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UK Electricity Generation

Source: Digest of UK Energy Statistics
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UK Renewable Capacity

Source: Digest of UK Energy Statistics
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UK Renewable Capacity

Historic data: 
Digest of UK 

Energy Statistics

NESO Future 
Energy Scenario: 

Hydrogen Evolution

NESO forecasts exclude Northern Ireland

Presenter
Presentation Notes
The National Electricity System Operator is for Great Britain (England, Scotland and Wales) and so does not cover Northern Ireland, which is part of the separate Single Electricity Market (SEM) for the Island of Ireland. This means that the NESO figure for a past year would be slightly lower than the DUKES figure.
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A week in November 2023
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Demand and Output: GW Price: £/MWh

Source: 
Electric Insights



Display from Drax Electric Insights
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A week in November 2023
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https://electricinsights.co.uk/#/dashboard?period=7-days&start=2023-11-20&&_k=jhfelb  

Price

Wind
Gas

https://electricinsights.co.uk/#/dashboard?period=7-days&start=2023-11-20&&_k=jhfelb


Price setting in a power 
market
We’re not in Cushing any more!
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Prices reflect Marginal Costs

Demand and Supply

9
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Gas and Electricity Prices
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Source: Ofgem, Wholesale Market Indicators
https://www.ofgem.gov.uk/energy-data-and-research/data-portal/wholesale-market-indicators 

Gas

Electricity

https://www.ofgem.gov.uk/energy-data-and-research/data-portal/wholesale-market-indicators
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Gas and Electricity Prices
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Source: Ofgem, Wholesale Market Indicators
https://www.ofgem.gov.uk/energy-data-and-research/data-portal/wholesale-market-indicators 

Electricity (lhs)

£/MWh

Clean Gas (rhs)

Presenter
Presentation Notes
This graph aligns the axes so that if the price of 1 MWh of electricity was always the same as the cost of the amount of gas burned to generate it, the lines would be identical.

https://www.ofgem.gov.uk/energy-data-and-research/data-portal/wholesale-market-indicators
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Gas and Electricity Prices
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Source: Ofgem and Refinitiv
“Clean gas” includes the cost of carbon (permits and tax)

Clean Gas (rhs)

£/MWh

Electricity (lhs)

Presenter
Presentation Notes
This graph aligns the axes as in the previous slide but adds the cost of carbon permits and the UK’s carbon price support (a tax on electricity generators) to get the overall cost of generating each MWh of gas-fired electricity.



• Forward trading and hedging 
– Most power is traded at prices fixed in advance

• Day-ahead trading
– This is the point at which generators decide their schedules 

and retailers procure the rest of the power they need to 
meet their expected load

• Ancillary Services, Reliability, Congestion
– The system operator needs to ensure generators’ (and 

consumers’) decisions are consistent with the safe 
operation of the system

• Real-time balancing
– Few people do exactly what they said they would; this 

ensures the system stays stable and then recovers the cost 
of the deviations

Common features around the world

Electricity wholesale markets



• “US” day-ahead markets are run by the system operator
– Power and ancillary services are co-optimised

• “European” markets separate electricity trading from 
constraints and ancillary services
– System operators may have to “unwind” some market 

trades so that others can be delivered securely
• “Nodal” markets can have a price for every location

– Low prices where the lines to export nearby generation are 
congested; high prices where more power is needed

• “Zonal” (or national) markets start by ignoring congestion
– One price applies over a wide area and counter-trading is 

needed to reduce flows on congested links

Key differences around the world

Electricity wholesale markets



• Renewables are now “cheap”

• Supply will become more variable 

• Supply may become more distant

• Prices may become more volatile

• Ancillary services will become more important
– Reserve / response
– Reactive power 
– Inertia
– ???

© Imperial College Business School 15

How renewables change things

Presenter
Presentation Notes
“Cheap” needs inverted commas, both because relative prices can change quickly, and because the relative Levelised Cost of Energy of two technologies is at best an imperfect measure of their cost-competitiveness – if their outputs are produced at different times their average market values can differ significantly, potentially overturning a (small enough) difference in LCOE!If we move to a power system largely based on inverter-connected generators, such as wind turbines and solar panels, the engineering challenges have not yet been thoroughly explored and we may need ancillary services that have not yet been defined.



The “traditional” electricity market

Demand and Supply

£/MWh

GW

Demand Off-peak 

Demand Peak 



The way we (sometimes) live now

Demand and Supply

£/MWh

GW

Demand Off-peak 

Demand Peak 

Negative price: 
opportunity cost of 

lost subsidy

Presenter
Presentation Notes
With large amounts of renewable output, some may need to be constrained off (prevented from generating) to keep the system stable, and prices are typically negative when this happens



The long-run adjustment

Demand and Supply

18
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Marginal Cost

The merit order effect

Presenter
Presentation Notes
Prices fall if renewable capacity rises faster than demand. They would rise back towards equilibrium once capacity leaves the market, but closing plant before the end of its expected life implies the owner makes a loss…



How solar PV affects the 
pattern of prices
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Load, PV Output and Prices

20

GW $/MWh

Load
2012
2016

Solar 
Output
2012
2016

Real-Time 
Price

2012
2016

Source:
Adapted from 
Bushnell and 
Novan, 2018

See also Hirth (2015) http://dx.doi.org/10.1049/iet-rpg.2014.0101 Hour of the day

Presenter
Presentation Notes
This shows that solar output in the middle of the day depressed prices, but that they rose overnight and as the sun was setting, because more expensive plants had to run instead for a relatively short residual peak around 8pm.  (This is just a graph showing correlation, but Bushnell and Novan have a full econometric analysis to determine causation.)

http://dx.doi.org/10.1049/iet-rpg.2014.0101
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Output-weighted prices
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Relative to time-weighted price

Source: Electric Insights

Presenter
Presentation Notes
This shows the relative value of generation if it received the day-ahead market price (rather than a price set in advance via a market-based contract, FiT or CfD), compared to the time-weighted average of that price. When there was little solar output, day-time prices were high (as demand is higher then) and so it earned more than the average MWh. As solar output rose over time, it depressed the price on sunny days and reduced its own average revenue below the time-weighted average. The impact was worse for PV than for wind as solar output is more concentrated in time – wind farms in different places can have very different winds, while the sun is highest in the sky everywhere in the UK at about the same time. Fossil generators produce more when they are asked to and raise the price as we move up their supply curve.



Supporting Investment
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“Regulated” “Market”

Price fixed Feed-in Tariff Contract for 
Differences

Price supplement Production Tax Credit / 
Premium FiT

Tradable Green 
CertificatesQuantity fixed Renewable Portfolio 

Standard

© Imperial College Business School 23

Renewable Support 
Paradigms

Presenter
Presentation Notes
Tradable Green Certificates need not give a fixed quantity of output (or fixed proportion) – the British Renewables Obligation, for example, allowed retailers to buy out their obligation if insufficient generation was available, with a revenue-recycling mechanism that increased the value per certificate that generators should receive (but making both the generators’ revenue streams - certificate value and the market price – uncertain).



• “Non Fossil Fuel Obligation”
• Tenders for renewable generation, fixed-price contracts
• Counter-party was a government-backed agency
• 15-year contracts (in later rounds)
• Many winners did not build their plants

– Could bid before they had planning permission; some signs 
of the winner’s curse

NFFO: the 1990s

© Imperial College Business School

British Experience:

24

Presenter
Presentation Notes
Early rounds of the NFFO gave support until 1998 as the scheme was linked to another scheme due to end in that year (along with other transitional arrangements after privatisation). Once 1998 became close, longer contracts were obviously needed…



• Retailers had to obtain Renewable Obligation Certificates 
for rising percentages of their sales
– Pay a buy-out charge for “missing” certificates

• Generators got ROCs per MWh generated for 15 years 
– Initially 1 ROC per MWh; later differentiated by technology

Renewables Obligation: the 2000s

© Imperial College Business School

British Experience:
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• Buy-out charges 
recycled to firms 
with ROCs

• Overall value    
of subsidy    
fixed in £bn Buy-out

Recycle

Actual

£/ROC

ROCs

Target

Buy-out price

Presenter
Presentation Notes
The area of buy-out payments (the ROCs that were not available, relative to the target) is the same as the area of recycled payments to the firms that did hold ROCs. The height of the two boxes gives the amount a firm should be willing to pay for a ROC – it avoids the buy-out charge and receives the recycled revenue for every ROC it holds. The curved line shows the possible combinations – if actual generation is near the target, the buy-out area will be small and the amount recycled for each ROC held will be low.



• At first, only cheaper technologies were viable
• After “ROC Banding”, more expensive generators got up 

to 4 ROCs per MWh
– Banding Reviews were high-stakes revaluations

• Planning permission still hard to obtain
– Fixed total subsidy meant subsidy per MWh was high

• Generators faced energy price risk and ROC price risk 
– Long-term contracts with retailers at lower prices

• Complex scheme with high transactions costs
– Not suitable for small generators

Renewables Obligation: the 2000s

© Imperial College Business School

British Experience:
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• Fixed-price payments for all electricity generated from 
eligible schemes
– Some countries only pay for electricity exported to grid.

• Payments to new generators fall at pre-announced speed
– Technology costs sometimes fell much faster

• Tariff rate Reviews and limits on capacity registered per 
period introduced to limit the cost
– Cost borne by electricity consumers, but treated as a kind 

of government spending because Parliament ordered it

Feed-in Tariffs: the 2010s

© Imperial College Business School

British Experience

27



0

10

20

30

40

50

60

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

avoided purchase

export tariff

Feed-in Tariff

market value

Capacity and Revenues, GB

© Imperial College Business School

Domestic-scale PV

28Source: Ofgem

MW

2011-12 2012-13 2013-14 2014-15 2015-16

p/kWh (2017)

£25m p.a.

Presenter
Presentation Notes
This shows the amount of small-scale PV capacity added over time, and the amount paid per kWh generated.  Most of the money comes from a payment for every kWh that your panel’s meter shows you generated.  The scheme assumes that half of this was exported to the grid and receives a payment of 3.78 p/kWh (in the early years), equivalent to 1.79 p/kWh on all the output.  Any electricity you don’t export means you are cutting the amount you have to buy and saving the cost of doing so; I’m adding half the average price paid by consumers, on the assumption that they could self-consume half their output.  The “market value” is the average wholesale price of electricity in each year.



• Fixed-price contracts for large-scale generators
– Set up as contracts for differences between a reference 

price (current market price) and the Strike Price
– Generator has to sell its output in the wholesale market

• Strike Prices set administratively at first
– Government estimate of renewable generators’ costs
– Negotiated price for Hinkley Point C nuclear station

• Counter-party is a government-owned company
– Cost passed on to electricity retailers (and consumers)

Contracts for Differences: the 2010s

© Imperial College Business School

British Experience
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Administered prices vs auction results
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Presenter
Presentation Notes
The long lines without markers are the prices the government paid most of the generators starting up in each of the years shown; the short grey line is the government’s estimate of the cost of offshore wind in the early 2020s.  The lines with markers show the prices the government actually had to pay for the renewable generators that had to compete in auctions to get a contract.



Support for Storage
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• Short-term storage
– Offset intraday variation in renewable output or demand
– Balance the system against changing output / demand
– Reserve in case of a sudden failure

• Seasonal shape
– Offset the underlying pattern of renewable output and 

electricity demand
• Seasonal gap-filling

– Offset a week (or more) of unusually low renewable output 
or high electricity demand

Electricity can’t be stored as electricity

© Imperial College Business School

The need for energy storage
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Presenter
Presentation Notes
This shows how generation and demand are spread through the year, starting in Spring and giving the cumulative proportion of the year’s generation (etc) at each date. 70% of annual solar output, for example, is during the six months with longer days, and only 30% in the rest of the year. Wind output is highest in spring and autumn, and lowest in the summer (the curve is flattest then). Demand is slightly higher in the winter months; a mix of wind and PV can have a shape that is closer to that of demand, but there will still be significant periods in which output is above or below demand and storage is required.
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Demand net of renewables

34Source: Electric Insights

Demand

Presenter
Presentation Notes
This shows the week-to-week variation in average demand and renewable output in Great Britain. A 5 GW difference, averaged over a week, is equivalent to a difference of 840 GWh. The UK had 26 GWh of pumped storage hydro capacity and 3 GWh of battery storage capacity (excluding batteries in electric vehicles) in 2022. The UK also had 18 TWh of gas storage capacity, excluding LNG and not counting its ability to offset intraday variations in demand by changing the pressure in the pipeline network (known as line pack) which is equivalent to 1 TWh. (Source: National Grid ESO Future Energy Scenarios)



• Arbitrage
 Participate in day-ahead energy market

• Balancing services 
 Participate in real-time balancing market

• PV Support
 Offsetting the difference between predicted and actual generation

• Network Support
 Reducing need for T & D network reinforcements

• Frequency regulation services
 Providing energy at short notice to keep frequency close to 50Hz

• Capacity market
 Helping to meet peak demand, reducing need for peaking plant 

System Value of Energy Storage



“Revenue stacking” / “value stacking”

System Value of Energy Storage

0 1,000 2,000 3,000 4,000 5,000

(1) = Arbitrage only

(2) = (1) + Balancing

(3) = (2) + PV support

(4) = (3) + Network support

(5) = (4) + FR provision

(6) = (5) + Capacity market

 

Energy Arbitrage Balancing PV Support Network Support FR Capacity Payment

Strbac et al. (2017), http://dx.doi.org/10.1109/MPE.2017.2708858 

£/kW

Revenues are capitalised over 
20 years with a 7% interest rate

FR = Frequency Regulation

Presenter
Presentation Notes
This shows how much revenue a battery unit can earn over its lifetime from different combinations of services – to make as much as possible, it needs to offer a whole range of different services to different parts of the electricity industry. The calculations, done in 2016, are based on an engineering model of the British electricity system in 2030 (National Grid’s “Gone Green” scenario), assuming that the market price for each possible service is equal to the marginal cost of meeting the engineering constraint it relates to (in mathematical terms, the Lagrange multiplier for that constraint). PV (and wind) generators are penalised if their actual output differs from the amount they predicted and sold in advance, and so PV support consists of charging or discharging to minimise this difference and the resulting penalties. Network support is when a generator with co-located storage can reduce the capacity of its network connection below its peak output, storing any excess to be sent out when output is lower and spare capacity becomes available. 

http://dx.doi.org/10.1109/MPE.2017.2708858


• Early battery projects won innovation funding
– Most battery investments on commercial terms

• Government deciding policy for long-duration storage
– “Cap and collar” most likely outcome

• Interconnectors between countries make money from 
price differences between them, i.e. arbitrage
– Annual revenues are topped up if less than collar
– Profits above the cap are paid to the government agency

• Storage revenues depend on price differences over time
– Mechanism suitable for interconnectors should work for it

© Imperial College Business School 37

Support for storage
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Well-designed support cuts 
risks and costs!

Photo: R Green
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