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• Flexibility is the ability to respond to the changing needs 
of the power system
– Generators
– Demand response
– Storage
– Transmission 
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What is flexibility?

2



• £6bn per year cost saving for a 50g/kWh power system
• £4.5bn per year for a 100g/kWh system

0

20

40

60

80

100

120

140

160

Low Flex Mid Flex High Flex Low Flex Mid Flex High Flex

Solar

Wind

Storage

OCGT

CCGT

Gas CCS

Nuclear

© Imperial College Business School

Does it matter?
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• Flexibility involves a range of services from a range of 
providers, some currently unpriced

• How do we coordinate everything?
• What are the right incentives?
• How large are the transactions costs?
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Will we deliver it?
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Why is flexibility needed?
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• Generation = Demand + Losses 
+ net Storage + net Exports

• Line Flows ≤ Limits
• Voltages within acceptable ranges (reactive power)

• Generators meeting their own constraints
– Minimum on/off times
– Maximum ramp rates
– Minimum stable generation

• Reserves sufficient, given risks and response times

(making the power system work)
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Constrained Optimisation
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Presenter
Presentation Notes
This graph shows how renewables are meeting an increasing share of the (declining) demand for electricity in Britain (and how coal has been squeezed out of the system by our carbon tax).
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Coal, Gas and Oil, versus Wind and Solar

Variable Generators (x2)
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Presentation Notes
Which graph shows the “variable renewable” generators?
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Variable Generators (x2)
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Presenter
Presentation Notes
I did have to choose my week quite carefully, but we’ll see this kind of pattern more often as the proportion of wind and solar generation rises.



• may be more likely to…
– be in the wrong place relative to load
– be at the wrong time relative to load
– have too little inertia

(wind and solar)
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Renewable Generators…
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The price of flexibility
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Day-ahead and Real-time Prices
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£/MWh

Presenter
Presentation Notes
Day-ahead and real-time prices are similar in expectation, but the real-time prices are far more volatile, rewarding those who are able to vary generation in response to the system needs.



When does “free” electricity 
mean higher prices?
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When the system’s not flexible…
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Load, PV Output and Prices
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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.)  Gas prices (the main determinant of variable costs) were similar in the two years.

http://dx.doi.org/10.1049/iet-rpg.2014.0101


Could free power be too 
expensive to use?
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The importance of inertia
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Presenter
Presentation Notes
This shows that the speed and size of the drop in frequency after a fault depend on how much inertia the system has.  The red dotted line shows the legal limit that the system operator has to maintain.
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Acceptable wind output
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Presenter
Presentation Notes
If the system is inflexible, having too much wind at times of low demand means that there will not be enough generators with inertia to keep the system stable in the event of a fault.  Some wind generators are turned off to allow more inertial plants to run.



Contracts with 5 providers at 7 sites, giving 12.5 GVA.s of inertia

Presenter
Presentation Notes
I spotted a recent award of contracts to provide inertia to reduce output-shedding by wind farms.



The value of flexibility will 
rise over time
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(Strbac et al., 2012)
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The value of storage over time
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Presenter
Presentation Notes
This shows that the value of storage, and the amount that might be needed, rises rapidly over time, suggesting that we need to be investing now to reap the benefits later.



The value of flexibility 
sources depends on what 
else is available

© Imperial College Business School
22



0

500

1,000

1,500

2,000

2,500

0 5 10 15

Distributed Storage
Interconnection
Flexible Generation
Flexible Demand

© Imperial College Business School & Department of Electronic & Electrical Engineering 23

Any substitutes for storage?
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Presenter
Presentation Notes
Adding flexible generation, or more interconnection, makes little difference to the marginal value of storage, but flexible demand (often storing heat or cold) is a good substitute.



The need to multi-task



• Arbitrage
 Participate in day-ahead energy market

• Balancing services 
 Participate in real-time balancing market

• Network Support
 Reducing need for T & D network reinforcements

• Frequency regulation services
 Providing primary/secondary / tertiary frequency regulation 

services
• Capacity market

 Contributing to meeting peak demand, reducing need for peaking 
plant 

System Value of Energy Storage

Presenter
Presentation Notes
These are the system services that energy storage can provide



System Value of Energy Storage
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Presenter
Presentation Notes
This shows the value that the first storage unit on a system can gain from each of the services, in different combinations.  Arbitrage is a small part of the whole.
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Balancing Great Britain

27Source: National Grid ESO
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Presenter
Presentation Notes
This is what the British system operator is currently paying for.



Getting the right incentives
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• What’s the right mix of fast and slow response to buy?
– How valuable is each type?
– What is on offer?

• Greve and Pollitt suggest a Vickrey-Clark-Groves auction
– System operator calculates the value of each combination
– Chooses combination that maximises value minus bid
– Pays selected providers their contribution towards 

maximised social value
• Value with that provider, minus value without

– Incentive compatible – best to bid your true cost!

© Imperial College Business School

Multi-product auction design
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Do we pay enough for 
flexibility?
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Thank you
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