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Building on the Individual Connection Report (with which this report should be read), it identifies and assesses 

options for network architectures for the connection of multiple offshore renewable energy farms – to shore and 

to each other. Again, it describes the associated challenges and technology development opportunities (to 

augment those in the earlier reports).  Section 7 summarises the conclusions regarding optimum architectures, 

including in respect of the use of Gas Insulated Lines and of national / international interconnectors, and 

identifies further technology development opportunities.

Context:
This project examined the specific challenges and opportunities arising from the connection of offshore energy 

to the UK grid system and considered the impact of large-scale offshore development. It also looked into the 

novel electrical system designs and control strategies that could be developed to collect, manage and transmit 

energy back to shore and identified and assessed innovative technology solutions to these issues and quantified 

their benefits. The research was delivered by Sinclair Knight Merz, a leading projects firm with global capability in 

strategic consulting, engineering and project delivery. The project was completed in 2010.
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1. Introduction 
1.1. Project Outline 

The Energy Technologies Institute (ETI) has engaged Sinclair Knight Merz (SKM) to identify the 
opportunity for the development of innovative solutions for the collection of electrical energy from 
individual and multiple offshore renewable energy farms, and the transportation of bulk electrical 
energy from these offshore farms to the onshore power system. 

The work is being carried out to allow the ETI to focus their subsequent research, development 
activities and funding initiatives on technologies that will increase energy efficiency, reduce 
greenhouse gas emissions, and help achieve energy and climate goals. 

The study being undertaken by SKM comprises of four main tasks that will enable the required 
project outcomes to be delivered: 

1. Offshore renewable scenarios – to define the timeline of the expected volumes of offshore 
renewable generation capacities, an important aspect to allow the quantification of the 
potential benefits of future technology development opportunities.  In addition, as indicated in 
the Statement of Work paragraph 2.2, this task will produce matrices that outline key variables 
that will allow the generalisation of a range of potential wind, wave, and tidal developments. 
These matrices will further be used to define a number of specific development cases for 
analysis in the subsequent project tasks.  

2. State of the art of offshore network technologies – establishment of the current state of the art 
of offshore network technologies and their prospective future development path (through 
discussions with equipment manufacturers and suppliers), including an assessment of technical 
and financial characteristics.  

3. Analysis at individual farm level – identification of the challenges and resultant technology 
opportunities (based on the state of the art review) that could arise in respect of the connection 
of individual large-scale offshore wind or marine energy farms to the UK grid system, and 
provision of recommendations for connection solutions worthy of further development and 
analysis.  

4. Analysis at multiple farm level – building on the analysis at individual farm level, evaluation 
of the optimal architecture(s) that could be developed to collect, manage and transmit back to 
shore the electrical energy produced by multiple, large-scale offshore renewable energy farms.  
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1.2. Multi-terminal Approach 

The aim of this Multiple Offshore Farm Connection Architectures Study is to determine potential 
architectures for connection of multiple offshore energy farms, identify criteria to assess these 
architectures and then to apply selected architectures to the six sites identified in the original ETI 
RfP for the Offshore Connection Project. The output of the previous SKM State of the Art report 
and the subsequent results of the Individual Offshore Connection Architecture Studies have been 
used to not only describe the baseline “point to point” solutions architecture, but to enable the 
detailed analysis of the multiple connection architectures. These architectures have been studied at 
a high level mainly using DIgSILENT verified Excel based spreadsheets to enable the appropriate 
range of technical and economic factors to be assessed and conclusions reached as to the potential 
for technology development opportunities.  

1.2.1. Modelling 

For the detailed assessment of the technical performance and economic attributes of the connection 
architectures the work already completed within the Individual Offshore Connections Architecture 
studies has been used as the main input. The baseline of “point to point” connection architectures 
for all technologies considered has been used to assess the potential range of multiple architectures. 

Initial assessment of architectures was undertaken utilising assessment criteria which have been 
developed based on the previous stages of the project and additional SKM expertise. 

1.2.2. Assessment Criteria 

The initial, mainly qualitative, assessment criteria used to refine the potential number of multiple 
offshore farm connections were as follows: 

 Connection capacity 

 Capital cost 

 Reliability 

 Availability 

 Operating costs 

 Efficiency 

 Environmental impact 

 Technology availability 

 Control issues 

 Construction issues 

 Project risk  
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 Compliance with equipment/grid system standards  

 European market impact 

Additional factors were subsequently added for: 

 Provision of auxiliary power 

 Extensibility 

The conclusion regarding these additional factors was that they did not significantly impact on the 
overall assessment of the various multiple connections architectures that were considered from a 
technology perspective. Of course the application of the technologies to specific developments will 
require detailed consideration of all the above issues, but the choice of technology will not 
significantly impact on the importance of these additional factors. 

1.2.3. Connection Technologies 

In determining the range of potential connection architectures the full range of technologies 
identified in the State of the Art Review and developed in the Individual Offshore Connection 
Architecture studies were considered, including where appropriate the impact of intra-array 
technologies as is discussed in the following sections and illustrated in Figure 1. 

 Figure 1 Representation of Basic technology architectures 
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1.2.3.1. Full AC Technologies 

Present UK offshore renewable energy farms have been developed using full AC arrangements for 
both intra-array collection and export.  Hence this defines not only the base case of point to point 
(Architecture 1) connections but also for the multi-terminal options of Architecture 2, Multi-
terminal AC and Architecture 3, Multi-Terminal AC with GIL. 

AC intra-array is realised with 33kV although this has little impact at the multi-terminal / multi-
farm level. 

1.2.3.2. AC and HVDC Technologies 

As identified in previous reports HVDC is the preferred export option above 90km/1000MW. So 
for Multi-terminal Architecture 5, 6 and 7 the combination of AC collector and DC export is 
considered. 

Architecture 5 considers a straightforward multi-terminal AC/DC architecture whilst Architecture 6 
considers a national interconnector or “Bootstrap” arrangement. Architecture 7 is similar to 
Architecture 6 except that here the “Bootstrap” is an international interconnector which has 
additional considerations compared to a national connection.   

1.2.3.3. Full DC Technologies 

Within the Individual Offshore Connection Architectures study it was identified that there were 
two possible arrangements for full DC architectures, these being the series and parallel systems.  

It was concluded in the Individual Offshore Connection Architectures report that the parallel 
system was not economically viable; hence it is not considered in this multi-terminal study. 

The series system is considered in Architecture 4.  

1.2.4. Summary of Connection Architectures to be assessed 

Architectures studied are illustrated in Figure1 and detailed below. 

1.2.4.1. AC-AC 

1. Base case point to point, AC collection (33kV) and export (220kV cable).  

2. Multi-terminal, AC collection (33kV) and export (220kV cables).  

3. Multi-terminal, AC collection (33kV) and export (280kV GIL).  

1.2.4.2. DC-DC 

4. Multi-terminal, DC collection in series with direct export.  
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1.2.4.3. AC-DC 

5. Multi-terminal, AC collection (33kV) and DC export.  

6. Multi-terminal, AC collection (33kV) and DC export in conjunction with national bootstrap.  

7. Multi-terminal, AC collection (33kV) and DC export in conjunction with international 
interconnector.  

The choice of DC voltage for DC export is derived from the DC converter and DC cable 
developments discussed within the State of the Art Technologies report (Reference Fig 33) with 
500MW ±150kV, 1000MW ±320kV and 2000MW ±400kV. 

The voltage selected for AC interconnections between zones is 220kV based on the optimisation 
studies that were reported upon within the Individual Architectures report. 

1.2.5. Summary of Multi-Terminal Approach  

Having applied the assessment criteria outlined in Section 1.2.2 to the generic architectures 
specified in Section 1.2.4 it was concluded that each architecture should be analysed in detail 
except for the DC/DC system. This is on the basis that in the series DC architecture the significant 
benefit is that no converter platform is needed, hence the architecture does not provide any 
opportunity for a multi-terminal approach.  This approach was agreed at Design Review 2 on 23rd 
March 2010. The main focus points of the studies to be completed in the multi-terminal analysis 
were agreed as: 

 Analysis and comparative assessment of multi-terminal architectures using the 6 sites in Figure 
2 which is extracted from the ETI RfP. 

 Any additional control system requirements associated with multi-terminal architectures. 

 Any additional onshore grid impacts associated with multi-terminal architectures. 

 High level assessment on European markets of multi-terminal architectures. 

Of course the overall aim of these studies will be to identify technology development opportunities 
which could accelerate the progress of the most attractive and technically suitable future 
connection architectures.   

 

Table 1 shows how the individual Development Scenarios identified in The Generation Scenarios 
report are covered by the Study Groups used within this multi-terminal architectures study.   
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 Table 1 Linkage Between Generation Scenarios and Study groups 

 

Generation Scenarios Study Group

1 

Study Group

2 

Study Group 

3 

Study Group

4 

Distributed Smaller Wind farm 

Up to 1000 MW 
  X  

Large Wind farms 

Up to 2000 MW 
X X   

Very large Wind farms 

Up to 5000 MW 
X X   

Small Marine 

20 MW 
   X 

Medium Wave 

150 MW 
   X 

Large Tidal 

500 MW 
   X 
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 Figure 2 Offshore Development Cases 
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2. Methodology 
2.1. Technical Model 

Technical spreadsheet models for each architecture variation (design) have been primarily built to 
assess availability.  Mean Time between Failure (MTBF) and Mean Time to Repair (MTTR) data 
was sourced from a range of documents including supplier literature, past project experience and 
Cigre reports.  Where data was only available for onshore equipment the MTBF and MTTR have 
been adjusted to reflect the offshore environment as detailed in (Appendix A).  All connection 
designs, with the exception of Design 25, are rated at 100% installed generating capacity; Design 
25 investigates the potential of de-rating export connections.  For all HVDC multi-terminal designs 
only VSC has been considered due to the issues discussed at length in the State of the Art Report 
and Individual Offshore Connection Architectures Report including practical issues such as size 
and technical issues such as control.  LCC HVDC has only been assumed for the point to point 
national/international interconnection where there is no requirement for an offshore converter.  

2.2. Availability  

Availability is defined as the percentage of power exported compared to the total power it would 
have been possible to have exported.  Unavailability refers to the percentage power lost due to 
outage. Unavailability is predicted using known equipment reliability including average failure 
rates (also expressed as MTBF) of equipment and known Mean Times to Repair.  Also taken into 
account is the percentage of possible output capacity lost for each given failure.  For this reason 
series equipment will have relatively poor availability as the loss of a single piece of equipment 
would incur the total loss of all export.  Parallel equipment will have generally good availability as 
the loss of a single piece of equipment will incur only a part loss of export capacity. 

A simplified spreadsheet model has been used to assess comparative availability between 
architectures.  To account for the varying output and low load factor of renewable generation, 
availability has been calculated for a range of generator outputs.  By taking availability figures at a 
range of generator outputs and weighting them relative to the percentage of time the development 
would spend at each output capacity (based upon an indicative offshore farm output) an average is 
reached.  This average better represents the effect of export outages to the generator.  An example 
of this would be if the loss of a piece of equipment reduces the export capacity to 50% rated, when 
an offshore farm is operating at less than 50% capacity (likely given a usual load factor of around 
40%) the actual availability as experienced by the generator is 100%.  By weighting the average 
availability as described this effect is taken into account.  OFTO (Offshore Transmission Owners) 
effect has been considered separately. 

Consideration was given to the use of source diversity to strengthen the case for interconnection. 
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For wind and wave it was concluded that whilst there is potentially large diversity across the UK 
(see Figure 3) due to weather patterns, as the area of interest becomes more focused there becomes 
significantly less diversity at a local level. Therefore within Study Groups, where distances of 
interconnections are relatively short, wind/wave diversity was not considered as it would not have 
any material impact on the conclusions drawn on interconnection architectures 

 Figure 3 Typical UK Wind Map (Source BBC) 

 

For National/International interconnectors this is discussed in Section 4.1.9. 

2.3. Financial Model 

The financial assessment of the various multi-terminal architectures is primarily built upon the 
capital and operating costs of the architecture and the cost of lost generator revenue (based on the 
average availabilities calculated for the given architectures).  Penalties and credits earned through 
the OFTO revenue stream have been considered separately.  From a comparison of the above 
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aspects for various architectures the advantages, disadvantages and likely optimum designs have 
been highlighted. 

Capital costs utilised throughout this study are the same as those generated for the Individual 
Offshore Connections Architectures report and is briefly repeated here for clarity.  A database of 
unit costs was collated from a number of sources including internal SKM databases, sub 
consultants and the interview activities carried out as part of the State of the Art Technologies 
Report and was further reviewed following the recently published National Grid ODIS report1.  All 
costs are based on present day values and losses have been capitalised by assigning a value to each 
unit of power loss (£/MWh) and also the period of time (years) over which the discount rate will 
operate. 

Lost generator revenue has been calculated based on the following parameters.  

 Value of Losses                 £105/MWh2 

 Capitalisation Period          20 Years 

 Discount Rate                     10% 

 Load Factor                       40% 

 

It is also worth relating the figure of £105/MWh used for losses with the current wholesale price of 
energy of £45/MWh which could of course be added to with ROC’s (Renewable Obligation 
Certificates) which are valued around £50/MWh per ROC. 

 

2.4. OFTO Revenue Scheme 

The economic model highlighted above is used for capital cost analysis and cost of losses.  The 
charging and revenue models for generators and OFTO’s is complex recognising the regulatory and 
investment aspects that need to be covered. 

It is assumed that the boundaries between Generators, OFTO and TO (Transmission Operator) will 
follow the transmission model outlined in Figure 4. 

                                                      

1 National Grid, ‘Transmission Networks: Offshore Development Information Statement’, December 2009 
2 Typical figure used by Developer in assessing offshore renewable cost of losses for Round 2 projects 
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 Figure 4 Generator, OFTO and TO Boundaries3 ©Crown Copyright 

 
Network operators, both onshore and offshore have revenues regulated by Ofgem with onshore 
transmission, distribution and system operators having revenues set through 5 year price control 
reviews. OFTO revenues are set through a 20 year price control being established through a tender 
process. All network users pay Use of System Charges with Transmission Use of System charges 
to National Grid and Distribution Use of System charges to the appropriate DNO where a 
distribution connection is provided.  

The system is shown diagrammatically in Figure 5 to illustrate the relationship between the System 
Operator, OFTO and generator.  

                                                      

3 Ofgem, ‘UK Offshore Transmission Investment Opportunity’, July 2009 
http://www.ofgem.gov.uk/Networks/offtrans/rott/Documents1/Generic%20and%20project%20specific%20Pr
eliminary%20Information%20Memorandums%20for%20offshore%20electricity%20transmission%20transiti
onal%20projects.pdf 



Multi-Terminal Offshore Connection Architectures Report 

SINCLAIR KNIGHT MERZ       
 
Multiple Offshore Connection Architectures Report - Final.docx PAGE 12 

 Figure 5 Charging Overview  

 

The Ofgem OFTO revenue scheme is a specific economic analysis designed to incentivise offshore 
transmission owners to provide a reliable connection and is calculated on availability rates.  This 
scheme is presented in further detail in  section 3 ‘OFTO Regime’ however below is a summary of 
the relevant parameters taken from the published ‘Generic OFTO Special License Conditions’: 

 Target Availability                             98% 

 Penalty/Credit Earning Rate              2.5% for 1% change in Availability 

 Collar Availability                             94% 

 Maximum Penalty beyond Collar     10% 

The Base Revenue Asset Payment is a figure that will be established for each project based on the 
current OFTO tendering process for transitional projects and the enduring process which is yet to 
be established. The base revenue payment being primarily established on capital costs of the 
connection, operating and maintenance costs for the OFTO, costs of decommissioning plus 
additional costs such as insurance and the critical IRR (Internal Rate of Return) required by an 
individual OFTO. In the subsequent analysis a range of Base Revenue Asset Payments have been 
assumed for comparison with the costs of constrained generation. 

 






























































































































