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Problem solved?

Some recent British data
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Presenter
Presentation Notes
We started this research as members of the EPSRC-funded Supergen Wind Consortium…



0

5

10

15

20

25

30

35

40

2009 2011 2013 2015 2017

Carbon Prices (£/tonne CO2)

0

20

40

60

80

100

120

140

160

180

2009 2011 2013 2015 2017

CO2 Emissions (m. Tonnes)

© Imperial College Business School

Problem solved?

Some recent British data
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Presentation Notes
The UK has had its own tax on fossil fuels used in electricity generation – the Carbon Price Support – since 2013; it’s on top of the need to buy emissions permits through the EU Emissions Trading System
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Problem solved?

Some recent British data

4

CO2

Presenter
Presentation Notes
Most of the coal closures were because the (old) stations would otherwise have to fit Flue Gas Desulphurisation – those that did not had to close by the end of 2015



• How generation changed in Britain
• Past studies of emissions savings
• Our approach

– Shapley Value to assign reductions to changes
– Simulation modelling – the enhanced merit order stack

• Results
– What caused the fall in emissions
– What did this do to prices?
– What was cost-effective?

© Imperial College Business School 5

Agenda



How did generation change?
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Presenter
Presentation Notes
This is for Great Britain (England, Scotland and Wales) as Northern Ireland is part of the Single Electricity Market with the Republic of Ireland.  The SEM is the main destination of British electricity exports; we tend to import from France and The Netherlands.



The power of carbon prices
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Presenter
Presentation Notes
The carbon prices have relatively little impact on the effective cost of gas generation…
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Presenter
Presentation Notes
…and a much bigger impact on the cost of electricity from coal
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GB Fuel & Electricity Prices

Sources: Elexon, BEIS and ICE

Fuel prices are for the 
amount needed per 
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Presenter
Presentation Notes
This shows that the average electricity price in the day-ahead market tended to follow the cost of the more expensive of the two fuels used to generate power.  The exception is in the two summers at the very end of the period, when there was so little coal-fired generation that it hardly affected the price, which was set by the (cheaper) cost of gas.



Previous studies

© Imperial College Business School
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Who? Where? What? How Much? Reference

Hawkes Great Britain Demand 690 kg/MWh Energy Policy, 
2010

Siler-Evans et al. United States Demand 490-830 kg/MWh 
(vary over place)

Environ. Sci.
Technol., 2012

Kaffine et al. Texas Wind 470 kg/MWh Energy Journal,
2013

Cullen Texas Wind 429 kg/MWh 
560 kg/MWh

AEJ: Econ. Pol., 
2013 

Thompson et al. Great Britain Demand 
Wind

490-660 kg/MWh 
483-611 kg/MWh 
(vary over time)

Energy Policy, 
2017

Chyong et al. Great Britain Wind 334-436 kg/MWh 
(vary over time)

EPRG working 
paper, 2019

Econometric studies

Marginal CO2 Emissions

Presenter
Presentation Notes
These are all econometric studies showing how emissions change in response to hour-to-hour changes in demand or in the output of wind generation



Chyong, Guo and Newbery (EPRG WP, 2019)

Emissions savings from wind

MC Coal – MC Gas (rhs)
£/MWh

Peak Marginal Emissions Saving (lhs)

Average

Tonnes CO2/MWh

2012          2013           2014           2015           2016           2017      

Off-peak Marginal Emissions Saving (lhs)

Presenter
Presentation Notes
This paper shows how the marginal emissions savings vary with the price differential between coal and gas generation, and with the time of day (off-peak overnight and peak daytime)



• The Merit Order Effect
– Renewable output depresses prices until capacity adjusts
– Sensfuβ et al. (En. Pol., 2008)
– Sáenz de Miera et al. (En. Pol., 2008)

• The Twomey-Neuhoff Effect
– Renewable output depresses its own price
– Twomey and Neuhoff (En. Pol., 2010)

• The race between costs and revenues
– Capacity gives learning, cutting costs; but revenues fall too!
– Green and Léautier (Toulouse WP, 2015)

© Imperial College Business School

Renewables and Prices
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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.)

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


Decomposition by Hirth (En Jnl, 2017)

German Electricity Prices

Presenter
Presentation Notes
This paper is the closest to what we do (I think) – decomposing the effect of various changes in input variables on the price of power.  But notice that there’s a residual for interactions, and this graph doesn’t show whether the model error changed over time



The Shapley Value

Getting rid of the residual

© Imperial College Business School
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Presenter
Presentation Notes
In earlier work, we found that the measured impact of, say, wind generation depended on whether we were asking if the only thing that changed from the (high-carbon) system of 2012 was wind generation (so it saved a lot of coal-fired power) or we asked if wind was the only thing that hadn’t change to get the (low-carbon) system of 2016 (in which case it was mostly replaced by gas).  We’d like to get away from this discrepancy with a single, robust, measure.



• How much do you bring to a coalition?
– Add yourself to every possible sub-coalition and take the 

average impact

• 𝜑𝜑𝑖𝑖(𝑣𝑣) is the Shapley Value
• N players
• S is a potential coalition among them
• 𝑣𝑣(𝑆𝑆) is the worth of that coalition

A concept from cooperative games

The Shapley Value

© Imperial College Business School 19

𝜑𝜑𝑖𝑖 𝑣𝑣 = �
𝑆𝑆⊆𝑁𝑁∖ 𝑖𝑖

𝑆𝑆 ! 𝑁𝑁 − 𝑆𝑆 − 1 !
𝑁𝑁!

𝑣𝑣 𝑆𝑆 ⋃ 𝑖𝑖 − 𝑣𝑣 𝑆𝑆

weighting i’s contribution

Presenter
Presentation Notes
Among the nice properties of the Shapley value is that it exactly allocates the value generated by a coalition between the members of that coalition with no residual – in our context, the changes in emissions are allocated between the various changes in input variables.



• Worth is carbon emissions, which fell from 164 to 66 mt.

• Carbon price rose from £6/tonne to £32/tonne

• Coal price rose from £9/MWh to £10/MWh and gas price 
fell from £21/MWh to £19/MWh

• Coal capacity fell from 26 GW to 14 GW and gas capacity 
fell from 31 GW to 29 GW

• Wind capacity rose from 7 GW to 22 GW

• Solar PV capacity rose from 1 GW to 13 GW

• Demand fell from 319 TWh to 294 TWh

Applying the concept to our setting

The Shapley Value of Wind

© Imperial College Business School 20

Presenter
Presentation Notes
These are the 6 changes we study, and need to form into coalitions.  



Simulation modelling: 
Enhanced Merit Order Stack

Ward, Green & Staffell (En. Pol. 2019) 
https://doi.org/10.1016/j.enpol.2019.01.077

© Imperial College Business School
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Presenter
Presentation Notes
With repeated model runs needed to see the impact of our “coalitions of changes”, we needed a model that can run fairly fast…

https://doi.org/10.1016/j.enpol.2019.01.077
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Presenter
Presentation Notes
The merit order stack often has relatively few blocks of plants and produces price profiles that are too flat to reproduce reality – and this can also be the case with models that include more operating constraints…
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Presenter
Presentation Notes
Our heuristic is to create tranches within each type of plant – the first bid low to prevent shut-downs, the latter ones bid high to reflect lower marginal heat rates and wear and tear at high usage rates (and perhaps to exploit market power)
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Presenter
Presentation Notes
This gives an overall bid curve that looks more like the actual patterns seen in the market



Standard (left) versus 
Enhanced Merit Order Stack

Plant Utilisation (load factor)

Presenter
Presentation Notes
It does a better job of modelling quarter-by-quarter load factors – the basic stack tends to over-use the cheaper technology so that the technology with the higher actual load factor is over-predicted, and a technology with a lower load factor is under-predicted.



Standard (left) versus 
Enhanced Merit Order Stack

CO2 emissions (m. tonnes)

Presenter
Presentation Notes
With a better match to operations, we also do better on emissions



Simulation results

© Imperial College Business School
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Model inputs and outputs
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Model inputs and outputs
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Model inputs and outputs

30

Coal TWh

Gas TWh

CO2 mt

Price £/MWh

Fu
el

 C
os

ts
 (£

/M
W

h)
   

   
   

   
   

C
ap

ac
ity

 (G
W

)



Nothing was fixed?

What if…
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Presenter
Presentation Notes
This is what we get when we reproduce actual input conditions



Fossil capacity was fixed?

What if…
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Presenter
Presentation Notes
Notice the decline in coal capacity…



Fossil capacity was fixed?

What if…
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Presenter
Presentation Notes
… and what happens to emissions and outputs when we keep it constant (cycling the actual quarterly availabilities of 2012).  More capacity means prices fall.



Fossil and renewable capacity was fixed?

What if…
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Presenter
Presentation Notes
Now look at the increase in wind and solar capacity…



Fossil & renewable capacity was fixed?

What if…
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Presenter
Presentation Notes
… and remove it – the slight rise through 2012 is replicated, though.  Emissions worsen; prices move back up to roughly where they were



Drivers of emissions

© Imperial College Business School
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Presenter
Presentation Notes
We used a simulation model to get these estimates; it is not a perfect fit, and the difference in how well it fits the data explains the rest of the change 
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Presenter
Presentation Notes
Emissions were lower in 2011 (and relative fuel prices very similar to 2018) and so the absolute numbers change, but their approximate relative sizes are maintained…
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Wind -582 -620
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© Imperial College Business School

“Non-marginal” emissions
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Gas intensity: 394 tCO2/GWh      

Coal intensity: 937 tCO2/GWh

Presenter
Presentation Notes
This divides the emissions savings by the amount of generation / demand change
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Presentation Notes
This does the same for price changes



• Renewables Obligation Certificates
– “Tradable green certificates”, technology-differentiated, 

from 2003-c.2015
• Feed-in Tariffs

– Small-scale generators, from 2010
• Contracts for Difference

– Large generators, auctioned contracts, from 2015
• First schemes at “administered prices”

© Imperial College Business School

Renewable Subsidies
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Presenter
Presentation Notes
The UK has had three schemes to subsidise renewable electricity



• Wind subsidy of £85/MWh (of wind output)
• Merit Order Effect of £5.36/MWh (market-wide)
• Overall impact: increase of £4.6/MWh (market-wide)

• Solar subsidy of £80/MWh (of PV output)
• Merit Order Effect of £2.32/MWh (market-wide)
• Overall impact: increase of £0.5/MWh (market-wide)

© Imperial College Business School

Impact on consumer prices
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Presenter
Presentation Notes
The wind subsidy is surprisingly large – a high proportion of offshore wind, and several schemes commissioned at “administered prices” that proved very generous compared to the winning bids in the later auctions.



• NB this uses subsidy rather than resource cost of wind 
and solar
– Changes in coal and gas output assigned via Shapley 

values and costed at 2018 fuel prices
– No attempt to consider impact of demand responses

• Wind saved 20 m tonnes CO2 for £90/tonne
• PV saved 7 m tonnes CO2 for £60/tonne  
• Carbon prices saved 15 m tonnes CO2 for £14/tonne

© Imperial College Business School

Cost of carbon reductions
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Presenter
Presentation Notes
These are probably the most provisional numbers in the presentation – please handle with care!  The “resource cost” of the carbon price is simply the difference in the market value of the gas used and the coal it substitutes for…



Thank you

© Imperial College Business School
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