Figure 6.2: Comparison of the losses between the two scenarios and the measured 
value - Em 
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6.1.4 Comparison with other models 
The last step of the case study is to confront the results from the model with other models, in 
order to validate and evaluate them. The two models that will be taken as reference are the ones 
presented at the beginning of this chapter, created by Erika Nord (Nord, 2011) and Emil Thalin 
(Thalin, 2013).  

The input values for the case study with Emil’s model come directly from his report and use the 
iteration method that could not be run anymore at the time of writing this thesis. The results of 
this comparison are shown in Figure 6.3.  

 

 

The first thing to notice is the similarity for the transformers losses calculation that are almost 
exactly the same for the three models, with a maximum difference of only 0.36%. Secondly, 
Emil’s model seems to be the more accurate when compared to the measured value, with a 
difference of only 0.79% whereas the studied model seems to underestimate the losses with a 
difference of 3.29% compared to the measured values and Erika’s model overestimates them 
with a difference of 2.24%. Some factors inherent of the models structure can explain these 
differences but the results for the three models are overall satisfying with differences of less than 
4% for all of them, and one conclusion is that Emil’s model seems more accurate. They will be 
further developed in Chapter 6.2.5.  

  

Studied Emil Erika Measured

Comparison of  the losses calculation in the three models 

Turbines’ transformers losses [MWh/y] Internal grid - Resistive losses [MWh/y]

Internal grid – Dielectric losses [MWh/y] Total

Figure 6.3: Comparison of losses calculation between the three models - Em 
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6.2 Case study 2 – A medium scale park: Lyckås  

6.2.1 Presentation of the park 
Lyckås’ park is composed of 14 turbines with a rated power of 3.3MW each, which amounts to 
46.2 MW for the whole park. The grid is spread in 3 radials, of 4, 7 and 3 turbines each. The 
chosen voltage level in the internal grid is 36kV, whereas the voltage level at the connection point 
is 130kV. The transformation station is composed of two 20MVA 130/36kV transformers. 

The park is still in the development phase therefore a number of decisions have not been taken 
yet for which the model can be of help, including the dimensions of the cables. On the other 
hand, this means that there is no data available regarding the energy produced or the final costs. 
Therefore, the calculations of the model will be tested against the results from the two models 
cited in the introduction of this chapter. 

6.2.2 Cable choice 
As stated before, the dimensions of the cables in the grid have not been chosen yet, leaving total 
freedom for the input in the model. Two scenarios are studied here: a worst case scenario where 
the only criteria taken into account is the maximal current capacity, and a best case scenario 
where the cables are chosen based on the comparison tool. Table 6.4 shows the cables selected 
for both scenario and the investment and losses cost associated to these choices, as well as the 
result when taken as input for the internal grid in the model.  
 

Table 6.4: Description and comparison of the costs between the best case and worst case 
scenario for the cables - Lyckås 

 
WORST CASE SCENARIO BEST CASE SCENARIO 

Area [mm²] Cost [SEK/km] Area [mm²] Cost [SEK/km] 
1 turbine 95 41 195 95 41 195 

2 turbines 95 164 764 240 65 532 
3 turbines 95 370 710 240 147 436 
4 turbines 95 659 036 240 262 102 
5 turbines 185 530 042 300 328 718 
6 turbines 185 763 258 400 357 647 
7 turbines 240 802 669 400 486 794 

ECONOMY WITH THE BEST CASE SCENARIO IN THE ACTUAL GRID [%] 

Losses 
[MWh/y] LOSSES [SEK/LIFETIME] INVESTMENT COST 

[SEK] 

TOTAL COST 
OVER LIFETIME 
[SEK/LIFETIME]  

-47,3% -47,3% +26,1% -25,7% 
 

Table 6.4 shows that the choice of cable can have a significant impact on the costs of the park 
over the lifetime. Indeed, although the investment costs are lower for smaller cables (26.1%), it 
does not compensate the impact of the losses in the cable, and the total costs over the lifetime 
are still ¼ lower for optimized cable sizes. 
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This simulation is done with the measurement point for the certificates inside the turbines, 
therefore the price taken for the losses is the electricity price only. A similar study could be 
carried out with the certificate price also included, but the conclusion would not be changed. 

6.2.3 Losses repartition for different voltage levels 
It is mentioned in Chapter 4.4 that the point tariff can be very profitable in some location 
compared to the channel tariff. Because of its location, if Lyckås’ park was to be connected to the 
local grid with a point tariff, which means that it would have to have a connection voltage of 
24kV, the tariff rate could be a lot more competitive than the channel tariff. Changing for a 24kV 
grid implies re-dimensioning of the cable and the transformers, higher losses in the cables and 
therefore, in theory, higher costs over the life-time.  

In this particular case, the possibility of having a 24kV internal grid has been studied by the 
developers before, and a different layout had been developed for this occasion, that didn’t 
include any transformer in the park, and different export cables as well. In this scenario, the 
connection for the point tariff is done after the export cable between the transformation station 
in the park and the transformation station in the closest city, Kaxholmen that connects to the 
local 45kV grid. The question at stake is whether the higher costs and losses overtake the benefits 
of having a point tariff to the local grid or not. 

A comparison between these two scenarios – 24kV and 36kV – has been estimated, for which 
the cable size has been optimized with the cable comparison tool tested before. Figure 6.4 shows 
the results taken from the model, comparing the investment costs, the losses costs and the fees 
that go along each scenario, as well as the total cost over the lifetime for both connection options 

Several interesting conclusions can be drawn from the data in Figure 6.4. First of all, the 
investment costs for the 24kV scenario are a lot lower because of the absence of transformer in 
the station, of course, but also because lower voltage cables are cheaper. Only by looking at the 
investment costs for the internal grid and the losses price over the lifetime is the 36kV scenario 

Scenario 24kV Scenario 36kV

Cost comparison for different voltage levels 

Internal grid investment cost Transformation station investment cost
Losses price over the lifetime Electricity selling fee over the lifetime
Channel tariff cost over the lifetime Point tariff cost over the lifetime

Figure 6.4: Cost comparison between different voltage levels - Lyckås 
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interesting. With such results, if the layout had been the same for both scenarios, one can expect 
that the 36kV solution is preferable because of the reduction of the losses prices that is greater 
than the higher investment costs. Secondly, the channel tariff is more economically appealing in 
the 36kV scenario. Finally, the point tariff only available for the 24kV scenario makes a 
considerable difference in favour of the 24kV scenario, as it means a significant extra revenue. 

These results show the interest of this model, that displays both sides of the economic study: by 
looking only at the costs and losses and for a similar layout, the 36kV scenario is preferable, but 
when taking into account the tariff possibilities, the 24kV scenario is the one that is the most 
profitable. This also illustrates the fact that the most profitable solution is not always the one 
with the best in a technical point of view. 

6.2.4 Position of the certificates measurement point 
As it has been explained in the previous chapters, the position of the measurement point 
influences the revenues of the park. The model proposes two possible positions for this 
measurement point, and the impact of these positions on the economy of the park is presented in 
Figure 6.5. The study is done with the 36kV scenario as it is the one that is preferred by Statkraft 
at the time of writing of this report.  

Because of the losses in the turbines’ transformers and the internal cables, the energy sold when 
the measurement point is before the station is lower, which means that fewer certificates are sold 
in this situation. Over the lifetime of the project the difference between these two solutions 
would amount to over 1.2%. This study does not take into account the installation price of the 
measurement equipment in the different locations, which has to be taken into account to make 
an enlightened decision.  

Eenrgy sold

Measurment in the turbines

Measurement before the transformation station

Certificates over the lifetime

Measurement in the turbines

Measurement before the transformation station

Figure 6.5: Comparison between the two measurement points for the certificates – 
Lyckås 
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6.2.5 Comparison with other models 
The last step of the case study is to confront the results from the model with other models, to 
validate them. The two models that will be taken as reference are the ones presented at the 
beginning of this chapter. They are both based on the same theory and equations for the 
calculations, although the parameters and how they are taken into account can vary from one to 
another. Figure 6.6 displays the results of this comparison. 

 

A number of differences in the calculations are to be noted for both models, which can explain 
discrepancy in the results.  

Concerning Emil’s model, it can be noted that the air density is not an input parameter, it set at a 
non-displayed value for every turbine, which could explain the difference in the produced energy. 
It is also impossible to set an availability parameter as this option was not implemented, whereas 
the studied model has a default value of 98%. The Matlab model takes also different parameters 
to calculate the physical properties of the cable, that have to be entered manually by the user, 
which can cause a difference in the resistance and capacitance values compared to the studied 
model. Finally, it is unclear how the losses in the different elements affect the calculations for the 
others, for example how the turbines’ transformers losses affect the calculations of the power in 
the cables and their losses. 

Concerning Erika’s model, several tests have shown that the air density is not taken into account 
when using a turbine that is not in the database, which was the case for this park, and a default 
value of 1.225kg/m3 is taken. More importantly, the losses in the different elements are not 
accounted for when calculating the losses in the other. This means that, for the calculations, the 
power is the same on the low voltage side of the turbines’ transformers and in the park’s 
transformers. This leads to an overestimation of the losses in all the elements, except the 
turbines’ transformers.  

Studied Emil Erika

Comparison of  the losses calculation in the three models 

Turbines’ transformers losses [MWh/y] Internal grid - Resistive losses [MWh/y]

Internal grid – Dielectric losses [MWh/y] Park transformers losses [MWh/y]

Export cable losses [MWh/y]

Figure 6.6: Comparison of the losses calculations in the three models - Lyckås 
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Finally, it is quite unclear how some of the parameters are calculated, including the resistance in 
the cables, which could lead to differences in the results. It is also interesting to note that decision 
was made to not take into account the dielectric losses in these calculations, when they amount to 
5% to 10% of the cable losses depending on the grid design. 

Taking all these elements into account, it is quite hard to judge the accuracy of the studied model 
by comparing it to Erika’s model, but valid to compare it to Emil’s model. Figure 6.6 shows that 
the difference between the two models is only around 1.15% of the total losses which can be 
considered as satisfying.  

It is also interesting to look at the economic calculations of the three models. Although Erika’s 
model shows big differences in the losses calculation and therefore the incurred costs by losses, 
the investment costs calculations can be of interest. Figure 6.7 shows the results of this 
comparison. The losses costs are expressed with the net present value, for a lifetime of 22 years. 
The calculation method of the net present value differs a little bit between the models, since the 
new model presented in this thesis takes into account changes in the electricity prices for the next 
25 years whereas Erika’s model doesn’t. Although both Emil’s model and the studied model take 
the variation in the electricity price into account, Emil’s model also takes into account the 
certificates for every component which is why the costs is higher in that model. Given all these 
differences, it is impossible to draw any conclusion as to the validity of the losses price 
calculation from comparing the different models. 

All the economic information has to be entered manually in Emil’s model, which includes the 
investment cost for every cable and the transformer. No information could be put in for the 
station building, which explains why the investment costs in Emil’s model is more than 30% 
lower than in the others. The elements taken into account to calculate the investment costs in 
Erika’s model are similar to the one in the studied model, although they have to be entered 
manually. The prices referenced in her model are different from the ones in the studied model, 
which can explain the slight difference – 6% – but the results are overall similar, which is 
satisfying.   

Investment costs Losses cost over the lifetime with net present value

Costs comparison between the three models 

Emil's model Erika's model Studied model

Figure 6.7: Cost comparison between the three models - Lyckås 
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7 DISCUSSION AND CONCLUSION 
The model that has been developed during this master thesis answers most of the objectives that 
were set at the beginning: thanks to a pedagogic user interface, it is easy to use for anyone, and 
windfarms of up to 100 turbines can be implemented in it. It is adaptable to almost any layout 
and construction choices. It calculates the losses in every element of the grid distinctly, for one or 
several wind distribution profiles.  

The results of these calculations have been compared with actual values for a small scale park and 
shown satisfying level of accuracy. This confrontation has also shown the interest of having 
several wind distribution, although a study on a larger scale park could be useful to truly confirm 
its benefits. It has also been confronted to other models for a medium scale park, and, although 
the conclusions to this study were harder to draw, it has shown satisfying results. It includes and 
automatically calculates the investment costs and the losses costs, as well as other operation and 
maintenance costs and the possible tariff of connection. Thanks to a comparative analysis, the 
outcome of such calculations has been shown, in the second case study, to compare the 
economic interest of different layouts and connection solutions. It includes a tool that gives 
information on the economic impact of the dimensions choice for the cables that has been 
proven to be valuable.  

The case studies have also shown interesting result concerning impact different decisions can 
have on the economy of wind farms over their lifetimes. First of all, it has been demonstrated 
that, although choosing smaller cables seems a better solution because of the lower installation 
costs, the benefits of this saving are often cancelled out over the life-time by the losses costs. 
This is a relatively positive result in a technical point of view as it encourages more efficient 
choices at the initial phase of decision-making for the project development.  

On the other hand, the possibility to have a much more profitable connection tariff if a lower 
voltage level is chosen encourages less efficient technical choices. Indeed setting the voltage level 
at a lower level, especially for the export cables that carry the greatest power, implies higher 
losses and thus a less efficient grid.  

Finally, although the result predictable, the case study has proven that it the closer to the turbine 
the measurement point for the certificate is, the greater the benefice are. By calculating these 
benefices, the model gives the developer actual value to work on and confront to the installation 
costs to eventually make a decision. 

To further develop this model and validate the results, a comparison of the results found for 
Lyckås against measured data, once the park is built, would be valuable. It would also be 
interesting to confront the calculations of the model for a larger scale park against actual data, 
and especially the possibility to have several wind distribution choices, as the impact of these 
variations would be greater the bigger the park is.  
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APPENDIX A 

Correction factors depending on the depth of burial, temperature of the soil and the 
thermal resistivity of the soil. 

Table A.1: Correction factor for different depths of burial 

Laying depth [m] Correction factor 

0,5 1,0500 
0,6 1,0200 
0,7 1,0100 
0,8 1 
0,9 0,9867 
1 0,9733 

1,1 0,9660 
1,2 0,9587 

1,25 0,9550 
1,5 0,9400 

1,75 0,9217 
2 0,9033 

2,5 0,8883 
3 0,8800 

 

Table A.2: Correction factor for ground different temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature of the soil [C] Correction factor 

0 1,13 
5 1,10 

10 1,07 
15 1,04 
20 1 
25 0,96 
30 0,92 
35 0,89 
40 0,84 
45 0,80 
50 0,76 
55 0,71 
60 0,65 
65 0,60 
70 0,53 
75 0,46 
80 0,38 
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Table A.3: Correction factor for different soil thermal resistivity [Km/W] 

Soil thermal resistivity 
[Km/W] 

Correction 
factor 

0,5 1,23 
0,6 1,17 
0,7 1,12 
0,8 1,08 

0,85 1,04 
0,9 1,04 
1 1 

1,1 0,97 
1,2 0,94 
1,3 0,91 
1,4 0,88 
1,5 0,85 
2 0,76 

2,5 0,69 
 

The values in Table A.1, Table A.2 and Table A.3 are average form different sources. Indeed, 
these parameters vary depending on the manufacturer. Since the model is supposed to be used 
before any manufacturer is chosen, the values that are used are average to fit a wider range of 
cables. The sources taken for this calculations are: (ABB, 2006; Electrical Installation guide, 2014; 
Liban Cables SAL, n.d.; Nexans Cables, 2014; TKF, 2000; Universal Cable (M) Berhad, 2012) 
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APPENDIX B 

Calculation method for the geometric parameters of cables 
 

The model calculates one geometric parameters given the voltage and the area of the cable: the 
diameter of the insulation over the cable. This value differs from one manufacturer from another, 
and since it is used to calculate the capacitance of the cable, it influences the dielectric losses 
calculations. Because these losses only represent around 1% of the cable losses it is acceptable to 
have an approximate value. In order to be able to perform the calculations in the model without 
knowing the exact manufacturer for the chosen cable, the first step to calculate these parameters 
is to get an average from different manufacturers.  

Table B.1: Insulation thickness g iven the area and the voltage, in mm 

Voltage 
[kV] 

Area [mm²] 
50 95 185 240 300 400 630 800 1000 1200 1600 2000 2500 

24 5,75 5,75 5,75 5,75 5,75 5,85        
36 8,00 8,00 8,00 8,00 8,00 8,00        
45  9,20 9,15 9,25 9,15 9,25 9,20 9,30      
66    11,2  11,2 11,4 11,4 11,7 12,5 12,5   

132      16,2 16,4 16,4 16,7 17,5 17,5 17,5  
220       24,7 24,7 24,7 25,5 25,5 25,5 25,5 
400       34,2 32,2 31,2 29,5 29,5 29,5 29,5 

 

The values from Table B.1 are summarized in Figure B.1 as a function of the voltage. This choice 
of parameter was made because of the apparent regularity of the insulation thickness for lower 
voltages.  

4.80

6.80

8.80

10.80

12.80

14.80

16.80

18.80

20 40 60 80 100 120 140

Insultation thickness for a given area as a function of  the voltage 

50 95 185 240 300 400

630 800 1000 1200 1600

Figure B.1: Insulation thickness for a g iven area as a function of the voltage 
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The curves in Figure B.1 all seem to tend to a linear function with the same slope, although the 
increment is different for each. Besides, for lower voltage values, the curves follow a similar 
pattern. For these reasons, the approximation curve that has been chosen follows equation B.1, 
where a, b and c are to be determined. 

 
y = ax −

𝑏
𝑥

+ 𝑐 B.1 

The values for voltages higher than 130kV were set aside for this calculations, as the likeliness to 
use underground cables for these voltages is quite low, but will be taken into account to evaluate 
the accuracy. 

The parameters a, b and c were determined in an empirical way, and multiple evaluations lead to 
fix them at 0.08 mm/kV, 98.6 mm.kV and 8.05 mm respectively. The results are summarized in 
Table B.2, which also shows the difference with the average values from Table B.1. 

 

Table B.2: Calculated insulation thickness and difference with the average value 

Voltage [kV] 
Area [mm²] 

50 95 185 240 300 400 630 800 1000 1200 1600 2000 2500 

CALCULATED VALUE [MM] 

24 5,75 5,75 5,75 5,75 5,75 5,75        
36 8,02 8,02 8,02 8,02 8,02 8,02        
45  9,25 9,25 9,25 9,25 9,25 9,25 9,25      
66    11,53  11,53 11,53 11,53 11,53 11,53 11,53   

132      17,24 17,24 17,24 17,24 17,24 17,24 17,24  
220       24,17 24,17 24,17 24,17 24,17 24,17 24,17 

400       37,92 37,92 37,92 37,92 37,92 37,92 37,92 

DIFFERENCE WITH AVERAGE VALUE [%] 

24 0,02 0,02 0,02 0,02 0,02 1,73        
36 0,27 0,27 0,27 0,27 0,27 0,27        
45  0,52 1,06 0,03 1,06 0,03 0,52 0,57      
66    2,91  2,91 1,10 1,10 1,49 7,79 7,79   

132      6,44 5,14 5,14 3,25 1,47 1,47 1,47  
220       2,15 2,15 2,15 5,22 5,22 5,22 5,22 

400       10,89 17,77 21,55 28,55 28,55 28,55 28,55 

  

The results show very little difference between the calculated values and the average one for 24 
and 36kV, which are the voltages the most used in internal grids for cables, with a difference of 
less than 0.3% for every dimension except one for which the difference is still under 2%. The 
biggest difference occurs for higher voltages, which is logical since they were not taken into 
account for the optimization of the parameters. Even though the difference is high for 400kV 
cables – between 10.89 and 28.55% - it remains relatively low for 220 kV cables. Voltages of 
400kV are almost never encountered in Sweden, but were included in the model for eventual 
application in Norway.  
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These voltages are only present in what is called the overlaying grid in the model, and are not the 
properties of the park owner. Therefore, the losses in the cable do not have an economic impact 
on the grid owner and inaccuracy in the calculation won’t influence the decision. For this reason, 
the formula that has been implemented in the model is as follow in equation B.2, where ti is the 
insulation thickness, and V the voltage level in kV. 

 
t𝑤 = 0,08 ∗ 𝑉 −

98,6
𝑉

+ 8.05 [𝑘𝑘] B.2 
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APPENDIX C 

Comparison of the possible combination of turbines at Em’s park 
 

Figure C.1 represents the layout of Em’s park, where A, B, C and D are the possible positions of 
the turbines. In scenario 1, the turbines are names B01, B02, B03 and B04 and are each 
associated with a wind distribution. 

 

There are 24 possible combinations of turbines and position that will all have a different result on 
the resistive losses in the internal grid. Table C.1 presents these combinations and the results in 
terms of resistive losses associated to each. The difference between each combination is relatively 
low, with a difference between the lowest and highest losses of 1.71MWh/y which is logical given 
the small lengths of the cables. The decision as to which combination was chosen was based on 
the comparison with the measured losses, and which combination would give the closest results. 
The final choice was to select the combination with the highest losses, combination number 2. 

 

 

 

Figure C.1: Layout of Em’s park with the turbines’ positions 
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Table C.1: Turbines combination and the resistive losses associated 

COMBINATION B01 B02 B03 B04 RESISTIVE LOSSES [MWH/Y] 
1 A B C D 55,19 
2 A B D C 55,65 
3 A C D B 55,3 
4 A D C B 54,2 
5 A D B C 53,96 
6 A C B D 54,61 
7 B A C D 55,06 
8 B A D C 55,51 
9 C A D B 55,48 

10 D A C B 54,96 
11 D A B C 54,72 
12 C A B D 54,78 
13 C B A D 55,04 
14 D B A C 54,98 
15 D C A B 54,63 
16 C D A B 54,04 
17 B D A C 54,08 
18 B C A D 54,73 
19 C B D A 55,63 
20 D B C A 55,11 
21 D C B A 54,52 
22 C D B A 53,94 
23 B D C A 54,21 
24 B C D A 55,31 
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