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This is a tidied-up, slightly edited, 
version of the slides presented at the 
seminar, with thanks to attendees for 
helpful suggestions.  Use the mouse 
on the printed bubbles to see my 
comments

Presenter
Presentation Notes
This is a tidied-up, slightly edited, version of the slides presented at the seminar, with thanks to attendees for helpful suggestions.



• Complexity and winner-picking have increased costs
• Capacity auction (based on Equivalent Firm Power) is the 

most efficient way to meet security of supply
• Carbon tax (economy-wide, with border adjustment) is 

the most efficient way to meet carbon targets
– Alternatively, add a carbon-constrained second stage to the 

capacity auction
• Network regulation should be reformed

– System Operators would tender for many functions
• Suppliers should compete on a published supply margin 

and pass through all other costs transparently

A brief, selective, summary

The Helm Review
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(mostly) Chapter 6 of the Review

Three technological trends

Digitalisation 
and 

electrification 
of demand

Renewables 
with zero 

Marginal Cost

Energy 
Storage in 

batteries, etc.

Electric Vehicles

Greater 
Demand 

Response

Shadow value of stored energy

Presenter
Presentation Notes
The arrows point to areas where two trends have a joint impact – the need for greater demand response to offset variable renewables, and the ability to provide it through digitalisation; the electrification of transport providing batteries inside electric vehicles with some storage for the grid; the fact that if electricity is stored, its opportunity cost may no longer be zero, even if the case marginal cost is.
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Chapter 7 of the Review

Electricity Generation

Wholesale 
Market: 

Supply = 
Demand

ROCs,      
FiTs & CfDs: 
Low-carbon 

power

Capacity 
Market: 

Security of 
supply

“The missing 
money problem”

Intermittency 
needs back-up

Limited contribution, but >0

Presenter
Presentation Notes
This combined the three elements of the current market.



• Capacity costs will rise relative to running costs

• Much low-carbon output is effectively must-run
• Surplus output leads to zero or negative prices

• Intermittent wind and solar plant needs back-up

• Gas plants will see falling load factors

• Can costs be recovered in the energy market?

Chapter 7 of the Review
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The wholesale market
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• Government / System Operator sets capacity target
• Generators offer Equivalent Firm Power

How do you 
define “EFP”? “Central balancing” “Self-balancing”

Generators sell: De-rated capacity Firm capacity

Back-up is 
contracted by: System Operator Generators

© Imperial College Business School

The EFP Auction
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Presenter
Presentation Notes
This is intended to deal with security of supply – procuring capacity – and with the carbon target, if there is no economy-wide carbon price.  In the latter case, there would either be a second auction with an explicit limit on carbon emissions, or the auctioneer would use information from the first round (in an unspecified manner) to replace higher-carbon generators with the most cost-effective low-carbon ones. There are two ways to define what is sold in an EFP auction, shown in the box.  I am not quite sure which version Prof Helm favours, but suspect it is the self-balancing model.  This has more scope for innovation, but perhaps a risk of duplication, if many generators are seeking backup and only some of them end up needing it…



What could we expect in the 
wholesale market? 

Principles of supply and demand
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Prices reflect Marginal Costs

Demand and Supply
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British Energy Prices
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£/MWh

Source: ElectricInsights.co.uk

Presenter
Presentation Notes
Electricity prices roughly follow the more expensive fuel – the fuel numbers are adjusted for typical thermal efficiency and carbon costs
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Generator Costs & Revenues

£/kW-year
Open Cycle Gas Turbine Combined Cycle 

Gas Turbine

Nuclear

Hours per yearOCGT 
cheapest

CCGT 
cheapest

Nuclear 
cheapest

Presenter
Presentation Notes
The black lines have intercepts given by the fixed costs of each plant type, and slopes equal to their marginal cost.  The red line has a slope equal to the market price, and if peak prices are high enough to cover the fixed cost of a peaking plant, all plants in the optimal capacity mix cover their full costs.
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Load-duration and Capacity
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German Energy Prices:      
The Merit Order Effect
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Presenter
Presentation Notes
The German electricity price moved away from the gas price as solar capacity took off…



The long-run adjustment

Demand and Supply
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Nuclear CCGT OCGT 

Marginal Cost

The merit order effect

Presenter
Presentation Notes
This was the start of an animation in which the demand curves shift in to reflect the output of renewable capacity…



The long-run adjustment

Demand and Supply
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Presenter
Presentation Notes
…and so prices fall.  In due course, capacity would leave the market, and prices rise again, but early closures imply losses…
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Capacity and Load
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Presenter
Presentation Notes
This shows the new capacity mix – more mid-merit and peaking plant, and less baseload
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Generators’ Load Factors

16Source: Digest of UK Energy Statistics
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Presenter
Presentation Notes
There’s been a long-term fall in load factors
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Capacity and Peak Demand
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Source: Digest of 
UK Energy Statistics

Presenter
Presentation Notes
Thermal capacity has fallen, but is still well above peak demand



Modelling the future

The energy market is here 
for the long term…
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• Merit order stack with nuclear, biomass, CCGT, OCGT, 
diesel, load-shedding

• Costs based on 2016 BEIS Generation Cost Report and 
central fuel price projections for 2025

• Weather pattern of 2011 for demand and renewable 
output

• Autarkic GB system, with daily storage cycle
• Adjust capacity for (approximate) break-even and low 

amounts of load-shedding with a VOLL-linked price
• Cap the energy price at a lower level, and assume EFC 

auction revenues will fill the gap

A simple model
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Buying Capacity or Energy?
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Presenter
Presentation Notes
This gives the share of revenues – across all generators and assuming that there are no top-ups for renewable generators – that would come from the capacity auction.  The capacity price was set at the level needed for new CCGT and OCGT plants to break even, given a plant mix that had changed in response to the amount of renewable capacity
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The shape of future prices?
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Presenter
Presentation Notes
This shows many zero prices as renewable capacity rises (the lines correspond to the three points on the previous graph), but also many positive ones.  The lines are step functions because the model only includes a few plant types, and only average variable costs, ignoring the start-up costs and the like which produce more variation within daily prices.
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Richard Green
Presentation Notes
These slides are included because if renewable capacity is supported by the capacity auction, but also selling at wholesale market prices, and if those prices are as high as suggested in the previous slide, then the generators will get a lot of their revenues from the market.  They are then much more exposed to profit risk from fluctuations in the price of gas driving the wholesale power price than they are at present (with contracts for differences).  Gas-fired generators see their costs and revenues moving largely together, but fixed-cost generators (calculations in my 2008 paper were for nuclear, but the principle applies to wind and solar) have revenue risk with nothing to offset it, raising their cost of capital.
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Presentation Notes
The optimal portfolio does not have many fixed-cost generators in it…
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Presenter
Presentation Notes
… unless they can have long-term fixed price contracts to hedge their risk, in which case they become very attractive for risk-averse companies.  Note that these contracts have no subsidy (the model’s input numbers meant that none was needed) but are just at the long-run average of the market price.



What is electricity worth?

Some power stations are 
more equal than others

© Imperial College Business School
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• Hirth et al. (Renewable Energy, 2015) doi:10.1016/j.renene.2014.08.065

have differentiated electricity in terms of:
– Time
– Location
– Lead Time

• The most valuable power is typically produced:
– When demand is high compared to supply 
– Geographically* close to consumption
– With little or no notice

– * In fact, electrically close, which may not be quite the same

© Imperial College Business School

Dimensions of power
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GW Ranked by gross demand

Presenter
Presentation Notes
This shows that the output of solar PV panels is fairly evenly distributed in terms of the gross demand for power at the time the panel is producing – perhaps concentrated slightly more in higher-demand daylight hours…
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GW Ranked by net demand

Presenter
Presentation Notes
If we rank the hours by the demand left over for other stations, we get a similar picture – for this low level of PV capacity
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GW Ranked by net demand

Presenter
Presentation Notes
With more PV, we tend to find that the demand left over for other stations is lower
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GW Ranked by net demand

Higher Prices Lower Prices

Presenter
Presentation Notes
With this very large amount of PV capacity, its output is clearly clustered at times when the demand on other stations is relatively lower, and those are the times when prices will be relatively low.
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PV and Relative Prices
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After Hirth (2015) 
http://dx.doi.org/10.10
49/iet-rpg.2014.0101

Relative price

Presenter
Presentation Notes
This shows the relative pattern of prices in the three sunniest months, and how the rising amount of solar output (there was practically none in 2009) has depressed the mid-day prices

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

32Source: ElectricInsights.co.uk

Relative to time-weighted price

Presenter
Presentation Notes
Solar power has moved from earning more than the time-weighted average price, to earning less.  Wind also earns (slightly) less, fossil plants earn more, and nuclear generally earns very close to the time-weighted price .



2011 data only Onshore Wind Offshore Wind PV

Annual Average 
Load Factor 27% 37% 10%

LF in top 1% of 
gross demands 27% 41% 1%

LF in top 1% of 
net demands 10% 13% 2%

© Imperial College Business School

What is the Equivalent Firm 
Capacity of Renewables?
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Presenter
Presentation Notes
(Amended to include the line for net demands) This shows that if capacity were valued in terms of its output when total demand is highest, wind makes a contribution about as high as its average load factor.  But if the EFP auction looked to reward generators in terms of their contribution in the periods when the capacity margin in terms of the amount of thermal plant and the load it has to meet, net of renewables, is likely to be lowest, then wind is much less valuable.  Solar contributes little on either definition.  So the EFP auction will not bring much revenue to these generators if the “central balancing” model is followed, unless there is a very large premium for generators meeting carbon constraints.



What if we have an Energy
Market?

How storage changes price-setting
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Presenter
Presentation Notes
I did not actually present the next few slides at the meeting, but they give some implications of my third intersection of technological trends, the fact that energy storage changes price-setting.



-100

0

100

200

300

400

500

600

700

800

A volatile market

April May June July Aug Sept Oct Nov Dec Jan Feb Mar

£/MWh
Day-ahead Electricity Price (half-hourly)

Great Britain, April 2016-March 2017

Source: ElectricInsights.co.uk



-10

0

10

20

30

40

50

60

70

80

A less volatile market

April May June July Aug Sept Oct Nov Dec Jan Feb Mar

€/MWh
Day-ahead Electricity Price (half-hourly)

Norway, April 2016-March 2017

Source: Energinet.dk

Presenter
Presentation Notes
Note that the scale of the lines is very different.  Why is Norway different – storage!
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Supply and Demand
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Presenter
Presentation Notes
The conventional view would see the price dropping to zero if the slope of marginal cost became flatter and flatter (or it moved out to the right)
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Supply and Demand
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Finn’s bathtub, from Forsund (2007) Hydropower Economics, Springer

Presenter
Presentation Notes
But in a market that stores a large amount of energy to be used across two (or more) periods, having a zero cash marginal cost does not mean that electricity consumption now has zero opportunity cost…
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Reservoir Levels
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Presenter
Presentation Notes
Prices in Norway follow hydrological patterns and the amount of energy in storage (on the vertical axis)



Storage with generation

Richard’s bath-tub 

Period 1 (GWh) Period 2 (GWh)

MC1MC2

P1

P2

Demand1 Demand2

Storage 1-2

The maximum amount of storage is limited by its energy capacity 
(horizontal arrow) or the minimum price ratio (P2/ P1 > efficiency)

£/MWh £/MWh

Presenter
Presentation Notes
We’d need to modify the diagram when electricity is produced with positive marginal costs.  Demand is now fixed in each period (for simplicity) but storing energy from period 1 to period 2 means that additional output in period 1 (relatively cheaper) replaces some in period 2 (more expensive)
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Storage and price patterns
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15 Jan        16 Jan       17 Jan       18 Jan       19 Jan       20 Jan

Presenter
Presentation Notes
This is just an extract from a modelled series of prices to show that storage can flatten peaks and raise troughs in prices – though spikes may be replaced by plateaus at intermediate levels, as happened in the last day of this data.  As before, the model has relatively few plant types, and so very stepped prices.



• Even with a lot of zero-MC plant, positive power prices 
will dominate returns to generators

• Power prices linked to gas are risky for renewables, and 
they won’t get much more from an EFP auction

• Storage could start to affect price patterns, but you need 
high power and energy capacity relative to RES capacity

© Imperial College Business School

My reactions:
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Over to you…

Thank you!
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