
The Economics of Flexibility

Richard Green

1
13 December 2019

Speech bubbles 
contain comments that 
can be read by moving 
the mouse over them



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

GW of capacity

Strbac et al. (2016) for National Infrastructure Commission

Presenter
Presentation Notes
This shows the capacity mix needed for low-carbon generation in Britain, with different levels of flexibility.  Electricity from wind and solar is expected to be much cheaper than from nuclear and stations with carbon capture and storage – if the system is flexible enough to cope with it! 



• 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
Like most other EU countries, Britain has seen a significant rise in renewable generation.  We’ve also seen a big reduction in coal use, in part because we had a carbon tax on top of the EU Emissions Trading System.



• 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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Presenter
Presentation Notes
Inertia is (roughly speaking) the ability of the system to keep moving as before when something happens – a bowling ball has inertia, a beach ball does not…
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The importance of inertia
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Frequency in Hz (cycles / second)

System inertia time constant: 8s
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Teng et al., (Applied Energy, 2017)

Presenter
Presentation Notes
The less inertia the system has (moving from the blue line to the red one), the faster and further the frequency drops in response to a sudden loss of generation – and the red dotted line shows the limit it is not meant to fall beneath.
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Acceptable wind output
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Presenter
Presentation Notes
This shows the proportion of additional wind output from each tranche of capacity that might need to be shed because the system cannot absorb it, this raising the effective cost per MWh actually delivered…



Three-dimensional electricity
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Renewable Energy, 2015

Lion Hirth’s framework
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Presenter
Presentation Notes
This is a framework which helps explain why real-time prices are more volatile than day-ahead prices, since there is less lead-time, and so the stations able to adjust output to meet demand are likely to be more expensive.



When does “free” electricity 
mean higher prices?

Price variation over time

© Imperial College Business School
13



0

10

20

30

40

50

60

70

0

5

10

15

20

25

30

35

1 3 5 7 9 11 13 15 17 19 21 23

California, 2012 and 2016

© Imperial College Business School

Load, PV Output and Prices
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Source:
Adapted from 
Bushnell and 
Novan, 2018

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

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


Risk in real-time trading
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Day-ahead and Real-time Prices
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£/MWh

Presenter
Presentation Notes
In Britain, day-ahead and real-time prices were very similar on average, but this confirms the greater variation in the real-time prices…



The value of flexibility will 
rise over time
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(Strbac et al., 2012)
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Presenter
Presentation Notes
This shows how the marginal value of storage comes from savings in fuel and other operating costs, and from being able to invest less in generation, distribution and national transmission networks – although the cost-minimising model used here suggests slightly more interconnector capacity would become optimal as more storage is added.
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The value of storage over time
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Presenter
Presentation Notes
This shows that the marginal value of storage rises sharply over time, implying that “investment in advance of need” might be a good idea if it is needed to avoid locking us in to a sub-optimal capacity mix, or to ease deployment constraints later.
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What about the competitors?

Flexible 
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Presenter
Presentation Notes
Storage holds its value if there is more interconnection or other generators become more flexible, but flexible demand (which may involve consumers storing energy services such as heat) is a stronger substitute for electricity storage.



Do we pay enough for 
flexibility?
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Interconnector Economics

Presenter
Presentation Notes
This uses the (possibly familiar) diagram of the value created by an interconnector, replacing expensive generation in an importing region with cheaper imports.  The overall saving (light blue) is greater than the commercial value of the line, but if we had constant returns to scale, the optimal capacity is just able to cover its costs.
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Presenter
Presentation Notes
If we add a second source of social value, which is not paid for, then the commercial decision (unchanged) is now sub-optimal, and it would be better to increase capacity.  (The use of “reserve” is for an illustrative example rather than a comment on particular market designs.)



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 

Modelling by Goran Strbac

System Value of Energy Storage

Presenter
Presentation Notes
This is a list of the various services that storage can provide



Modelling by Goran Strbac

System Value of Energy Storage
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Presenter
Presentation Notes
This shows how the revenues received by the first unit of storage capacity change as it is allowed to provide a greater range of services



© Imperial College Business School 
& Department of Electronic & 
Electrical Engineering 27

It’s profitable to be charged more
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Presenter
Presentation Notes
This shows that a storage unit which only provides arbitrage must charge and discharge frequently to do so (which is bad for its lifetime) while balancing services need much less cycling – the unit will be paid to spend many periods ready to charge or discharge, but not actually doing so.



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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Thank you
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