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1 Executive Summary  

 

Scotland has exceptional offshore wind resource and is a major source of renewable capacity on the UK’s 

electricity network with many projects in the pipeline across the country. With the financial support of 

the Scottish Government, Offshore Renewable Energy (ORE) Catapult has partnered with Smarter Grid 

Solutions to identify and determine if planned grid reinforcements by the National Grid ESO are able to 

accommodate the growth in future Scottish offshore projects.  

The report investigates the current supply and demand in Scotland and the foreseeable changes as the 

drive for decarbonisation of the network takes effect. Scotland’s demand may not be expected to rise 

beyond 6 GW by 2040, but characteristics of the system will change. The network must continue to 

adapt as conventional synchronous generation loads disperse and more variable sources take presence 

across the country in traditionally inactive locations. In addition to identifying boundary constraints and 

potential upgrades to support the network, the report includes solutions that move away from the 

conventional network such as hydrogen electrolysis, battery energy storage systems and offshore 

HVDC systems.  

The boundary transfer capabilities defined by National Grid ESO in the past, have not included limits 

under intensive demanding conditions. This report incorporates methodology and results of network 

modelling that utilises data from the Scottish Electricity Dispatch Model (SEDM) and additional National 

Grid’s Development Options to analyse constraints within the grid for various scenarios.  

Through network modelling, limitations are apparent across some boundaries more than others. 

Although the network can facilitate all offshore wind developments up to 2045 in normal circumstances 

during summer conditions, there are no boundaries that can deal with flows after 2025. The B4 

boundary in Scotland shows the most probable to overload within this timescale. 

This report identifies numerous solutions to the revealed constraints such as: 

1. Passive Solutions 

• construction of new transmission circuits to create new routes for power flow 

• adding capacity to existing circuits to allow more power flow through existing paths 

•  the addition of various types of power electronic devices to support the network 

• HVDC reinforcements  

2. Active Solutions 

• Intertrip or Load-Management Schemes  

• Active Network  

• Behind the meter coordination  

These acknowledgments establish the grounds for a secondary report which will examine these solutions 

in greater detail, network investment options, network security and the economic value. 
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1. Introduction  

 

Offshore wind is becoming a significant influence on the Scottish energy sector. Government policy 

proposes by 2030, offshore wind will be the main source of renewable energy within the grid [1]. By 2030 

the Scottish Government is expected to meet half of the Scottish energy consumption with renewable 

energy, while meeting 100% of Scotland’s electricity demand in 2020 [2]. Offshore wind makes up a 

considerable percentage of projected energy generation, and floating offshore wind (FOW) has the 

potential to play a crucial role in it.  

With an upsurge of offshore wind projects, an assessment must be completed to ensure the grid will 

withstand the influx of generated capacity. Understanding how to utilise and optimise this generated 

capacity is crucial for the future performance of Scotland’s electricity network and the impact this will 

have on the rest of the UK. 

Many zones identified for future offshore leasing, FOW in particular, are located with either no 

appropriate grid connection points or insufficient transmission capacity to transmit the power to areas 

of demand. Scottish offshore wind projects are at a disadvantage compared to sites located closer to 

demand centres. There are however, advantages to the renewable generation in diverse areas. These 

benefits will be covered throughout this project’s milestone reports. These advantages include: 

• Increased security of supply  

• Avoiding over-reliance on wind patterns in limited areas.  

• Economic benefits in being able to generate increased economic activity  

• Jobs in areas which have not yet benefitted from offshore wind-related activity 

ORE Catapult are working in conjunction with Smarter Grid Solutions to identify the limits of existing 

grid infrastructure and to quantify the requirements to accommodate future offshore wind sites. This 

first report will assess the benefits of grid upgrades, identifying boundary constraint and the potential 

for innovative applications for Scottish offshore wind. This study aims to review: 

• Current and approximate size and year of deployment for future offshore wind development areas 

• Power demand in Scotland and the wider UK for now/2020, 2025, 2030, 2040 and 2050 with 

approximated power flows 

• Existing and planned grid and transmission capacities 

• Current and future offshore wind projects against power demand, and grid and transmission 

capabilities. 

• Identifying potential solutions to the constraints identified 



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 3 
PN000341-RPT-001 – Rev. 1 

1.1 Offshore Wind Development 

Renewable generation in Scotland had reached 8,877GWh at the beginning of 2019, 16.9% more 

renewable generation than the first quartile of 2018. Offshore wind made up 9% of renewable sources 

while onshore wind produced 65%. These shares are illustrated in Figure 1 [3].  

 

 
Figure 1: Renewables’ share of electricity generation Scotland 2019 Q1 [3] 

 
 

Scotland has an abundance of offshore wind and a healthy project pipeline. Since the commissioning of 

the first project, Robin Rigg (Irish Sea) in 2004 with a capacity of 174MW, development and construction 

has picked up momentum. Currently Scottish offshore wind capacity totals almost 900MW of 

generation, this includes the world’s first commercial floating wind farm, Hywind Scotland and the 

588MW wind farm Beatrice, located in the North Sea.  

 

                     
Figure 2a. Current offshore wind farms (2019)                     b. windfarm projects from authorised consent to under construction status in 2019 

 

There are a number of projects currently under construction that will generate a further 1GW of power, 

including Moray East project which will generate 950MW in the Moray Firth. A further 3,800MW of 
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projects have been awarded with authorised consent. Figure 2b demonstrations the projects that are 

currently expected before 2030.  

The pipeline is strong through to 2030 and with the Scottish Government’s aim to reduce Scotland’s 

emissions by 80% there is clear incentive to continue to deliver a momentous capacity out to 2050 and 

onwards [4]. Figure 3 illustrates the sites from the Sectoral Marine Plan for Offshore Wind Energy. The 

highlighted sites are for both conventional offshore wind, as well as deep water FOW technology.  

 

 
Figure 3: Approved future wind projects (2019) courtesy of Marine Scotland 

 

The highlighted sites in Figure 3 are Draft Plan Options (DPOs). The DPOs are divided across Scottish 

waters by North, North East, East, South West and West regions. The impact of these sites have been 

assessed in the following documents. These documents have also been published for consultation, 

accompanying the Draft Plan in December 2019 [5]: 

• Sustainability Appraisal 

• Strategic Environmental Assessment 

• Habitats Regulations Appraisal  

• Socio Economic Impact Assessment 

As these sites are DPOs they do not consider technical, environmental and economic constraints, 

meaning there are uncertainties regarding timing, type and scale of development. The Strategic 

Environmental Assessment (SEA) have acknowledged that scale of development should be limited to 

10GW to reduce the potential environmental impact. This in mind, the proposed capacity is still greater 

than the goal set by Scottish Offshore Wind Energy Council (SOWEC)- to deliver at least 8GW of offshore 

wind in Scottish waters by 2030 [5].  
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This report has utilised these proposed areas of development, combined with existing installations across 

the UK, such as Future Energy Scenarios (FES)-projected England offshore wind developments. The 

levels of projected, offshore wind development have been compared with the FES projections, both 

represented as steady progression. The difference in results are highlighted in Figure 4, and do not 

represent external factors, such as new constraints like the acknowledgement of SEA. The capacities of 

the new development zones (Figure 4, blue line) have been estimated from expected turbine ratings and 

area of development zones presented in Figure 3. The capacity estimations show the potential difference 

in what could be installed by 2050, compared to the projected FES results.  The overview of the offshore 

wind development timescales are presented in Appendix 1.  

 

 
Figure 4: Total UK offshore estimated development including the development plans in Figure 3 (blue line) vs total UK offshore wind FES 

development (orange line) 

 
 

1.2 Network Modelling  

1.2.1 Scottish Electricity Dispatch Model 

Smarter Grid Solutions have developed a network model, defined by the topology provided in the 

Scottish Electricity Dispatch Model (SEDM) and developed further by creating equivalents of National 

Grid’s Development Options. The representative transmission system model is built using the SEDM as 

a basis. 

Scottish Government provided a summary of all data sources used to construct the SEDM, all of which 

are publicly available through various sources. By using this as the basis for the representative 

transmission system model, it ensures consistency across all Scottish Government funded modelling 

work and ensures that outputs from these studies can be used to inform future analysis work. 

1.2.2 Methodology  

The majority of zones identified for future offshore leasing, and particularly those suitable for FOW 

projects, are located in areas where there is insufficient transmission infrastructure or capacity to 

transmit the power generated to areas of demand. Network modelling has been delivered to quantify 

the impact of these future offshore wind energy sites on the transmission network infrastructure.  
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The methodology follows a six-stage approach, presenting the study methodology, assumptions, and 

outcomes: 

Stage 1: Network Modelling Analysis, Construction and Verification 

To approximate system power flows, a representative model of the UK transmission network is 

constructed and developed for five-year time periods out to 2050. The model is verified through 

discussion with the Energy System Operator (ESO) and the Scottish Government. 

Stage 2: Scenario Development 

Several scenarios have been agreed to test the sensitivities of aspects such as network development 

timescales, generation export capacity factors, seasonal demand variations, and location of offshore 

wind developments. Similar to network developments, each scenario will be broken up into five-year 

development periods up to 2050. 

Stage 3: Network Development, Contingency and Constraint Analysis 

For each of these development periods, normal running arrangement constraint estimation analysis is 

performed under both normal and contingency running arrangements. This provides an understanding 

of the required reinforcements and their associated costs. 

Stage 4: Results Presentation 

Using the outputs of Stage 3, key results are presented to show the power flows observed across network 

boundaries for each of the scenarios, and the subsequent network reinforcement required to 

accommodate power flows. 

Stage 5: Solutions for Constraint 

Description of the actions that could be taken to ensure the network can be secured for the potential 

developments are provided. This discussion acts as a foundation for the following milestone report. 

Stage 6: Conclusion 

An overview of the modelling methodology, scenarios studied and initial results from the first five 

scenarios agreed between ORE Catapult and Smarter Grid Solutions.  

 

This report is the primary stage of understanding the magnitude of network constraints and potential 

solutions. The following report to be issued, will provide a full set of results and outcome discussion. 
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2 Electricity Supply and Demand  

 

Every year Scotland’s electricity system has maintained a level of security in terms of meeting the 

required peak demand. Over the last three years Scotland’s supply capacity has been condensed to below 

9 GW [3]. Even with this reduced supply capacity the peak demand has been achievable.  In Figure 5 this 

capacity has been compared to the peak demand to illustrate this attainment.  

 

 
Figure 5: Maximum supply capacity and peak electricity demand 2010/2011 – 2017/18 [3] 

 

Scotland’s entire energy system can be summarised in terms of energy balance. This has been done in 

the Sankey diagram illustrated in Figure 6.  This shows the inputs and outputs of Scotland’s system in 

terms of export, consumption and losses. The size of category represents the measure of flow. It shows 

the large degree of energy Scotland produces and how it is predominately exported.  

 
Figure 6 Sankey diagram of the Scottish energy demand [3] 
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The Sankey diagram excludes variable sources such as wind and solar as it views the system from supply 

capability during high demand and not producing any intermittent supply. With reference to the Sankey 

diagram- in 2018 Scotland produced 8.9 GW of supply capacity. This was from non-variable generation 

in Scotland as well as a 3.1 GW of import capability. As the country’s energy generation looks to 

decarbonise, the Sankey diagram will potentially drastically change to contain less fossil fuels.  

2.1 Current Generation and Demand  

Energy demand in domestic households across the UK saw a decrease by 3.7% due to a warmer winter, 

however, by temperature-correcting, general domestic consumption actually saw a 0.3% rise [6]. In 

Scotland, heat demand fell by 18.6% in 2016 and in the last two years has increased by only 1.4% [7]. 

Scottish houses were seen to be performing more energy efficiently in 2017. That year saw 42% achieve 

a minimal band C in their energy performance certificate, 7% more than in 2014 [7]. Scotland also saw a 

decrease across the following sectors in 2016 [7]:  

• 31.8% in the industrial sector 

• 20.1% in the domestic sector 

• 2.7% in transport  

The commercial sector saw a 17.7% increase in energy demand [7]. As the country moves into 2020, the 

energy sector will continue to change and develop. There are new evolving technologies like electric 

vehicles and hybrid heating systems. Due to this change in electrical demand, the network is becoming 

more complex. Before new technology had increased the complexity of the network, the winter peak 

operated as the main driver, but now this is not as clearly identifiable. In 2017 only 5.9% of Scotland’s 

non-electrical heat demand was supplied by renewables. The Scottish Government is aiming for this to 

be 11% by 2020 [3]. Scotland is also moving towards the electrification of a large percentage of the 

country’s heating. One way in which electrification of heating can be successful is rooftop solar thermal 

panels. This technology is well-practised and an effective method of using renewables at a local level to 

heat homes. The ‘net-zero’ deadline is approaching, yet October 2019, Scotland was emitting 76 grams 

of CO2 per kWh delivering the country’s heat [8].  

2.2 Future Demand 

National Grid ESO have pledged to be ready to operate the whole of the UK’s network, from non-CO2 

producing generators, by 2025 [9].  To work towards the decarbonisation there is focus on transport and 

heat, and to promote electric means for both. Innovative projects are underway to decarbonise heating 

solutions such as the project FREEDOM, which looks to a multifuel system that utilises hybrid heating 

systems [10]. The move towards electric and electric-hybrid sources for potential solutions can add more 

pressure onto the UK’s electrical grid.  

The well-known courier company, UPS has created its own smart grid as well as a complete taskforce of 

electric vehicles in London. Sainsbury’s and Marks & Spencer’s both have begun to install off-the-grid 

solutions for providing their own energy within their establishments. Marks & Spencer’s owns one of the 
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biggest solar rooftop farms in the UK [11]. It is expected that more companies will begin to follow this 

same route.  

Currently, businesses around the whole of the UK create around a quarter of the country’s carbon 

emissions [11]. The Department for Business, Energy and Industrial Strategy (BEIS) want to cut the UK’s 

business energy use by 20% by 2030 [12]. By 2040 there will be a ban on new petrol and diesel cars. This 

will see an influx on electric vehicles. In Dundee a taxi firm had provided their drivers with electric-based 

cars. The cumulative miles done by the drivers made up over 2.5million electric miles by May 2017. This 

saved up to £130 a week on fuel [13]. This example is a step towards the Scotland’s long-term strategy 

for advancing electric and plug-in hybrid electric vehicles by 2050. 

 

 
Figure 7: Gross Demand scenarios from 10 year plan ESO [14] 

 

Figure 7 illustrates the gross demand scenarios for all of Scotland. The information is from the Electrical 

Ten Year Statement (ETYS) provided by National Grid ESO. It shows that Scotland’s demand is not 

expected to increase to beyond 6 GW of power. Although there is an increase in electrical technology 

and infrastructures across the country, there will also be an increase in electrical efficiency. The network 

will change as we move towards a decarbonised network, and new challenges and constraints will arise. 

Projections of demand and generation that were utilised for the network modelling presented 

throughout this report, are shown respectively in Figure 8 and Figure 9 below. To quantify the future 

projection of demand levels, the FES ‘Steady State Progression’ scenario is utilised [15]. When including 

future projection of generation data, the FES ‘Steady State scenario’ is also utilised [15]. This chosen 

scenario was selected to be a considered and conservative growth estimate, where the rest of technology 

developments rise steadily. This allows for offshore development to be disaggregated from the model to 

control its level of development.  
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Figure 8: 2019 FES Steady State Progression Demand Forecast 

 
 
 
 
 

 
Figure 9:2019 FES Steady State Progression Growth Projection 

 
 
 
  



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 11 
PN000341-RPT-001 – Rev. 1 

3 Grid Challenges   

 

3.1 Offshore Wind and Grid Interaction 

Offshore wind follows certain attributes that make it different from other forms of generation including 

gas generation or nuclear. Due to the variability and predictability of generation and the electrical 

connection it is unique, even down to the location of offshore wind projects. There are aspects that apply 

only for offshore wind. Scotland’s offshore farms are currently spread between the Irish and North Sea, 

but the majority of pipeline projects are located in the North Sea, and plan to connect into the 

transmission network at substations along the eastern coast of Scotland. Although the concentration of 

pipeline projects are planned in the North Sea, there are planned developments in the Atlantic Ocean 

and Irish Sea as illustrated in Section 1.1, Figure 3.   

Most zones identified for future offshore leasing are in areas a long way from load centres. This means 

that there is either no appropriate grid connection point or insufficient transmission capacity to transmit 

the power to areas of demand.  Wind is a highly variable source of power. The output can vary from full 

generating capacity to zero in a short period of time, the severity of this can be reduced however, in range 

with larger scale projects.   

Most wind turbines incorporate power electronics to convert the electrical energy to standard 50 Hz AC. 

This method for energy production highlights certain factors that can be seen in Table 1.  

 
Table 1: Impact of Offshore Wind systems connected to the Grid 

 

Impact Reason  Outcome  Solution 
Falling levels of 
inertia 

In moving away from traditional 
generation practises, such as thermal 
generators the amount, of inertia in the 
system is reduced in the grid, as the new 
converter-connected loads do not 
provide it. 

This reduction in inertia produces 
a less stable system, and 
consequentially imbalances 
between generation and demand 
by producing changes in system 
frequency that can cause the 
system to fail. 

The System operator will be 
required to compensate for 
the lack in inertia in the 
system.  

Short-circuit 
current 

If there is a fault in the network 
traditional systems could produce very 
high current. This would allow a very 
rapid and reliable disconnection of faulty 
equipment, before further damage or 
danger arises. Offshore wind systems do 
not provide the same level of fault 
current. 

Offshore wind farm converter-
connected systems cannot 
provide the same protection as 
traditional systems without 
significant additional cost 

System operators to 
restructure the protection 
systems.  

New benefits  New wind farm systems operate with 
different power electronics that provide 
new benefits.  

Modern power electronic 
converters can provide extremely 
rapid control of output power 
and reactive power.  They can 
also contribute to resolution of 
power-quality issues such as 
voltage dips and harmonics.    

New opportunities of the 
system operator’s 
requirements for control of 
frequency and voltage, more 
extensively or cheaper than 
current methods.   
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As the network is now looking to accommodate mainly renewable energy sources, an innovative solution 

is the GridMetrix, by Reactive technologies that uses telecommunication technology to monitor the 

systems’ inertia [16]. When the grid was mainly occupied by synchronous generations, they were 

connected to the grid at transmission level, and power demands were much more predictable at peak 

hours. The foreseeable patterns meant you could dictate which power stations would be operating and 

the present level of inertia.  Now there are more variable sources meaning estimating the inertia is more 

challenging.  

In the first quartile of 2019, the UK had a renewable capacity of 45 GW, a 7.9% improvement from 2018. 

More than a third of that was because of plant biomass from the Lynemouth Biomass Plant in England, 

Northumberland; conversion work at the Drax power station in North Yorkshire; and 22.3 GW of it was 

from wind energy [17]. In Scotland alone, the electrical capacity had risen to 11.3 GW in March 2019 from 

10.4 GW the previous year.  Figure 10 illustrates the change over the one-year period across the various 

renewable generation sources.  

 

 
Figure 10: Renewable installed capacity [3] 

 

There are both benefits and challenges that will be faced with this fundamental change in the system. 

The push for decarbonisation of the grid is one of the major drivers for the rapid change, with the Scottish 

Government accepting the Committee on Climate Change’s (CCC) recommendation to achieve ‘net zero’ 

emissions by 2045 [18]. As well as the increasing change in dynamics to the grid, there are severe 

constraints on transfer capacity from the north of the country to the south. Tackling these challenges will 

be the next step in accommodating this influx of offshore wind allowing renewables to become part of 

the integrated solution. 

3.2 Available Capacity 

Electricity distribution network operators (DNO) are obliged to supply customers with support on how to 

connect to the network. When connecting new loads to the network it can sometimes mean an upgrade 

is required on the network. This upgrade will be done to ensure that the connection can be done without 

affecting any other customer connected to the grid. DNOS must work to a regulatory framework to 

promote decarbonisation, high quality and sustainable energy.   
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The available capacity is provided by Scottish & Southern Electricity Networks (SSEN) and Scottish 

Power Energy Networks (SPEN), as the two DNOs that cover the network in Scotland.  Figure 11a 

illustrates SPEN grid supply substations that have been categorised into three different classes: 

• Green:  There is possibility of connecting additional loads to these grid connections as they are within 

supportable limits. If a connection is made here, there is no immediate obligation to strengthen the 

grid network.  

• Amber: Depending on the load connecting, there is a possibility the connection cannot be done 

without additional reinforcements. This is due to at least one aspect close to the operational limit. 

There is no certain authentication that a connection cannot be made, but further network analysis 

will be required to determine this.  

• Red: It is very likely a connection cannot be done without lengthy and considerable reinforcements 
to the system.  
 

  

                                                
Figure 11a: SPEN grid supply points [19]    b: SSE grid supply points (Scottish & Southern Electricity Networks, 2019) 

  

It can be seen in Figure 11a that most available connection points are with substations across the central 

belt of Scotland. From those connections with spare capacity, the highest capacity available reaches an 

estimated 37 MVA, however there is only limited connections that would have spare capacity to that 

extent [20]. SSEN also publicly share their available head room for grid supply points, with similar traffic 

light categories as SPEN. Figure 11b pinpoints all SSEN grid supply substations across Scotland. The 

green categories vary on available capacity from 1 MVA to 97 MVA (Woodhill substation in Aberdeen). 

Unlike SPEN, the majority of connections seen in Figure 11b show substations in amber. Although most 

of the amber connection points could not accept large additional loads, there are a selected few that 

have available capacity over 40 MVA, such as Beauly substation (40 MVA) and Fasnakyle substation (67 

MVA).  
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Appendix 3 summarises the 18,422 MW of thermal (fossil fuel and nuclear) generating capacity that is 

currently installed across Scotland and Northern England (3,588 MW and 14,834 MW, respectively). In 

Scotland, three power stations – Peterhead (combined cycle gas), Torness and Hunterston B (both 

nuclear) – account for 3,450 MW (96%) of country’s total.  The remaining 138MW consists of a collection 

of small-scale, diesel-fuelled power stations distributed across Scotland’s remote island communities.  

Some of remote communities are currently linked to the mainland network via lower-capacity inter-

connectors, in which case the small generating plants provide standby generating capacity in the event 

of a network fault, or if local demand exceeds both the import capacity of the interconnector and local 

renewable power generation.  In the case of Shetland, there is no mainland grid connection, hence 

Lerwick power station provides the community’s principal source of electrical power. 

South of the border, 14,834 MW of thermal generating capacity is currently installed across the North 

West and North East of England, including Yorkshire and the Humber.  This is a more diverse generating 

portfolio, with 8 of the 24 plants each exceeding 1GW of capacity. 

Across Scotland and Northern England, 8,061MW of this capacity is currently scheduled for 

decommissioning by 2030.  Two of these closures alone – Hunterston B and Torness nuclear stations – 

will see a 63% reduction in Scotland’s thermal generating capacity. As more thermal generation plants 

decommission, there will be more availability for connecting large scale renewable projects.  

3.3 Scotland’s Export and Import  

The growing number of wind generation sites connected to the Scottish network are expected to double 

North-South electricity transfer requirements over the next decade. As these changes in the network 

takes place, transmission will flow across the North-South boundary hitting an all-time high capacity of 

15.7 GW, compared to the current 5.7 GW capacity [15].  

By the end of 2017 Scotland’s net electricity exports were at 4,543 GWh, which was tantamount to 

powering more than 1 million households for a year [3]. Since coal power stations closed, both Longannet 

(in 2016) and the Cockenzie (in 2011) the supply capacity is 8.9 GW. The maximum supply capacity was 

in 2011 at 12.1 GW [3]. Figure 12 shows the imports and export activity from 2000 to 2018. It shows an 

increase in exports and imports over the recent years.  
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Figure 12: Net exports and imports Scotland 2000-2018  [3] 

When Scotland’s generation exceeds the Scottish demand, the power is exported to other parts of the 

network. The grid network utilises links across Scotland to England, Wales and Northern Ireland. The link 

from Northern Ireland is the Moyle connector. In a corresponding trend, as and when Scotland demand 

exceeds that of the generated power, the electricity will be imported.  

Due to the vast amount of wind energy in Scotland, Scotland has been a net supplier of energy to the UK. 

In 2018, Scotland’s exported electricity had risen to 14,676 GWh which was comparable to powering 

every home in Scotland for 1.5 years [3]. While Scotland can produce such a vast amount of wind energy, 

there has also been an increase in imports to the country. This increase may be due to the closure of the 

coal power stations, and Scotland’s requirement to have non-intermittent generation, as well as 

renewable sources. 

As illustrated in Figure 13, Boundary B6 is the Scottish border boundary and the part of the country 

between B6 and B7 has been conventionally an exporting zone.  The B6 and B7A boundaries are generally 

the most restricted on the English network as there is large amounts of generation north feeding south. 

The grid network between these boundaries are now operational at their upper limit. An HVDC link has 

been added on the west side, although there are plans for an additional eastern HVDC link to 

accommodate Scotland’s rapid increase in requirement to export [21].  
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Figure 13 Boundaries across Scotland, North England and Midlands [14] 
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4 Upgrades and Reinforcements 

 

4.1 Security and Flexibility  

The security of Scotland’s network is determined by how strong the system is in supporting the 

consistent energy demand. To ensure security, capacity of the system must exceed that of the demand. 

Scotland’s peak demand in 2017/2018 was 5.3 GW which was securely reached with the aid of 3.1GW of 

imports from England, Wales and Northern Ireland. Scotland’s capacity can meet (98.6% of the time) its 

own demand and generate more electricity than it consumes [3]. 69.6% of the time Scotland meets the 

electricity demand on just renewable intermittent energy [3].  

The National Grid ESO makes the changes necessary to improve and upgrade the grid to support changes 

such as the increase of renewable generation. To ensure the security of the network, the National Grid 

are responsible to ensure the correct measures are being met. If there is an over estimated investment 

or a miscalculation that doesn’t fully support the transmission capacity of the network, there can be 

consequences. Not only can it be costly, it can cause political challenges from generation and consumers, 

as well as enforced penalties from Ofgem.  

4.2 Boundaries and Constraints 

The UK electrical network was intended to transfer an abundance of power that the whole nation could 

benefit from, including areas in more remote locations, further away from any source of electricity. 

Therefore, there is obligation to ensure that the transmission of power is reinforced as required to 

accommodate importing and exporting of electricity across the UK. National Grid use boundaries, such 

like those that are illustrated in section 3.3 Figure 13 and simplified in Figure 14 to determine:  

• Extensive sources of generation across the UK 

• Crucial route corridors in the network 

• Significant locations of demand  

The National Grid boundaries have been developed over time through experience of operating and 

planning of the network. Boundaries can be changed and adapted if required and if it is studied in the 

FES generation and demand data.  

4.2.1 Network Modelling of Boundaries 

The SEDM model is a 14-node simplified representation of the UK transmission system, used for the 

modelling of North-South power transfer. Given its focus on the North-South flows, the representation 

of southern England and Wales is significantly simplified. The representation of Scotland and Northern 

England is such that flows across National Grid constraint boundaries (such as the B6 Boundary) can be 

modelled. 
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Figure 14: SEDM simplified boundaries compared with National Grid ESO ETYS boundaries (figure provided by the Scottish Government) 

 

The boundary transfer capabilities are defined in the ETYS by National Grid ESO, however, the figures 

stated assume normal running arrangements at all times. Discussions with network planning engineers 

at National Grid ESO were held to understand boundary transfer limits used for regular planning studies 

and to understand limits under more onerous outage conditions such as the loss of a double circuit. 

A summary of the updated Boundary Transfer Capabilities is provided in Appendix 5, with comments 

provided as to the reasons for the increase or reduction in capacity when compared with the ETYS stated 

values. The ESO Advice values are more conservative in nature and closer to operational reality, 

therefore these values will be used as part of the main analysis. 

4.3 Planned Upgrades 

The National grid produces an annual report, FES, a range of realistic situations that feed into the 

Electricity Ten Year Statement that provides plausible transmission requirements for the upcoming 

years. The Network Options Assessment (NOA) is an additional report produced by the National Grid 

ESO which recommends that 25 various asset projects, costing £59.8 million will be completed by 2020 

allowing the National Grid to maintain and manage future power capabilities [21].  

The plan for further onshore and offshore wind farms in Scotland can double the north to south transfer 

requirements within the next ten years [14]. B6 and B7A boundaries are expected to reach nearly triple 

the capability, when including the Western HVDC link [14]. The increase in power transferred to the 

North of England will see upgrades to withstand that additional capacity. There is a possibility of further 

development of low carbon generation and interconnectors providing over 6GW capacity to the North 

of England which will require definite reinforcements to the system [15].  
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The NOA has recognised the above requirements of at least two North - South reinforcements looking 

at either eastern HVDC links or instead onshore 2 GW circuits, or both. These will be put into operation 

potentially in 2027 to allow for the high power flows. NAO has assessed various combinations that could 

accommodate the influx of capacity. The recommended HVDC are links from Torness to Hawthorm Pit, 

as well as a link from Peterhead to Drax will distribute the maximum advantage.  

North of Scotland, such as Orkney, the Western Isles and the Shetland Isles have massive constraints on 

what can be put onto the electricity network. In boundary area B3b, the Argyll peninsula is of interest for 

future offshore wind scoping (see Figure 3 and Figure 13), though there is limited transmission capability. 

There is current need for boundary assessment. Boundary transfers across the North of Scotland down 

towards the South are increasing in size due to the new upsurge in renewables from boundaries, Bo to 

B6. The recommendations for these upgrades are determined finally by the Strategic Wider Works 

assessment (SWW). This assessment is where the reinforcements are examined with sensitivities across 

a wider range of factors to ensure the success of these upgrades [21].   

4.3.1 Development Options 

A full list of NOA potential reinforcements is supplied in Appendix 2 and will be considered as part of the 

constraint solution options in the final report. Only those developments listed in Table 2 are considered 

in this report. All the projected delivery dates of these updates are suppled in NOA [21]. The SEDM 

provides the baseline topology for the network, and the transmission system updates will develop over 

time. Therefore, these developments need to be integrated as equivalents into the model in five-year 

development periods. 
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Table 2: National Grid Development Options 

Development Period Internal/External Name Rating (MW) 

2020-2025 

Internal UK Upgrade 

Orkney and Pentland Firth 
East Subsea Cable 
Replacement  

9.4 

North Sea Link (NSL) Blyth - 
Norway  
Lackenby-Norton 
Reconductor LNRE  

1400 

NorthConnect Peterhead - 
Norway  

380 

East Coast Upgrade ECU2  610 

Western Isles link  600 

Orkney - Dounreay  220 

Norton - Osbaldwick 
Hotwiring and 
Reconductoring NOR1  

730 

Shetland Islands Link  600 

External UK Upgrade 
(Interconnector  

Blyth - Norway  1400 

Peterhead - Norway  1400 

2025-2030  Internal UK Upgrade  Maali Shetland - Norway  600 

East Coast Upgrade ECUP 480 

Eastern HVDC E2DC  2000 

Denny-Wishaw Upgrade 
DWNO 

17- 

Eastern HVDC E4D3 2000 

External UK Upgrade 
(Interconnector) 

Shetland - Norway 600 
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5 Network Modelling 

 

To identify the constraints in the UKs transmission infrastructure, network modelling has been delivered 

to quantify the impact of additional offshore wind sites. This section of the report describes only the key 

factors of the network modelling methodology. More detail is provided in Appendix 6 which contains a 

network model mathematical representation, network balancing, origin of scenarios and network 

development, contingency and constraints.  

 

5.1 Network Model Assumptions and Limitations 

The model provides a direct current (DC) flow equivalent of the UK model using a reduced equivalent 

model derived from full UK transmission network data. The following assumption and limitations must 

be considered when interpreting the outcomes from modelling studies: 

• Due to this approach, the network flows are only representative of the linear nature of the DC flow 

calculation. 

• Voltage profiles are not considered. 

• Power flow reductions due to losses, electrical or magnetic factors are not considered. 

• The topology of the model is restricted by the assumptions made in the SEDM model. 

• The equivalent branch representation is limited by the assumptions made in the SEDM model. 

• The distribution of loads and generators is limited by the assumptions made in the SEDM model. 

• The boundary limitations are limited by the ETYS and ESO provided information. 

• Voltage and transient stability analysis are limited to cases where maintaining voltage and transient 

stability can be represented as maintaining an equivalent thermal limit. 

• Transient stability is loosely represented via a synchronous penetration level limit, where a number 

of synchronous machines need to be present within the energy mix to ensure an acceptable level of 

transient stability. 

5.2 Overview of Scenarios 

Scenario variables characterise each studied scenario. Typically, the network experiences an annual peak 

load during winter months. The winter peak directly impacts dispatchable generator capacity factors, for 

example, capacity factors are higher in the winter than in the summer. Renewable generation export 

varies widely between the seasons, for example, solar generation is typically higher in the summer and 

onshore and offshore wind generation have higher capacity factors in the winter. 
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For each scenario, the network development updates the magnitude of generation and load changes in 

line with the FES scenario, as well as implement network developments, (Table 2, Section 4.3.1), for each 

5-year development window (Figure 9, Section 2.2). Further description of each scenario are supplied in 

Appendix 6.3. 

The outputs are biased operational to export power from the North to the South, meaning that domestic 

HVDC link setpoints are set as: 

• demand import north of a boundary  

• generator export south of a boundary 

New international HVDC links, when they become a live development set to export at maximum 

capability out of the UK network. 

The scenarios are described in more detail below, and a summary of the scenarios is given in Table 3. 

Scenario 1 

Scenario 1 features summer minimum load conditions and summer generator capacity factors. There is 

an Instantaneous Penetration Limit (IPL) of 50% signifying that the generation on the network must 

consist of at least 50% synchronous generation. A summer minimum load seasonal ratio is applied 

relative to peak demand. 

Scenario 2 

Scenario 2 features winter maximum load conditions and winter generator capacity factors. An IPL of 

50% is applied to winter load and generation levels. Winter experiences annual peak load conditions 

therefore a load seasonal ratio of 100% is applied. 

Scenario 3 

Scenario 3 features summer minimum load conditions, summer lower dispatchable capacity factors, 

summer renewable capacity factors and an enhanced offshore capacity factor. This scenario has an IPL 

of 20% allowing increased renewable generation on the network. A summer minimum load seasonal 

ratio is applied relative to peak demand. 

Scenario 4 

Scenario 4 features winter maximum load conditions, winter lower dispatchable capacity factors, winter 

renewable capacity factors and an enhanced offshore capacity factor. This scenario also has an IPL of 

20% allowing increased renewable generation on the network. A load seasonal ratio of 100% is applied. 
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Table 3: Summary of Scenarios 

Scenarios 

Instantaneo
us 
Penetration 
Limit 

Load 
Seasonal 
Ratio 

Dispatchabl
e Generation 
Capacity 
Factor 

Renewable 
Capacity 
Factor 

Offshore 
Generation 
Capacity 
Factor 

Interconnect
or Demand 

1 50% Summer Min Summer  Summer  Summer  
Min 
Export/Max 
Import 

2 50% Winter Max Winter Winter Winter 
Max 
Export/Min 
Import 

3 20% Summer Min 
Summer 
Lower 

Summer  
Summer* 
Enhanced 
Scotland  

Min 
Export/Max 
Import 

4 20% Winter Max Winter Lower Winter  
Winter* 
Enhanced 
Scotland 

Max 
Export/Min 
Import 

* Scenario 3 features summer minimum load conditions, summer dispatchable capacity factors, summer renewable capacity factors and an 
enhanced offshore capacity factor- where the offshore capacity factor for Scotland has been enhanced to 49% (highland summer historical 
average). This scenario has an IPL of 20% allowing increased renewable generation on the network. A summer minimum load seasonal ratio is 

applied relative to peak demand. 
  
Scenario 4 features winter maximum load conditions, winter dispatchable capacity factors, winter renewable capacity factors and an 
enhanced offshore capacity factor- where the offshore capacity factor has been enhanced to 52% (highland winter historical average). This 
scenario also has an IPL of 20% allowing increased renewable generation on the network. A load seasonal ratio of 100% is applied. 
 

5.3 Network Development Analysis  

The network development iteration is delivered in two parts: 

• the load level and generation capacity present on the network 

• the development of the network itself, such as network reinforcements and changes to topology 

The first part is defined by the selected future energy scenarios indicating the growth or contraction of 

load and generation developments. This is applied to the scenario ratio of load and generation split 

across each of the model nodes to reflect the regional development of load and generation for each 

development window. 

The second part is defined by the network development options, presented in Table 2, implemented in 

each development window. The specification of network development options establishes the system's 

normal (intact) running arrangements for the development window. 

 

5.3.1 Contingency analysis 

With the networks normal running arrangement, load and generation levels established, the contingency 

analysis studies through a series of abnormal network running arrangements, approximating a steady-

state estimation of power flows under each contingency condition. The contingency running 

arrangements are presented in Table 4. 
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Table 4: Contingency Options 

Contingency Number Contingency Description Affected Model Lines Boundary Reference 

1 ESO Advice Max 
Intact (Normal Running 

Arrangements) 

N/A 

2 ESO Advice Contingency 1 NA3 to NA2A4 Outage 
B3 

3 ESO Advice Contingency 2 NA5.NA6 Outage 
B5 

4 ESO Advice Contingency 3 NA6.NA7 Outage 
B6 

5 ESO Advice Contingency 4 NA1b.NA1c Outage 
N/A 

6 ESO Advice Contingency 5 NA1f.NA1a Outage 
N/A 

7 ESO Advice Contingency 6 N_A1a.N_A1d Outage 
N/A 

8 Western Link Out Western Link HVDC Outage 
B6 

9 Peterhead - Norway 
Peterhead to Norway HVDC 

Outage 

N/A 

10 Blyth - Norway 
Blyth to Norway HVDC 

Outage 

N/A 

11 Eastern HVDC E4D3 Eastern HVDC E4D3 Outage 
N/A 

12 Eastern HVDC E2DC Eastern HVDC E2DC Outage 
N/A 

13 Shetland - Norway 
Shetland to Norway HVDC 

Outage 

N/A 
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5.4 Constraint Analysis Summary 

The constraint analysis observes the approximated power flows across each constraint boundary and 

compares them to the boundary capability, for each of the contingency conditions, and for each of the 

network developments. Where overloads are observed, their magnitude is noted. 

The analysis provides the resulting headroom or capacity exceedances: 

• for each constraint, 

• for each contingency, and 

• for each network development. 

The results show the networks capability to remain within operational limits for each scenario. 
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6  Constraint Analysis Results 

 

6.1 Scenarios 

The constraint analysis is undertaken for each scenario as described in Table 3. The outputs produce the 

loading magnitude across each constraint/boundary as explained in the activity flow chart provided in 

Appendix 6.3, Figure 38. Results for each scenario are presented in terms of: 

• Boundary flows across ESO AC operational boundaries, and 

• Boundary maximum flows across AC boundaries where the most onerous contingencies have been 

applied. 

• The results are presented as: 

• Scenario-specific, and 

• Boundary-specific summary of scenario outcomes. 

In the Per Scenario Constraint analysis, only the loading magnitudes are presented as a percentage of 

the capabilities. 

In the Per Boundary Constraint analysis, loading magnitudes are presented as a percentage of the 

capabilities, as well as the magnitude of overload. 

For both analyses, the illustration of power flow in a positive polarity represents power flows in the north-

to-south direction, and conversely, negative polarity reflects south-to-north flows across the specified 

boundary. 

The HVDC links are biased operationally to transfer power from the North to the South, meaning that 

domestic HVDC link setpoints are set as a demand import north of a boundary and as a generator export 

south of a boundary. 

 

The following sections describes the study outcomes, presented on a per scenario basis 

6.1.1 Scenario 1: Summer Low Demand 

The variables are applied for the summer enhanced low scenario as described in Table 3. The following 

sections present the boundary flows observed across the scenario simulation. Figure 15 and Figure 16 

present the percentage loading of each boundary across different study cases and study periods, where 

percentage loading is derived relative to the boundary threshold. Table 5 presents the worst-case outage 

contingencies modelled in the Maximum Contingency case for this study scenario. 
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Summer Low Demand - Intact Loading 

 
Figure 15: AC Boundary Flows for Summer Low Demand-Intact 

 

Summer Low Demand - Maximum Contingency Load 

 

 
Figure 16: AC Boundary Flows for Summer Low Demand Contingency 

 
Table 5: Worst Case Summer Low Demand Outage Condition 

Max Contingency 
Loading ESO 

2020 2025 2030 2035 2040 2045 2050 

B0 
Western Link 

Outage 

Peterhead - 

Norway 

Peterhead - 

Norway 

Peterhead - 

Norway 

Peterhead - 

Norway 

Peterhead - 

Norway 

Peterhead - 

Norway 

B1 
Western Link 
Outage 

Peterhead - 
Norway 

Eastern HVDC 
E4D3 

Eastern 
HVDC E4D3  

Eastern 
HVDC E4D3  

Eastern 
HVDC E4D3  

Eastern 
HVDC E4D3  

B3 Contingency_1 
Peterhead - 
Norway 

ESO Advice 
Contingency 
2025-2030 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B4 Contingency_2 
Peterhead - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B5 Contingency_3 
Peterhead - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B6 
Western Link 
Outage 

Western Link 
Outage 

ESO Advice 
Contingency 3 

ESO Advice 
Contingency 
3  

ESO Advice 
Contingency 
3  

ESO Advice 
Contingency 
3  

ESO Advice 
Contingency 
3  
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6.1.2 Scenario 1: Summary 

Figure 15 shows that in general, under the scenario conditions the network is capable of carrying the 

required flows around the network. 

The B6 Boundary observes overloading in the south-to-north direction, however, this is due to HVDC 

biasing north to south flow to the full capability of the HVDC links after the addition of the domestic 

interconnectors E2DC and E4D3. Weighting the HVDC operation so it biases power flow from north to 

south creates an artificial demand in Scotland at the HVDC connection points north of the B6 boundary, 

when this cannot be satisfied by Scottish generation alone it causes the reverse power flow across the 

B6 boundary. 

Operationally the HVDC links, in this case, could be reduced to balance flows between north and south 

under this condition. However, undertaking this action would lead to the same conclusion as the result 

presented: as long as Scottish generation in summer does not exceed total Scottish demand inclusive of 

HVDC link demands, then B6 reverse power flow overload is controllable in this condition and the 

network can be secured under these conditions. 

The contingency analysis studies show that the dominant worst-case conditions are experienced when 

export from Scottish generation is routed south through AC links, such as the loss of any of the 

international HVDC Scottish developments or domestic HVDC links. 

6.1.3 Scenario 2: Winter High Demand 

The variables are applied for the winter high demand scenario as described in Table 3. The following 

sections present the boundary flows observed across the scenario simulation. Figure 17 and Figure 18 

present the percentage loading of each boundary across different study cases and study periods, where 

percentage loading is derived relative to the boundary threshold. Table 6 presents the worst-case outage 

contingencies modelled in the Maximum Contingency case for this study scenario. 

Winter High Demand - Intact Loading 

 
Figure 17:AC Boundary Flows for Winter High Demand Intact 
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Winter High Demand - Maximum Contingency Loading 

 
Figure 18: AC Boundary Flows for Winter High Demand Contingency 

 
Table 6: Worst Case Winter High Demand Outage Condition 

Max 
Contingency 
Loading ESO 

2020 2025 2030 2035 2040 2045 2050 

B0 Contingency_4 
Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

B1 Contingency_4 
Peterhead - 
Norway 

Eastern HVDC 
E4D3 

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

B3 ESO 
ESO Advice 
Contingency 
1 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

B4 Contingency_1 
Peterhead - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B5 Contingency_2 
ESO Advice 
Contingency 
2 

Shetland - 
Norway  

ESO Advice 
Contingency 2  

ESO Advice 
Contingency 2  

ESO Advice 
Contingency 2  

ESO Advice 
Contingency 2  

B6 Contingency_4 
Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

 

6.1.4 Scenario 2: Summary 

Figure 17 shows that under winter high demand conditions, power flows are predominantly from North 

to South, highlighted by the B6 boundary showing positive flow for all scenarios. 

In this scenario, the artificial demand in Scotland caused by the full capacity operation of the domestic 

HVDC links is satisfied, resulting in the AC B6 boundary overloading in the north to south direction, since 

not only is Scotland providing the entirety of its own demand under this condition, but exporting 

considerable power to England. 

The scenario also shows that under intact conditions in 2020, the network is capable of providing capacity 

for flows, with the exception of B1 and B4 boundaries. Into the future, however, the trend shows that 

very soon overloads will occur under winter demand conditions. These studies show that although 

planned developments maintain some boundaries to gradual increased flow, reinforcement or 



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 30 
PN000341-RPT-001 – Rev. 1 

occasional reduction in exports from Scottish generators will be required to facilitate this level of 

development. 

The contingency analysis shows any loss in Scottish based demand, through outage of international 

HVDC links or domestic HVDC links results in the remaining AC network boundary capabilities being 

exceeded. This indicates the extent of network development required to secure the network for this level 

of development. 

6.1.5 Scenario 3: Summer Enhanced Low Demand 

The variables are applied for the summer enhanced low scenario as described in Table 3. The following 

sections present the boundary flows observed across the scenario simulations. Figure 19 and Figure 20 

present the percentage loading of each boundary across different study cases and study periods, where 

percentage loading is derived relative to the boundary threshold. Table 7 presents the worst-case outage 

contingencies modelled in the Maximum Contingency case for this study scenario. 

Summer Enhanced Low Demand - Intact Loading 

 
Figure 19: AC Boundary Flows for Summer Enhanced Low Demand Intact 

 

Summer Enhanced Low Demand - Max Contingency Loading 

 
Figure 20: AC Boundary Flows for Summer Enhanced Low Demand Contingency 
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Table 7: Worst Case Summer Enhanced Low Demand Outage Condition 

Max 
Contingency 
Loading ESO 

2020 2025 2030 2035 2040 2045 2050 

B0 
Western Link 
Outage 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

B1 
Western Link 
Outage 

Peterhead - 
Norway 

Eastern HVDC 
E4D3 

Eastern HVDC 
E4D3  

Eastern 
HVDC E4D3  

Eastern 
HVDC E4D3  

Eastern HVDC 
E4D3  

B3 Contingency_1 
Peterhead - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

ESO Advice 
Contingency 
2025-2030 

B4 Contingency_2 
Peterhead - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B5 Contingency_3 
Peterhead - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B6 
Western Link 
Outage 

Western 
Link Outage 

ESO Advice 
Contingency 3  

ESO Advice 
Contingency 3  

Western 
Link Outage 

Western 
Link Outage 

Western Link 
Outage 

 

6.1.6 Scenario 3: Summary 

The study outputs presented in Figure 19 shows that enhancement of offshore wind performance in 

offshore Scottish wind (increased capacity factor) and the reduction of instantaneous penetration levels 

results in the increase in net flow between north to south. 

This is shown in general in the figure as an increase in flows across the boundaries. 

From the 2030 period, the B6 boundary experiences reverse power flow is similar to in Scenario 1 due to 

the same conditions described in Section 6.1.2. However, this condition flips in 2040; showing that better 

performance from Scottish wind and a reduction in instantaneous penetration levels results in a 

dominating north to south flow much sooner than Scenario 1. 

Outputs from the contingency studies highlight North-to-South boundary overloads under conditions 

where outages are experienced on the international and domestic HVDC links, reducing HVDC export 

capability from Scotland. 

6.1.7 Scenario 4: Winter Enhanced High Demand 

The variables are applied for the winter enhanced high scenario as described in Table 3. The following 

sections present the boundary flows observed across the scenario simulation. Figure 21 and Figure 22 

present the percentage loading of each boundary across different study cases and study periods, where 

percentage loading is derived relative to the boundary threshold. Table 8 presents the worst-case outage 

contingencies modelled in the Maximum Contingency case for this study scenario. 
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Winter Enhanced High Demand - Intact Loading 

 
Figure 21: AC Boundary Flows for Winter Enhanced High Demand Intact 

 

Winter Enhanced High Demand - Maximum Contingency Loading 

 
Figure 22: AC Boundary Flows for Winter Enhanced High Demand Contingency 

 
 
Table 8: Worst Case Winter Enhanced High Demand Outage Condition 

Max 
Contingency 
Loading ESO 

2020 2025 2030 2035 2040 2045 2050 

B0 
Western Link 
Outage 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

Peterhead - 
Norway 

B1 
Western Link 
Outage 

Peterhead - 
Norway 

Eastern HVDC 
E4D3 

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

Eastern HVDC 
E4D3  

B3 Contingency_1 
ESO Advice 
Contingency 
1 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

ESO Advice 
Contingency 
2025-2030 

B4 Contingency_2 
Peterhead - 
Norway 

Shetland - 
Norway 

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

Shetland - 
Norway  

B5 Contingency_3 
ESO Advice 
Contingency 
2 

ESO Advice 
Contingency 2 

ESO Advice 
Contingency 2 

ESO Advice 
Contingency 2 

ESO Advice 
Contingency 2 

ESO Advice 
Contingency 2 

B6 
Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 

Western Link 
Outage 
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6.1.8 Scenario 4: Summary 

Figure 24 shows the boundary flows under worst-case enhanced high demand conditions. With the 

reduction of IPL and an increase in Scottish wind generator performance, a large amount of energy 

provision is achieved from Scotland, resulting in great stress on the boundaries. Under intact conditions, 

all boundaries exceed capacity levels by 2030. Under worst-case outage conditions, all boundaries exceed 

capacity levels by 2025. 

The contingencies serve to highlight the extent of the challenge to secure this development. 

6.2 Constraint Analysis Results: Boundaries 

As well as presenting the study outcomes as boundary flow per scenario, the outcomes are also 

presented on a per-boundary basis across each scenario. This allows for analysis of required actions at 

each specific boundary to achieve compliance for all scenarios. 

Under each scenario, the power flow across each system boundary is assessed against each ESO-defined 

boundary capability under intact and worst-case contingency conditions. 

Study outcomes are presented in plots, such as Figure 23. 

• The percentage loading, relative to the boundary capability limit, is presented as a dashed or solid 

line:  

• blue solid line for summer-based scenario 1 

• blue dashed line for summer-based scenario 3 

• gold solid line for winter-based scenario 2 

• gold dashed line for winter-based scenario 4 

• Where boundary capability limit is exceeded, the overload magnitude is presented as a dashed or 

solid bar: blue for summer based scenarios, gold for winter-based scenarios as shown in the 

percentage loading line graph. 

• The graphs represent both FES data and the estimated FOW development plans, as “ESO” and 

“Cont” respectfully.  

6.2.1 Boundary B0 

The levels of loading and overload magnitudes at the B0 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 23. 

The levels of loading and overload magnitudes at the B0 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 24. 

The study outcomes highlight that the B0 boundary has sufficient capacity in the early periods of 

development, however under winter-based scenarios flows soon exceed the boundary limit and the 
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boundary will require reinforcement to secure against planned developments. By 2050 this will be 

required for both winter and summer conditions. 

 
Figure 23: B0 Scenarios Comparison Intact 

 

 
Figure 24: B0 Scenarios Comparison Contingency 
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6.2.2 Boundary B1 

The levels of loading and overload magnitudes at the B1 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 25. 

The levels of loading and overload magnitudes at the B1 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 26. 

Study outcomes estimate that the B1 boundary has sufficient capacity across all periods to 

accommodate generation developments and summer operating conditions. Under winter conditions, 

however, by 2020 constraint conditions are observed, requiring reinforcement to facilitate the planned 

level of generation development. 

 

 
Figure 25: B1 Scenarios Comparison Intact 

 

 
Figure 26: B1 Scenarios Comparison Contingency 
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6.2.3 Boundary B3 

The levels of loading and overload magnitudes at the B3 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 27. 

The levels of loading and overload magnitudes at the B3 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 28. 

Study outcomes highlight that into 2035 and beyond, winter conditions will trigger overloads on the B3 

boundary. Under summer conditions no overload conditions are observed in any of the study periods. 

As described previously, the B3 boundary provides an additional North-South path around the B4 

boundary, which under high North-South Flow conditions results in overloads. 

 

 
Figure 27: B3 Scenarios Comparison Intact 

 
 

 
Figure 28: B3 Scenarios Comparison Contingency 
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6.2.4 Boundary B4 

The levels of loading and overload magnitudes at the B4 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 29. 

The levels of loading and overload magnitudes at the B4 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 30. 

Study outcomes estimate that under intact summer conditions, all B4 flows are within the boundary 

limit. Under contingency conditions, there is a risk that summer flows will exceed the boundary limits. 

Under all intact and contingency winter conditions, from 2020 onwards, power flows exceed the B4 

boundary limits. 

 

 
Figure 29: B4 Scenarios Comparison Intact 

 

 
Figure 30: B4 Scenarios Comparison Contingency 
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6.2.5 Boundary B5 

The levels of loading and overload magnitudes at the B5 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 31. 

The levels of loading and overload magnitudes at the B5 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 32. 

B5 boundary presents similar characteristics to the B4 boundary. Study outcomes estimate that under 

intact summer conditions, all B5 flows are within the boundary limit until 2050. Under contingency 

conditions, there is a risk that summer flows will exceed the boundary limits from 2040 onward. Under 

all intact and contingency winter conditions, from 2025 onwards, power flows exceed the B5 boundary 

limits. 

 

 
Figure 31: B5 Scenarios Comparison Intact 

 

 
Figure 32: B5 Scenarios Comparison Contingency 
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6.2.6 Boundary B6 

The levels of loading and overload magnitudes at the B6 boundary, under intact network conditions and 

as observed across all study scenarios, are presented in Figure 33. 

The levels of loading and overload magnitudes at the B6 boundary, under worst-case contingency outage 

conditions and as observed across all study scenarios, are presented in Figure 34. 

As previously described, under summer conditions the studies estimate a South-North flows across the 

B6 boundary. This is caused by the study setting Domestic HVDC links at their full North-South capability 

and resultant flows back into Scotland to meet demand. In practice, it is expected that National Grid 

balancing between the interconnectors and onshore AC circuits would avoid such scenarios occurring. 

Under winter intact conditions, the B6 boundary exhibits overload conditions from 2030 onwards in 

Scenario 4, whereas Scenario 4 does not observe overloads until the 2040 stage of development. When 

considering contingency outage conditions, the winter trigger for reinforcement is brought forward to 

2025. 

 

 
Figure 33: B6 Cross Scenario Comparison Intact 

 

 
Figure 34: B6 Cross Scenario Comparison Contingency 
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6.3 Result Summary  

From both boundary flow per scenario analysis, and per-boundary basis across each scenario analysis the 

findings are as follows: 

• All boundaries excluding B4 are able to accommodate power flows from developments for the next 

5 years, albeit close to boundary limits and only under intact (non-contingency) conditions. 

• The summer period operational characteristics, under the projected generator performance and 

network capabilities, can facilitate all offshore wind developments out to and including 2045 in intact 

conditions. To secure the network for contingency conditions and to minimise offshore wind 

generation being constrained off, reinforcements will be required. 

• During winter conditions, no boundaries are capable to carry flows beyond 2025 for the planned level 

of development. 

• Across the development scenarios studied, the B4 boundary in Scotland yields the greatest 

magnitude of overload in relation to the boundary limits. 

• Any reinforcement that enables export from Scotland via HVDC links (either international or 

domestic) greatly benefits the AC boundaries. Disturbance to these HVDC interconnectors (i.e. 

outages) greatly affects the network's ability to secure the studied level of offshore wind 

development. 

• Higher levels of export performance from Scottish wind, or alterations to IPL levels that benefit 

Scottish wind exports, exacerbates overload problems at system boundaries. 

• To facilitate generation development, reinforcements are required for the onshore system boundary 

infrastructure. Interconnector-facilitated exports from Scottish boundaries will alleviate this, as will 

the management of region export during the summer contingencies and winter period. 
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7 Solutions for Constraints 

 

This section describes potential solutions for managing the constraints on the UK transmission 

network. Solution options can be separated into two categories: Passive and Active. 

Passive Solutions are considered to be solutions or reinforcements that can be deployed without the 

need for additional monitoring or control of the network, or the need to actively establish generator 

export set-points in response to network conditions. Passive solutions are those we are most familiar 

with, such as: building new transmission circuits or transformers, upgrading existing lines, or 

construction of new HVDC links. 

Active Solutions are those that can avoid the construction of physical assets on the network 

(sometimes referred to as non-wire solutions). These types of solution include the deployment of 

monitoring and control technology to manage the network in real-time and in response to changing 

conditions. 

7.1 Passive Solutions 

The most common solution to increase network capacity is the construction of new HVAC circuits and 

transformers. This can include the construction of new transmission circuits to create new routes for 

power flow, adding capacity to existing circuits to allow more power flow through existing paths, or the 

addition of various types of power electronic devices to support the network, and facilitate increased 

capacity through greater stability of the network.  

HVDC reinforcements offer an option to transfer large volumes of electrical energy over large distances 

at a lower cost when compared with transfer via AC transmission. HVDC transmission is common in 

countries with a requirement to transmit across long distances and offshore (e.g. China and India have 

both made use of HVDC transmission) and is commonly used as interconnectors between countries 

across Europe. 

7.2 Active Solutions 

The transmission network is already actively managed by the system operator to balance large volumes 

of demand and generation on the network in real time. However, there are some active technology 

solutions that can be used to further improve system operation and deliver more granular, dynamic 

control. 

Intertrip or Load-Management Schemes are a form of protection scheme that enables generation to 

connect and export during normal system conditions. In the event of an outage (planned or unplanned), 

the generator is disconnected, and export is ceased until it is deemed safe to re-energize onto the system. 

Active Network Management is commonly used at distribution level to actively manage generation in 

response to network constraints, however, it can be used to manage export from distribution on to the 

transmission network, or to actively limit generator export levels (or demand import levels) in response 
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to real time limits. This offers the advantage over intertrip schemes of allowing generators to remain 

connected during abnormal system conditions, with the possibility of exporting at a reduced set point 

rather than zero export limits. 

Behind the meter coordination of generation and demand can be used to limit power flow on to the 

transmission network, while still making the best use of renewable generation resources. Placement of 

large schedulable demands next to large offshore wind generation can ensure that under both normal 

and abnormal system running arrangements, demand can be scheduled to ensure the best export profile 

possible within the limiting network conditions. This can be coordinated as part of a private control 

scheme i.e. a scheme commissioning by the generation and/or demand assets or be part of a wider area 

network management scheme. 

As an example of innovation in this area is demonstrated by SP Energy Networks, who is currently 

working on a scheme to merge an existing Load Management Scheme with an Active Network Manage 

scheme in the Dumfries and Galloway area of Scotland. This will deliver more effective management of 

constraints and enable the connection of 290MW of distributed generation that is currently being held 

back due to the need for transmission reinforcements. The cost of this scheme is estimated to be £10.7 

million [22]. 
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8 Future Development Planning 

 

The country’s drive to renewable energy has seen a shift in how the grid can be utilised and areas where 

other solutions will need to be identified.  The following sections discuss potential various blue-sky 

innovative solutions to harness the large scale generated power to accommodate the plan for future net 

zero by 2050.  

The discussions provided in the following sections contain examples of possible implementations to 

hypothesise how they may function. These examples however should not be considered as the only 

method for adoption of these technologies, but instead considered as illustrative examples of the 

challenges and opportunities. 

8.1 Hydrogen Production and Storage 

Hydrogen has potential to be a clean way to produce highly efficient fuel while being net zero when 

produced from electricity from wind turbines. Three scenarios considered require electrolysis from 

offshore wind farms.  

Grid connected with electrolysis onshore would use a traditional wind farm setup. Export cables would 

bring the generated electricity onshore where it would feed into an electrolysis plant which would 

produce the hydrogen which could then be stored in tanks/the gas network/other storage solutions. 

Non-grid connected with electrolysis equipment offshore on a floating platform (for example) could 

make use of a repurposed oil platform (or a newly developed floating platform designed for the task), 

saving on decommissioning costs and reusing existing infrastructure. The farm would produce power and 

the inter-array cables would feed on to a floating platform which would have an electrolyser installed. 

The hydrogen would be produced offshore and could either be piped directly back to shore to a receiving 

terminal for storage or distribution, or to offshore storage tanks where it could be picked up by a tanker 

for example. There is potential to also repurpose existing oil and gas pipelines for use in piping hydrogen 

to shore. 

Non grid-connected with electrolysis equipment adjacent to turbines (no power export cable) 

mitigates the FOW platform and uses an electrolyser at each turbine to produce hydrogen which is then 

either piped to shore or stored in either floating or subsea tanks for offloading to a tanker. 

The second two options where hydrogen production is carried out at sea have the challenge of using 

saline water in the reaction process. A desalination unit is required, but this produces brine as a waste 

product and uses huge amounts of energy. Brine is essentially a very high salt content liquid. It is typically 

denser than seawater and sinks to the ocean floor. It is harmful to marine ecology but there could be an 

option in the future to store the brine and evaporate the liquid off and collect the salt and process it in to 

road de-icing salt (possibly an onshore operation). There could also be an argument that discharging 

brine out at sea is better than beside the coast due to stronger currents to carry it away, but in general, it 

would be much better to not discharge any waste products at all. 



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 44 
PN000341-RPT-001 – Rev. 1 

Hydrogen storage is one possible way to manage large scale energy production from renewable energy 

to store it until a later time when energy demand surpasses the supply. Additionally, using the gas 

network would be another option for storing energy at great scale, utilising an already standing 

infrastructure.  

 

8.2 Battery Energy Storage Systems 

Battery energy storage systems (BESS) have been increasing in size and capability. In 2017 the 120 MWh 

system in California, and the Tesla, 129 MWh battery was commissioned in South Australia [23]. BESS 

has been necessary when redesigning grids internationally, to accommodate renewables and energy 

storage.  The costs of Lithium-ion (L-ion) batteries have continued to massively decrease in market 

prices. This has led to an increase in battery storage in the UK. BEIS has proposed action in the area of 

energy systems commercialisation to provide demonstrator sites. This is to support near future 

developments of fully integrated energy solutions to accommodate future changes surrounding the 

decarbonisation of the energy sector [24].  

BESS for large projects allows flexibility from conventional power generation. Battery systems are used 

already for stabilising the electrical grid, controlling the grids’ energy flow as well as optimising asset 

operation.  The UK’s largest onshore windfarm Whitelee, Glasgow, also had approval this year from the 

Scottish government to build a 50 MW L-ion battery storage centre [25].  

Upgrades on the network can be costly, batteries can provide a cost effective solution as well as 

managing local quality issues. In Arizona, United States of America, a 2MW 4-hour battery storage 

system was deployed as an alternative solution to upgrading the network. The battery system allowed 

the network operators to handle the uncertainty of a building growth of supply in one area of the 

network. It was found that the battery supplied a faster speed of deployment with less implementation 

costs [26].  

BESS can provide operators with an increase in dispatchability and better ease of predictability of 

renewable energy sources.  This helps to meet strict code and connection permits that can otherwise be 

challenging to meet. Batteries connected to renewable generation sources can provide local 

communities and areas of limited grid connection, such as Argyll and the North of Scotland, with reliable 

and cheaper electricity rather than relying on expensive and non-eco-friendly diesel generation. 

L-ion batteries have illustrated their potential in the drive to reduce fossil fuels. Although batteries 

produce zero emission when in operation, the process to obtain the lithium makes the battery 

technology controversial by capitalising water from local communities and possible toxic chemical leaks, 

such as the incident in Tibet [27].  

Lead-acid BESS have been overtaken by the demand of L-ion but are still used in some operating energy 

systems. Lead-acid technology was first recycled in 1912 and is presently the only battery technology 

that the recycling process can deliver revenue. The lead and flammable acids included in the technology 

are among the most toxic to the environment, however 96% of lead-acid batteries are recycled [28]. 

Nickel-cadmium is another battery chemistry still in operation. This technology also has dangerous toxic 
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properties, but also has a high recycling rate. Lithium-ion batteries are categorised as dangerous and are 

also toxic if disposed of incorrectly. Currently in the EU, less than 5% of lithium-ion batteries across all 

applications are recycled [28].  

8.3 Long Distance Connections 

The limitations of connecting large scale projects to the grid via nearby grid connection points is apparent 

in the most remote areas of Scotland. Long distance subsea cable export cables could transfer power to 

connection points down the coast of Scotland or even further down the coast in Northern England. 

Installing these long distance connectors could remove pressure from the bottleneck created at the 

boundaries between Scotland and England.  

Long distance cable is feasible and most cost effective when using HVDC technology. Long distance 

subsea cables are in operation for interconnectors, like the NorNed HVDC cable that connects Norway 

and the Netherlands. The cable is 580 km in length and is rated at 450 kV, able to transmit 700 MW of 

power. The CAPEX cost of the cable was €600 million [29].  

The process of installing subsea cables can involve various activities that could pose challenges along the 

UK coastline. These include: 

• Selection of the route, ensuring the route has minimal cable and piping crossing 

• Obtaining permission from the required authorities 

• Surveying the route to ensure reduced environmental impact and no other factors, such as 

undiscovered explosives and ship wrecks 

These activities could be challenging when preparing to plan and install long distance power cables, due 

to the proximity of the cable and shore-line. HVDC links are in use to reduce the bottleneck effects in the 

UK already, and interconnectors for imports and exports across countries are well practised, 

demonstrating that long distance electrical transmission could be a feasible solution.  

8.4 Offshore Grid 

As the constraints in the grid become increasingly more challenging to upgrade, there has been interest 

around connecting offshore wind farms together offshore and creating a whole new network and hub for 

offshore power. TenneT originally announced interest in producing an artificial island next to Dogger 

Bank. The project was estimated to cost around €1.5 billion to build [30].  Most recent headlines have 

seen that energy ministers from 10 countries have agreed on work in 2020 for joint maritime spatial 

planning. The 10 countries agreed to define a governing framework for offshore wind farms to have a 

grid connection that would interconnect more than one country together. 
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Figure 35: A proposed design for the meshed offshore grid: electrical offshore hub [31] 

 

The offshore grid will connect future wind farms in the North Sea and interconnectors, providing an 

electrical hub offshore as illustrated in Figure 35. The connectors between countries will provide energy 

trading across national borders that can benefit the UK and Europe energy trade  

The project is currently at its scoping stages, developing plans for joint cross-border offshore wind farms. 

Proposals for the meshed offshore grid in Europe included a plan that was announced in the end of 

November 2019 by Orsted for a 5GW offshore wind hub on the Danish ‘energy island’, Bornholm 

connecting offshore wind farms from Denmark, Germany, Sweden and Poland [31].   
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9 Conclusion 

 

With the increase in offshore wind, the grid will be expected to adapt and accommodate the upsurge of 

future projects. Areas that are most suited for FOW have limited grid connection points or scarce 

transmission capacity. To identify areas of constraint within the network, the representative 

transmission system was modelled utilising the Scottish Electricity Dispatch Model with additional 

development from the National Grid’s Development Options.  

Developing smarter and greener technologies such as electric vehicles and hybrid heating systems have 

transformed the electrical demand and the network is becoming more complex. There is expectations 

for an increase in electrical technology, as well as an increase in electrical efficiency, as we move towards 

a decarbonised network. Traditionally the system generators were mostly synchronous generations 

driven by thermal plant, connected to the grid at transmission level. Now this is more challenging with 

variable sources. Grid connection availability is limited. As the thermal power stations are 

decommissioned, like Hunterston B and Torness nuclear stations, more connections will become 

available. This could mean more imports to Scotland will be required to accommodate the lack of 

synchronous generation. In some locations the possibility for future off grid solutions, like hydrogen 

production, could benefit the local community and take pressure away from the grid.  

National Grid must ensure that correct measures are being met and there are no over estimations in the 

infrastructure reinforcements. The boundary transfer capabilities are defined in the ETYS by National 

Grid ESO, however, these records only consider ordinary running arrangements and do not include limits 

under more laborious conditions. To make sure that all states are accounted for when analysing 

constraints in the grid, various scenarios have been assessed. Each scenario includes all relevant network 

development updates in line with the FES scenario for 5-year development windows. For both normal 

and abnormal network running arrangements the steady-state of power flows under each contingency 

condition have been estimated. The analysis compares power flows across each constraint boundary and 

associates them to the boundary capabilities, contingency conditions, and each of the network 

developments.  

All boundaries except B4 can accommodate power flows from developments for the next 5 years, 

although boundary limits are close and only can accommodate under uninterrupted conditions. Under 

the expected generator performance and network capabilities during summer conditions, the network 

can facilitate all offshore wind developments out to and including 2045 in intact circumstances, for 

security however, reinforcements will be vital. During winter conditions, there are no boundaries that 

can deal with flows past 2025 for the proposed level of development. B4 boundary in Scotland yields 

the greatest potential of overload in terms of its boundary limits. 
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There are a variety of solutions covered in this report such as passive solutions like increasing network 

capacity with construction of new HVAC circuits and transformers, HVDC reinforcements and the 

addition of power electronic devices to support the network.  Active solutions can also be used to further 

improve operation and deliver better control of the network. As well as reinforcing the network, 

innovative concepts have also been in the headlines across Europe, from wind farm electrolysis for 

hydrogen which can allow for off-the-grid generation; battery energy storage systems to allow flexibility 

in the grid; and HVDC export for long distance grid connections. There are also large scale modifications 

for the network infrastructure under planning to create a ground-breaking cross-border HVDC offshore-

grid. A brief analyses of these technologies reveal a large opportunity in helping to overcome the grid 

constraints, however the wider environmental, commercial and technological challenges for their 

implementation need be considered in parallel.   

While this report identifies the boundary constraints and possible solutions, the next stage is to evaluate 

these outcomes further. This will involve identifying actions that can be taken to secure the network for 

this level of offshore wind development. A cost benefit analysis will be delivered for these network 

investment options to understand network security and its economic value.  

 
 
  



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 49 
PN000341-RPT-001 – Rev. 1 

10 References 

 

[1]  Renewable UK, “Offshore Wind Project Timelines 2018,” 21 August 2018. [Online]. Available: 
https://www.renewableuk.com/news/415071/Offshore-Wind-Project-Timelines-2018.htm. 

[2]  Scottish Government, “Chapter 3: The future of energy in Scotland: Scottish energy 
strategy,” 20 12 2017. [Online]. Available: https://www.gov.scot/publications/scottish-
energy-strategy-future-energy-scotland-9781788515276/pages/5/. 

[3]  Scottish Government, “Energy Statistics for Scotland Q1 2019 Figures,” Scottish 
Government, June 2019. 

[4]  International, Scottish Development, “Renewables,” 19 09 2019. [Online]. Available: 
https://www.sdi.co.uk/business-in-scotland/key-
sectors/renewables?utm_source=scotland.org&utm_medium=referral&utm_campaign=scin
+invest+&utm_content=Renewables_page_on_renewables_block_Growth_sectors. 

[5]  Scottish Government, “Draft Sectoral Marine Plan for Offshore Wind Energy,” 2019. 

[6]  Smarter Business, “Energy Consumption- UK Energy Statistics 2017,” 31 07 2018. [Online]. 
Available: https://smarterbusiness.co.uk/energy-consumption-in-the-uk-in-2017/. 

[7]  Scottish Government, “Annual Energy Statement 2019,” 2019. 

[8]  ICAX, “Carbon Emissions Calculator,” 17 10 2019. [Online]. Available: 
https://www.icax.co.uk/Carbon_Emissions_Calculator.html. 

[9]  National Grid ESO, “Zero carbon operation of Great Britain's electricity system by 2025,” 01 
04 2019. [Online]. Available: https://www.nationalgrideso.com/news/zero-carbon-operation-
great-britains-electricity-system-2025. 

[10]  Passivsystems, “Freedom: the key to carbon, comfort and cost in home heating,” 17 10 2019. 
[Online]. Available: https://www.passivsystems.com/case-studies/freedom-the-key-to-
carbon-comfort-and-cost-in-home-heating/. 

[11]  O. Gagan, “Moving towards a decentralised grid,” 12 02 2019. [Online]. Available: 
https://www.raconteur.net/sustainability/decentralised-energy-grid. 

[12]  House of Commons, BEIS , “Energy efficiency: building towards net zero,” 2019. 

[13]  Scottish Transport, “Switched On Scotland: Phase 2: Action plan for Growth,” 2018. 

[14]  National Grid ESO, “Electricity Ten Year Statement,” ESO, 2018. 

[15]  National Grid ESO, “Future Energy Scenarios,” National Grid ESO, 2018. 

[16]  Reactive Technologies, “Grid Metrix,” 17 10 2019. [Online]. Available: https://www.reactive-
technologies.com/grids/gridmetrix/. 

[17]  Renewables Statistics, “UK Renewable electricity capacity and generation, January to March 
2019,” in UK Renewables , 2019, pp. 39-46. 

[18]  Committee on Climate Change , “CCC welcomes action to tackle climate change in Scottish 
Programme for Government,” 3 11 2019. [Online]. Available: 
https://www.theccc.org.uk/2019/09/03/ccc-welcomes-action-to-tackle-climate-change-in-
scottish-programme-for-government/. 

[19]  Scottish Power Energy Networks, “Getting Connected, Distributed Generation Heat Map,” 07 
10 2019. [Online]. Available: 
https://www.spenergynetworks.co.uk/pages/sp_distribution_heat_maps.aspx. 

[20]  Scottish Power Energy Networks, “SP Distribution Long Term Development Statement, 
Appendix 3: System Loads,” Scottish Power Energy Networks, 2018. 



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 50 
PN000341-RPT-001 – Rev. 1 

[21]  National Grid ESO, “Network Options Assessment,” ESO, 2018/19. 

[22]  Ofgem, 27 06 2017. [Online]. Available: https://www.ofgem.gov.uk/ofgem-
publications/118121. 

[23]  Research Interfaces, “Lithium-ion batteries for large-scale grid energy storage,” 14 04 2018. 
[Online]. Available: https://researchinterfaces.com/lithium-ion-batteries-grid-energy-
storage/. 

[24]  Department for Business, Energy and Industrial Startegy, “Science & innovation audits: Wave 
3 summary reports,” 2019. 

[25]  Scottish Power, “Press Room: super battery plan to boost UK’s biggest onshore windfarm,” 
21 10 2019. [Online]. Available: 
https://www.scottishpower.com/news/pages/super_battery_plan_to_boost_uks_biggest_on
shore_windfarm.aspx. 

[26]  Crown Estate Scotland, “Offshore generation, energy storage and systems feasibility study,” 
2018. 

[27]  C. Gramling, “The search for new geologic sources of lithium could power a clean future,” 7 5 
2019. [Online]. Available: https://www.sciencenews.org/article/search-new-geologic-
sources-lithium-could-power-clean-future. 

[28]  Energy Storage World Forum, “Are energy Storage Systems Facing a Battery Recycling and 
Disposal Crisis?,” 19 2 2018. [Online]. Available: 
https://energystorageforum.com/news/energy-storage/energy-storage-systems-facing-
battery-recycling-disposal-crisis. 

[29]  European Commission, “HVDC Submarine Power Cables in the world,” 2015. 

[30]  T. Zoethout, “The €1.5 bn Plan to Build an Artificial Island for Offshore Wind,” 28 02 2018. 
[Online]. Available: https://www.elektormagazine.com/news/the-1-5-bn-plan-to-build-an-
artificial-island-for-offshore-wind. 

[31]  B. Radowitz, “North Seas ministers seek rules for meshed offshore wind grid,” 4 12 2019. 
[Online]. Available: https://www.rechargenews.com/wind/north-seas-ministers-seek-rules-
for-meshed-offshore-wind-grid/2-1-717892. 

[32]  Elexon portal and SHeffield University, “G.B. National Grid Status,” 16 12 2019. [Online]. 
Available: https://www.gridwatch.templar.co.uk/. 

[33]  Scottish Government, “Annual Compendium of Scottish Energy Statistics,” 2019. 

[34]  Scottish & Southern Electricity Networks, “Generation availabiliy map,” 07 10 2019. [Online]. 
Available: https://www.ssen.co.uk/GenerationAvailabilityMap/?mapareaid=2. 

[35]  BEIS, “BEIS-OFGEM: A smart, flexible energy system,” 2017. 

 

  



Scottish Offshore Wind and Grid Connection 22-Dec-2019 
 

ORE Catapult Private (Client use only) 51 
PN000341-RPT-001 – Rev. 1 

Appendix 1  Offshore Wind Development Timescales 

To allow adjustment of offshore wind generation capacity in the studied scenarios, the capacities 

presented in Table 9 were disaggregated from the baseline generation figures. The disaggregated figures 

from ETYS were then updated based on data provided by marine Scotland. 

Table 9: Overview of Offshore Wind Development Timescales 

Node Name1 

Potential 

Capacity 

(MW) 

Realistic 

Capacity 

(MW) 

Year Foundation 

Grid 

Connection  

N_A2_A4 Kincardine 50 50 2021 Floating 

Redmoss 

Substation 

N_A2_A4 Moray East 950 950 2021 Fixed 

South West of 

New Deer in 

Aberdeenshire 

N_A5 
Neart na 

Gaoithe 
448 448 2024 

Fixed New 

substation 

adjacent to 

Crystal Rig 2 

Onshore Wind 

Farm (East 

Lothian) 

N_A1b Moray West 850 850 2026 

Fixed Blackhillock 

substation 

N_A2_A4 
Seagreen - 

Phase One 
1075 1075 2026 

Fixed Tealing 

N_A5 Inch Cape 784 784 2028 

Fixed Cockenzie 

275kV, East 

Lothian 

N_A2_A4 
Seagreen - 

Phase Three 
1375 1375 2028 

Fixed Torness 

 
1 Where a zone is specified, this should be cross referenced with the map in Figure 36, Appendix 1 
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Node Name1 

Potential 

Capacity 

(MW) 

Realistic 

Capacity 

(MW) 

Year Foundation 

Grid 

Connection  

N_A2_A4 
Seagreen - 

Phase Two 
1850 1850 2030 

Fixed Torness 

N_A1a Zone 5 1320 1056 2032 
Fixed tbc 

N_A1a Zone 5 1485 742.5 2032 
Fixed tbc 

N_A2_A4 Zone 2 1422 995.4 2033 
Floating tbc 

N_A1e Zone 8 600 480 2035 Fixed 
tbc 

N_A6 Zone 10 876 788.4 2035 Fixed 
tbc 

N_A5 Zone 1 11469 4587.6 2037 Floating 
tbc 

N_A2_A4 Zone 4 2097 1677.6 2039 
Floating tbc 

N_A2_A4 Zone 3 3873 3485.7 2043 
Floating tbc 

N_A1b Zone 6 1017 1017 2044 
Floating tbc 

N_A1b Zone 6 1392 1392 2046 
Floating tbc 

N_A2_A4 Zone 4 3087 3087 2047 
Floating tbc 

N_A2_A4 Zone 4 1200 1200 2047 
Floating tbc 

N_A1b Zone 7 3489 2442.3 2049 
Floating tbc 
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Table 10: Estimated MW from Development area 

Name 
Potential Capacity 
(MW) 

Realistic Capacity 
(MW) 

Size (km2) MW/km2 

Kincardine 50 50 25.35 1.972387 

Moray East 950 950 295.16 3.218593 

Neart na Gaoithe 448 448 105.11 4.262202 

Moray West 850 850 226.05 3.76023 

Seagreen - Phase 
One 

1075 1075 390.93 2.749853 

Inch Cape 784 784 149.92 5.229456 

Seagreen - Phase 
Three 

1375 1375 271.11 5.071742 

Seagreen - Phase 
Two 

1850 1850 566.16 3.267628 

Zone 5 1320 1056 440 3 

Zone 5 1485 742.5 495 3 

Zone 2 1422 995.4 474 3 

Zone 8 600 480 200 3 

Zone 10 876 788.4 292 3 

Zone 1 11469 4587.6 3,823 3 

Zone 4 2097 1677.6 699 3 

Zone 3 3873 3485.7 1291 3 

Zone 6 1017 1017 339 3 

Zone 6 1392 1392 464 3 

Zone 4 3087 3087 1029 3 

Zone 4 1200 1200 400 3 

Zone 7 3489 2442.3 1163 3 
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Figure 36: Zone locations of proposed wind developments 
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Appendix 2  Scotland & North England Reinforcement Options 

The following reinforcement options are from the Network Options Assessment 2019 [21] 

Code Location Boundaries 
affected 

Status Description 

FBRE Beauly to Fyrish 
275kV 
double circuit 
reconductoring 

B0 Scoping 
 

Reconductor the existing 275kV double circuit 
overhead line between Beauly and Fyrish with 
a higher rated conductor. 

DNEU Denny North 
400/275kV 
Supergrid 
Transformer 2 

 
B1, B1a, B2 

Scoping Installation of a new 400/275kV 1,000MVA 
supergrid transformer (SGT2) at Denny North 
400kV substation. 

TURC Reactive 
compensation at 
Tummel 

B1, B1a, B2 Optioneering Establish a 275kV double busbar at Tummel 
substation and install shunt reactive compensation. 

ECU2 East coast 
onshore 275kV 
upgrade 

B1, B1a, B2, 
B4 

Design/development 
and consenting 

Establish a new 275kV substation at Alyth, re-profile the 275kV 
circuits between Kintore, Fetteresso, Alyth and Kincardine, and 
Tealing, Westfield and Longannet, and uprate the cable 
sections at Kincardine and Longannet to match the enhanced 
rating. Extend Tealing 275kV substation and install two phase-
shifting transformers. Install shunt reactive compensation at 
the new Alyth substation. 

ECUP East coast 
onshore 400kV 
incremental 
reinforcement 

B1, B1a, B2, 
B4 

Design/development 
and consenting 

This builds on the ‘east coast onshore 275kV upgrade (ECU2)’ 
and upgrades the 275kV infrastructure on the east coast for 
400kV operation. Establish a new 400kV substation at Kintore 
and uprate Alyth substation (proposed under ECU2) for 
400kV operation. Re-insulate the 275kV circuits between 
Blackhillock, Peterhead, Rothienorman, Kintore, Fetteresso, 
Alyth and Kincardine for 400kV operation. Install phase-shifting 
transformers at 
Blackhillock on the 275kV circuits from Knocknagael and 
400/275kV transformers at Kincardine, Alyth, 
Fetteresso, Kintore and Rothienorman. 

ECU4 East coast 
onshore 400kV 
reinforcement 

B1, B1a, B2, 
B4 

Design/development 
and consenting 

Upgrade the 275kV infrastructure on the east coast for 400kV 
operation by establishing new 400kV substations at Kintore 
and Alyth, and reinsulating 
the 275kV circuits between Blackhillock, 
Peterhead, Rothienorman, Kintore, Fetteresso, Alyth and 
Kincardine to 400kV. Install shunt reactive compensation at the 
new Alyth substation, phase-shifting transformers at 
Blackhillock on the 275kV circuits from Knocknagael, and 
400/275kV transformers at Kincardine, Alyth, Fetteresso, 
Kintore and Rothienorman. Re-profile the 275kV circuits 
between Tealing, Westfield and Longannet, 
and uprate the cable sections at Longannet to match the 
enhanced rating. 

E4DC Eastern Scotland 
to England link: 

B1, B1a, B2, 
B4, B5, B6, 
B7, B7a 

Design/development 
and consenting 

Construct a new offshore 2 GW HVDC subsea link from 
Peterhead in the north east of Scotland to Hawthorn Pit in the 
north of England. The onshore works involve the construction 
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Code Location Boundaries 
affected 

Status Description 

Peterhead to 
Hawthorn Pit 
offshore HVDC 

of AC/DC converter stations and the associated AC works at 
Peterhead and Hawthorn Pit. 

E4D2 Eastern Scotland 
to England link: 
Peterhead to 
Cottam offshore 
HVDC 

B1, B1a, B2, 
B4, B5, B6, 
B7, B7a, B8 

Design/development 
and consenting 

Construct a new offshore 2 GW HVDC subsea link from 
Peterhead in the north east of Scotland to Cottam in north 
Nottinghamshire. The onshore 
works involve the construction of AC/DC converter stations and 
the associated AC works at Peterhead and Cottam. 

E4D3 Eastern Scotland 
to England link: 
Peterhead to Drax 
offshore HVDC 

B1, B1a, B2, 
B4, B5, B6, 
B7, B7a, B8 

Design/development 
and consenting 

Construct a new offshore 2 GW HVDC subsea link from 
Peterhead in the north east of Scotland to Drax in Yorkshire. 
The onshore works involve the construction of AC/DC converter 
stations and the associated AC works at Peterhead and Drax. 

KBRE Knocknagael to 
Blackhillock 
275kV double 
circuit 
reconductoring 

B4 Scoping  Reconductor the existing 275kV double circuit overhead line 
between Knocknagael and Blackhillock with a higher rated 
conductor 

DWNO Denny to Wishaw 
400kV 
reinforcement 

B4, B5, B6 Design/development Construct a new 400kV double circuit from Bonnybridge to 
Newarthill, and reconfigure associated sites to establish a 
fourth north-to-south double circuit supergrid route through 
the Scottish central belt. One side of the new double circuit will 
operate at 400kV, the other at 275kV. This reinforcement will 
establish Denny–Bonnybridge, 
Bonnybridge–Wishaw, Wishaw–Strathaven No.2 and Wishaw–
Torness 400kV circuits, and a Denny– Newarthill–Easterhouse 
275kV circuit. 

HNNO Hunterston East–
Neilston 400kV 
reinforcement 

B5 Design/development Modification of the Hunterston East–Devol Moor 400kV circuit 
to become the Hunterston East– Neilston 400kV double circuit 
overhead line (OHL), and development of a new 400/275kV 
supergrid transformer (SGT4) at Neilston 400kV substation. 

WLTI Windyhill–
Lambhill–
Longannet 275kV 
circuit turn-in to 
Denny North 
275kV 
substation 

B5 Design/development Turn the Windyhill–Lambhill–Longannet 275kV circuit into 
Denny North 275kV substation to create a 275kV Windyhill–
Lambhill–Denny North circuit and 
a Denny North–Longannet No.2 275kV circuit 

E2D2 Eastern Scotland 
to England link: 
Torness to 
Cottam offshore 
HVDC 

B5, B6, B7, 
B7a, B8 

Scoping Construction of a new offshore 2 GW HVDC subsea link from 
Torness area to Cottam to provide additional transmission 
capacity. The onshore works involve the construction of AC/DC 
converter stations and associated AC works at Torness and 
Cottam. 

E2D3 Eastern Scotland 
to England link: 
Torness to Drax 
offshore HVDC 

B5, B6, B7, 
B7a, B8 

Scoping Construction of a new offshore 2 GW HVDC subsea link from 
Torness area to Drax to provide additional transmission 
capacity. The onshore works involve 
the construction of AC/DC converter stations and associated 
AC works at Torness and Drax. 
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Code Location Boundaries 
affected 

Status Description 

E2DC Eastern Scotland 
to England link: 
Torness to 
Hawthorn Pit 
offshore HVDC 

B5, B6, B7, 
B7a, B8 

Scoping Construct a new offshore 2 GW HVDC subsea link from the 
Torness area to Hawthorn Pit to provide additional 
transmission capacity. The onshore 
works involve the construction of AC/DC converter stations and 
associated AC works at Torness and Hawthorn Pit. 

HAMS 
 

225MVAr MSC at 
Harker 

B6 Project not started Install a 225MVAr MSC at Harker 400kV substation. This would 
provide voltage support under a number of fault conditions due 
to high power flow 
from Scotland. 

ECVC Eccles SVCs and 
real-time 
rating system 

B6 Scoping Installation of two SVCs at Eccles 400kV substation, and a real-
time ratings system on the 400kV overhead line circuits 
between Moffat and Harker 
and Gretna and Harker and 400kV cable circuits between 
Crystal Rig and Torness. 

EHRE Elvanfoot to 
Harker 
reconductoring 

B6 Scoping Replace the double circuit conductors in the Elvanfoot to 
Harker circuits with a higher-rated conductor to increase their 
thermal ratings. 

MHPC Power control 
device along 
Harker 
to Gretna and 
Harker to Moffat 

B6 Project not started Install a power control device along the Harker to Gretna and 
Harker to Moffat 400kV overhead line route. This would 
improve the capability to control the power flows from north to 
south of the 
transmission network. 

NEMS 225MVAr MSCs 
within the north 
east region 

B6, B7, B7a Project not started Three new 225MVAr switched capacitors (MSCs) at Norton, 
Osbaldwick and Stella West 400kV substations would provide 
voltage support to the east side of the transmission network as 
future system flows increase. 

HAE2 Harker Supergrid 
Transformer 5 
replacement 

B6, B7, B7a Project not started Replacing an existing transformer at Harker substation with 
one of higher rating to prevent overloading following 
transmission system faults. 

HAEU Harker Supergrid 
Transformer 6 
replacement 

B6, B7, B7a Scoping Replacing an existing transformer at Harker substation with 
one of higher rating to prevent overloading following 
transmission system faults. 

HSIT Harker to Stella 
West circuit 
intertrip 

B6, B7, B7a Project not started 
Operational option 

Disconnect the Harker to Stella West 275kV circuits following 
faults on Stella West 400kV circuits to avoid overloading the 
275kV circuits. 

STSC Series capacitors 
at Stella West 

B6, B7, B7a Project not started Install 2 new series reactors on north feeder circuits at Stella 
West 400kV substation. This would increase the voltage 
stability when the circuits are 
highly loaded. 

SSHW Spennymoor to 
Stella West 
circuits 

B6, B7, B7a Project not started Thermal upgrade of the Spennymoor to Stella West circuits to 
allow them to operate at higher temperatures, and increase 
their thermal rating. 

WHTI Turn-in of West 
Boldon to 
Hartlepool 

B6, B7, B7a Scoping Turn-in the West Boldon to Hartlepool circuit, to connect to the 
Hawthorn Pit site it currently passes. This would create new 
West Boldon to Hawthorn Pit 
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Code Location Boundaries 
affected 

Status Description 

circuit at 
Hawthorn Pit 

and Hawthorn Pit to Hartlepool circuits and ensure 
better load flow sharing and increased connectivity in the north 
east 275kV ring. 

NEPC Power control 
device along Blyth 
to 
Tynemouth and 
Blyth to South 
Shields 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Blyth to Tynemouth 
and Blyth to South Shields 275kV overhead line route. This 
would improve the capability to control the power flows from 
north to south of the transmission network. 

HFPC Power control 
device along 
Fourstones to 
Harker 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Fourstones to Harker 
275kV overhead line route. This would improve the capability to 
control the power flows 
from north to south of the transmission network. 

HSS1 Power control 
device along 
Fourstones to 
Harker to Stella 
West 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Fourstones 
to Harker to Stella West 275kV overhead line 
route. This would improve the capability to 
control the power flows from north to south 
of the transmission network. 

HSS2 Power control 
device along 
Fourstones to 
Harker to Stella 
West 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Fourstones to Harker to 
Stella West 275kV overhead line route. This would improve the 
capability to control the power flows from north to south of the 
transmission network. 

FSPC Power control 
device along 
Fourstones to 
Stella West 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Fourstones to Stella 
West 275kV overhead line route. This would 
improve the capability to control the power flows from north to 
south of the transmission network. 

HSPC Power control 
device along 
Harker to Stella 
West 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Harker to Stella West 
275kV overhead line route. This would improve the capability to 
control the power flows from north to south of the transmission 
network. 

LNPC Power control 
device along 
Lackenby to 
Norton 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Lackenby to Norton 
400kV circuit overhead line route. This would improve the 
capability to control the power flows across the east and west 
of the transmission network. 

NOPC Power control 
device along 
Norton to 
Osbaldwick 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the Norton 
to Osbaldwick 400kV circuit overhead line route. This would 
improve the capability to control the 
power flows across the east and west of the transmission 
network. 

MRPC Power control 
device along 
Penwortham to 
Kirkby 

B6, B7, B7a, 
B8 

Project not started 
Reduced-build 
option 

Install a power control device along the 
Penwortham to Kirkby 275kV circuit overhead line route. This 
would improve the capability to control the power flows across 
the east and west of the transmission network. 

TLNO Torness to north 
east England 

B6, B7, B7a, 
B8 

Project not started This option provides additional transmission capacity by 
installing a double circuit from a new 
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Code Location Boundaries 
affected 

Status Description 

AC reinforcement 
Status: Project 
not started 

400kV substation in the Torness area to a suitable connection 
point in north east England. 

HSRE Reconductor 
Harker to 
Fourstones, 
Fourstones to 
Stella West and 
Harker 
to Stella West 
275kV circuit 

B6, B7, B7a, 
B8, B9 

Project not started Replace the conductors from Harker to Fourstones, Fourstones 
to Stella West and Harker to Stella West 275kV circuits with 
higher-rated conductors to increase the circuits’ thermal 
ratings. 

SPDC Stella West to 
Padiham HVDC 
link 

B6, B7, B7a, 
B8, B9 

Project not started Construct a new onshore 1 GW HVDC Link from Stella West to 
Padiham to improve power flow around the eastern side of the 
network. The works 
involve the construction of AC/DC converter stations and 
reconfiguration of Stella West and Padiham substations. 

LTR3 Lackenby to 
Thornton 1 circuit 
thermal upgrade 

B7, B7a Project not started Thermal upgrade of the Lackenby to Thornton 1 circuit to allow 
it to operate at higher temperatures and increase its thermal 
rating. 

OTHW Osbaldwick to 
Thornton 1 circuit 
thermal upgrade 

B7, B7a Project not started 
Reduced-build 
option 

Thermal upgrade of the Osbaldwick to Thornton 1 circuit to 
allow it to operate at higher temperatures and increase its 
thermal rating. 

NOR1 Reconductor 
13.75km of Norton 
to Osbaldwick 
400kV double 
circuit 

B7, B7a Scoping Replace some of the conductors in the Norton 
to Osbaldwick double circuit with higher-rated 
conductors to increase the circuits’ thermal ratings. 

NOR2 Reconductor 
13.75km of Norton 
to Osbaldwick 1 
400kV circuit 

B7, B7a Project not started Replace some of the conductors in Norton to Osbaldwick 1 
circuit with higher-rated conductors to increase the circuit’s 
thermal rating. 

NOR4 Reconductor 
13.75km of Norton 
to Osbaldwick 2 
400kV circuit 

B7, B7a Project not started Replace some of the conductors in Norton to Osbaldwick 2 
circuit with higher-rated conductors to 
increase the circuit’s thermal rating. 

LNRE Reconductor 
Lackenby to 
Norton 
single 400kV 
circuit 

B7, B7a Design Replace the conductors in the Lackenby to Norton single circuit 
with higher-rated conductors and replace the cable with one 
with higher rating to increase the circuit’s thermal rating. The 
two options have different conductor types that provide 
different rating 

NOHW Thermal uprate 
55km of the 
Norton 
to Osbaldwick 
400kV double 
circuit 

B7, B7a Project not started Thermal upgrade of the Norton to Osbaldwick circuits to allow 
them to operate at higher temperatures and increase their 
thermal rating. 
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Code Location Boundaries 
affected 

Status Description 

OENO Central Yorkshire 
reinforcement 

B7, B7a, B8 Project not started Construct a new 400kV double circuit in central Yorkshire to 
facilitate power transfer requirements across the relevant 
boundaries. Substation works might be required to 
accommodate the new circuits. 

TDR2 Reconductor Drax 
to Thornton 1 
circuit 

B7, B7a, B8 Project not started 
Reduced-build 
option 

Replace the conductors in the Drax to Thornton 1 circuit with 
higher-rated conductors to increase the circuit’s thermal rating. 

TDR1 Reconductor Drax 
to Thornton 2 
circuit 

B7, B7a, B8 Project not started 
Reduced-build 
option 

Replace the conductors in the Drax to Thornton 2 circuit with 
higher-rated conductors to increase the circuit’s thermal rating. 

TDRE Reconductor Drax 
to Thornton 
double circuit 

B7, B7a, B8 Project not started Replace the conductors in the Drax to Thornton double circuit 
with higher-rated conductors to increase the circuits’ thermal 
ratings 

GKRE Reconductor the 
Garforth Tee to 
Keadby leg of the 
Creyke Beck 
to Keadby to 
Killingholme 
circuit 

B7, B7a, B8 Project not started Replace the conductor on the Keadby leg of the 
Creyke Beck to Keadby to Killingholme three-ended 
circuit. This would raise the circuit’s thermal rating. 

DREU Generator circuit 
breaker 
replacement 
to allow Thornton 
to run a two-way 
split circuit 

B7, B7a, B8, 
B9 

Project not started This reinforcement is to replace generator owned circuit 
breakers with higher-rated equivalents including substation 
equipment. This would allow 
higher fault levels, which improves load sharing on circuits 
connecting to the substation. 

THS1 Install series 
reactors at 
Thornton 

B7, B7a, B8, 
B9 

Project not started Install series reactors at Thornton substation. These would 
connect the parts of the site at present being 
operated disconnected from one another to limit fault levels. 
The reactors would allow flow sharing between the different 
parts of the site and reduce thermal overloads on connected 
circuits. 

LDQB Lister Drive quad 
booster 

B7a Design Replace the series reactor at Lister Drive with a quad booster to 
allow better control of power flows through the single cable to 
Birkenhead and avoid thermal overloads in the Mersey Ring 
area. 

CPRE Reconductor 
sections of 
Penwortham to 
Padiham and 
Penwortham to 
Carrington 

B7a Project not started 
yet 

Replace some of the conductor sections in the Penwortham to 
Padiham and Penwortham to Carrington circuits with higher-
rated conductors to increase the circuits’ thermal ratings. 

MRUP Uprate the 
Penwortham to 
Washway Farm to 
Kirkby 275kV 

B7a Scoping  Reinsulate the Penwortham to Washway Farm to Kirkby double 
circuit to allow operation at 400kV. Other associated works at 
Kirkby substation are to 
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Code Location Boundaries 
affected 

Status Description 

double circuit to 
400kV 

transform voltage from 400kV to 275kV and replace the 
Washway Farm 275/132kV transformers with 400/132kV 
transformers. The option would prevent 
thermal overloads on these circuits. 
 

DCCA Cellarhead to 
Daines cable 
Replacement 

B8 Project not started Upgrade cable of the Cellarhead to Daines circuit with a larger 
cable section increasing the circuit’s thermal rating. 

CBEU Creyke Beck to 
Keadby 
advance rating 

B8 Project not started 
Reduced-build 
option 

Using historical weather data, Creyke Beck to Keadby 400kV 
overhead line enhanced thermal rating is established to cope 
with high flows from the north east of the transmission 
network. 

KWHW Keadby to West 
Burton circuits 
thermal uprating 

B8 Project not started Thermal upgrade of the Keadby to West Burton circuits to allow 
them to operate at higher temperatures and increase their 
thermal rating. 

HPNO New east–west 
circuit between 
the 
north east of 
England and 
Lancashire 

B8 Project not started Construct a new 400kV double circuit in the north of England to 
increase power export capability from the north of England into 
the rest of the transmission 
system. The exact landing points are to be determined. This is 
the first of two outline options. 

NPNO New east–west 
circuit between 
the north east and 
Lancashire 

B8 Project not started Construct a new 400kV double circuit in the north of England to 
increase power export capability from the north of England into 
the rest 
of the transmission system. The exact landing points are to be 
determined. This is the second of two outline options. 

CDRE Cellarhead to 
Drakelow 
reconductoring 

B8, B9 Project not started Replace the conductors on the existing double circuit from 
Cellarhead to Drakelow with higher-rated conductors to 
increase their thermal rating. 
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Appendix 3  Thermal Generating Capacity  

Thermal generating capacity Scotland and Northern England 

Station Name Fuel Type 
Company 
Name 

Installed 
Capacity 
(MW) 

Commission 
/ start of 
generation 

Location 
Planned 
decommissioning 
date 

Notes 

Hunterston B Nuclear AGR 
EDF 
Energy 

1020 1976 Scotland 2023  

Torness Nuclear AGR 
EDF 
Energy 

1250 1988 Scotland 2030  

Arnish 
Diesel/gas 
oil 

OCGT SSE 10 2000 Scotland n/a  

Barra 
Diesel/gas 
oil 

OCGT SSE 2.5 1986 Scotland n/a  

Bowmore 
Diesel/gas 
oil 

OCGT SSE 6 1946 Scotland n/a  

Kirkwall 
Diesel/gas 
oil 

OCGT SSE 16 1952 Scotland n/a  

Lerwick 
Diesel/gas 
oil 

OCGT SSE 67 1953 Scotland n/a  

Loch Carnan, 
South Uist 

Diesel/gas 
oil 

OCGT SSE 11 1972 Scotland n/a  

Stornoway 
Diesel/gas 
oil 

OCGT SSE 23 1952 Scotland n/a  

Tiree 
Diesel/gas 
oil 

OCGT SSE 2.5 1953 Scotland n/a  
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Station Name Fuel Type 
Company 
Name 

Installed 
Capacity 
(MW) 

Commission 
/ start of 
generation 

Location 
Planned 
decommissioning 
date 

Notes 

Peterhead Natural gas CCGT SSE 1180 1980 Scotland n/a 
Total capacity is 1,840 MW, but due to 
transmission constraints only 1,180 MW 
can be used at any one time. 

Fiddler’s Ferry Coal 
Conventional 
Steam 

SSE 1961 1971 
North West 
England 

2020  

South Humber 
Bank 

Natural gas CCGT EPUKi 1365 1997 
Yorkshire and 
Humber 

n/a  

Drax - coal units Coal 
Conventional 
Steam 

Drax 
Power 

1320 1974 
Yorkshire and 
Humber 

n/a 
Excludes 2.6GW of biomass-fuelled 
generating units, commissioned in 2013 

Heysham 2 Nuclear AGR 
EDF 
Energy 

1254 1988 
North West 
England 

2030 Estimated end of generation 

VPI Immingham 
* 

Natural gas CCGT Vitol 1252 2004 
Yorkshire and 
Humber 

n/a  

Hartlepool Nuclear AGR 
EDF 
Energy 

1207 1983 
North East 
England 

2024  

Saltend * Natural gas CCGT 
Energy 
Capital 
Partners 

1200 2000 
Yorkshire and 
Humber 

n/a  

Heysham 1 Nuclear AGR 
EDF 
Energy 

1179 1983 
North West 
England 

2024 Estimated end of generation 

Carrington Natural gas CCGT ESB 910 2016 
North West 
England 

n/a  

Killingholme Natural gas OCGT Uniper UK 900 1992 
Yorkshire and 
Humber 

n/a  
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Station Name Fuel Type 
Company 
Name 

Installed 
Capacity 
(MW) 

Commission 
/ start of 
generation 

Location 
Planned 
decommissioning 
date 

Notes 

Rocksavage Natural gas CCGT Intergen 810 1998 
North West 
England 

n/a  

Keadby Natural gas CCGT SSE 735 1994 
Yorkshire and 
Humber 

n/a  

Fellside CHP * Natural gas CCGT 
Fellside 
Heat and 
Power 

155 1995 
North West 
England 

2025  

Wilton GT * Natural gas 
Conventional 
Steam 

Sembcorp 
Utilities 

120 1952 
North East 
England 

n/a  

Glanford Brigg Natural gas OCGT Centrica 99 1994 
Yorkshire and 
Humber 

n/a  

Drax GT 
Diesel/gas 
oil 

OCGT 
Drax 
Power 

75 1971 
Yorkshire and 
Humber 

n/a  

Blackburn Natural gas CCGT 
Drax 
Power 

60 2011 
North West 
England 

n/a 
Sold to Drax Power from Scottish Power 
on 1st January 2019. 

Sandbach Natural gas CCGT E.On UK 56 1999 
North West 
England 

n/a  

Castleford Natural gas CCGT E.On UK 56 2002 
Yorkshire and 
Humber 

n/a  

Thornhill Natural gas CCGT E.On UK 50 1998 
Yorkshire and 
Humber 

n/a  

Fiddler’s Ferry 
GT 

Diesel/gas 
oil 

OCGT SSE 35 1971 
North West 
England 

2020  
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Station Name Fuel Type 
Company 
Name 

Installed 
Capacity 
(MW) 

Commission 
/ start of 
generation 

Location 
Planned 
decommissioning 
date 

Notes 

Keadby GT 
Diesel/gas 
oil 

OCGT SSE 25 1994 
Yorkshire and 
Humber 

n/a  

Pilkington - 
Greengate * 

Natural Gas OCGT SSE 10 1998 
North West 
England 

n/a  
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Appendix 4  Generator and Load Analysis 

Demand and generation data for the UK energy system was collated from multiple sources: 

SEDM data; 

National Grid Energy System Operator Electricity Ten Year Statement (ETYS); and 

National Grid Energy System Operator Future Energy Scenarios (FES). 

Data representing the existing demand and generation levels in the SEDM model was analysed to 

provide the distribution and magnitude of demand and generation across each SEDM node. Spatial 

distribution information was utilised to provide the locations of specific generation technologies today, 

as well as provide an indication of where further growth in these technologies will occur, relative to other 

parts of the model. 

The magnitude of demand and generation compared the SEDM nodal demand levels with data provided 

in the ETYS and it was found to be largely in line with a 1-4% variation in demand values. There was a 

greater level of variance for some existing generation values when SEDM data was compared with ETYS-

stated generation levels. In cases where there was a variance greater than 5% the ETYS data was used 

since the National Grid resource is updated more frequently.  

The operating conditions of international HVDC links are set by their most likely seasonal condition, as 

summarised by Gridwatch [32] 

• Summer: Maximum import from continent due to excess nuclear. 

• Winter: Maximum export to the continent as back-up installed capacity exported profit during 

winter. 

• Domestic HVDC links were set to bias flow between north and south. 

For each generator technology type the typical capacity factors for their summer and winter 

performance were found in Elexon BM Forecast Reports: Dispatchable Generators, and the UK 

Government, Non-Dispatchable generation: Energy Trends: UK Electricity (UK Government) 

To allow adjustment of offshore wind generation capacity in the studied scenarios, the capacities 

presented in Table 11 were disaggregated from the baseline generation figures. The disaggregated 

figures from ETYS were then updated based on data provided by OREC.  
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Table 11: Technology type capacity factors 

 Capacity Factor 

Generation Type Summer Winter 

Biomass 61.42% 74.29% 

Coal 43.12% 71.38% 

Gas 75.23% 81.31% 

Nuclear 83.34% 79.48% 

Dispatchable Other 100.00% 100.00% 

Onshore Wind 18.93% 33.85% 

Offshore Wind 28.43% 49.92% 

Solar Photovoltaics 16.75% 5.99% 

Hydro 23.20% 43.64% 

Non-Dispatchable Other 100.00% 100.00% 
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Appendix 5  Power Limits for Boundaries 

Table 12: P Max Limits for each Boundary 

Boundary ETYS 

(MW) 

ESO 

Advise 

(MW) 

ESO Advice 

Contingency 

(MW) 

Notes  

B0 1000 800 800 Planning engineer considered the 1000MW limit to be overly 

optimistic under intact conditions – with 800 MW being a more 

commonly used limit 

B1 2300 1650 1650 The limit is reduced due to thermal limitations on 132kV circuit, 

managed using Constraint Management services. 

B3 430 550 350 430 MW is a pessimistic estimate – there is a reasonable level of 

infrastructure to grant increase of limit to 550MW export from 

the boundary under intact conditions 

B4 3300 2500 1600 A fairly complex constraint with sensitivities to a number of 

factors including the distribution of demand and variability of 

generator conditions which means circuits cannot be equally 

loaded across the boundary – there is insufficient MVAR support 

to raise transfer capability over 2500 MW. 

B5 3700 2800 2100 Capabilities for transfer are heavily dependent on the south 

bound transfer capabilities on the west link HVDC. 

B6 3500 3500 3200 A highly dynamic boundary which fluctuates between a thermal, 

voltage, or stability constraint depending on the pattern of 

demand and generation, as well as any outages on the system. 

B7 6500 7200 7200 Commercial Intertrip services in England can be used to increase 

the boundary limit from ETYS estimate. 

B8 10250 10250 10250 Not frequently active – only when exporting heavily to the 

continent via interconnectors. 

B9 12600 12600 12600 Not frequently active 
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Boundary ETYS 

(MW) 

ESO 

Advise 

(MW) 

ESO Advice 

Contingency 

(MW) 

Notes  

Western 

HVDC Link 

2200 2200 2200 Plays a significant role in the transfer capabilities of B5 and B6 

boundaries depending on volume and direction of flow. 

K2H AC 

Subsea 

Link 

480 480 480 Not active 
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Appendix 6  Network Modelling Methodology 

A6.1 Network Model Mathematical Representation and Solver 

Using the SEDM topology data, the network is: 

• Mathematically modelled as DC power flow equivalent, where all impedance values are equal, 

excluding the B3 boundary, which is modelled with an 8:1 impedance ratio as expressed in the ETYS 

boundary analysis, and confirmed by National Grid ESO. 

• Modelled in DIgSILENT PowerFactory software, with a standard linear solver used to calculate power 

flows. 

• Each node has the ability to model load and generation technology types. 

• The existing distribution of generation and load is established in the source SEDM data. 

• The boundary capabilities are determined by the ETYS and discussions with the ESO as outlined in 

Table 4. 

• HVDC links are modelled as bi-directional real power import/export pairs. 

• DC load-flow approximation cannot be used to calculate voltage profiles and therefore voltage 

stability cannot be analysed. However, the thermal equivalent in regards to voltage stability has been 

represented in the contingency studies. 

• DC load-flow approximation cannot be used to calculate network transients, and therefore network 

stability is not studied. However, the thermal equivalent in regards to thermal stability has been 

represented in the contingency studies. 
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A6.2 Network Balancing 

The load in the network is satisfied by the connected generation across the modelled network. Where 

there is an imbalance between generation export and load, generation is removed following a priority 

order using the method outlined by the flow chart in Figure 37. The instantaneous penetration level (IPL) 

of generation will be controlled to ensure a pseudo level of transient resilience is maintained. 

 
 
Figure 37: Network Balancing Method 
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A6.3 Scenarios 

The load and generator input data, to be applied to the model, is a representation of the operational load 

and generation set-points. These setpoints are grouped into scenarios to: 

• Represent a sensible balance of generator dispatch to satisfy load demand, 

• Explore the sensitivity of offshore wind generation growth to Transmission network operation. 

A number of scenarios were developed through discussion between ORE Catapult and Smarter Grid 

Solutions and these are explained in greater detail in the subsections below. The scenarios are defined 

by a series of variables, described in Table 13: Scenario Variable Description. 

Table 13: Scenario Variable Description 

Variable Description 

Load and Generation Baseline  This variable indicates load and generation levels across the five - year 

development windows from 2020 to 2050. 

Instantaneous Penetration Limit 

(IPL) 

IPL sets the minimum amount of synchronous machine generation required 

to ensure network stability. 

Network Developments Changes to network elements are identified and included in the network 

model for each development window. Developments impact power flows and 

overall headroom values of assets on the network. 

Load Seasonal Ratio The percentage difference relative to the winter peak, where 100% is winter 

peak and 0% is off. 

Dispatchable Generation 

Capacity Factor 

This variable sets dispatchable generator export in relation to the seasonal 

forecast 

Renewable Generation Capacity 

Factor 

This variable sets renewable generator export in relation to seasonal historic 

output or sensible generator setting. 

Offshore Generation Capacity 

Factor 

This variable sets offshore generator export in relation to seasonal historic 

output, sensible generator setting or set specifically to a node. 

Offshore Generation Locations This variable shows where offshore generation is located on the network. 
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A6.4 Network Development, Contingency and Constraint Analysis 

In this section, the scenario data is used to determine how the load and generator set points impact on 

network flows, for the normal network running arrangement and a limited set of abnormal running 

arrangements (contingencies), by comparing these flows against boundary limitations. 

For each scenario the input data for each development window is applied to the model; producing an 

approximation of instantaneous power flows across the network boundaries during each five-year 

development window. This section describes the automated analysis process applied. For each five-year 

development period, the automated process: 

• Updates the network to consider developments to the networks normal running arrangements 

applicable to the relevant time period, and the growth of load and generation, 

• Applies contingencies representing network outages (abnormal running arrangements) to the 

network model and, 

• Compares the flows with the network’s boundary capacities. 

The activity flow is presented in Figure 38.  
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Figure 38: Automated Analysis Flow Chart 

 



  

 

 

Contact 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

BLYTH 
 
National Renewable  
Energy Centre 
Offshore House 
Albert Street 
Blyth, Northumberland 
NE24 1LZ 
 
T +44 (0)1670 359 555 

GLASGOW 
 
Inovo 
121 George Street 
Glasgow 
G1 1RD 
 
 
 
T +44 (0)333 004 1400 

HULL 
 
O&M Centre of Excellence 
Ergo Centre 
Bridgehead Business Park 
Meadow Road, Hessle  
HU13 0GD 

LEVENMOUTH 
 
Fife Renewables  
Innovation Centre 
(FRIC) 
Ajax Way 
Leven 
KY8 3RS 
 
 
T +44 (0)1670 359 555 

ABERDEEN 
 
Subsea UK 
30 Abercrombie Court 
Prospect Road, 
Westhill 
Aberdeenshire  
AB32 6FE 

CORNWALL 
 
Hayle Marine Renewables 
Business Park 
North Quay 
Hayle, Cornwall 
TR27 4DD 

PEMBROKESHIRE 
 
Pembroke Dock 
Pembrokeshire 
South West Wales 
 
 
 

CHINA 
 
11th Floor, Lan Se Zhi Gu No.5 
Ke Ji Avenue, Hit-Tech Zone 
Yantai City 
Shandong Province 
China 


	1 Executive Summary
	1.1 Offshore Wind Development
	1.2 Network Modelling
	1.2.1 Scottish Electricity Dispatch Model
	1.2.2 Methodology
	Stage 1: Network Modelling Analysis, Construction and Verification
	Stage 2: Scenario Development
	Stage 3: Network Development, Contingency and Constraint Analysis
	Stage 4: Results Presentation
	Stage 5: Solutions for Constraint
	Stage 6: Conclusion


	2 Electricity Supply and Demand
	2.1 Current Generation and Demand
	2.2 Future Demand

	3 Grid Challenges
	3.1 Offshore Wind and Grid Interaction
	3.2 Available Capacity
	3.3 Scotland’s Export and Import

	4  Upgrades and Reinforcements
	4.1 Security and Flexibility
	4.2 Boundaries and Constraints
	4.2.1 Network Modelling of Boundaries

	4.3 Planned Upgrades
	4.3.1 Development Options


	5 Network Modelling
	5.1 Network Model Assumptions and Limitations
	5.2 Overview of Scenarios
	5.3 Network Development Analysis
	5.3.1 Contingency analysis

	5.4 Constraint Analysis Summary

	6  Constraint Analysis Results
	6.1 Scenarios
	6.1.1 Scenario 1: Summer Low Demand
	6.1.2 Scenario 1: Summary
	6.1.3 Scenario 2: Winter High Demand
	6.1.4 Scenario 2: Summary
	6.1.5 Scenario 3: Summer Enhanced Low Demand
	6.1.6 Scenario 3: Summary
	6.1.7 Scenario 4: Winter Enhanced High Demand
	6.1.8 Scenario 4: Summary

	6.2 Constraint Analysis Results: Boundaries
	6.2.1 Boundary B0
	6.2.2 Boundary B1
	6.2.3 Boundary B3
	6.2.4 Boundary B4
	6.2.5 Boundary B5
	6.2.6 Boundary B6

	6.3 Result Summary

	7 Solutions for Constraints
	7.1 Passive Solutions
	7.2 Active Solutions

	8 Future Development Planning
	8.1 Hydrogen Production and Storage
	8.2 Battery Energy Storage Systems
	8.3 Long Distance Connections
	8.4 Offshore Grid

	9 Conclusion
	10 References
	A6.1 Network Model Mathematical Representation and Solver
	A6.2 Network Balancing
	A6.3 Scenarios
	A6.4 Network Development, Contingency and Constraint Analysis




