
 

 

 

 

 

 

Department of Mechanical and Aerospace Engineering  

 

Power Transmission Options for Offshore Windfarms 

in Scotland 

 

 

Author: Sthitadhee Sarkar 

 

Supervisor: Dr. Nick Kelly 

 

 

A thesis submitted in partial fulfilment for the requirement of the degree  

Master of Science   

Sustainable Engineering: Renewable Energy Systems and the Environment 

2012



Copyright Declaration 

 

This thesis is the result of the author’s original research.  It has been composed by the 

author and has not been previously submitted for examination which has led to the 

award of a degree. 

 

The copyright of this thesis belongs to the author under the terms of the United 

Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. 

Due acknowledgement must always be made of the use of any material contained in, 

or derived from, this thesis. 

 

Signed:                                Date: 6
th
 September 2012 

 



iii 

Abstract 

 

The United Kingdom has a target of producing 15% of its electricity by the year 2020 

through renewable sources. The Scottish Government has set a 100% net renewable 

target for Scotland by this time. Achieving these targets will involve the 

commissioning of over 30 GW of offshore wind generating capacity in the UK, 6 GW 

of which would be in Scotland. The power generated by these offshore windfarms 

will need to be collected and transmitted to the load centres on the mainland. 

 

This project reviews the policy, legislation and environmental impacts of offshore 

wind power development in Scotland and different options proposed for it. It further 

makes an assessment of the options for power transmission from these offshore 

windfarms onto the mainland and carries out a detailed analysis of them. This is done 

by a review of available modelling options and constructing a suitable model for this 

purpose. The model has been used to analyse the various options available. The 

results have been tabulated and analysed. 

 

One of the key findings of this project is that reactive power management is an 

extremely important issue to be considered in the planning and design of an offshore 

windfarm transmission system. Another key finding is that, HVAC is a better 

technological option for power transmission from offshore windfarms in Scotland, 

though HVDC is the more suitable options for larger windfarms which are located 

further away from the coastline.  
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1.0 Introduction 

This section gives an overview of renewable energy in the United Kingdom and 

Scotland including policy, types, targets, challenges, environmental impacts and 

proposed infrastructure development. 
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The United Kingdom Government has set itself a target to achieve 15% of its energy 

consumption from renewable sources by the year 2020 (Department of Energy & 

Climate Change, 2011). Of this, 30% electricity, 12% heat and 10% transport fuels 

are to be obtained from renewable energy sources. Scotland has a target of achieving 

100% net electricity production from renewables and 11% renewable heat by this time 

(The Scottish Government, 2011). 

 

The Scottish Government has planned a timeline for deployment of renewable 

electricity systems in four different scenarios. These are illustrated in Figure 1-1. 

 

Figure 1-1: Projections of Renewable Electricity Installed Capacity Based on Historical Data (The 

Scottish Government, 2011) 

 

The scenarios modelled in Figure 1-1 represent: 

A. Deployment projection based upon an extrapolation of the annual deployment 

levels experienced in 2007-08. 

B. Deployment projection based upon an extrapolation of the annual deployment 

levels experienced between 2009 and the start of 2011. 

C. Deployment projection, based on Scenario B above, adjusted for the improvements 

in the planning/consent system that were introduced in recent years but which have 

not yet impacted upon actual deployment rates. 

D. The 100% target line is a straight line extrapolation between current installed 

capacity and the estimated levels of capacity required to achieve 100% of gross 
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consumption from renewables in 2020. This hypothetical line is incorporated to 

identify the scale of the challenge. In reality, the rate of deployment will not be linear 

and would be expected to accelerate towards the latter part of the decade, particularly 

given the potential magnitude of offshore wind deployment. 

 

1.1 Types of Renewable Technologies Considered 

The deployments of the following technologies are being considered by the Scottish 

Government for achieving the Renewable Energy Targets in Scotland (The Scottish 

Government, 2011). 

 

 Offshore Wind 

 Onshore Wind 

 Wave and Tidal Energy 

 Renewable Heat 

 Bio-energy and Energy from Waste 

 Hydropower 

 Micro-generation 

 Emerging Technology and Energy Storage 

 Community Renewables 

 

1.2 Offshore Wind 

Deployment of offshore windfarms is being considered as one main means of 

generation of “Green Electricity”. This has been identified as a means of power 

generation both by the UK and Scottish Governments. The Crown Estate from April 

2001 till May 2010 had five rounds of leasing for offshore power generation, resulting 

in a total of 55 GW installed capacity (National Grid, 2010). Of this, Round 3 itself 

involved a deployment of 32 GW of offshore wind generation capacity. This is the 
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largest offshore wind deployment project being taken forward in the world (National 

Grid, 2010). Table 1-1 shows a projection of the number of offshore wind turbines to 

be installed in the United Kingdom till 2020. 

 

Table 1-1: Number of Turbines Anticipated to be Installed Per Annum (National Grid, 2010) 

 

1.3 Offshore Wind in Scotland 

Scotland has been declared the windiest country in Europe with an average wind 

speed of 7.5 metres per second at 50 metres altitude (ScottishPower Renewable 

Energy Group, 2009). However, this massive potential is still under utilised. 

 

Of the various zones in the Crown Estate Round 3 projects, two of the zones are based 

in Scotland’s Renewable Energy Zone (please refer Appendix III). These will 

contribute to a total of 4.8 GW of installed capacity of offshore wind generation. 

These zones are: 

 

 Moray Firth 

 Firth of Forth 

 

Also, other than those zones which come under the Crown Estate’s Round 3 projects, 

six areas in Scotland have been identified to have favourable conditions for the 

deployment of offshore windfarms and would contribute to a total of 5 GW of power 

generating capacity (The Scottish Government, 2011). 
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 Islay 

 Argyll Array 

 Beatrice 

 Inch Cape 

 Neart na Gaoithe 

 Forth Array 

 

Offshore wind projects have been deployed for these areas which will sum up to a 

total of 5.8 GW of increase in offshore wind generation capacity. 

 

1.4 Challenges for Offshore Wind in Scotland 

The following challenges may be faced by Scotland in its path of deploying offshore 

wind generation at such a large scale (The Scottish Government, 2010). 

 

1.4.1 Fit for Purpose Infrastructure 

Scotland presently does not have the appropriate infrastructure required for 

undertaking the offshore wind projects on such a large scale. This includes 

appropriate roads, ports, manufacturing and fabrication facilities which are required in 

the development of these projects. 

 

1.4.2 Appropriate Supply Chain 

Offshore windfarm projects require appropriate services and skills. Also, this is 

required within the appropriate timescale. This may be a challenge for the country. 

Such large scale infrastructure development projects require a strong logistic 

backbone, which is presently not available in Scotland. 

  

1.4.3 Ongoing Innovation of Technologies and Practices 

To incentivise investment and development, there is a need to drive down the costs of 

projects. This is possible only when a new technology has been used and tested over a 

period of time in the market. This is still not the case in offshore wind power 
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development and there are new technologies being introduced in the market every 

day. Older technologies are less expensive, whereas newer ones are not. It is 

therefore, a difficult task to decide which technology to use. 

 

1.4.4 Regulation of and Access to the Electricity Grid 

Large power generation projects require the electricity grid to be developed 

technologically and geographically to allow the power generated to be transmitted to 

load centres. The present electricity grid in Scotland is still not developed to that 

extent and is not having enough capacity for that to be possible. 

 

1.4.5 Managing the Marine Environment 

Offshore wind power development will have a significant impact on the diverse 

marine life in the Scottish waters. Environmental impact assessment will be required 

to be done and measures taken to minimise impact on marine environment. 

  

1.4.6 Necessary and Available Skills 

There is presently a shortage of personnel to work in the development of offshore 

wind projects in Scotland. There are other established sectors like oil and gas in which 

professionals prefer to seek employment, keeping in mind the security of jobs. The 

education sector in Scotland has to produce enough graduates with appropriate skills 

for them to be able to execute these jobs in the near future and beyond. In this way, 

Scotland will also be able to set up a skill base, with which it can lead this sector 

worldwide by offering its expertise to other countries. 

 

1.4.7 Finance 

The capital cost of large scale offshore wind projects will require a significant amount 

of financial investment, which is not feasible through only government and public 

money. The Scottish government has to incentivise private investment into these 

projects as well to make them economically viable. 

 

1.4.8 Securing Support of Local Communities 

The support of the people of the local communities who live and also make a 

livelihood out of the sea is an important consideration to be made. They have to be 

taken into confidence and an awareness of the path which is planned to be followed is 
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to be explained to them. A process of collaborative planning and consultation has to 

be adopted which will help in making better development. 

 

1.4.9 Competition 

There are other UK and European companies who have gained a subsequent amount 

of experience and established expertise in the development, design and construction 

of large offshore windfarms. The Scottish companies who are new to this field will be 

facing fierce competition from these companies and should prepare themselves to 

compete with them. 

 

1.4.10 Timing 

The offshore wind power plan is a major step for Scotland in achieving its 2020 

renewable energy target. With all the above possible issues, developing the projects 

on time to be able to meet the 2020 target is essential. This is a risk in the brave step 

of going ahead with offshore wind with such tight development schedules. 

 

1.5 Environmental Impacts of Offshore Windfarms 

Offshore wind power development is a good way of mitigating greenhouse gas 

emissions and reducing global warming. This is a strong argument which will help its 

development and help it emerge as a leading technology for power generation in the 

coming years (Vella, 2010). 

  

The environmental impacts of offshore windfarms are as under (Danish Energy 

Authority, 2006). 

 

1.5.1 Marine Life 

The foundations built for the offshore wind turbines act as artificial reefs for the fish 

in the marine area. This increases the fish population in the particular area. The 

increase in the fish population in turn increases the population of birds in the area. 

Having a high density of birds within an area causes the collision on birds amongst 

themselves as well as with the towers or rotors. Therefore, offshore wind turbines 

have a major effect on the ecology of the surrounding area. 
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1.5.2 Migrating Birds 

Bird strikes with the tower or rotor are also an effect on migrating birds. Having 

offshore wind turbines can increase this. Apart from collisions, migrating birds also 

need to spend more energy to navigate around offshore wind turbines. This may cause 

birds to separate from their flocks while migration. Tower illumination may also be a 

contributing factor affecting these birds in their orientation and direction. 

 

1.5.3 Interference with Navigation for Endangered and Threatened Species 

The high voltage cables carrying power from the offshore wind turbines to the load 

centres cause electromagnetic fields around them. These produce noise and vibrations 

in the water surrounding the cables. This is highly threatening for the underwater 

species and living organisms. Many endangered species may ultimately get extinct 

because of these vibrations. Therefore, this effect of the cables also has a direct 

impact on the ecology of the area. 

 

1.5.4 Potential Alteration of Natural Environments 

Support structures for the wind turbines, located underwater, anchoring devices and 

scour protection materials, and electromagnetic devices could cause a reduction in 

benthic communities, change natural environments and affect migration patterns. This 

affects the habitats of underwater species. 

 

1.5.5 Marine Traffic, Recreation and other Sea Space uses 

Offshore wind turbines may cause disruptions in air traffic control and maritime 

radars. It may cause interference in communication between the pilots and air traffic 

control on the ground. Also, sea space which is used for recreational purposes may be 

affected by offshore wind turbines. Various other sea space uses will also suffer 

because of offshore wind farms. 

 

1.5.6 Visual Impacts 

Turbine towers and turbine rotating blades have a visual impact on the population 

living on the mainland close to offshore wind farms. Also, aerial warning lights in 

such wind farms can cause visual discomfort amongst people. 
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1.5.7 Noise Impacts 

Rotating turbine blades may cause noise. This causes discomfort in the people living 

near such offshore wind farms. 

 

The above mentioned factors are quite threatening to the development of wind energy, 

keeping in mind the huge potential it has in Scotland. A good balance needs to be 

reached between the two. Offshore wind is a major factor which will contribute and 

help Scotland in reaching its 2020 target. On the other hand, it has to be ensured that 

the offshore wind projects do not have a very harsh effect on the wildlife and 

ecosystem of the environment. Some changes and adjustments may need to be made 

in the proposals of certain offshore windfarms if the environmental impact assessment 

is found to be too large. 
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2.0 Background Information 

This section of the document gives an overview of offshore windfarms and the main 

components within its power transmission system. 
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2.1 Overview of an Offshore Windfarm 

 

Figure 2-1: Simplified Version of an Offshore Windfarm (Renewable UK, 2012) 

 

The simplified version of an offshore windfarm is shown in Figure 2-1. The various 

components of the windfarm are as under. 

 

1. Piles: Once a suitable location and position for the turbine is determined, 

these are driven into the sea bed. Erosion protection, which look similar to sea 

defences are placed at the base in order to avoid any damage, which may be 

caused to the sea floor. The top of the foundation is painted with a bright 

colour in order to enable them to be made visible to passing by ships. Also, an 

access platform is provided to allow maintenance teams to dock. 

2. Blades: There are wind direction and speed sensors fitted on the turbine. 

These sense and accordingly turn the aerodynamically shaped blades to face 

the direction of the wind enabling them to collect the maximum possible 

energy. 

3. Nacelle: The blades are connected to a shaft and this enters the nacelle, where 

other components are housed. The gearbox and generator are two main 

components within the nacelle. The shaft rotates the generator, which 

converts mechanical energy into electrical energy. 

4. Subsea Cables: These collect power generated by the offshore wind turbines 

and bring it to the offshore substation. Also, these cables transmit power 

between the offshore and the onshore grid substation. 
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5. Offshore Substation: The offshore Substation houses a power transformer, 

which steps up the voltage of the power generated to higher levels viz. 132, 

275 or 400 kV to minimise the losses in transmission. 

6. Grid Substation: This is the point where the transmission line, which 

originates at the offshore substation, connects to the electrical grid on land. 

The main components of this substation are two bus bars, one for the 

windfarm side and the other for the grid side and a bus section and bus 

coupler to give more flexibility to control the power flow.
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2.2 The Wind Turbine    

 

Figure 2-2: An Offshore Wind Turbine (The Crown Estate, 2011) 
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A typical offshore wind turbine is shown in Figure 2-2. This is the part of the system 

which collects wind energy through its aerodynamically designed blades and 

transmits the kinetic energy of wind onto the shaft through the spinner. This kinetic 

energy is further converted into electrical energy by the generator in the nacelle box. 

Figure 2-3 shows a detailed view of the components within the nacelle box. 

 

 

Figure 2-3: Nacelle Arrangement (Siemens Wind Power, 2012) 

 

Table 2-1 lists the components contained within the Nacelle Arrangement. 

Table 2-1: Components of the Nacelle Arrangement (Siemens Wind Power, 2012) 

Label Number Name of Component 

1 Spinner 

2 Spinner bracket 

3 Blade 

4 Pitch bearing 

5 Rotor hub 

6 Main bearing 

7 Main shaft 

8 Gearbox 

9 Service crane 

10 Brake disc 

11 Coupling 

12 Generator 

13 Yaw gear 
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14 Tower 

15 Yaw ring 

16 Oil filter 

17 Generator fan 

18 Canopy 

 

2.3 Subsea Cables 

The high voltage subsea cable is the component which transmits the power generated 

by the offshore wind turbine to the onshore grid connection point. This is a very 

important component of the system as the entire power generated reaches the grid 

connection point through this. 

 

Submarine cables are classified on the type of insulating material which they have. 

Some of the different types of submarine power cables are listed as under (Worzyk, 

2009). 

 

2.3.1 Polyethylene Cables 

Polyethylene is a hydrocarbon consisting of long chains of CH3-(CH2)n-CH3 

molecules. The only components are carbon and hydrogen either in branched or non-

branched chains. It is a non-polar and semi-crystalline material. It is thermoplastic and 

can be re-melted. It is available in different density ranges such as LDPE (Low 

Density), MDPE (Medium Density) or HDPE (high Density). The densities vary in 

between 0.9-0.97 g/cm
3
. PE has a lower dissipation factor and lower dielectric loss 

than paper insulation. 

 

2.3.2 Cross-Linked Polyethylene (XLPE) Cables 

Cross-linked polyethylene has been used for submarine cables since 1973 and for 

underground land cables even before. XLPE is made by cross linking chains of LDPE 

to form three dimensional networks. The cross linking is an irreversible process and 

gives the polymer a higher melting point. PE is thermoplastic and melts along with 

deforming its shape at temperatures between 80-110°C. XLPE on the other hand 

performs better at higher temperatures. It can allow the conductor to be loaded until 
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the conductor attains a temperature of 90°C. XLPE is destroyed by pyrolysis at 

300°C. 

 

 

Figure 2-4: ABB Single Core and 3-Core Submarine Cable with Lead Sheath, Wire Armour and 

Optic Fibres (ABB, 2012) 

 

2.3.3 Extruded HVDC Cables 

The space charge phenomenon makes standard XLPE unsuitable for HVDC 

applications. Under the application of direct voltage, the space charge accumulates at 

certain places in the insulation wall. These accumulations create undesired peaks of 

electric field in the insulation. This effect makes XLPE unsuitable for HVDC 

applications. 

 

Advanced XLPE extrusions have been developed which are suitable for use in HVDC 

applications. The mechanical strength achieved by extruded materials makes it highly 

suitable for submarine installation and operation. Figure 2-5 shows a typical extruded 

HVDC cable. 
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Figure 2-5: HVDC Cable with Extruded Insulation used for Submarine applications (Worzyk, 2009) 

 

2.3.4 Ethylene Propylene Rubber (EPR) 

Some manufacturers use Ethylene Propylene Rubber (EPR) in place of XLPE for 

submarine cables. EPR has a higher tan δ and εr values than XLPE. This makes it 

unsuitable for use in higher voltages as in XLPE. EPR insulated submarine cables are 

more suitable for use in medium voltage applications. 

  

2.3.5 Paper Insulated Oil Filled Cables 

This type of submarine cable is filled with low viscosity oil. This type of cable is 

known by several names, some of which are: 

 

 LPOF – Low Pressure Oil Filled 

 SCFF – Self Contained Fluid Filled 

 SCOF – Self Contained Oil Filled 
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High pressure oil filled cables are unsuitable for submarine applications. The 

insulation paper is made from conifer pulp (kraft paper). In order to improve dielectric 

losses for EHV AC applications, the pulp is washed with de-ionised water. Paper with 

a low density, of the order of 0.7-0.8 kg/dm
3
 is used to keep the dielectric losses low 

and permeability for oil flow high. The insulation is formed by paper tapes of 

thickness between 50 and 180 μm. Thin paper, with higher dielectric strength is used 

closer to the conductor as electric stress is higher at this part of the cable. The electric 

stress is lower in the outer parts of the cable and can be achieved with lesser layers of 

thicker paper tapes. The stacked paper tapes in the insulation wall also provide greater 

mechanical strength. 

 

2.3.6 Paper Mass Insulated HVDC Cables 

Paper mass insulation is widely used for HVDC applications and has been used for 

several years now. These types of cables have been used in the past for medium 

voltage AC applications, but are presently used only for HVDC applications. Mass 

impregnated cables are available for applications up to 500 kV DC and are the best 

possible option for DC at such high voltages. Also, another advantage of these types 

of cables is that they can be used for very long lengths and are highly suitable for such 

applications. 

 

 

Figure 2-6: Mass Impregnated HVDC Cables (Worzyk, 2009) 
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Mass impregnated HVDC cables are shown in Figure 2-6. These cables require a 

different type of paper for insulation than that used in oil filled cables for HVAC 

applications. As there is no problem of dielectric losses in DC cables, a higher density 

paper may be chosen with a density of the order of around 1.0 kg/dm
3
 to achieve 

maximum dielectric strength. The paper used in these cables is also made from kraft 

paper. Sometimes, different paper thickness is used in order to achieve better 

mechanical flexibility in the cable. 

 

2.3.7 Gas Filled Cables 

Lapped cable insulation with a gas filling in place of an oil filling was developed by 

C. J. Beaver and E. L. Davey of W. T. Glover & Co in 1937. The design elements 

were kept the same as a standard oil filled cable and the cable insulation was 

developed by pre-impregnated paper tapes. After its installation, the cable was 

vacuum treated and pressurised with nitrogen from both ends. The pressurised 

nitrogen filled the band gaps in between the paper tapes, suppressing the formation of 

partial discharges. Despite voids present in the insulation, this type of cable can be 

used for both AC and DC applications. 

 

Figure 2-7: A Gas Filled Cable and its Various Components (Worzyk, 2009) 
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2.4 Substations 

A substation is the point at which the terminal end of the transmission line is 

connected. A typical Single Line Diagram (SLD) for an offshore windfarm is shown 

in Figure 2-8. 

 

 

Figure 2-8: Typical Single Line Diagram of an Offshore Windfarm (Gardner, 2009) 

 

2.4.1 Offshore Substation 

The offshore substation is where the cables carrying the power produced by the 

offshore wind turbines terminate. The turbines are connected to turbine transformers. 

The turbine generators generate power typically at voltages of 6.6 or 11 kV. The 

voltage level is stepped up to 33 kV in the turbine transformers (Siemens Wind 

Power, 2012). The submarine cables then carry power from individual turbine 

transformers to the offshore substation. These cables terminate on the bus bar of the 

substation. There are large power transformers at the substation, which further step up 

the voltage to typical levels of 132, 275 or 400 kV. The power is then transmitted 

through the submarine HV cables to the onshore substation and terminates on the 

receiving bus bar of the onshore substation.  

 

2.4.2 Onshore Substation 

The onshore substation is the grid connection point of the offshore windfarm. This is 

where the connection is made with the existing high voltage electricity grid. The 
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submarine transmission cables which originated from the offshore substation 

terminate on the bus section in the substation. The bus section is connected to the grid 

side bus bar through a bus coupler. 

 

2.5 Transformers 

Transformers are a major component of the offshore substation and also placed within 

each turbine. Both are step up transformers, which are used to step up the voltage 

level of the electricity generated by the wind turbines. Figure 2-9 shows a typical 

substation transformer, used in offshore substations. 

 

Figure 2-9: A Typical Substation Step-Up Transformer (ABB, 2012) 

 

2.5.1 Turbine Transformers 

The turbine transformers are located at the bottom of each offshore wind turbine. 

These transformers step up voltage from the typical generating voltage of 6.6 or 11 

kV to 33 kV. These are transformers of capacity which match the generator capacity 

of the turbine so that when the turbine is generating maximum electricity, the 

maximum electricity can be stepped up in voltage. Also, when designing these 

transformers, sufficient capacity has to be considered in order to ensure that the 
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transformer does not get overloaded at any time. There is a control system present in 

the turbine, which controls these transformers. 

 

2.5.2 Substation Transformers 

The substation transformers are rather large transformers located on the offshore 

substation platform. These transformers are loaded and switched on/off according to 

the power being generated by the offshore windfarm. The transformers step up the 

voltage from 33 kV to the voltage at the grid connection point, which is 132, 275 or 

400 kV.  

 

2.6 Switchgear 

Switchgear is that part of the electrical system which helps in connecting and also 

disconnecting parts of the power system in the event of a fault (Chakrabarti et al., 

2006). The main components of switchgear are as under. 

 

2.6.1 Circuit Breaker 

The circuit breaker is an important component of the switchgear. Whenever there is a 

fault, the circuit breaker helps in disconnecting the circuit on load and breaking the 

fault current. Circuit breakers have a medium for arc extinction and this is what 

distinguishes them from isolators. Isolators also have a similar working mechanism 

like circuit breakers, the only difference being the presence of additional arc 

extinction medium in them. This arc extinction medium helps circuit breakers to 

operate on load, whereas isolators can be operated only off load. Circuit breakers are 

usually rated on their short circuit current capacity, which is the amount of current 

they are capable to break on load. Circuit breakers are classified on many different 

parameters, but one important and the most common classification of them is based in 

the arc interruption medium that they use. Some different types of circuit brekers 

based on this type of classification are as under. 

 

 Oil Circuit Breaker (OCB) 

 Minimum Oil Circuit Breaker (MOCB) 

 Air-Blast Circuit Breaker (ACB) 
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 Vacuum Circuit Breaker (VCB) 

 Gas Insulated Circuit Breaker (GCB) 

 

Sulphur-hexafluoride (SF6) is the most commonly used arc interruption medium in 

GCBs and the corresponding switchgear is called Gas Insulated Switchgear (GIS). 

 

2.6.2 Protective Relays 

Relays are the devices that detect abnormal conditions in electrical circuits by 

constantly measuring the electrical quantities, which are different under normal and 

fault conditions (Chakrabarti et al., 2006). The relays sense abnormal conditions and 

send out a signal to the circuit breakers to trip. When the circuit breakers trip, the fault 

current is interrupted and therefore, saves the equipment from any further damage. 

Relay setting is extremely important for the tripping of the circuit to occur as desired 

and therefore, it should be ensured that this is done with extreme precision. 

Traditionally, electromechanical relays were used for power system protection. 

Presently, they have been replaced by digital microprocessor and microcontroller 

based relays. 

   

2.6.3 Instrument Transformers 

The two main types of instrument transformers used in switchgear are: 

 

 Current Transformers (CT) 

 Voltage Transformers (VT) 

The values of current and voltage in transmission systems are generally extremely 

large and these need to be monitored carefully. If measuring instruments for 

measuring such large values would need to be designed, they would be extremely 

large in size and also very expensive. Therefore, instrument transformers are used to 

proportionally step down the values to lower ranges to enable measuring instruments 

to monitor them carefully. In this case, a very high level of precision is required to be 

maintained as relays are connected to the secondary side of the instrument transformer 

and in case of any abnormal condition; it sends a signal to the circuit breakers to trip 
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the circuit. Therefore, the design and installation of the instrument transformer is very 

important for the proper operation of the power system. 

  

2.6.4 Measuring Instruments 

The main two types of measuring instruments in the power system are as under. 

 

 Ammeter 

 Voltmeter 

The measuring instruments measure the circuit parameters constantly. The ammeter is 

used to measure the current in the system, whereas the voltmeter is used for 

measuring the voltage. These instruments actually measure the secondary levels of the 

instrument transformers and display the readings accordingly. The ammeter is used to 

measure current, whereas the voltmeter is used to measure voltage. Apart from this, 

there are other measuring instruments, including watt meters and power factor meters. 

 

2.6.5 Bus Bar 

The bus bar is the component of the switchgear which is the connection point. The 

incoming and outgoing feeders originate and terminate onto the bus bar. It is usually 

made of copper and is meant to have low impedance. The bus bar also has a separate 

protection system and is separately protected, in case of any faults occurring on it.  

 

2.7 DC Converter Stations 

The original motivations, which lead to the development in HVDC power 

transmission was to reduce the large amount of losses being experienced in the AC 

power transmission systems. HVDC systems are known to have lower losses as they 

are free from effects like Ferranti Effect, susceptance, skin effect, corona, etc. 

(Arrillaga et al., 2007). Also, the amount of power that is transferred through the same 

amount of copper conductor in HVDC systems is much larger for HVDC transmission 

systems. 

 

The voltage of DC power cannot be either stepped up or stepped down. For this 

purpose, it needs to be converted into AC. Converter stations are built on both ends of 
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the HVDC transmission line for conversion from AC to DC and vice-versa. There are 

two types of HVDC converter stations described as under. 

 

2.7.1 Current Source Converter (CSC) Stations 

This is a thyristor based converter station, which uses a silicon controlled rectifier 

(SCR) for AC to DC conversions. This is the traditional type of technology which has 

been used for HVDC converter stations. The limitations of CSCs are listed as under. 

 

 There is a requirement of an AC power source. 

 A static synchronous compensator or rotating electrical machine is required. 

 Managing harmonics caused by the AC power source is an issue. 

 

2.7.2 Voltage Source Converter (VSC) Stations   

The CSC technology has been recently replaced by voltage source converters (VSC). 

The VSC technology uses an Integrated Gate Bipolar Transistor (IGBT) in place of a 

SCR. This type of converter station is becoming popular very rapidly and is being 

used in HVDC transmission systems worldwide. Some of the advantages of VSCs are 

listed as under. 

 

 These are independent voltage sources that can either supply or absorb 

reactive power. 

 These are much smaller in size than traditional CSCs. The small size makes it 

easier to install in offshore locations and design and construct structures for 

them. 

However, one limitation of VSCs is that they have reduced power capacity as 

compared to CSCs. Scientists are carrying out research to address this shortcoming 

and improve this technology. 
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2.8 HVAC Shunt Reactors 

 

 

Figure 2-10: Air-Core HVAC Shunt Reactors (National Grid, 2010) 

 

There are primarily two types of HVAC shunt reactors, as under. 

 

2.8.1 Air-Core Shunt Reactor 

Figure 2-10 shows an air-core HVAC shunt reactor. These are relatively larger in size, 

but quieter and require lesser maintenance. They do not have non-liner cores and are 

therefore, not subject to core saturation effects. These are less expensive than iron-

core reactors. These are normally available up to operation voltages of 72 kV and 100 

MVAr. Higher capacities are possible to be made available, but require exclusive 

design. A disadvantage of air-core reactors is that they have a strong magnetic field, 

which usually extends beyond the reactor surface. Therefore, any metallic loops must 

be avoided, where circulating currents may flow close to these reactors. 

   

2.8.2 Gapped Iron-Core Shunt Reactor 

An iron-core reactor has a similar construction to that of a power transformer and is 

immersed in an oil tank. The gapped iron core provides a higher reluctance and hence, 
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allows higher magnetising current to flow. These reactors are available upto operation 

voltages of 800 kV and 250 MVAr. These reactors do not have any magnetic fields 

extending beyond their surfaces, are well protected from the environment and are 

hence, more suitable for offshore applications. 

 

A shunt reactor is used for reactive power compensation in submarine power cables. 

These cables tend to have a large amount of capacitive reactive power and this causes 

the current in cables to increase beyond the designed capacity at certain points within 

them. This limits the length of cables in HVAC transmission systems. Also, the 

voltage in the cable is stabilised through these shunt reactors. Reactive power cannot 

travel through long distances and therefore, this reactive compensation has to be 

applied locally at points throughout the transmission line. Reactive compensation may 

be applied at the offshore substation, onshore grid connection point and also 

intermediate points within the submarine cable by constructing offshore platforms 

(National Grid, 2010). Shunt reactors may be connected either on the tertiary winding 

of the power transformer or the HV bus bar of the substation switchgear for 

operational switching. 

 

If the length of the transmission line is limited, it implies the inability of planning new 

offshore windfarms for greater distances from the onshore grid connection point. This 

makes reactive power and its management and extremely important aspect to address 

with regard to offshore windfarms. 
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3.0 Aims and Objectives 

This section of the document lists the aims and objectives of this project. 
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3.1 Aims 

This project will make a techno-economic analysis of the HVAC and HVDC power 

transmission options for proposed offshore windfarms in Scotland and conclude 

which option would be most viable.  

3.2 Objectives 

The objectives to be addressed in the study, which will lead to the results and 

conclusions, are as under. 

 

 To assess the development plans for transmission networks for offshore wind 

power in Scotland.  

 To review different modelling options available for power transmission lines. 

 To develop a suitable model to represent an offshore power transmission 

network. 

 To validate the power transmission line model. 

 To make sensitivity study and control reactive power issues in long submarine 

power transmission lines. 

 To make a techno-economical analysis and recommend the most feasible 

option for offshore wind power transmission in Scotland. 
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4.0 Literature Review 

This section of the document presents a review of existing literature available on the 

subject. Existing transmission line modelling approaches and methods have been 

discussed. 
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4.1 Transmission Line Modelling Basics 

A transmission line transmits power from one location to another. Transmission lines 

are usually modelled and analysed by parameterisation with passive components. 

Some of the components used are resistors, inductors and capacitors. The orientation 

and magnitude of the parameters depend upon the type of conductor or cable in use 

and its electrical properties. The series components represent the characteristics of the 

conductor itself, whereas the shunt components represent the characteristics which are 

induced as a result of its interaction with other parameters such as electrical earth or 

other conductors. Additionally, other inherited characteristics may be represented 

such as mutual inductance or coupling of transmission lines, which are phenomena 

observed in case of multi phase systems (Grainger & Stevenson, 1994). 

 

In this project, a sinusoidal steady state analysis of the transmission line is performed. 

No transient studies are done. The steady state behaviour of transmission lines are 

analysed. There are two available methods of modelling transmission lines through 

two different types of parameters (Bergen & Vittal, 2000). 

 

 Distributed Parameters 

 Lumped Parameters 

 

The lumped parameter method is a further simplification of the distributed parameter 

method. The next sections explain the above methods in greater detail. In this thesis, 

lower case letters will be used for distributed parameters and upper case letters will be 

used for lumped parameters. 

 

4.2 Distributed Transmission Line Parameters 

As the name suggests, distributed transmission line parameters imply that the line 

parameters are distributed equally along the transmission line (Glover et al., 2012). 

The parameters are specified per unit length and are additive in nature along the 

length of the transmission line. For a transmission line, quantities such as voltage, 

current and power are studied. The power flow and losses can be determined from 
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these distributed line parameters. Figure 4-1 shows a transmission line model with 

distributed line parameters. The model consists of a series impedance and shunt 

admittance. The summation of all these line segments gives the overall distributed 

line model. 

 

 

Figure 4-1: Distributed Parameter Transmission Line Model (Glover et al., 2012) 

 

The line series impedance is represented by a resistance in series with an inductance. 

This is quantified per unit length as under. 

 

         4-1 

   

The series resistance is quantified in ohms per unit length and the series inductance is 

quantified in henrys per unit length. Ω represents the operational angular frequency of 

the AC power system in radians per second. The impedance of the inductor is a 

function of the frequency of the AC power system. The shunt element of the model 

consists of a resistance in parallel with a capacitance. The admittance of this element 

is quantified as under. 

 

         4-2 

 



33 

The admittance of the capacitor is also a function of the frequency of the AC power 

system. 

 

As shown in Figure 4-1, the total length of the line is denoted by l and that of the 

differential element is denoted by dx. The impedance across a series section is zdx and 

that across a shunt segment is ydx. At the sending end, x = 0 and the voltage and 

current are denoted by V1 and I1 respectively. At the receiving end, x = l and the 

voltage and current are V2 and I2 respectively. A voltage drop of dV appears across the 

series element of the line and a current dI flows through the shunt element. The 

voltage drop and current loss in the line can be represented by the first order 

differential equations 4-3 and 4-4 (Grainger & Stevenson, 1994). 

 

 
  

  
    4-3 

 

 
  

  
    4-4 

 

Similar behaviour can be characterised by second order differential equations 4-5 and 

4-6. 

 

 
   

   
         4-5 

   

 
   

   
         4-6 

 

 γ represents the propagation constant (Grainger & Stevenson, 1994). Solving the 

differential equations give the below solution in equations 4-7 and 4-8. 

                             4-7 

               
  
  
          4-8 
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The voltage and current at any point along the transmission line can be determined 

from these equations by substituting the appropriate value of x. Zc is the characteristic 

impedance of the line. This is given by equation 4-9. 

 

          4-9 

 

At the terminals, x=l and the terminal currents and voltages can be given by equations 

4-10 and 4-11. 

 

                             4-10 

               
  
  
          4-11 

 

4.3 Lumped Transmission Line Parameters 

The lumped transmission line parameter model is a simplified version of the 

distributed parameter model. It has been derived from equations 4-10 and 4-11 

(Glover et al., 2012). The model cannot give values of voltage and current at different 

points along the transmission line. This information is useful in many studies, but 

where it is not required; the lumped parameter model may be used. 

 

In most studies, engineers are more interested in the values of voltage and current at 

the terminal ends of the transmission lines (Glover et al., 2012). The propagation is 

neglected and lumped transmission line parameter model is adopted for power flow 

studies. To develop the lumped parameter transmission line model, equations 4-10 

and 4-11 can be put into the form as follows (Glover et al., 2012). 

 

            4-12 

            4-13 

Where,  

             4-14 

               4-15 
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          4-16 

             4-17 

 

The lumped parameter transmission model holds the appropriate terminal behaviour 

as in equations 4-12 and 4-13. A π-equivalent circuit for this is shown in. 

 

 

Figure 4-2: π-Equivalent Circuit of Lumped Parameter Transmission Line (Glover et al., 2012)  

 

The series and shunt elements of this model are also represented by passive elements. 

The total impact of the distributed elements along the whole length of the 

transmission line is lumped together in ohms. They are proportional to the length of 

the line, but are not expressed in terms of quantity per unit length. By proper 

calculation of the values of Z′ and Y′/2, the same impact of the passive elements on 

the transmission line can be represented. By Kirchoff’s voltage law (KVL) and 

Kirchoff’s current law (KCL) in Figure 4-2, the following equations are derived. 

 

 

            
  

 
    

    
    

 
         

4-18 

 

 

   
  

 
   

  

 
      

      
    

 
       

    

 
    

4-19 
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Comparing equations 4-18 and 4-19 to equations 4-12 and 4-13 respectively, we can 

obtain the values of A, B, C and D lumped parameters as under. 

 

      
    

 
  4-20 

      4-21 

         
    

 
  4-22 

      
    

 
  4-23 

 

Solving for Z′ and 
Y′

/2 in Figure 4-2,  

 

                4-24 

   

 
  

 
 

 

  
      

  

 
  4-25 

 

The above process which allows the determination of parameters is a lumped π-

equivalent model with variable length, characteristic impedance and propagation 

constant of the line. The resistor, capacitor and inductor elements are sized by 

equations 4-24 and 4-25. The RLC circuit thus obtained will maintain appropriate 

behaviour at the terminal ends. Similarly, a T-equivalent circuit may be constructed 

with two series and a shunt impedance element. This is a transformation of the π-

equivalent model, which holds the same terminal relationship. The relationship may 

be simplified for a line of a shorter length. 

 

4.4 Lumped Parameter Transmission Line Models 

For lines which are not particularly long,        (Grainger & Stevenson, 1994). In 

this case, an approximation may be made to equations 4-24 and 4-25, without any 

severe impact on the accuracy. This section explains how the simplification may be 
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made and also about the omission of certain passive elements, which further 

simplifies the lumped parameter transmission line model. 

 

Sections 4.2 and 4.3 explained distributed and lumped parameter transmission line 

modelling. The lumped parameter model, as explained is a π-equivalent circuit, which 

contains series resistive and inductive elements along with shunt resistive and 

capacitive elements. Certain assumptions are made on this model to further simplify 

it. In this way, four different models are presented, on the basis of line length. As the 

line becomes shorter and shorter, certain assumptions are made and certain parameters 

are neglected (Glover et al., 2012). 

 

4.4.1 Long Transmission Line Model 

For a long transmission line (l > 250 km), no approximations are made (Glover et al., 

2012). The passive elements of the π-equivalent circuit are calculated using equations 

4-24 and 4-25. For this π-equivalent circuit, the characteristic impedance and 

propagation constant are given as under. 

 

 
                      

                     
4-26 

 

     
 

 
   

     

     
 4-27 

 

 

The values of Z′ and 
Y′

/2 are computed from ω and Zc. The circuit elements of the 

passive elements are then calculated for the equivalent circuit as shown in Figure 4-3. 

This representation is called the long transmission line model (Glover et al., 2012). 
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Figure 4-3: Long Transmission Line Model (Glover et al., 2012) 

 

Where, 

 

          4-28 

 
  

 
 
 

 
     4-29

1
 

 

 

4.4.2 Medium Transmission Line Model 

The shunt resistive element may be neglected if the length of the transmission line is 

lesser than 250 km. This is defined as a medium transmission line (Glover et al., 

2012). 

 

The current that flows through the resistive shunt element of the transmission line is 

very small and is proportional to the magnitude of the terminal voltage. The impact of 

this element is significant only in the case of high voltage long transmission lines. 

This element is neglected in medium length transmission lines with negligible impact 

of the accuracy of results. The corresponding equivalent circuit thus obtained is 

shown in Figure 4-4. 

 

 

                                                
1 r in 4-29 is a lumped parameter. It has been represented in lower case in order to differentiate it from 

the series resistive element. 
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Figure 4-4: Medium Length Transmission Line (Glover et al., 2012) 

 

Further approximations are made on this model. The propagation constant and 

characteristic impedances are no longer used to calculate the RLC elements for the 

lumped parameter transmission line model. The approximations made are as under. 

 

               4-30 

 
  

 
 
 

 
         4-31 

 

This computation is simpler than that of the long transmission line model. The values 

of the elements in this model can be determined from the line length and parameters 

in per unit length. There is no requirement of any hyperbolic functions.  

 

4.4.3 Short Transmission Line Model 

Further simplifications to the medium transmission line model are made for the short 

transmission line model. A short transmission line is defined as that which is lesser 

than 80 km in length (Glover et al., 2012). 

 

For a short transmission line, the shunt elements are all neglected. The shunt charging 

caused by shunt capacitance is negligibly small in magnitude in short transmission 

lines and hence, neglecting this element has a negligible impact on the result. Further, 

there are two types of short transmission line models as under. 
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 Short Lossy Transmission Line Model 

 Short Lossless Transmission Line Model 

The lossy model has a series resistor as well as series inductor component, as shown 

in Figure 4-5. The term lossy is taken from the fact of the presence of I
2
R real power 

losses in the model. Small approximations in angles are used and the elements of this 

model are calculated from equation 4-30. 

 

 

Figure 4-5: Short Lossy Transmission Line Model (Glover et al., 2012) 

 

The other short transmission line model available is the short lossless transmission 

line model. This is the most simplified model and is more often used in power 

distribution systems or very short transmission lines. This model is widely used in 

power flow solvers to simplify and speed up calculations. The model only consists of 

a series inductor, as shown in Figure 4-6, and has no resistive component, which 

would represent the real power loss. Therefore, it is called a lossless transmission line 

model. 

 

 

Figure 4-6: Short Lossless Transmission Line Model (Glover et al., 2012) 
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The inductor sizing calculation for this model is done as under. 

 

       4-32 

 

Four different transmission line models have been presented based on the length of 

the respective transmission lines. It should be ensured that the appropriate model is 

used to avoid any errors in the results obtained. The guidelines of using these models 

is summarised in Table 4-1 (Glover et al., 2012). It may be inferred from the other 

models that the short lossless transmission line model may be used in those instances 

only where the transmission line length is much lesser than 80 km. 

Table 4-1: Summary of Lumped Parameter Transmission Line Models (Glover et al., 2012). 

Line Model Transmission 

Line Length 

Recommended Lumped 

Transmission Line 

Model 

Assumptions 

A         Short Lossless All shunt elements 

neglected 

 

Series resistance 

neglected 

 

     

B         Short Lossy All shunt elements 

neglected 

 

     

C             Medium Shunt resistance 

neglected 

 

     

  

 
 
 

 
 

D          Long None 
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5.0 Modelling 

This section explains the steps involved in the modelling of an offshore windfarm 

transmission line. The overview, methodology and assumptions in this project are 

explained in detail. 
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5.1 Overview 

The approach towards offshore transmission line modelling followed in this project is 

summarised as: 

 

 

Figure 5-1: Modelling Approach of the Project 

 

As shown in Figure 5-1, the modelling approach for the project involves several steps 

of equal importance. A further detail of the methodology followed is explained in the 

next section. 

Assessing nature of data 
available and results 

required 

Exploring available modelling 
tools and their compatibility 

with available data 

Selection of most 
appropriate tool for 

execution of the project 

Construction of model with 
available data 

Validation of model 

Investigation of various 
scenarios based on available 
information with the model 

Obtaining results from  the 
investigation 

Tabulation and 
interpretation of results 

Conclusions drawn on the 
basis of results 
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5.2 Methodology 

The modelling in the project involved several steps. Each of these steps is discussed 

in greater detail as under. 

 

5.2.1 Collection of Information and Data 

The project involved collection of various types of information and data from various 

sources. The different kinds of information required to perform this study are listed as 

under. 

 

 Review of renewable energy targets of the United Kingdom and Scotland. 

 Proposed methods of achieving these renewable energy targets. 

 Various scenarios described with different rates of working towards these 

targets and the corresponding economic impacts of these plans. 

 Policy on offshore wind in the United Kingdom and Scotland. 

 Environmental impacts of offshore windfarms. 

 Proposed offshore windfarms in Scotland. 

 Distance of the proposed offshore windfarms from the existing onshore 

electricity grid. 

 List of equipment required in execution of offshore windfarm projects. 

 Types of cables being used in proposed offshore windfarm projects. 

 Cable parameters for such cables being used in offshore windfarm projects. 

 Cost of various components in offshore windfarm projects. 

 

5.2.2 Exploring Modelling Options 

The various options for modelling of the transmission lines of offshore windfarms 

were considered. Several software packages for modelling were found. Some of these 

are listed as under. 
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 OpenDSS: An open source software package available for download from the 

internet free of cost. Good recommendations and reputations from other users 

along with a good user interface. However, more suitable for power 

distribution systems, rather than transmission systems. 

 DIgSILENT PowerFactory: A professional software package with full 

Graphical User Interface (GUI). It is increasingly becoming popular among 

utilities and engineering design consultancies. It is licensed software which is 

very powerful. However, relatively difficult to learn and grasp within a short 

time period. 

 PSS®E: A professional software package from Siemens AG. Powerful and 

being used by several engineering design consultancies worldwide. A licensed 

software and also relatively difficult to learn in a short period of time. 

 IPSA+: A professional software package developed by IPSA Power. Licensed 

software, but a trial version available for free download. 

 PowerWorld Simulator: A software package developed by PowerWorld 

Corporation. A limited version is available for free download from the 

internet. It has a good user interface and is frequently used by students and 

academicians for studies. It is also used by some engineering design 

consultancies. 

 

5.2.3 Selection of Appropriate Tool 

Considering the various pros and cons of the options of software packages available 

as mentioned above, the PowerWorld simulator was chosen. The following features of 

PowerWorld simulator made it the most viable option for use in this project. 

 

 Licensed software which can be downloaded from the internet. Hence, there 

are no issues regarding the availability. 

 Available free of cost. Hence, no cost involved in obtaining software. 

 The evaluation can handle up to 12 buses. This is adequate for the nature of 

study to be performed and the required results. 
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 In case any issues faced in the evaluation version, the full version is available 

in the computer laboratory of the Department of Electrical and Electronic 

Engineering at the University of Strathclyde, which is accessible. 

 Good Graphical User Interface (GUI). 

 Relatively easy to learn and use in a short period of time. 

 Widely used by students and academicians for transmission line and power 

system load flow studies. 

 

5.2.4 Model Construction 

On selection of the appropriate software, the model was constructed using the 

PowerWorld Simulator. The model was created with the following data, as shown in 

Table 5-1. 

 

Table 5-1: Data Used in Offshore Windfarm Model 

Parameter Value Source 

Offshore Windfarm 

Generation Capacity 

2000 MW Scotland's Offshore Wind 

Route Map: Developing 

Scotland's Offshore Wind 

Industry to 2020 (The 

Scottish Government) 

Transmission Voltage 400 kV Round 3 Offshore Windfarm 

Connection Study (The 

Crown Estate) 

Transmission Line 

Parameters 

X : 0.119 Ω/km 

R : 0.027 Ω/km 

C : 0.19 μF/km 

Offshore Development 

Information Statement – 

September 2010 (National 

Grid) 

Distance of Offshore 

Windfarm from Onshore 

Grid Connection Point 

50 to 200 km Round 3 Offshore Windfarm 

Connection Study (The 

Crown Estate) 

Distance between Joints in 

Cable Section 

500 m XLPE Submarine Cable 

Systems (ABB, Sweden) 
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Of the proposed windfarms in the Scottish Territorial Waters and National Grid 

Round 3 zones, the capacity varies between 280 MW to 3465 MW (The Scottish 

Government, 2011). Most proposed offshore windfarms were of up to 2000 MW, with 

only the Firth of Forth windfarm being greater. Therefore, a value of 2000 MW was 

used for the installed capacity of the offshore wind generation in the model. 

 

The present power transmission grid in Scotland operates at a voltage level of 132 kV 

and 275 kV. The offshore windfarms are proposed to be connected to the 400 kV 

supergrid (The Crown Estate, 2011). The supergrid in Scotland is also being 

developed for this reason. Therefore, a transmission voltage of 400 kV was selected 

for the model. 

 

Contracts for the supply of cables for the connection of Round 3 offshore windfarms 

have been awarded to a few submarine cable manufacturers. The bulk of it has been 

awarded to ABB Cable Systems, Sweden (National Grid, 2010). The cable design 

parameters which have been published by ABB Cable Systems have been used in the 

model for constructing the offshore transmission line model. 

 

The distance of the proposed windfarms from the onshore grid connection points in 

Round 3 projects varies widely from around 50 km up to 200 km (The Crown Estate, 

2011). Therefore, these values have been used to investigate different scenarios with 

the model and what implications the length of the transmission line has on the 

offshore windfarm. 

 

The distance between cable joints in the submarine transmission line cable is an 

important consideration as there is a significant amount of power loss due to the 

resistance in these joints (SVOMA et al., 2007). The lengths of the cable drums in 

which submarine cables were supplied were considered and joints were put onto the 

cable at these distances. 

 

The model thus constructed is a model with lumped transmission line parameters. The 

PowerWorld simulator automatically selects the most appropriate lumped parameter 

model to be used for the length of the transmission line. Hence, depending on that 
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parameter, a long, medium, short lossy or short lossless transmission line lumped 

parameter model is used. 

 

On appropriately assigning these parameters to the PowerWorld Simulator, the model 

is constructed and is ready for use in analysis of different scenarios. 

 

 

5.2.5 Model Validation 

Once the model is constructed, its validity was determined. The validation technique 

was by comparing results generated by the model with already validated results. 

 

The real power transfer for a 500 MW offshore windfarm for different splits of 

offshore reactive compensation was investigated. The split of reactive compensation 

implies the distribution of reactive compensation between offshore and onshore 

locations. Three different scenarios were analysed as under. 

 

 100/0 Split: The scenario in which the entire reactive compensation applied to 

the cable was onshore only. There was no offshore reactive compensation 

applied. This meant that the reactive compensation was applied on only one 

end of the cable.  

 50/50 Split: The scenario in which there was an equal distribution between the 

reactive compensation applied of the cable. This meant that the reactive 

compensation was not only applied on a single end of the cable. 

 70/30 Split: The scenario in which there was a 70% to 30% split in the 

reactive compensation applied to the cable. This meant that 70% of the 

reactive compensation applied was onshore, whereas 30% of that was 

offshore. 

The results obtained were similar to that already published in a similar study. The 

graphical representation of the results in both scenarios is shown in Figure 5-2 and 

Figure 5-3. 
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Figure 5-2: Graphical Representation of Results Obtained in a Previous Study (National Grid, 2010) 

 

 

 

 

Figure 5-3: Graphical Representation of Results Obtained from the Constructed Model 

 

Figure 5-2 shows results already obtained in a previous study and published in the 

National Grid Offshore Development Information Statement 2010. Figure 5-3 shows 

results which have been obtained from the model constructed on the PowerWorld 

Simulator. The nature of the characteristics obtained in both cases is similar. 
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Therefore, from this, we conclude that the model constructed is validated and may be 

used for further investigation of other scenarios. 

 

5.2.6 Investigation of Various Scenarios 

On confirming the validity of the constructed model, various scenarios were 

investigated with it. The scenarios investigated are as under. 

 

 Different generation scenarios when the offshore windfarm is not generating 

any power to when it is generating its full capacity. That is, the generation of 

the windfarm was varied from 0 MW to 2000 MW. 

 The distance of the offshore windfarm from the onshore grid connection point 

was varied from 50 km to 200 km for each of these scenarios. 

 The reactive compensation to be applied to keep the current within the 

designed cable ampere rating. BS IEC 60287 (British Standards Institution, 

2007) recommends the normal current to be within 80% of the designed 

maximum current carrying capacity of a cable. The required reactive 

compensation required in each of the above cases was investigated. 

 

5.2.7 Tabulation, Representation and Conclusions from Results 

The results obtained from each of the above scenarios was tabulated and represented 

in appropriate formats. The maximum information was tried to be extracted out of 

these results. The results were represented in graphical form and have been discussed 

in section 6.0. 

 

On obtaining all the results, they were carefully studied and conclusions were drawn 

from them. 

 

This completed the overall process of the project. 
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6.0 Results and Discussion 

This section presents the results obtained from the model and a discussion with their 

interpretation. 
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6.1 Technical Results 

On completion of the investigation of various scenarios with the constructed model, 

the results were tabulated and represented in graphical form. 

 

 

Figure 6-1: Gradual Increase in Current with Increase in Real Power Transfer 

 

Figure 6-1 shows the gradual increase in current in different sections of the cable. The 

bottom most line represents the characteristics of the cable for a real power transfer of 

100 MW and the top most line represents that of 2000 MW. The left hand side of the 

chart represents the windfarm side and the right had represents the grid side. 

 

 For the transfer of 100 MW real power, it is observed that all the sections are well 

within the recommended power rating of 80% of the cable (British Standards 

Institution, 2007), whereas for 2000 MW real power transfer, all the sections exceed 

the designed rating of the cable. The percentage loading of the cable for 100 MW of 

real power transfer varies from 15.2% to 77.5%, whereas for a 2000 MW real power 

transfer these values shoot up to between 100.7% and 115.6%. This is due to the build 

up of reactive power in different sections of the cable. Managing this reactive power 

becomes more and more difficult with long sections of cable. The amount of reactive 

power in the cable is observed to be manageable up to a real power transfer of 500 

MW, but greater than that, the sections of the cable which are closer to the windfarm 

100 MW 

2000 MW 

Windfarm Side 

Grid Side 
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and farthest away from the onshore grid connection points are observed to exceed the 

designed power rating. This reactive power, building up on the grid side is being 

absorbed by the existing electrical grid and being balanced out. This is not happening 

on the windfarm side. Reactive power is known to not travel long distances and this is 

the reason why reactive compensation is required at very localised locations for long 

transmission lines (Bucea & Kent, 2007). 

 

  

Figure 6-2: Current Characteristics in Different Sections of the Transmission Line 

 

Figure 6-2 shows the percentage of designed power capacity in each section of the 

cable with the increase in total real power transfer. The entire cable has been divided 

into six different sections. The bottom most line in the graph represents the section 

which is closest to the onshore grid connection point, whereas the top most line 

represents the section which is farthest away from the grid. 

 

The above mentioned phenomenon is more evident from Figure 6-2. The different 

sections of the submarine cable for power transmission are analysed separately. The 

section of the cable which is closest to the grid is loaded to only 15.2% of its 

maximum capacity for a real power transfer of 100 MW, whereas the section which is 

farthest is loaded to 77.5%, which is very close to the maximum operating limit. 

Farthest from Grid 

Closest to Grid 
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Figure 6-3: Reactive Compensation to be Applied in Each Section of the Submarine Cable 

 

The amount of reactive compensation required to be applied to each section of cable 

to maintain it within the designed operating limits was examined. The results are 

shown in Figure 6-3. There is no reactive compensation required up to a real power 

transfer of 500 MW. The reactive compensation to be applied for real power transfer 

above 500 MW increases rapidly. The maximum limit was reached at 1500 MW. 

Above 1500 MW, no amount of reactive power compensation could maintain the 

cable within its operating limits. Therefore, only up to 75% of the generated power 

could be transmitted from the offshore windfarm to the electricity grid with the 

maximum possible reactive compensation applied. 

 

The possibility of transferring the whole 2000 MW of real power generated by the 

windfarm, when operating at full load was examined. It was observed that the 

transmission line needed to be oversized to achieve this. The submarine cable for 

power transmission was required to be designed for around 2800 MVA to be able to 

transfer 2000 MW of real power through it. This again was with very highly increased 

amounts of reactive compensation on each section of transmission line and though 

theoretically possible, would make it practically impossible with the highly increased 

amount of capital required for this purpose. A more detailed economic analysis is 

contained in the following section. 
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6.2 Economical Results 

The costs shown in Table 6-1 and Table 6-2, taken from the National Grid Offshore 

Development Information Statement (ODIS), published in September 2010 have been 

used in calculations for the detailed economic analysis. 

 

Table 6-1: Cost of Equipment for a HVAC Transmission Line 

Component Specification Cost (in Million Pounds) 

Transformer 240MVA, 132/400 kV 2 each 

Gas Insulated Switchgear 

(GIS) 

132 kV 0.75 each 

Gas Insulated Switchgear 

(GIS) 

400 kV 2.6 each 

Shunt Reactor 200 MVAr, 400 kV 1.5 each 

Cable 400 MVA 2.5 / km 

 

 

Table 6-2: Cost of Equipment for a HVDC Transmission Line 

Component Specification Cost (in Million Pounds) 

Voltage Source Converter 

(VSC) 

2000 MW, 400 kV 130 

Cable 2000 MVA, 400 kV 0.62 / km 

 

 

The cost of the cable for the HVAC transmission system was found to be much higher 

than that of the HVDC system. This is because of the greater amount of copper 

conductor required in a HVAC transmission system to transfer the same power in a 

HVDC transmission system (Anders, 2004). There is no phenomenon like the skin 

effect observed in the HVDC system, which is a major phenomenon in HVAC cable 

systems. The skin effect in the HVAC conductor makes the power to flow only 

towards the outer diameter of the conductor and hence, more conductor material is 

required in this case, which is not the case in a HVDC cable. However, the other 

components in the HVAC transmission system viz., transformer, Gas Insulated 

Switchgear (GIS), shunt reactor were found to be much lower in terms of cost than the 

Voltage Source Converter (VSC), which is required in HVDC systems. Therefore, 



56 

though the cost per unit length of cable was much higher in HVAC systems, the VSC 

was found to be much more expensive for HVDC systems. A techno-economic study 

was made for both systems for offshore windfarms of distances between 50 km to 200 

km from the onshore grid connection point. 

 

 

Figure 6-4: Cost Analysis of a 50 km HVAC Transmission Line 

 

Figure 6-4 shows the cost analysis of a 50 km HVAC transmission line. It is observed 

that in this transmission line, the cable costs are 79% of the total project cost. Other 

than this, the cost of all other components in total is 21% of the total project cost. 

Therefore, it is seen that the cost of the cable comprises of a major portion of the 

project cost. 

 

Figure 6-5 shows the cost analysis of a similar HVAC system with a transmission line 

of a length of 200 km. 
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Figure 6-5: Cost Analysis of a 200 km HVAC Transmission Line 

 

In this case, the proportional cost of the cable increases to 94% of the total project 

cost. The other equipment of the project cost only 6% of the total cost. Therefore, it is 

observed that in HVAC transmission systems, the cost of the cable is the greatest 

proportion of costs. The cable is that component which dictates the total value of the 

project. The other components are a fixed cost and remain the same, irrespective of 

the distance of the offshore windfarm from the onshore grid connection point. 

Therefore, the farther the offshore windfarm is from the shore, the greater is the total 

cost of connecting it to the grid. It can further be said that if a HVAC transmission 

system is selected for an offshore windfarm, it should be tried to be constructed as 

close to the onshore grid connection point as possible, to be able to complete it at the 

minimum possible cost. 
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Figure 6-6: Cost Analysis of a 50 km HVDC Transmission Line 

 

A similar analysis was done for a HVDC system. Figure 6-6 shows the cost analysis 

of a HVDC system with a 50 km transmission line. In this case, it is observed that the 

cable cost is 11% of the total value of the project. The major proportion of the project 

is for the cost of the Voltage Source Convertor (VSC). This is a fixed cost in HVDC 

systems and is irrespective of the length of the transmission line. 

 

 

 Figure 6-7: Cost Analysis of a 200 km HVDC Transmission Line 
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Figure 6-7 shows a similar cost analysis of a HVDC transmission system with a 200 

km transmission line. Here it is observed that only a third of the cost is for the cable 

and the remaining two thirds is for the VSC. Even though the length of the cable has 

increased significantly, the major proportion of the cost of the project is for the VSC, 

which is a fixed cost. Therefore, it is inferred that in a HVDC transmission system, 

the length of the cable, that is, the distance of the offshore windfarm from the onshore 

grid connection point does not have a large impact on the project cost. The fixed cost 

is due to the convertor station, which remains constant, irrespective of the distance 

from the grid connection point. 

 

 

Figure 6-8: Cost comparison of HVAC and HVDC Transmission Line 

 

Figure 6-8 shows a cost comparison for a HVAC and HVDC system for 50 km and 

200 km lengths. It is observed that the total project cost for a 50 km transmission line 

is £ 157 million for a HVAC system and £ 291 million for a HVDC system. For a 50 

km transmission line, having a HVAC system will be more economical than a HVDC 

one. 

 

The cost for a 200 km HVAC system is found to be greater than a HVDC system of 

the same length. A HVAC system would cost £ 532 million in comparison to £ 384 

million of a HVDC system of a similar length. Since the offshore windfarm is much 

farther away from the onshore grid connection point in this case, it increases the total 
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project cost. However, a HVDC transmission system is found to be a much more 

economical option in this case.  

 

Table 6-3 shows the individual costs of the offshore power transmission systems for 

the proposed offshore windfarms in Scotland. It is evident that the total cost for a 

HVDC system for all the windfarms taken together would be about 2.5 times that for 

an alternate HVAC system. Therefore, there is a large impact of the type of 

transmission system chosen on the total cost of the projects taken together. 

 

Table 6-3: Individual Costs of Power Transmission Systems of Proposed Windfarms 

Name of Proposed 

Windfarm 

Distance from Grid 

Connection Point 

(km) 

Cost (in Millions of Pounds) 

HVAC HVDC 

Moray Firth 126 347 338.12 

Firth of Forth 32 112 279.84 

Islay 13 64.5 268.06 

Argyll Array 5 44.5 263.1 

Beatrice 14 67 268.68 

Inch Cape 22 87 273.64 

Neart na Gaoithe 15 69.5 269.3 

Forth Array 19 79.5 271.78 

Total  871 2232.52 

 

A further investigation was made to find a break-even point for the costs of a HVAC 

and HVDC transmission system. 
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Figure 6-9: Cost Break-Even Point of a HVAC and HVDC Transmission System 

 

Figure 6-9 shows the cost of HVAC and HVDC systems of different lengths in 

absolute numbers. The cost is found to be the same for a HVAC and HVDC system 

for a transmission line length of 110 km. That is, if the offshore windfarm is at a 

distance of 110 km from the onshore grid connection point, it will have a similar cost 

to connect it to the onshore grid connection point. Therefore, it may be inferred from 

this finding that a HVAC transmission system will be more economically viable for 

those offshore windfarms which are located lesser than 110 km away from the grid 

connection point and a HVDC system for those which are located farther than that. 
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7.0 Conclusions and Further Work 

 This section gives details of the conclusions that are drawn from this project and of 

the scope of further work in continuation of this. 
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7.1 Conclusions 

The main conclusions of the project are listed as under. 

 

 Offshore windfarms have a significant environmental impact on marine life 

and a comprehensive environmental impact assessment and mitigation plan 

should be made during the planning stages of an offshore windfarm project. 

 Reactive power management has been known to be a major issue for long 

HVAC transmission lines. This is even more severe for submarine power 

transmission networks. Therefore, for better reactive power management, 

efforts should be made to plan and execute the development of offshore 

windfarms at locations closest to the shore. 

 Reactive power significantly decreases the real power transfer capacity of the 

cable and the transmission cable has to be well oversized to accommodate and 

transfer the total real power generated by an offshore windfarm. 

 The fixed costs for a HVAC transmission system are proportionally small and 

the variable cost is that of the length of the transmission line, which dictates 

the total cost of the project. 

 The fixed costs for a HVDC transmission system are proportionally large and 

this dictates the total cost of the project. 

 HVAC transmission lines are more economically viable for windfarms which 

are closer to the shore and HVDC transmission lines for those which are 

farther away from the shore. 

 There is no single answer to which is the best option for power transmission 

networks and each offshore windfarm should be independently studied and the 

best option for that should be decided. 

There is a main HVDC network planned for the UK power transmission system for 

connecting offshore windfarms which will be developed until 2030 (National Grid, 

2011). For Scotland, the recommended options, in conclusion to this project are listed 

as under. 
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Table 7-1: Recommended Power Transmission Technologies for Offshore Windfarms in Scotland 

Proposed Offshore 

Windfarm 

Distance from Coast (km) Recommended Option 

Moray Firth 126 HVDC 

Firth of Forth 32 HVAC 

Islay 13 HVAC 

Argyll Array 5 HVAC 

Beatrice 14 HVAC 

Inch Cape 22 HVAC 

Neart na Gaoithe 15 HVAC 

Forth Array 19 HVAC 

   

It is evident from Table 7-1 that HVDC transmission lines are not a good option for 

the proposed offshore windfarms in Scotland. Having HVDC transmission lines will 

largely increase the construction and development costs of these offshore windfarms. 

 

7.2 Further Work 

The recommended scope of further work for this project is listed as under. 

 

 This study has made only steady state analysis of the power transmission 

system. A further transient study could be done to get more detailed results. 

 The techno-economic analysis has been limited to only equipment costs and 

not considered other material and construction costs. This could be taken 

account of in a further study. 

The feasibility for the better power transmission technology for the offshore 

windfarms have been made on a one to one basis, without considering the further 

implications of other issues which may arise by connecting these to the onshore high 

voltage power transmission network. This could be analysed in a further study. The 

implications of connecting these windfarms to the UK power transmission network 

and making an economic analysis of the complete project in a larger picture could be 

done. 
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9.2 Appendix II: List of Available Documents 

A list of publicly available documents on offshore wind power in the UK is as under. 
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