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5. Other Technical & Commercial Considerations 

5.1. Summary 

This chapter is the output of Workstream A Task 3, which builds on, and complements, the work of 

the other tasks.  It analyses technical and commercial considerations not covered in other tasks, 

that will materially impact how economically, and reliably, significant Offshore Wind (OSW) capacity 

can be added to the GB energy system. 

Whilst Task 1 has shown energy systems with 150GW of OSW can be part of a plausible path to net 

zero by 2050, and Task 2 reflects upon the system flexibility that could support this, this Task 3 now 

identifies several technical and commercial issues that would need to be dealt with to enable this 

significant deployment in a timely and cost effective manner.  None of these issues would make 

such deployment pathways impossible – they can all be dealt with through coordination, 

collaboration and innovation across the energy sector, in technology, operational practices and 

planning approaches.  These activities will need to be supported and facilitated by the policy and 

regulatory frameworks that underpin the sector - Task 4 describes how these could best be evolved 

to achieve a successful transition. 

The successful integration of large amounts of OSW into the GB system is achievable.  Box 1 below 

shows some of the key conclusions from this chapter 5 that will determine how effectively and 

reliably this can be done over the next 30 years.  Further recommendations can be found in the 

conclusions section of this chapter 5. 

 

Box 1- Key conclusions of this chapter 

• Scenario based planning which includes high wind deployment scenarios, and frequent 

reviews of grid-wide investment plans, across all grid types, will remain invaluable 

• OSW could contribute to the wider displacement of large synchronous machines from the 

grid, which in turn drives the need for more and different system services procurement, 

including new markets and market signals- but innovation and other changes to the energy 

system should provide solutions 

• Power system reliability can be maintained in a world with less synchronous generation with 

new control paradigms, traditional non-generating assets, storage and smart grid solutions 

• The use of non-conventional gases including hydrogen requires ongoing rigorous 

investigation and innovation into the ways gas quality can be monitored and managed 

• Interconnection (that could go beyond simple point to point arrangements) is expected to 

play a large role in the future energy system across different vectors, and could be an 

economic solution to potential curtailment issues 

• The ‘smart grid’ paradigm and the associated technologies could be a key enabler of wind 

integration. Further investigation and demonstration of its capabilities is required.  
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5.2. Introduction 

There are numerous technical considerations regarding how significantly increased volumes of 

OSW can be successfully integrated into the GB energy system, which are not modelled in detail in 

either the Energy Systems Modelling Environment (ESME) (Workstream A Task 1) or Storage and 

Flexibility Model (SFM) (Workstream A Task 2) methodologies.  These considerations are 

complementary to the overall system techno-economic optimisation in Workstream A Task 1 & 

Task 2, as described in Chapters 3 and 4. 

This modelling and accompanying analysis gives a broad indication of how a coherent system 

might operate to satisfy demand at low (and eventually net zero) carbon, whilst having the 

flexibility to meet varying requirements throughout future years.  The models by necessity don’t 

represent all relevant considerations in detail, so this document will highlight and address some of 

these points that are not sufficiently captured in the modelling analyses. 

This document focuses on the additional complexities which real power systems introduce that are 

impractical to represent in whole system modelling, but which system operators and network 

planners need to manage and which may have significant cost and impact.  It also considers 

impacts on gas grids – those that already exist or may be required to transport new gas flows in 

the future – from new sources, such as biogas, or indeed if the transmission and distribution of 

hydrogen at large volumes is required. 

The range of non-modelled additional considerations associated with gas reported here is smaller; 

because, unlike electricity, gas supply need not be matched to demand on a second by second 

basis, so the operability challenges are less onerous.  However, the scale of existing gas 

infrastructure, and the challenges of building a completely new regional or national infrastructure 

for hydrogen will obviously require significant planning and investment.  Some of the challenges 

are considered herein. 

The specific topics covered in each section of this chapter are: 

Section Topic 

5.3 Grid congestion and investment issues –for both electricity and gas/hydrogen 

grids 

5.4 OSW driving requirements for, or contributing towards, ancillary power services 

5.5 Issues affecting system stability and reliability 

5.6 Power and gas quality 

5.7 The European context – how interconnection might help or compete during 

shortages, both for electricity and hydrogen 

5.8 Active Network Management technologies which may address some of the other 

considerations covered 

 



 

Page 6 of 36 

5.3. Grid Congestion 

Grid infrastructure is very expensive to upgrade, and modelling is a useful tool which can 

take a view on total flows and therefore estimate needed capacity.  However, the 

complexity, location-specific characteristics and cost of managing grid congestion (versus 

upgrading infrastructure) mean scenario based planning and frequent reviews of grid-wide 

investment plans will remain invaluable. 

Large offshore wind farms must presently undergo the Connection and Infrastructure Options Note  

(CION) process1 before connecting, wherein the Electricity System Operator (ESO) reviews possible 

landing sites and connection points (at high voltage substations) for interconnection and offshore 

windfarm projects.  The aim of this process is to optimise the overall cost of the wind farm 

considering both construction costs of the connection works (which are often in the hundreds of 

millions for projects of this type) and ongoing operating costs.  

Operating costs here are the associated increase in congestion costs driven by the wind farm.  The 

congestion costs are borne by users of the transmission system who in turn pass these costs 

through to end users.  The construction costs are paid by the wind farm owners – these costs too 

will be passed through to energy consumers on their bill, or onto tax payers depending on how 

relevant subsidies or price stabilisation mechanisms function – so there is value to end users in 

minimising the combined costs. 

These considerations will be paramount in a future where the wind opportunity is fully capitalised 

upon – over 100GW of wind would present challenges to providing the necessary grid capacity, 

especially given the trend for wind projects to be developed in geographic clusters2.  One possible 

solution is changing vectors offshore, through platform-based electrolysis to create hydrogen 

(considered in detail by Workstream B).  This would still require consideration of how to transmit 

and distribute the hydrogen.  Connecting to onshore gas networks may be efficient, but landing 

sites onshore will be a key design parameter for offshore-wind-with-electrolysis solutions. 

 

5.3.1. Congestion Costs (Electricity) 

When the electricity network is not sufficiently strong to flow all the power the market wishes, 

intervention is required from the ESO.  For instance, if 10GW of wind connected in Scotland wishes 

to sell to 10GW of demand in England, but the Scotland-England border can only safely transport 

8GW of flows then the network cannot support the wholesale market’s gate closure position.  The 

intervention therefore required normally takes the form of accepting Bids and Offers to alter the 

positions of Balancing Mechanism Units (BMUs) in a way that rebalances the flows around the 

network; in the previous example they may pay 2GW of wind a ‘Bid ’to get them not to generate, 

and pay 2GW of gas plant south of the border an ‘Offer ’to start generating.  Further detail and an 

example of this is available in Annex 1 to this chapter. 

The current scale of these payments is significant, and curtailing flows south during windy periods 

has been a driver of this in the recent past.  In the 9 months between April and Dec 2019, 2.29TWh 

of generation was constrained in the BM for transmission resulting in cost of £217.71m;  see Figure 

1-.  (These figures are for the whole grid, not just for Scotland to England flows).  This has driven a 

lot of activity in both grid reinforcement planning, and more short-term commercial solutions such 

 
1 CION prcess guidance note, National Grid, 4/11/2018  
2 Asset map, The Crown Estate, Accessed February 2020 

https://www.nationalgrideso.com/document/45791/download
https://www.thecrownestate.co.uk/en-gb/our-places/asset-map/
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as non-firm connections3 as part of the Bilateral Connection Agreement, an arrangement where an 

earlier connection (ahead of the completion of works to reinforce the grid) is facilitated on 

condition of the full export capacity not always available to the generating party. 

 
Figure 1- Transmission Constraints, Costs & Volumes, April-December 2019, SO Monthly Balancing Services Summary data 

Through modelling of the power market, including assumptions of market price, bid/offer 

projections for wind farms and all other market players, and presence and behaviour of storage, 

the ESO can forecast a range of plausible balancing costs associated with the introduction of the 

wind farm to the network at different substations4.  Continuing the previous example, the lifetime 

balancing costs incurred if the wind farm connects south of the constrained border may be 

substantially smaller than if it connects north of the border.  The ESO may also consider different 

connection sites coupled with further network infrastructure – the cost of which is factored into the 

Cost Benefit Analysis (CBA) and recovered through charges to network users.  

 

5.3.2. Cable Cost Variation with Connection Point 

Alongside the balancing costs, the cost of the cabling to transmit the power onto the mainland at 

prospective connection points is also considered.  If the wind farm is off Aberdeenshire, it will be 

cheaper to construct a cable that lands somewhere on the Scottish East coast than in England.  A 

pound spent building the infrastructure that will connect the wind power to the grid is considered 

equal to a pound spent in the BM (over the economic lifetime of the project), so there is minimal 

 
3 https://www.energynetworks.org/assets/files/ON-WS1-

P7%20Good%20Practice%20Guide%20v1.1%20republished.pdf 
4 https://www.nationalgrid.com/sites/default/files/documents/Long-

term%20Market%20and%20Network%20Constraint%20Modelling.pdf 

https://www.energynetworks.org/assets/files/ON-WS1-P7%20Good%20Practice%20Guide%20v1.1%20republished.pdf
https://www.energynetworks.org/assets/files/ON-WS1-P7%20Good%20Practice%20Guide%20v1.1%20republished.pdf
https://www.nationalgrid.com/sites/default/files/documents/Long-term%20Market%20and%20Network%20Constraint%20Modelling.pdf
https://www.nationalgrid.com/sites/default/files/documents/Long-term%20Market%20and%20Network%20Constraint%20Modelling.pdf
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bias between an infrastructure option and ongoing operational mitigations to a cheaper 

connection. 

Alongside the economic considerations described above, there are pure security of supply 

questions.  It may be that works are required to allow a connection that satisfies the Security & 

Quality of Supply Standard (SQSS), delaying connection dates and increasing the cost of the overall 

project. 

Due to the success of the wind and interconnector sectors, connections and existing connection 

agreements mean GB’s coastlines, especially the southern coast, already experience congestion and 

difficulty facilitating new connections (see the ESO’s Electricity Ten Year Statement (ETYS) for 

details5).  There are multiple flow patterns that frequently occur in GB that cause congestion as 

power flows from areas of net generation to areas of net demand.  Examples include: North to 

South from Scotland to the midlands, East Anglia into the rest of the country, and both exporting 

to and importing from the south coast at different times depending on the direction of the flows 

on the interconnectors to the continent. 

Alongside works associated with particular connections, the ESO takes a view on optimal 

investment plans over the coming 20 years based on the four Future Energy Scenarios (FES), 

through its Network Options Assessment (NOA) process.  This work helps prepare the network for 

the net effect of a range of credible changes in supply and demand.  The uptake of wind within 

these scenarios (alongside other drivers) has already led the ESO to recommend advancing major 

reinforcements down the east coast, both offshore in the form of HVDC bootstraps, and onshore in 

the form of new overhead line corridors6.  

 

5.3.3. The Hydrogen Opportunity 

One solution to the predicted east coast electrical grid congestion is to use an alternative energy 

vector by creating hydrogen offshore. This is a significant opportunity; as can be seen in the detail 

of the Networks Options Assessment, where many GW of additional offshore capacity on the East 

Coast is recommended, as soon as it is available (the earliest lead time on the offshore solutions 

was 7 years, with some smaller onshore works recommended and available sooner), suggesting any 

infrastructure commissioned in the 2020s will have high value for mitigating congestion.  

 

 
5 https://www.nationalgrideso.com/publications/electricity-ten-year-statement-etys 
6 https://www.nationalgrideso.com/research-publications/network-options-assessment-noav 

E2D2: Eastern Scotland to England link: Torness to Cottam offshore HVDC: can be built by 2028, 

required under two of the four FES 

E2DC: Eastern subsea HVDC link from Torness to Hawthorn Pit: can be built by 2027, 

recommended under the alternative two FES to E2D2 

E4D3: Eastern Scotland to England link: Peterhead to Drax offshore HVDC: can be built by 2029, 

recommended under all four FES 

E4L5: Eastern Scotland to England 3rd link: Peterhead to South Humber offshore HVDC: can be 

built by 2031, recommended under all four FES 

 

Box 2- ESO recommended offshore transmission projects for the east coast 

https://www.nationalgrideso.com/publications/electricity-ten-year-statement-etys
https://www.nationalgrideso.com/research-publications/network-options-assessment-noa
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This would avoid curtailment (as long as the hydrogen can be transmitted or stored in quantities 

aligned to wind farm and electrolysis capacities) and reduce the need for electrical infrastructure 

work.  Against this, a balance point would then need to be found with how much gas network work 

would be required, and how much electricity the wind farm could have provided would then need 

to be provided instead. 

Here the use of hydrogen turbines to convert the hydrogen back to electricity in a dispatchable 

way could prove valuable to system operation, as explored in Task 1.  Hydrogen turbines would 

likely then compete against other demand sinks for hydrogen, such as industry and transport, so 

how the system would coordinate across these vectors, and avoid unneeded scarcity for any 

demand, is a key consideration. 

Gas interconnectors on the east coast operate today7; the ability to use some of these sites ’

capacities for hydrogen import could well be explored.  Lessons from the electricity planning 

process are paramount here; the grid capacity available along the coast was based on historic 

development of the grid, whereas in a new hydrogen network there is an opportunity to better 

align gas import locations to the needs of new hydrogen sources and sinks.  Early coordinated 

planning that reviews the likely sources and sinks could well mean cheaper grid connections for 

offshore hydrogen in future. 

Some potential sinks have been explored in Task 1, and are shown in Figure 2- below.  The high 

usage by industry across the scenarios and years supports an industrial cluster type model, to take 

advantage of economies of scale, whilst strong hydrogen turbine use in 2030s and 2040s shows 

that producing flexibility for the electricity grid could be a key factor (the subsequent drop in use 

reflects a pivot in usage towards supporting the capacity margin and meeting peak demand- the 

commercial aspects of achieving this are not considered in that modelling).  The emergence of 

Local Distribution Networks (LDN) in the 2040s then becomes a more significant usage. 

Equally, the careful siting of these turbines to minimise hydrogen infrastructure and electricity 

congestion costs is a key planning lever.  For example, locating the hydrogen turbines close to the 

landing points for wind could minimise the required investment in both gas and electricity 

networks as the hydrogen turbines would likely run at times of low wind output. 

 

 
7 https://www.nationalgridgas.com/land-and-assets/network-route-maps 

https://www.nationalgridgas.com/land-and-assets/network-route-maps
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Figure 2- Hydrogen consumption in ESME modelled scenarios, Task 1 report 

This build up of hydrogen usage requires many actions by industry.  The ‘Pathways to Net Zero 8’

report from Navigant (now Guidehouse) sets out a transition pathway to decarbonising the GB gas 

system as below. 

 
Figure 3- The Pathway to Net Zero- Gas Goes Green report, ENA 

This pathway suggests – in reference to hydrogen – that first anchor projects will be constructed 

around large industrial users, before growing to incorporate more local demand and forming part 

of different regional strategies around the nation.  This blueprint suggests the way major 

infrastructure that will be needed can start to be considered, and the ENA’s programme of work 

‘Gas Goes Green ’has established 6 Work Packages to start exploring implementation and 

removing obstacles to the realisation of this pathway.  

 
8 https://www.energynetworks.org/assets/files/gas/Navigant%20Pathways%20to%20Net-Zero.pdf 

https://www.energynetworks.org/assets/files/gas/Navigant%20Pathways%20to%20Net-Zero.pdf
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Table 1- The 'Gas Goes Green' work packages- https://www.energynetworks.org/assets/files/GGG_Launch_Doc_FINAL.pdf 

1. Investing in net zero 

Deliverables in this workstream will examine the role the gas networks have in delivering the 

cost optimal route to a net zero future in a balanced energy system 

2. Gas quality and safety 

Ensuring the safe transportation and distribution of net zero compliant low carbon gases 

3. Consumer options 

Deliverables here will evaluate the implications on consumers of net zero compliant gases 

and whole systems interfaces 

4. System enhancement 

Revising network equipment and processes to facilitate net zero networks and smart 

operation 

5. Hydrogen transformation  

Deliverables here will establish hydrogen as a feasible means of delivering and transitioning 

to net zero 

6. Communications and stakeholder engagement 

This workstream will receive feedback on the programme and will engage stakeholders on 

the environmental, economic and social benefits of a decarbonised gas grid 

 

 

For congestion management across gas and electricity networks, the ‘Consumer options ’work 

package – which looks at key whole systems interfaces – will be key to delivering a good 

experience for consumers across both gas and electricity vectors, in part through being able to 

transfer load between the two. 

Table 2- below summarises the system requirements discussed in this section.  

Table 2- Grid congestion summary table 

System 

requirement 

Conventional 

providers/approach 

What might happen 

to this requirement 

in future? 

Can wind farms potentially 

help fulfil this 

requirement? 

Avoiding 

insufficient 

capacity or high 

congestion costs 

Costly or delayed connections 

can arise today, due to 

insufficient grid capacity at 

the desired connection points.  

This applies across many 

technologies; for OSW there 

are large costs associated with 

routing cables to more distant 

onshore substations. 

This depends upon 

the particular 

connection points for 

projects, and the 

reinforcement plans 

of NG – but for large 

capacities in the 

North Sea, significant 

works will be 

required.  

Early coordination in 

planning with the ESO and 

network owners, the ability 

to electrolyse, use electrical 

storage or sell wind to a 

different market (potentially 

via an offshore network, 

such as the North Sea 

Offshore grid proposal9) are 

some potential solutions. 

 
9 https://tyndp.entsoe.eu/tyndp2018/projects/projects/335 

https://www.energynetworks.org/assets/files/GGG_Launch_Doc_FINAL.pdf
https://tyndp.entsoe.eu/tyndp2018/projects/projects/335
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5.4. Provision of System Services 

OSW can drive the need for higher levels of reserve (both positive and negative) to deal with 

sudden changes in wind production, though this could be counteracted by improved 

forecasting and use of flexibility (including electrolysis and hydrogen turbines).  OSW could 

also contribute to the wider displacement of large synchronous machines from the grid, 

which in turn drives the need for more system services procurement.  OSW can contribute to 

satisfying some service requirements, and innovation and well-designed products could 

unlock further contributions such as through WTG gearbox control mechanisms that 

produce synthetic inertia. 

The power system has a range of requirements (see A for a fuller description of ESO requirements 

and how they meet these) beyond supporting the market driven flows through transfer capacity 

(that is, alleviating grid congestion as discussed in the preceding section).  These services are key 

tools to delivering safe and reliable system operation.  Historically the requirements for these 

services may have been lower, due to the market naturally fulfilling or reducing some of the 

requirements for free.  The clearest example of this is inertia - in selling energy, conventional 

thermal plants cannot help but provide valuable inertia that reduces a range of service 

requirements.  

The key areas where wind farms could increase or meet power system requirements are summarised 

in Table 3 overleaf. 

These are then discussed in more detail (along with definitions) in each of the following sub-sections 

of this chapter. 
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Table 3-Provision of system services summary table 

System 

requirement 
Conventional 

providers/approach 

What might happen to this 

requirement in future? 

Can wind farms potentially 

help fulfil this requirement? 

Inertia Any synchronous plant  Likely that ‘free’ inertia will 

decrease with closing of 

conventional thermal plant 

Yes- synthetic inertia solutions 

have been proposed10, as well 

as fast injection of active power 

for inertia like response11 

Black Start Large synchronous 

plant within relevant 

service areas (whole 

network is covered, but 

some areas had more 

competition) 

The Distributed ReStart12 

project is investigating 

broadening out who can 

provide this 

Yes, but likely only in 

conjunction with correctly sited 

supporting technologies such 

as storage 

Reserve Any dispatchable 

assets, though each will 

have their own 

constraints determining 

performance 

Could increase to deal with 

high dependence on wind 

which can drop off 

unexpectedly 

When curtailed and In 

conjunction with storage, or 

through innovative techniques 

such as pitch adjustment could 

be possible or interrupting 

electrolysis plant to reduce 

demand. 

Response Most dispatchable 

assets, though each will 

have their own 

constraints determining 

performance 

Could increase and/or need 

to respond more quickly to 

deal with low inertia 

Wind can readily  provide High 

Frequency Response to the 

degree that it is generating, 

and Low Frequency Response 

when curtailed. Additionally in 

conjunction with storage, or 

through innovative 

techniques13 further capability 

could be possible.  Again, 

potential to moderate 

electrolysis. 

Voltage Control Most asset types can 

provide this- though 

large synchronous 

plant again historically 

dominated. The 

location of assets is 

critical 

Requirements will vary 

around the network 

depending on presence of 

different demand and 

generation types and 

network topography 

Yes, though design of the 

power station will influence to 

what degree and coastal 

locations will limit impact.  

 
10 https://spectrum.ieee.org/energywise/energy/renewables/can-synthetic-inertia-stabilize-power-grids 
11 Practical Experience of Operating a Grid Forming Wind Park and its Response to System Events (Roscoe, A. et. al.) from 

18th Wind Integration Workshop 
12 https://www.nationalgrideso.com/innovation/projects/distributed-restart 
13 researchgate.net/publication/42581922_Frequency_Response_From_Wind_Turbines 

https://spectrum.ieee.org/energywise/energy/renewables/can-synthetic-inertia-stabilize-power-grids
https://www.nationalgrideso.com/innovation/projects/distributed-restart
file://///esc2k15fp01/Esc_shared_folder/Projects/ESC00341%20OWIC%20StIC%20Task%20Force/2.%20Delivery/4.6%20WSA/T3%20Other%20Considerations/researchgate.net/publication/42581922_Frequency_Response_From_Wind_Turbines
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5.4.1. Inertia 

Inertia here describes the almost instant response to system disturbances that has historically been 

available from synchronous machines.  It refers to the mechanical inertia of these machines – large 

spinning turbines have a high inertia that acts to resist any rapid change of frequency – if the 

frequency suddenly drops, due to the loss of another generator on the system, kinetic energy from 

the spinning masses on the system converts to electrical energy that  limits the rate of change in 

the frequency.  This is critical to stable grid operation and gives time for the provision of the 

response needed to arrest the fall in frequency.  

5.4.1.1. Physical Capability 

One impact of traditional wind farms is to remove inertia from the market by displacing traditional 

generators.  Whilst this is good news from a carbon perspective, it does mean the ESO needs to 

take more interventions to ensure the system remains operable with lower inertia.  Inertia is 

expected to become an increasing issue as we move towards Net Zero.  

There are control techniques that have been developed to make wind farm dynamics mimic those 

of traditional synchronous generation.  Virtual Synchronous Machines (VSMs) and speed control 

feedback systems can both achieve this effect.  These techniques are not yet widely implemented, 

however further development means they are likely to play a bigger role in the system in the future 

in supporting operability.  

5.4.1.2. Commercial 

There is no inertia market in GB, however the ESO’s stability pathfinder14 is a means of competitive 

procurement.  Note that this pathfinder is not looking after just inertia but a bundling of services 

that technologies such as VSMs and convertor based solutions could be well placed to compete 

for, so long as the procurement processes allow. An important step towards this is grid code 

modification GC0137 which will enable technology agnostic provision of inertia and fault current by 

i.e. synchronous compensators and grid forming converter based technology15. 

 

5.4.2. Black Start 

Black start is the ability to restart the GB system in the event of partial or complete shutdown.  

There has never been a full black start in GB, however it still represents a substantial cost to ensure 

key generators are ready to self-start and support the re-loading of the system.  These generators 

have historically been large fossil fuel plants, with additional diesel/gas turbine generators on site 

such that they can start their main generator without external supplies.  They typically have 

operations rooms, expertise and communications on site that give them the capability to respond 

to ESO commands to coordinate with Distribution Network Operators (DNOs) in bringing load 

back online in a controlled manner.  Wind is one factor displacing these large plants from the 

market; however carbon reduction goals also drive towards the need to reduce reliance upon these 

 
14 https://www.current-news.co.uk/news/national-grid-eso-claims-world-first-approach-to-inertia-awarding-

328m-in-contracts 
15 https://www.nationalgrideso.com/industry-information/codes/grid-code-old/modifications/gc0137-

minimum-specification-required 

https://www.current-news.co.uk/news/national-grid-eso-claims-world-first-approach-to-inertia-awarding-328m-in-contracts
https://www.current-news.co.uk/news/national-grid-eso-claims-world-first-approach-to-inertia-awarding-328m-in-contracts
https://www.nationalgrideso.com/industry-information/codes/grid-code-old/modifications/gc0137-minimum-specification-required
https://www.nationalgrideso.com/industry-information/codes/grid-code-old/modifications/gc0137-minimum-specification-required
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plant types.  ESO is currently investigating using smaller distributed units, as well as non-traditional 

generation types, to provide a ‘distributed black start ’instead.  

5.4.2.1. Physical Capability 

Wind farms may be able to take part in black start services with certain enabling technologies 

available – including collocated storage, sufficient reactive control (possibly provided by Static 

synchronous compensators (STATCOMs) or full converter turbines along with grid forming 

algorithms), and control systems that will let it “block load” effectively (i.e. be able to ramp up on 

command in predefined steps of power output as blocks of load are connected). 

5.4.2.2. Commercial 

The Distributed ReStart project16 is investigating and aiming to pilot procuring black start services 

from non-traditional participants, which could include wind.  Though this project is focussing on 

distributed resources, wind is in scope and the principles of using wind as part of the solution to 

restart the system could apply to transmission connected (as OSW generally is) wind farms.  

However, wind farms would need to invest in additional equipment and partner with other 

generator types in the locality to form an effective part of a local restoration plan.  The project 

should deliver findings on how this could be done and procured.  

 

5.4.3. Reserve 

Reserve is essentially providing the system with headroom or footroom that can be called upon if 

something goes wrong, to ensure supply can always match demand.  This requires availability, and 

predictability on different timescales for the different variations of reserve services.  Wind farms 

both displace traditional providers from the market and increase uncertainty in what the second-

to-second level of supply will be, increasing reserve requirements. The Grid Code now requires a 

‘Power Available’ signal to be introduced, which will give the ESO a clearer picture of the ongoing 

Maximum Export Limit (MEL) of windfarms- this will reduce this supply uncertainty, which may lead 

to savings in reserve procurement. 

5.4.3.1. Physical Capability 

Some control techniques, including adjusting blade angles, would allow the wind farm to operate 

below its maximum output with the ability to rapidly increase its power to meet a predefined 

requirement.  The timescales on which the product is procured pose a problem – if the requirement 

is procured more than a few days in advance, there is no certainty about how windy it will be 

during the period the product is being sold for which restricts what the wind farm can offer (the 

task 4 section of this project provides insight into the benefits available from making these markets 

more granular and closer to real time).  Furthermore, it represents a loss of opportunity to the 

system.  It may be better from a system perspective for the wind turbine to harvest all the energy 

available and reserve be provided by interrupting non-time critical demand such as Electric Vehicle 

(EV) charging or domestic water heating, but there are some circumstances where there would be 

low opportunity cost, such as where the windfarm is constrained below its MEL.  

5.4.3.2. Commercial 

Can provide this through SO markets like Short Term Operating Reserve (STOR), however the 

financial incentive for doing so may not be attractive against the value of Power Purchase 

 
16 https://www.nationalgrideso.com/innovation/projects/distributed-restart 

https://www.nationalgrideso.com/innovation/projects/distributed-restart
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Agreements (PPAs), Contracts for Difference (CfDs), Renewable Obligations Certificate (ROCs)- 

these are the opportunity costs reserve competes against, and a much cheaper service is currently 

procured from other provider types. Subsidy free wind, however, may be well incentivized to 

participate.  Project TERRE17 (Trans European Replacement Reserves Exchange), the European 

platform for the exchange of balancing energy from replacement reserves also provides a 

mechanism for providing such services to other markets.  

 

5.4.4. Response 

Similar in nature to reserve, the key to providing response is to have headroom or footroom and 

the ability to change output in response to a signal within certain timescales (which vary by 

product).  Wind farms both displace traditional providers from the market and increase uncertainty 

in what the second-to-second level of supply will be, increasing response requirements; however 

the integration of the Power Available signal, and the provision of mandatory frequency response 

in recent times indicate an improving situation.  

5.4.4.1. Physical Capability 

Similar to reserve – speed control/feathering of turbine blades can provide some response, and 

synthetic inertia may be considered a form of enhanced response in future service designs.  The 

timescales on which the product is procured pose a problem- if the requirement is procured more 

than a few days in advance, there is no certainty about how windy it will be during the period the 

product is being sold for which restricts what the wind farm can offer.  Again, providing response 

on a wind turbine represents a loss of opportunity to the system that could be avoided if response 

was provided on the demand side. 

5.4.4.2. Commercial 

As with reserve services, the financial incentive for doing so may not be attractive against the value 

of PPAs/CfDs/ROCs - these are the opportunity costs response competes against, and a much 

cheaper service is currently procured from other provider types. In future these provider types may 

change and the value of the service increase (especially from zero carbon sources), and wind farms 

and complementary technologies such as electrolysers will have the capability and incentive to take 

part more often.  

 

5.4.5. Voltage Control 

The voltage around the network varies significantly, affected by the nature of the demand, 

generation, and network infrastructure in the locality.  It is critical to maintain a good voltage 

profile (within tolerances specified in the SQSS, ready for anticipated changes in flows- see nnex – 

A Brief Guide to System Operatio for details) and to do this the ESO has a number of tools at their 

disposal; asking networks to reconfigure to alter flows (switching out cable circuits overnight is 

common); switching in compensating assets such as STATCOMS or capacitor banks and shunt 

reactors which generate or consume reactive power to affect voltage, or asking generators to alter 

their reactive power output. Synchronous generators can normal affect their power angle through 

altering excitation to generate or absorb MVArs, whilst other technologies (including wind farms) 

can contribute with onsite assets (in the case of OSW, at the Interface Point onshore) such as 

 
17 https://www.entsoe.eu/network_codes/eb/terre/#project-introduction 

https://www.entsoe.eu/network_codes/eb/terre/#project-introduction
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capacitor banks, or more directly through the Flexible AC Transmission Systems (FACTS) that 

convert the turbine output to a grid signal.   

5.4.5.1. Physical Capability 

The power electronics within inverter designs often permit the partial or full control of reactive 

output at a range of active power outputs, so wind farms could be able to provide this service.  The 

impact of voltage support is local.  Hence there will be many inland locations where coastal 

windfarms will be unable to assist with voltage control.  The remote nature of windfarms and the 

need for extensive submarine cabling means that they also create a requirement for compensation 

(due to capacitive gain of the cables), which can be satisfied in a number of ways (normally by the 

developer/Offshore Transmission Owner (OFTO)) – so the system can be designed to fulfil its own 

reactive needs and be network neutral, or to go further and be able to offer system services.  

5.4.5.2. Commercial 

As active power can still be sold while providing reactive output, the opportunity cost of providing 

this should be low for wind farms.  

 

5.4.6. Gas Ancillary Services 

The nature of the gas grid means that supply and demand don’t require such complex balancing. 

Linepack (the fact that the amount of gas in the pipes can be varied, keeping the pressure within 

tolerance) acts as inherent flexibility allowing latitude in how the network is managed.  Whilst the 

pressures and gas quality around the network need to be maintained within safe levels, the system 

operation tools for doing so are not likely to pose significant problems. 
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5.5. System Strength and Control System Instability 

The historic stability and strength of the GB electricity system, which has created one of the 

most reliable systems in history, is set to decline with the reduction in conventional 

synchronous machines.  Reliability can be maintained with new control paradigms, 

traditional non-generating assets, and smart grid solutions.  

Table 4 below summarises the system requirements discussed in this section.  

Table 4- System strength and control system instability summary table 

System requirement Conventional 

providers/approach 

What might happen to 

this requirement in 

future? 

Can wind farms 

potentially help fulfil 

this requirement? 

Fault infeed (proxy for 

supporting system 

strength, which is key 

for system stability) 

Synchronous plant with 

large fault current 

capability 

Large synchronous plants 

are being displaced, and 

inverter based 

replacements (such as 

wind) mean system 

strength may drop, as well 

as increase risk of 

cascading loss of ability to 

follow grid signal (as 

described below) 

Wind farms do provide 

fault infeed, just less than 

alternative synchronous 

technologies- the fast 

fault current injection 

requirement in the grid 

code specifies such a 

level of capability as to 

support system 

stability18. Could support 

stability in other ways (ie 

collocating with fast 

responding storage) 

Control system 

instability 

All generation has a 

control paradigm of 

some type- most are 

well understood 

New technology and 

techniques, as well as 

potential paradigms like 

distributed control, mean 

control approaches may 

require some redesign 

Though new approaches 

will require rigorous 

design and modelling of 

new control paradigms, 

this should not pose a 

significant issue with the 

application of robust 

control engineering 

 

5.5.1. System Strength 

System strength, in the power system, is a key measure for how robust that system is.  It is a 

locational measure; system strength varies significantly around networks.  Higher system strength 

reduces the likelihood of voltages going out of tolerance, of protection failures, of network 

instability and of cascading power plant disconnections which destabilise frequency (described in 

more detail in the ‘Operability Challenges ’section below), and ultimately of losses of supply19.  

 
18 https://www.nationalgrideso.com/document/164021/download 
19 https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/System-Security-Market-

Frameworks-Review/2018/System_Strength_Requirements_Methodology_PUBLISHED.pdf 

https://www.nationalgrideso.com/document/164021/download
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/System-Security-Market-Frameworks-Review/2018/System_Strength_Requirements_Methodology_PUBLISHED.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/System-Security-Market-Frameworks-Review/2018/System_Strength_Requirements_Methodology_PUBLISHED.pdf
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System strength is indicated at a point in the network by the fault current available.  Fault current is 

how much power would be fed into a fault to earth at that point in the network – so how much 

generation is connected nearby, and what is the maximum current that can be drawn from these 

combined sources.  A higher fault current indicates higher system strength.  Synchronous machines 

generate much higher fault current – feeding a fault, they can output much more current than their 

rated power suggests (for a very short period of time, until protection operates).  Conversely, the 

fault infeed from an inverter connected generator is often comparable to its full load current.  

5.5.2. Control System Issues 

On the 9th August 2019, an offshore windfarm’s control and protection systems erroneously 

operated resulting in the disconnection of the windfarm from the grid20.  This, in combination with 

another large plant tripping in the same 5-minute window caused the operation of Low Frequency 

Demand Disconnection, causing roughly 1 million customers to lose power for a short period.  The 

control system settings were later found to have been incorrect and have since been adjusted.  This 

episode illustrates the issues that can arise from the complexity of modern wind farm control 

systems.  Coupled with the substantial size of many offshore windfarms this creates the risk to the 

larger system.  However, control system misconfiguration is not a risk particular to offshore wind.  

5.5.3. Operability Challenges 

A further operability challenge with inverter-based systems is that they often follow the grid’s 

voltage waveform – so problems with this waveform, driven by low local system strength, could 

trigger loss of commutation – see the ESO’s note on problems for phase lock loop convertors21 for 

example.  As with many power system contingencies, the risk of cascades is of high consequence – 

the loss of waveform shape would likely be due to an event elsewhere on the grid, and the loss of 

the wind farm as a consequence (through being unable to follow the distorted signal) could 

increase the severity of the overall incident and affect further wind farms. 

Wind farms also do not provide high levels of fault level current- and again, displace from the 

market technologies which do.  Fault level is key to the correct operation of protection systems and 

system strength, which in turn keeps inverter-based systems connected. Low levels of fault current 

correspond to a low ‘system strength – ’system strength describes how resilient an area of network 

will be (in terms of keeping generators connected) to a system event like the loss of generation. 

In the scenarios analysed in Task 1 shown in Figure 4- and Figure 5- overleaf, there seems to be 

enough synchronous technologies to provide sufficient system strength to make operability 

feasible across the range of OSW deployments explored.  In high nuclear scenarios (for instance, in 

figure 5 there is over 30GW of Nuclear where less than 60GW of OSW is deployed), this technology 

would provide significant synchronous generation – providing inertia, fault level and reactive power 

resources that would likely resolve a number of stability related issues (as long as the plants were 

in an effective location relative to the issues).  The progression of nuclear Small Modular Reactors 

(SMR) versus conventional generators would have a potential operability impact depending on 

siting of SMR plant (which would likely be driven by other considerations such as land availability), 

but speculatively the equivalent capacity of SMR would be more geographically spread, meaning 

more locational stability issues (such as fault level) could be solved by widespread use of this 

technology. 

In scenarios with lower nuclear penetration, these problems remain solvable – hydrogen turbines, 

biomass fired plant, pumped storage plant, and conventional thermal plant coupled with carbon 

 
20 https://www.nationalgrideso.com/document/152346/download 
21 https://www.nationalgrideso.com/document/102876/download 

https://www.nationalgrideso.com/document/152346/download
https://www.nationalgrideso.com/document/102876/download
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capture technologies could all provide similar boons to system strength – and each 2050 scenario 

generated has some blend of these technologies.  Placement and incentivisation of these 

technologies, as well as how much of the year they would need to be kept synchronised to provide 

system strength are further considerations that could have a meaningful economic and operational 

impact. 

  

Figure 4- Penetrations of key technologies in Task 1 Alternative net zero sensitivities,  

without use of Nuclear SMR, Task 1 report 

 

Figure 5- Penetrations of key technologies in Task 1 Alternative net zero sensitivities,  

with use of Nuclear Small Modular Reactors (SMR), Task 1 report 

 

An area of investigation and innovation today is how the system can remain operable in the 

absence of synchronous generation altogether – GB ESO’s commitment to being able to operate a 

carbon free grid by 2025 means likely being able to operate at least some regions without 

significant conventional generation.  The Stability Pathfinder launched by the ESO has procured 

significant stability-based services and opens the door to innovative solutions- however gas fired 

plant providing inertia has been one of the outcomes.  In future, reliance may need to switch to 

alternative control paradigms, increasing use of network assets such as synchronous compensators, 

or innovative solutions that make invertor-based technologies mimic the impact of conventional 

plant, such as grid forming capabilities.    
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5.6. Power and Gas Quality 

OSW today has obligations to manage its harmonic pollution levels, which is done through 

harmonic filtering.  The source of increasing Total Harmonic Distortion (THD) is therefore 

coming from other parts of the system.  On the gas side, the use of non-conventional gases 

including hydrogen requires ongoing rigorous investigation and innovation into the ways 

gas quality can be monitored and managed. 

As an inverter-based technology, wind farms are susceptible to the same issues as other 

technologies that do not directly generate a 50Hz voltage signal – its process for replicating this 

signal is liable to produce harmonics (for instance, through the firing of thyristors).  As this issue is 

common across inverter-based technologies, it is not a wind farm specific issue, but one that is also 

relevant to other generation and storage technologies.  Through the design of the inverter and the 

usage of harmonic filter banks, the grid can be protected from unacceptable levels of Total 

Harmonic Distortion (THD) which can damage equipment.  There are existing standards for 

tolerable harmonics exported onto the grid from inverter equipment.  However, there have been 

issues noted on some distribution grids22 (though the source may well have been on the demand 

side).  The continuous monitoring of network THD, investments in mitigation and inverter designs 

that minimise their generation are all key to protecting connected equipment in future.  Table 5- 

below summarises the THD requirement.  

 Table 5- Power and Gas Quality summary table 

System 

requirement 

Conventional 

providers/approach 

What might happen to 

this requirement in 

future? 

Can wind farms 

potentially help fulfil 

this requirement? 

Total 

Harmonic 

Distortion 

All generation has an obligation 

to manage harmonics 

generated- invertor based 

generation does tend to lead to 

creation of harmonics. Demand 

side harmonics may be 

exacerbating this issue 

The increase in active demand 

from consumer devices may 

well be driving THD- further 

integration of renewables is 

unlikely to drive issue due to 

requirements to manage this 

at the generating site  

Wind farms already 

adequately filter their 

output 

In the transition period, hydrogen blending into the natural gas grid may be a useful strategy for 

allowing early stage hydrogen production to get a route to market without significant capital 

investment requirements- the project HyDeploy is currently demonstrating the possibility of safely 

blending hydrogen up to 20%23.  Gas quality overall is an important consideration - today, gas 

supplies must meet specific calorific and purity standards, and regulation around hydrogen 

supplies would likely have to mirror these existing arrangements to protect connected equipment, 

to ensure customers all receive adequate service levels and for safety purposes.  Existing innovation 

projects such as HyDeploy and H2124 will be useful vehicles for developing an understanding of 

such arrangements.  The “Gas Goes Green” project is also investigating this area in its second work 

package, having identified that reforming the regulations around safety, metering and billing will 

be necessary to enable a wider range of gases to flow on the network.  

 
22 https://www.westernpower.co.uk/downloads/4108 
23 https://hydeploy.co.uk/ 
24 https://www.h21.green/ 

https://www.westernpower.co.uk/downloads/4108
https://hydeploy.co.uk/
https://www.h21.green/
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5.7. Interconnection (Electricity and Hydrogen) 

Interconnection is expected to play a large role in the future energy system across different 

vectors, and could be an economic solution to potential curtailment issues. 

Interconnection is a key area of consideration for wind farm integration.  This is because of wind’s 

intermittent nature, and the large size, geographic scope and generation and demand variation of 

the European system and its constituent national markets.  With very high levels of wind 

penetration it’s very likely that there will at times be more wind than GB demand can use; alongside 

storage and flexibility solutions, interconnection could offer another part of the solution.  While 

storage and flexibility have been thoroughly investigated through ESC’s SFM model in Task 2, the 

ESME and SFM have deliberately limited capability to use interconnectors to resolve system issues 

(this is discussed in depth in chapter 3 on Task 1) – hence this section details some of the potential 

benefits of developing interconnection further than those models allow. 

A richer understanding of GB’s windfarms in the context of the larger European market and 

network may reveal additional value and insights, resolving the degree to which excess GB power 

can meet European needs without the need for storage or flexibility.  Likewise, if the GB self-

consumption of power is predicated on significant use of wind power, there may generally be high 

availability of European power when the wind is low, allowing a more efficient and cost effective GB 

generation portfolio (which still respects capacity margin constraints).  

Interconnectors can provide multiple services25 that could support a wind rich grid – Voltage 

Source Convertors may have grid forming capabilities for provision of black start and reactive 

compensation, for example.  On the BM side, project TERRE has already designed the mechanisms 

for trading reserve services across border.  

For maximum exploitation of the North Sea seabed (well over 100GW of wind farms could plausibly 

be deployed, including floating wind farms), very large interconnecting infrastructure may be 

justified in the form of the North Sea supergrid26.  This concept is of an offshore network that 

allows the most economic transmission of wind power to any of the surrounding markets, 

minimising curtailment and increasing overall margin.  

The economics of interconnection27 must be carefully considered, however.  Without intervention, 

though interconnection increases overall welfare it also normally disadvantages sets of market 

participants.  If market A, in a particular period, has a higher price than market B, that would 

suggest generators in market B would sell power to market A.  This would decrease costs for 

market A consumers and increase revenues for generators in market B.  However, generators in 

market A and consumers in market B would stand to lose out from the interconnector’s operation.  

If overall socio-economic welfare is positive, however, effective regulation could mitigate these 

effects.  

Based on the above principles, and the FES, the ESO have provided their view28 on the total volume 

and optimal connected markets for electrical interconnection, with a view to maximising welfare. 

On top of the strong pipeline of 13.6GW due to be constructed by 2027, they have shown benefit 

of further enhancing capacity across the scenarios as shown in Figure 6- below. 

 
25 https://www.nic.org.uk/wp-content/uploads/Costs-and-benefits-of-GB-Interconnection-A-Poyry-

Report.pdf 
26 https://tyndp.entsoe.eu/tyndp2018/projects/projects/335 
27 https://www.nationalgrideso.com/document/143296/download 
28 https://www.nationalgrideso.com/document/162356/download 

https://www.nic.org.uk/wp-content/uploads/Costs-and-benefits-of-GB-Interconnection-A-Poyry-Report.pdf
https://www.nic.org.uk/wp-content/uploads/Costs-and-benefits-of-GB-Interconnection-A-Poyry-Report.pdf
https://tyndp.entsoe.eu/tyndp2018/projects/projects/335
https://www.nationalgrideso.com/document/143296/download
https://www.nationalgrideso.com/document/162356/download
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Figure 6- NOA for Interconnectors recommendations- https://www.nationalgrideso.com/document/162356/download 

The two scenarios with more renewables, and offshore wind, as detailed in Table 6- below, show 

more benefit to interconnection as shown in Figure 6- above, demonstrating the expected link 

between high levels of OSW and the attractiveness of interconnection. 

Table 6- FES wind deployments- http://fes.nationalgrid.com/media/1432/fes-data-workbook-v30.xlsx 

  

Community Renewables 

 

Two Degrees 

 

Steady Progression 

 

Consumer Evolution 

 

 
2018 2030 2050 2030 2050 2030 2050 2030 2050 

Decentralised Wind 

(GW) 
6.3 11.2 28.8 7.8 10.6 6.8 7.7 9.3 17.8 

Transmission connected 

onshore wind (GW) 
6.9 13.0 13.0 13.5 14.8 11.1 11.3 8.6 9.0 

Transmission connected 

offshore wind (GW) 
7.8 29.2 45.1 32.8 53.3 25.3 36.9 20.1 25.9 

 

Both the network reinforcement (NOA, as discussed in section 2) and interconnector assessments 

show the importance of industry understanding the growth potential and plausible levels of OSW 

as soon as possible- scoping large infrastructure, with lengthy lead times through scenario based 

planning is heavily influenced by the makeup of those scenarios.   
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5.8. Active Network Management Technologies 

The ‘smart grid ’paradigm and the associated technologies, present potential solutions to 

most of the aforementioned considerations, and could be a key enabler of wind integration. 

Further investigation and demonstration of its capabilities is required.  

Smart asset-based solutions can be a key approach to the successful integration of large-scale 

wind generation.  These technologies have merit today, in increasing the robustness of system 

operation, and lowering costs.  They can continue to do so and have a much larger impact in a 

future system dominated by wind and flexibility.  

The Smart Grid Forum’s output24 lists a number of technologies that can enable active network 

management to increase system capacity, stability, or general operability in a smart way, without 

the need for further traditional reinforcement.  In relation to wind, these techniques could provide 

means for integrating further wind at least cost whilst maintaining system security.  Table 7- below 

details the technologies within that work which could be supportive of OSW integration. 

Table 7- Select Smart Grid Technologies 

Smart Grid Technologies to Support an Active Network29 

Advanced control room operating & network visualisations systems 

Control room engineers can now have better tools at their disposal than ever before with the advancement 

of digital technologies and visualisation systems. More relevant information reaching control engineers 

more quickly and in a more digestible form gives them better tools to manage the grid. 

Integrated Distributed Generation/network control 

Distributing control around the network is a topic of much study- there are trade offs in reliability, complexity 

and cost to consider- but distributed control paradigms do potentially offer a powerful tool for managing 

many of the locational aspects of power grid operation. 

Self-reconfiguring networks 

Network reconfiguration is currently a technique for the management of system operation. A clear example 

is in the switching out of cable circuits overnight to better control voltage (the high gain of cable routes 

combined with low overnight flows is mitigated by channeling power down fewer cable routes to increase 

loading levels and mitigate the effect). Automating this would allow it to be cost effectively implemented 

on a wider range of networks.  

On-line diagnostics 

Live assessments of asset conditions have multiple possible value streams- besides allowing more effective 

maintenance and replacement programs and reducing incidence of costly faults, they can also be used to 

run assets harder than you would otherwise be able to, which in turn can reduce congestion costs. 

Monitoring & state estimation 

Better monitoring and state estimation is a key function of the future grid30; with the level of intermittency 

and uncertainty added by widespread use of intermittent technologies and more dynamic demand profiles, 

the ability of control engineers and indeed smart grid systems to know the current state of the grid 

becomes a key means of its economic operation. Knowing the current state of the grid is a difficult 

challenge, with the number of interconnected devices in the millions, however state estimation techniques 

allow adequate information for control purposes to be extracted from fewer data points. 

 

 

 
29 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/285417/S

mart_Grid_Vision_and_RoutemapFINAL.pdf 
30 https://es.catapult.org.uk/reports/review-of-future-power-system-architecture-fpsa-functions/ 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/285417/Smart_Grid_Vision_and_RoutemapFINAL.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/285417/Smart_Grid_Vision_and_RoutemapFINAL.pdf
https://es.catapult.org.uk/reports/review-of-future-power-system-architecture-fpsa-functions/
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Advanced Supervisory Control and Data Acquisition (SCADA) & telecommunications 

Improvements to existing control and communication performance can generate incremental 

improvements to capacity availability.  

Harmonic filtering 

As discussed in the preceding section, the increased use of active power devices on the demand side, and 

invertors in generating machines can lead to higher Total Harmonic Distortion- Harmonic filtering can 

remove these levels again, protecting key equipment.  

Phase shifting transformers 

Phase shifting transformers can change the apparent impedance of electrical paths- control engineers can 

exploit this to run the network more effectively, reducing congestion costs and protecting assets.  

Network connected storage 

Storage, alongside other forms of flexibility, will form a key feature of the future energy system- this is 

explored in more detail in Task 2. 

Fault current limiters 

Whilst low fault current represents a risk to system stability, fault current being too high can also present a 

risk to the network as protection equipment may not be rated to break such a current. Additional 

protection of grid equipment can be required to facilitate some connections if they would otherwise cause 

excessive fault current, so these can be beneficial in reducing connection times and reinforcement costs.   

Dynamic voltage & PF control 

A number of technologies allow dynamic voltage and power factor control – these can be critical to 

controlling local voltage issues, especially in the absence of local generation resources to take part in 

market-based procurement. 

D-Statcoms & switched capacitors 

These technologies can also support grid voltage, but in a more static way- they are often cheaper and 

easier to operate as a result. 

Dynamic line & plant ratings 

The ability to administer dynamic ratings can lead to more effective grid operation through avoiding 

unnecessary outages and balancing incremental changes in risk with potentially large sums of money 

spend in operations to limit flows.  

Adaptive protection 

Increasing complexity from more interconnected resources means that protection equipment has to deal 

with a wider range of plausible flows than before; advanced protection design can mitigate this, and 

potentially allow additional services to be delivered, such as distributed black start. 

 

These technologies all potentially add complexity to grid operation if employed but may be more 

cost effective than traditional build solutions or procuring services directly from generators.  It 

seems likely the strategic delivery of a combination of technologies from this list could achieve 

most of what the grid needs to operate in a stable fashion and allow minimally constrained energy 

and capacity trading and delivery to take place.  

The progression towards a Smart Grid is being managed through multiple forums, however one of 

the most significant packages of work to observe is the government’s Smart Grid Forum.  As 

acknowledged through the Smart Systems and Flexibility plan31, the maturity of these technologies 

is not a barrier- rather their judicious application in a way that doesn’t distort competition and 

remove opportunity from flexibility providers without clear techno-economic benefit of doing so.   

 

 
31 https://www.gov.uk/government/publications/upgrading-our-energy-system-smart-systems-and-

flexibility-plan 

https://www.gov.uk/government/publications/upgrading-our-energy-system-smart-systems-and-flexibility-plan
https://www.gov.uk/government/publications/upgrading-our-energy-system-smart-systems-and-flexibility-plan
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5.9. Conclusions:  Addressing These Considerations 

The presence of OSW in the GB grid today – nearly 8.5GW32 - has already provided useful lessons 

in how ever larger volumes can be integrated into the system, as well as delivering large quantities 

of clean energy.  From an operational standpoint improvements in wind forecasting, and changes 

in the number and nature of market participants for reserve and response provision, have both 

become part of ongoing management of the overall grid as the energy transition has progressed. 

This forms part of the ESO’s work to optimize wind and variable resources in general, trying to 

unlock the available flexibility potential. In investment timescales, signals from the project pipeline 

have influenced grid planning activities, with wind being a driver of many planned reinforcement 

works, such as the extensive east coast works recommended in the 2019/20 NOA33.  The iterative 

planning cycle that drives these decisions also continues to evolve to consider a greater breadth of 

solutions to power transfer limitations.  

The nature of these challenges, however, will evolve, especially if a substantial proportion of GB’s 

viable offshore sites are exploited, leading to the potential for over 100GW of OSW capacity.  The 

optimal approach will be not to focus on how much wind could be integrated, but on what the 

optimum energy system might be. In a high wind future, OSW itself should be used more 

proactively to operate the system safely and securely- technology optimisation today can capture 

the low hanging fruit capabilities, such as providing footroom and reactive support beyond the 

grid code requirements. However alongside these overarching system features- which could 

include large amounts of storage, integration with a hydrogen network, technology enhancements 

(for example grid forming), combination of technologies, and drawing more upon flexible demand- 

it will also be important to review and plan for some of the issues discussed here, that are not thus 

far fully captured in the modelling insights.  Power system stability in particular requires rigorous, 

extensive and specific modelling and expertise that is not easily replicated across the full range of 

potential scenarios.   

There are ongoing pieces of work to tackle many of these considerations- the ESO pathfinders, the 

ENA’s ‘Gas Goes Green ’project, and the work of the Smart Grid Forums to mention three discussed 

in this document.  These should engage with, and in turn be supported by government, regulators 

and market participants.  Coordinated and innovative new approaches will be required from 

multiple stakeholders to deliver a system that enables net zero- in technology, operational 

practices and planning approaches.  Whilst the mentioned initiatives, and the key considerations 

summarised below can undoubtedly help accelerate OSW’s integration, and reduce the associated 

costs, they are likely required to some extent regardless; to facilitate a wide range of potential 

future systems, all driven by the need to decarbonise energy systems.   

 

Smart grid approaches are helpful 

The increasing digitalisation of the grid, and availability of smarter asset technologies and more 

distributed energy resources has the potential to create a robust, self-healing system better able to 

cope with a system significantly driven by wind.  The potential reduction of synchronous 

generation could create an unprecedented, more challenging set of system dynamics in future, and 

the criticality of electricity to daily life means that confidence in solutions must be high under even 

severe scenarios. 

 
32 https://www.renewableuk.com/page/UKWEDhome 
33 https://www.ssen-transmission.co.uk/news-views/articles/2020/2/building-a-network-for-net-zero-ssen-

transmission-welcomes-this-year-s-noa-report-recommendations/ 

https://www.renewableuk.com/page/UKWEDhome
https://www.ssen-transmission.co.uk/news-views/articles/2020/2/building-a-network-for-net-zero-ssen-transmission-welcomes-this-year-s-noa-report-recommendations/
https://www.ssen-transmission.co.uk/news-views/articles/2020/2/building-a-network-for-net-zero-ssen-transmission-welcomes-this-year-s-noa-report-recommendations/
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Robust demonstrations and rulesets will be key to enabling the widespread use of these 

technologies, which could offer the cheapest approach to maintaining operability in many cases.  

 

Developing markets and balancing investment in assets 

System operators across gas and electricity, distribution and transmission, are developing their calls 

for future services and infrastructure investment.  They will need to be supported by government, 

regulators and market participants, and inclusive of all future stakeholders to deliver the changing 

needs of the system in future.  This will include fully modelling and understanding detailed 

technical issues around stability and control, but also broader market considerations.  One difficult 

issue is how to make fair economic comparisons, and deliver fair and efficient procurement, 

between services from energy resources (including OSW) and asset based solutions (including 

smart grid technologies and large scale network corridor investment).  Coordinating procurement 

across different operators is critical- the most obvious example being that DSOs and TSOs may 

wish to call upon the same resources for different requirements and coordinating this is the key to 

meeting all requirements efficiently.  

 

Hydrogen networks are a new infrastructure- learn lessons from the existing ones 

The siting and sizing of network infrastructure drives huge amounts of spend in existing networks – 

at this stage with hydrogen infrastructure, a large number of credible pathways to the development 

of infrastructure remain available.  A coordinated approach across energy vectors coupled with 

scenario-based planning can be the foundation of avoiding congestion across different energy 

networks.  The transition pathway identified by Navigant provides a useful reference point for the 

likely timing and scope of infrastructure investment required, and the programme of works 

introduced under ‘Gas Gone Green ’are a useful reference point for the barriers to be overcome by 

industry to get there.  These include assessing the changing energy system and GB’s locational 

characteristics develop successful clusters and zones, and implications of gas and electricity 

systems becoming increasingly linked.  The involvement of the wind sector in these areas of work 

will ensure a coordinated approach that could deliver savings in cost and time.  

 

Interconnection has a role to play 

Interconnection in electricity and natural gas has well established benefits for the participating 

markets.  Which stakeholders, including businesses and consumers, these benefits flow from and to 

has required bespoke regulatory arrangements in electricity in recent years.  The Cap and Floor 

regime, alongside merchant only routes to approval, has been a factor in the current healthy 

pipeline.  Interconnection in hydrogen and offshore network concepts similarly offer benefits 

through creating larger markets which can create greater overall welfare, as well as routes to shift 

between energy vectors to alleviate network congestion and capacity issues in other vectors.  

 

Policy and governance are key tools 

To deliver the future energy system, and avoid unintended consequences of OSW integration, will 

require a coherent, efficient set of incentives that work across different timescales, market 

participants and facilitators, energy vectors and technologies.  The work of Task 4 addresses these 

issues.   
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5.10. Annex – A Brief Guide to System Operation 

 

Introduction 

The operation of the National Grid is a complex process with a simple purpose of ‘keeping the 

lights on’. There is more than one way to do this, with a range of possible costs and risk profiles, 

and the regulations and licenses providing the constraints. The grid must be operated to the SQSS 

(as described below) and the most economic and efficient methods of compliance should be 

adopted. There are generally two ways to solve any power network problem: use a network asset 

or get connected actors to do something. 

National Grid devotes considerable resources to 

predicting what problems there will be in the future 

and assessing what solutions will be the most 

economic. Innovation can occur in delivering the 

solutions to these problems either as new means of 

service provision, or new asset designs.  

National Grid is incentivised to meet the required 

targets at the lowest achievable cost. 

 

Table 8- 2018/19 ESO spend on system services 

Service 2018/19 Spend (£m) 

Energy Imbalance -£31.24 

Operating Reserve £66.80 

STOR £72.74 

Constraints £680.14 

Negative Reserve £5.80 

Fast Reserve £91.09 

Response £132.07 

Other Reserve £13.66 

Reactive £81.73 

Black Start £48.94 

Minor Components £28.22 

Total £1,189.94 

The table on the left shows the ESO’s annual spend on operating the system in financial year 

2017/18. It divides the costs into a range of services that need to be procured to meet the 

conditions of acceptable operation.  

Note that some of the issues here, for example Constraints and Reactive, can be addressed with 

investment in assets; such investments are not funded by the ESO, but in most cases by Ofgem 

allowing Transmission Owners (TOs) to increase what they claim in network charges in line with any 

investments they need to make.  

Competition in Onshore Networks will complicate the picture, however Ofgem anticipate that the 

consequent reduction in investment costs will represent best value for the consumer.   

Electricity System Operator: The 

ESO is the coordinating party which 

deals with the national picture in real 

time, managing power flows on the 

transmission system through 

interacting with market participants 

(generation and demand) and asset 

owners (TOs, DNOs) 
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As part of its increasingly independent role, the ESO is expected to coordinate planning that finds 

the most economic option for resolving any network issues either from market participants or 

asset-based solutions. For example, an intertrip scheme (paying generators to respond post fault) 

may be more economic than either new assets or constraining generation as described in the final 

section of this annex.   

 

The Security and Quality of Supply Standard (SQSS) requirements 

The SQSS specifies the security standards for the planning and operation of the grid. It provides 

concise technical rules that must be satisfied; however these requirements leave latitude for the 

ESO to satisfy the criteria in different ways to meet the obligation of running an economic and 

efficient system.  

The document deals with both onshore and offshore connections, design of the system, and 

operation of the system within specified bounds. These bounds are the primary drivers of the SEO’s 

ancillary service procurement.  

Three key requirements of system operation in relation to ancillary services are: 

a) Containing Frequency 

b) Managing Voltages 

c) Avoiding equipment overloads  

Each is addressed in turn. 

 

a) Containing Frequency 

Chapter 5, “Operating the Onshore System”, specifies that for the majority of conditions (pre 

and post fault), there shall not be unacceptable frequency conditions, which are later further 

defined as:“the steady state frequency falls outside the statutory limits of 49.5Hz to 50.5Hz; or ii) a 

transient frequency deviation on the Main Interconnected Transmission System (MITS) persists outside 

the above statutory limits and does not recover to within 49.5Hz to 50.5Hz within 60 seconds. Transient 

frequency deviations outside the limits of 49.5Hz and 50.5Hz shall only occur at intervals which ought to 

reasonably be considered as infrequent.” 

The means to prevent such excursions is the provision of response and reserve, both of which are 

additional power or demand that can be applied to ‘respond ’to certain frequency behaviours- if 

frequency drops, for example due to a loss of generation, fast additional power injection can 

correct the frequency before it exceeds the defined limits.  

A second approach to preventing excursions is to limit the size of the generation loss (a larger loss 

causes a larger frequency change). Paying the largest potential fault on the system (for instance, a 

large generating plant) to lower its output so that the corresponding fault is more manageable is 

known as managing Rate of Change of Frequency (RoCoF).  

Keeping the frequency within limits is in fact the same as ensuring supply is equal to demand on a 

second-by-second basis, as mismatches lead to increases or decreases of system frequency. If 

supply outstrips demand, frequency increases, and vice versa. The rate at which frequency changes 

for a given mismatch is dictated by system inertia, a function of the amount of rotating mass 

(turbines and motors) connected to the system.  
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b) Managing Voltages 

Chapter 6, “Voltage Limits in Planning and Operating the Onshore Transmission System”, sets 

out a number of criteria for voltage that must be satisfied to guard against system collapse 

and equipment damage. These fall under 3 categories- acceptable pre-fault ranges, acceptable 

post-fault ranges, and acceptable step changes following an operational action 

Table 9- Pre-Fault Steady State Voltage Limits and Targets in Operational Timescales- SQSS table 6.3 

 
 

Table 10- Steady State Voltage Limits and Targets in Operational Timescales- SQSS table 6.4 

 

Pre and post-fault differentiate between the rules when the system is operating as planned to when 

something goes wrong, such as a transformer fault, which increases the difficulty of managing 

voltages. 

 

c) Avoiding equipment overloads 

Chapter 5, “Operating the Onshore System”, specifies that for the majority of conditions (pre 

and post fault), there shall not be “unacceptable overloading of any primary transmission 

equipment”.  

“The overloading of any primary transmission equipment beyond its specified time-related capability. 

Due allowance shall be made for specific conditions (e.g. ambient/seasonal temperature), pre-fault 

loading, agreed time-dependent loading cycles of equipment and any additional relevant procedures. In 

operational timeframes dynamic ratings may also be used where available.” 

This requirement therefore constrains permissible power flows well below the real physical limit 

wherein equipment would be damaged. Power flows are difficult to manage due to the nature of 

electricity and networks- it cannot be directed to flow down particular routes but will flow 

according to the impedance of the various paths from the distributed power sources to the 

distributed demand points.  



 

Page 31 of 36 

Commercial Descriptions of Ancillary Services 

Table 11- Commercial descriptions of ancillary services 

Cost SQSS 
Requirement 
supported 

Description Service bought or asset provided 

Energy 
Imbalance 

Matching 
Supply/Demand 
to control 
Frequency 

After all trades are 
completed, there will still 
be a second by second 
gap between energy 
delivered and energy 
demanded (as demand is 
not controlled) which 
needs to be corrected in 
real time before Elexon 
imbalance procedure 
settles market 

ESO accepts bids or offers to fine tune 
matching of demand and supply. Note 
market is usually long, therefore ESO is 
taking bids, which are often money paid 
to the ESO by generators; their contracts 
are still valid so they get paid for the 
energy either way, and hence they 
benefit from reducing output by the 
saved fuel costs 

Operating 
Reserve 

Matching 
Supply/Demand 
to control 
Frequency 

Generation is paid to be 
ready to change output at 
short notice (within hours 
but not instantly as with 
Response) to guarantee 
supply can be matched 
with demand 

ESO procures Operating Reserve from 
power providers for a specified period, 
but not for whole seasons as with the 
STOR product 

BM Startup Matching 
Supply/Demand 
to control 
Frequency 

Thermal generation paid 
to turn on so that it is 
available at short notice 

The ESO pays generators to turn on and 
hence be available to manage margins 
through another service 

STOR Matching 
Supply/Demand 
to control 
Frequency 

Short Term Operating 
Reserve- Operating 
reserve that is tendered 
for ahead of time.  STOR 
is used infrequently so 
tends to have a low 
option but high exercise 
price 

The ESO holds tender rounds and pays 
the successful plant to be available, with 
extra payments for use of MWs, during 
defined periods throughout a season   

Constraints Avoiding 
Overloads / 
Managing 
Voltages 

A number of potential 
issues come under the 
term ‘Constraints’ - 
insufficient network 
strength to sustain traded 
flows is the most 
prominent example. A 
broad description might 
be “Any network issue 
which limits power flows 
along specific corridors” 

At least two generators on the network 
are paid to change output- one turns 
down or off, and another turns up. These 
generators submit bids and offers to the 
ESO, and the selected action is based on 
these costs, and whether changing the 
plant’s output will be effective in 
resolving the network issues- as problems 
are locational this results in some issues 
being only resolvable by 1 or 2 plants. 
These can also be alleviated with 
additional network assets- if the 
limitation is excessive power transfer 
causing overloads, a new transmission 
circuit could solve the problem long term, 
for example. 
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Footroom Ability to 
regulate down to 
match 
unexpectedly 
low levels of 
demand 

Ability to turn down 
generation or turn up 
demand instantly to 
respond to events that 
cause supply to outstrip 
demand (normally 
demand disconnections) 

The ESO facilitates a market to deliver 
this- there are mandatory levels of 
provision required of certain classes of 
generation.    

Fast Reserve Matching 
Supply/Demand 
to control 
Frequency 

Class of reserve that can 
deliver in two minutes 

Tendered for ahead of time, the value of 
the tenders is compared to alternative 
services- the ESO can achieve the 
equivalent level of security with more 
secondary response and Operating 
Reserve, for example 

Response Containing 
Frequency 
Following a 
Disturbance 

Ability to vary generation 
or demand automatically 
to respond to events that 
cause the frequency to 
deviate from 50Hz 
(normally generation 
disconnections) 

The ESO facilitates a market to deliver 
this- there are mandatory levels of 
provision required of certain classes of 
generation, and 3 tiers of response 
performance: Enhanced, Primary, and 
Secondary. The amount that needs to be 
procured can be reduced by adding more 
inertia to the system through an asset 
like a Synchronous Compensator, as this 
inertia reduces the impact of faults on 
system frequency. 

Reactive Managing 
Voltages 

Provide voltage support 
through generating or 
absorbing MVars 

There is some paid mandatory provision, 
and the ESO procures the remainder from 
the market- many generation 
technologies can control their MVar 
output. There are numerous asset 
options that would reduce or remove the 
need for market provided services such 
as STATCOMs, capacitor banks, reactors, 
SVCs and others.  

ROCOF Containing 
Frequency 
Following a 
Disturbance 

Pay the largest loss risk to 
reduce output 

This is enacted by accepting the bid of 
the largest loss risk- usually a nuclear 
plant or interconnector. There is often 
trading with them ahead of time to hedge 
for both parties. The installation of inertia 
on the system (for instance through a 
synchronous compensator) can reduce or 
remove the need to pay RoCoF, as inertia 
reduces the impact of faults on system 
frequency. 

Black Start Not addressed in 
SQSS 

Pay stations to have 
capability to restart 
system without external 
supplies being available 

Bilaterally negotiated contracts with 
generators to satisfy the ESO’s regional 
requirements as defined in the Black Start 
Strategy. Network assets could form a 
part of the overall strategy (for instance, 
batteries at substations) and hence affect 
the procurement of these contracts. 
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Asset Versus Market Provision 

Constraints, reactive power needs and ROCOF can each be reduced or resolved in the long term by 

strengthening the network. In some occasions, this can be a case of utilising non-asset based 

solutions such as altering the running arrangements (changing connections at substations), but is 

often large infrastructure such as new circuits, transformers, or reactive compensation. The market 

can also respond through bids and offers.  

Assets tend to have very high capex but remove the requirement for ongoing market procurement, 

so lifetime assessments are important and long-term market assumptions are a key factor. For 

example, if a large generator is likely to be constructed in a region and inherently provide inertia, 

this may solve a network issue meaning its more economic to solve the issue in the market in the 

short term until the generator connects. Generation connections are subject to considerable 

uncertainty, which underpins the need for scenario based planning and least regret decision 

making. 

The different commercial and technical natures of assets and market solutions makes creating fair 

competition between the two approaches difficult- the System Operator’s Network Options 

Assessment Roadmap addresses this, as they attempt to build a process which accepts and 

assesses all types of solutions on a level playing field.  

 

Assets vs Market: New Circuit or Intertrip? 

The following is hypothetical but representative of current planning issues: The System Operator is 

having problems in a region of the country where power tends to flow from zone 1, where there is 

substantial generation, to zone 2, where there is substantial demand. This creates a high flow down 

the two available circuits (1 & 2) during peak hours. Whilst the combined circuits are rated to carry 

this ‘peak ’power flow between them, the SQSS creates obligations to run the system such that the 

sudden loss of one of the circuits can be managed. This is called contingency analysis. As things 

stand, the loss of circuit 2 would cause all of the power currently flowing down 1 & 2 to flow down 

circuit 1 only, which is not rated for such a load. This would cause circuit 1 to trip off as well and 

cause the loss of all the generation in zone 1 from the system. This is not acceptable in accordance 

with the SQSS rules. 

Under such circumstances, the Electricity System Operator is forced by its obligations to limit the 

flow down 1 & 2 to below their combined capacity, such that one circuit could handle the total 

load in the event of a loss of either circuit. The ESO must therefore intervene through the balancing 

mechanism; it accepts a bid (the price to turn down generation output) from the wind farms or the 

CCGT in zone 1, and to maintain the power balance it also accepts an offer from the plant in zone 3 

to replace the missing power. This situation illustrates one of the key ways the network can help 

decarbonise the system, as strategic system strengthening can prevent what’s known as 

‘renewables curtailment’. To make this situation more economic, and overall system operation 

more efficient, the ESO considers an asset solution and a market solution.  
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Figure 7- Hypothetical example of constrained network 

The asset solution is the addition of a third circuit between zone 1 and zone 2. This increases the 

capacity between the zones, such that even at peak there is no need to curtail the flows on any of 

the circuits. This is a reliable, long term solution with low ongoing costs, but high upfront costs. The 

Transmission Owner is currently the only party allowed to build and maintain such a circuit, and 

this increase in their asset base would increase their regulated return.  

The market solution is what’s known as an ‘intertrip ’scheme, wherein a contract is put in place and 

special equipment is installed on the zone 1 CCGT.  This equipment will disconnect the CCGT on 

detection of a fault on circuit 1 or 2, and the ESO will then use the Balancing Mechanism to restore 

power balance. This allows the ESO to consider a higher pre-fault limit on circuits 1 & 2, meaning it 

does not have to curtail generation on an ongoing basis. As this is a commercial agreement, this 

does not count as ‘loss of power infeed ’which the SQSS limits. This solution has low upfront costs, 

and multiple generators can compete for the intertrip contract. The contract has two components: 

an activation fee, for whenever the plant is ready to respond to a trip (which would typically be, for 

example, every weekday evening throughout winter), and a usage fee in the event of an actual trip 

(this is usually very expensive, but unlikely to be exercised). The contract will need to be renewed 

for as long as the problem persists (which is forecast to be many years, until the closure of zone 1 

generation), and is less reliable than a new circuit- communications failures could cause unwanted 

generation trips, for example. 

Under its license obligations, the ESO must select the more economic option; it does this through a 

CBA, modelling to understand the frequency of excessive power flows which therefore dictates the 

volume of the required contract for the intertrip, or indeed the volumes of bids and offers that 

must be taken if the ESO does nothing (which can often be the economic choice if the issue is rare), 

and compares these values to the cost of a new circuit.  The chosen timescale for the decision is 

crucial here as market solutions tend to have low fixed costs, but high utilisation costs, with the 

opposite being true for asset solutions.  Regardless of the eventual solution selected, costs are 

passed backed to consumers by the relevant party (the ESO in the case of an intertrip, the TO in the 

case of an asset) so all costs are assessed on an equal weighting.  
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