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Summary 
This paper presents modelling results which analyse the levels of policy support that are needed 

over-and-above prevailing market prices in order to create suitable incentives for investment in low-

carbon power generation technologies under conditions of market uncertainty.  Without any carbon 

price in place, market prices are projected to remain insufficient to cover the full investment costs 

for most low-carbon generation options, despite assumed cost reductions and fossil-fuel price 

increases over a 30-year time horizon.  The results indicate that a carbon cap of 1.74% reduction per 

year (similar to current EU-ETS but excluding the effect of current surplus allowances in the system) 

can significantly reduce the expected gap between the costs of low-carbon technologies and market 

prices in the longer term.  However, there is a wide range of uncertainty over the outcome of this 

cost gap.  Whilst on average the cost gap is closed for the most cost-effective low-carbon 

technologies, there are many realisations of the uncertain variables where it will not be closed.  This 

implies that there the potential need for on-going price support after 30 years, even for the most 

cost-effective technologies.  The key variable driving this risk is gas prices.  Low gas price scenarios 

tend to drive low electricity prices which are detrimental to the investment case for low-carbon 

sources, and create a risk for policy-makers regarding the level of additional subsidies needed.   

Stronger carbon caps targeting 3.5% reduction per year help to close this gap more quickly, but will 

only reliably close the cost gap for the most cost-effective low-carbon technologies.  Under the 

assumptions in this analysis, this includes nuclear and the more cost-effective onshore wind sites.   

The UK government’s carbon price floor leads on average to a reduction in the cost gap that is 

similar to this stronger cap scenario.  The price floor also helps to reduce the range of outcomes, 

although other sources of uncertainty remain important, and outcomes are still risky.   

Increasing caps even more strongly to drive full decarbonisation in the power sector causes the 

financial position of low-carbon technologies to deteriorate in the longer term as carbon prices 

cease to be passed through to the electricity price. This suggests that for many low-carbon 

technologies, price support may need to be re-introduced in the long-term, either through direct 

policy support measures or by allowing greater market power of incumbents to mark-up prices 

above marginal costs.  This creates a dilemma for policy-makers whose aim (at least as stated in the 

recent UK draft energy bill) is to progressively withdraw policy support from low-carbon 

technologies in order to allow them to compete under market conditions.  

Overall, the results indicate that a wide range of outcomes (in terms of the cost-competitiveness) for 

low-carbon generation sources are possible due to uncertainty in key parameters such as fuel and 

technology costs.  Who bears these risks depends on policy design.  In the UK context, the risks 

would largely fall to consumers who cover the payments to be made under contracts-for-difference 

for low-carbon technologies.  A key challenge is to set the strike price for these contracts at a level 

that provides sufficient incentive to invest without over-burdening consumers.  This analysis 

indicates that this balance will be difficult to achieve under conditions of uncertainty.  Policy-makers 

should consider how they will deal with the relatively high probability of outcomes where the 

required scale and duration of support needed is either significantly greater than or significantly less 

than expected under ‘average’ conditions.   



 

The wide range of economic outcomes suggest that tariff reviews may be needed in order to avoid 

long periods of over- or under-compensation for low carbon investments.  Regular pre-planned tariff 

reviews might be more credible than trying to set very long-term tariffs, and might therefore create 

more predictability if they can be designed to give foresight about the terms of any future changes.  

More work is required to assess how policy reviews could achieve this, and also to ensure that such 

reviews do not disrupt the dynamic efficiency effects of allowing companies to profit from 

innovations that reduce technology costs. 

The paper introduces a novel modelling methodology to support this analysis, which allows an 

integrated analysis of carbon and electricity prices under uncertain market conditions.  The model is 

based on marginal abatement cost curves (MACCs) to represent carbon markets, and short-run 

marginal generation cost stacks to represent electricity markets.  Both the MAC curves and the 

electricity stacks are stochastic, allowing for uncertainty in fuel prices and technology costs.  The two 

markets are linked in the model by ensuring that the electricity generation mix is reconfigured for 

every step in the MAC curve.  For any specified carbon abatement profile over time, the model 

therefore derives self-consistent carbon and electricity prices for each realisation of the stochastic 

input variables.  The ‘MACC + Stack’ model solves directly in Excel without the need for macros or 

offline programmes, giving ‘live’ visual feedback on the effects of uncertainty, making the tool 

suitable for a range of decision-support applications.  
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Not too much, not too little:   
The difficulty of setting adequate clean energy 
incentives in risky carbon and electricity markets 

1. Introduction 
Governments across the world are designing policies to encourage the development and 

deployment of clean, low-carbon sources of electricity generation.   Many of the technological 

challenges that previously prevented widespread deployment are being rapidly addressed.  Recent 

cost reductions, in particular for renewable technologies such as wind and solar, have dramatically 

altered the economics of generating electricity from these sources.  Much of this cost reduction has 

arisen from ‘learning-by-doing’ and economies of scale in the renewable energy supply chain that 

have arisen as a result of targeted policies aimed at development of the sector.   

The costs of nuclear power are more uncertain.  Whilst manufacturers’ estimates suggest the cost of 

nuclear power is already competitive with fossil fuel sources, evidence from the few projects 

currently being developed suggest that real costs may be significantly higher.  Carbon capture and 

storage (CCS) technology looks promising for the longer term, but lacks testing at commercial scale, 

and costs are again uncertain.  

Although the costs of low-carbon electricity sources may be expected to trend towards levels where 

they could compete with the costs of power from fossil-fuel sources, current market prices for 

electricity are not sufficient to entirely support the investment case for these technologies.  Current 

electricity prices in many European countries are suppressed due to the weak economic outlook 

which implies quite significant over-capacity in the electricity system, and the outlook for fossil fuel 

prices remains uncertain with downward pressure created both by weak economic activity and 

potential new sources of cheap gas entering the market. 

Putting a price on carbon emissions in principle helps low-carbon electricity sources by increasing 

the cost of fossil fuel generation which re-balances their relative competitiveness.  Current carbon 

prices in the EU emissions trading scheme (EU-ETS) are however too low to materially affect the 

investment case for most low-carbon sources.  This is again in quite large part due to the weak 

economic performance and outlook in Europe, which has suppressed electricity demand and 

industrial output since 2008 when the caps were set, and created an oversupply of allowances. 

Increasing the supply of low-carbon electricity sources into an already over-supplied market requires 

incentive mechanisms to work harder in order to overcome the weak market signals.  However, 

these market prices are by their nature volatile and uncertain.  Coupled with uncertain cost 

trajectories for the technologies themselves, this means that designing subsidy regimes to create 

appropriate investment signals (not too much, not too little) becomes a difficult task that has to 

incorporate calculations about sharing risk between public and corporate sectors.   

To make matters harder, low-carbon technologies have now moved beyond being niche players to 

become mainstream energy suppliers, so that these subsidies and incentives feed back into the 
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electricity market prices to which they are often indexed.  This creates even more complex feedback 

loops to consider in the policy design. 

This paper introduces a ‘MACC + Stack’ model that provides an intuitive visualisation tool that 

captures some of these key interactions.   The model takes account of the linkages between carbon 

markets (modelled using marginal abatement costs curves ‘MACCs’), and electricity markets 

(modelled as ‘Stacks’) taking account of technology subsidy regimes, and explicitly accounting for the 

interaction between these different pricing mechanisms. The Excel-based model solves directly 

without the use of coding or macros, so that stochastic variation in input variables give a visual 

assessment of the effect of uncertainty.   

As an illustration of how the model can be used, it is applied to problem of setting policy-support 

levels for low-carbon technologies under conditions of market uncertainty.  The research question 

and rationale for the model set-up is elaborated in Section 2.  The model is then described in Section 

3, before presenting the results of the policy analysis in Section 4.  Section 5 provides concluding 

remarks. 

 

2. Research Question 
The model can be applied to a range of policy questions associated with the diffusion of energy 

technologies under conditions of market uncertainty.  This paper concentrates on the question of 

how policy support for low-carbon technologies may need to evolve over a longer term 30 year 

timeframe.  The point of departure for this analysis is provided by the UK electricity market reform 

process.  The draft energy bill released in May 2012 proposes several fundamental changes to the 

way in which low carbon energy sources are funded.   Whilst different technologies are expected to 

be treated differently under this reform, a common expectation is that all technologies will 

eventually become cost-effective under prevailing market conditions.  These expectations are set 

out in Figure 1 of the draft energy bill, reproduced below: 
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Figure 1  The four stages of Electricity Market Reform identified in Draft UK Energy Bill 

This paper focusses on the feasibility and risks associated with achieving this long run vision.  As 

envisaged in the energy bill, technology support tapers off over time until by the late 2020s low 

carbon technologies are mature enough to compete under prevailing carbon and electricity prices.  

This expected evolution is represented schematically in Figure 2. 

 

Figure 2 Expected evolution of policy support for low-C technologies under EMR 

In the UK, the ‘cost gap’ illustrated in Figure 2 is to be bridged by contracts for difference between 

the cost of generation and market prices.  The evolution of this cost gap is therefore central to the 

question of the level and duration of such contracts.  Achieving convergence between generation 
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costs and market prices is easier said than done because of complex interactions between policy 

support incentives, the economics and diffusion of low-carbon generation, and the price signals in 

key markets.  These interactions are shown schematically in Figure 3. 

 

 

 

 

 

 

 

 

Figure 3  Policy mechanisms interact dynamically with carbon and electricity markets to influence the economics and 
diffusion of low-carbon technologies 

These interactions mean that there are several ways in which the expected convergence of policy 

support with market prices could be disrupted: 

 Carbon price trajectories are highly uncertain because of uncertainty over the level of the 

carbon cap, and because of uncertainties about the underlying costs of abatement (e.g. 

relative prices of gas and coal, technology costs) that drive carbon prices. 

 Low-carbon support policies can themselves influence the carbon price, as they will tend to 

reduce emissions in the EU-ETS, reducing demand for allowances, and deflating carbon price 

values. 

 Under long-run deep decarbonisation scenarios, the structure of the electricity system will 

be significantly different, being made up largely of low-carbon generation technologies 

which will result in a different electricity pricing regime, and a different set of risks and 

returns on investment in the future. 

These factors are investigated in Section 4 of this paper, to identify their possible impacts on the 

relationship between evolving technology costs and market prices.  The next section provides an 

overview of the modelling framework for the study. 
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3. Modelling Framework 

3.1.   Modelling context 
The need to understand the financial performance and evolution of power sector investments under 

environmental constraints is by no means new, and a wide range of modelling approaches have 

been developed to investigate the issues, since at least the 1970s (see e.g. EPRI 1982).  For a recent 

review of stochastic modelling approaches of the electricity system, see Möst 2010, suggesting that 

three typical classes of problem emerge: long-run evolution / optimal expansion of the electricity 

system, short-run pricing and dispatch competitive markets and investment decision-making 

behaviour.  Although these three issues are closely linked, they operate over different timescales 

and perspectives, and usually require different modelling approaches.   

Examples of the former include MARKAL, an optimisation model developed at the International 

Energy Agency (MARKAL).  Optimisation routines often form the basis for such long-run analyses, but 

models can be expanded in complexity to include links with demand response (Choi 2012, De Jonghe 

2012), linked to CGE models to understand wider economic feedbacks (e.g. EPRI 2012), and 

incorporated into detailed models of the electricity transmission system (see e.g. Leuthold 2012 for 

an application in the EU, Nelson 2012 in the US).    

Because the focus of analysis in liberalised markets is on the decision-making process of private 

companies, models need to capture some measure of risk, as well as of expected returns.  Stochastic 

modelling approaches lend themselves to this application, as they are able to provide probabilistic 

outputs that can be used as inputs to decision analysis, and optimisation models are increasingly 

used in a stochastic manner to model the effects of risk and uncertainty (e.g. Hu 2010, 

Ehrenmann 2011). 

These long-run electricity models typically incorporate carbon markets by including carbon caps as 

constraints within the optimisation routine.  This provides an optimal self-consistent solution to the 

question of evolution of the sector under a cap.  However, inclusion of carbon constraints in this way 

does not provide a model of carbon markets per se.   

In order to understand the fundamentals of carbon markets, policy-makers and carbon market 

participants often instead use stand-alone carbon pricing models.  The research literature on price 

behaviour and risk in carbon markets has proceeded along two distinct approaches. One approach is 

based on econometric analyses of historic behaviour in the market (see e.g. Taschini 2008, 

Daskalakis 2009, Wagner 2009), whilst more forward-looking models examine the abatement 

options which are expected to be key drivers of the carbon price in the future.  For example Seifert 

2008 and Chesney 2008 consider carbon prices to be determined by the marginal cost of switching 

fuel, and so model variability as a function of gas and coal price variability.  In contrast, because 

current carbon allowances are bankable in the EU-ETS, Lewis 2008 assumes future prices will 

ultimately be determined by the cost of carbon capture and storage technology, and uses 

discounting to arrive at an estimate of the current value of allowances.  Lewis 2011 more recently 

argues that prices in the over-supplied EU-ETS are being supported at current positive values by the 

prospect of future political intervention to reduce the number of allowances in the market. 

Stand-alone carbon price models have also been developed for policy analysis.  For example, the UK 

Department of Energy and Climate Change has uses marginal abatement cost curves to model both 
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short-term and long-term price behaviour in the EU-ETS (DECC 2011) and underpin their GLOCAF 

model of global carbon financial flows (DECC 2009).  These are used to provide estimates of future 

carbon price that are used in appraisal of government policy on climate change.  Other carbon price 

models based on MACCs include McKinsey 2010. 

Whilst such stand-alone models of carbon markets can help bring clarity to the price formation 

process, they typically have some short-comings when it comes to being used to assess the impact of 

carbon prices on investment behaviour in the electricity under conditions of uncertainty.  Firstly, in 

stand-alone models, carbon prices become divorced from estimates of the electricity price, so that it 

is not easy to self-consistently estimate both costs and revenues that low-carbon investment options 

would incur.  Secondly, these models tend to be deterministic, and are not well adapted to 

understanding the impact of risk and uncertainty. 

The aim of the model described in this paper is to bridge this gap between stand-alone carbon price 

models and more integrated electricity models by creating a MACC-based carbon price model that is 

directly linked to calculations of electricity price formation.  The focus here is on creating a relatively 

simple model that runs quickly and can be readily applied to stochastic approaches.  The model 

includes analysis of long-run optimal capacity mix under carbon constraints, short-term electricity 

price formation, and taking account of some aspects of demand response and technological 

learning.   

Some things are necessarily lost as a result of model simplifications as described in Section 3.5. 

However, the gains from simplicity include an increase in transparency and speed.  The short 

solution time of the model (about 0.1s per realisation) provides the ability very rapidly to generate 

stochastic outputs, facilitating sensitivity analysis and the investigation of ‘what-if’ questions 

regarding policy design, and providing an explicit analysis of the risks that face investors, which can 

be tested under different assumptions about the primary sources of uncertainty (e.g. fuel prices, 

technology costs, climate and technology policy etc.). 

 

3.2. Overview – MACC & Stack model 
The model used in this study is a significant extension of the model described in Blyth 2009 and 

Blyth 2011.  These papers describe a stochastic marginal abatement cost curve that allows for a 

dynamic description of the carbon price formation process taking account of uncertainty in 

abatement costs, the interaction between carbon markets and other low-carbon technology support 

policies, and the role of technological learning.  The model was used to derive probability ranges for 

carbon prices, explored the key price drivers, and to show how these might evolve over time in 

response to different scenarios. 

Similarly to the previous model, this model assumes that carbon prices are formed in response to 

the system marginal abatement costs in the EU-ETS, but that these costs do not necessarily increase 

monotonically with increasing abatement levels.  An example MACC from the model is shown in 

Figure 4. On the left-hand side are the abatement costs for ‘must-run’ renewable energy options, in 

this case wind power, that are assumed to enter the market in response to policy drivers to meet the 

2020 renewable energy targets.  To the right of these are lower cost abatement options, including 

fuel switching.  Towards the right-hand side of the MACC are the more costly abatement options, 
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notably carbon capture and storage (CCS).  The cost of CCS is assumed to come down as a result of 

learning by doing, so the greater the level of abatement, the lower the costs, which explains why 

there are downward steps in the MACC on the right-hand side of the curve.  This MACC is a snapshot 

of one realisation of uncertain costs for a particular period in time.  The cost of CCS and other low-

carbon technologies is also assumed to come down over time, so the MACC for a later period would 

show lower costs for these technologies.   

 

 

Figure 4 Example marginal abatement cost curve MACC from the model 

The carbon price implied by a particular carbon cap at a particular point in time is deduced by 

reading off the abatement cost from the y-axis associated with the level of abatement required to 

meet that cap relative to a baseline emissions level1.  The MACC in Figure 4 is a single realisation of 

many different uncertain variable inputs.  In the live spreadsheet model, the curve updates itself 

every time the spreadsheet is recalculated (this is triggered by pressing the F9 key in Excel).  For each 

new realisation, a new implied carbon price is derived.  These prices are derived for each 5 year 

period going out 30 years ahead. 

The main advance of the model used here compared to Blyth 2011 is that for each step in the MACC 

curve, the commensurate shift in the structure of the electricity market is calculated.  Calculating the 

electricity stack for each step in the MACC curve allows a value of the electricity price to be derived 

that is self-consistent with the value of carbon derived from the MACC, both of which are derived 

from the exogenous stochastic input variables such as gas prices and technology costs.  The 

calculation of the stack is again live, so updates itself each time the spreadsheet is recalculated by 

                                                           
1
 If caps are very weak, with very low levels of abatement, then the cap could be met purely by the must-run 

renewables, in which case the carbon price would be zero, not the marginal cost of abatement of the 
renewable energy.   
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pressing the F9 key.  For example, the corresponding electricity stack for abating 45MtCO2 from the 

above realisation of the MACC is shown in Figure 5.  

 

 

Figure 5  Electricity stack consistent with the MACC in Figure 4 

The model therefore provides values for carbon and electricity prices that are consistent with the 

input stochastic variables, which can then be used to assess the economic case for each of the 

prospective low-carbon technologies being considered.   Compared to most stand-alone carbon 

price models, this represents a significant step forward methodologically, since the feed-through of 

carbon prices to electricity prices no longer relies on a static assumption about what is the system 

marginal plant in the electricity stack.  Instead, this is calculated endogenously.   

This is particularly significant when modelling the impact of deep decarbonisation scenarios, since 

the structure of the electricity system and therefore the system marginal technologies that set the 

electricity price would be very different from today’s market.  These structural changes are therefore 

important to take into account when assessing price risks that low-carbon technologies will face in 

the long-run. 

The model improvements include the way in which carbon offsets and demand-side measures are 

included as continuous functions throughout the MACC, as described in the next section. 

3.3.  Calculating the MACCs & Stacks 
The starting point for the model is a baseline scenario based on a projected evolution of the 

electricity system assuming zero carbon prices throughout the modelling period based on a central 

scenario for fuel prices and technology costs.  The baseline scenario is taken from an optimisation 

model of the UK power system described in a separate paper.  In this model, central energy price 

projections are taken from the 2011 scenarios provided by the UK Department of Energy and 

Climate Change (DECC).  Under these fuel prices and in the absence of any carbon caps in the 

baseline scenario, the bulk of new power generation plant built is coal-fired plant.  The generation 

mix under the baseline scenario with zero carbon prices is shown in Figure 6. 
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Figure 6  Baseline scenario generation mix with zero carbon price 

Under a simple MACC calculation, the costs of various types of abatement option would be 

calculated based on an assumption about which fossil fuel was being displaced – typically, under this 

baseline for example, technologies would be assumed to offset coal plant in the generation mix.  

This was the method used in Blyth 2009 and Blyth 2011, but this leads to a problem of accounting 

for what happens when deeper cuts in emissions are required, when abatement of CO2 from gas-

fired plant is also required.  It also creates problems under certain realisations when fuel prices are 

stochastic, as certain combinations of fuel prices could result in emissions reductions being made 

preferentially against gas plant rather than coal plant.  

Part of the calculation of the carbon price for a single step in the MACC for a particular year is 

illustrated in Figure 7.  The incumbent generation technologies in the baseline are shown in the 

block labelled ‘installed plant’ on the left hand side, together with data on capacities, SRMC and 

LRMC for each technology type. Along the top of the matrix are the alternative generation plant, 

again with available capacities, SRMC and LRMC data.   

The large shaded area in Figure 7 shows part of the matrix that calculates the breakeven carbon 

price which would be required to equalise the LRMC costs for each of these alternatives with each of 

the installed plant (where capacities are greater than zero).  The model then selects the option in 

this matrix with the lowest carbon price as being the most cost-effective way of generating 

electricity given that carbon price, and swaps capacity from the previously installed generation plant 

to the alternative generation source. The volume to be replaced is constrained either by the 

availability of the alternative generation plant, or by the amount of the relevant baseline plant in the 

system, whichever is the smaller.   



 

10 
 

This creates a new basis for calculating subsequent steps in the MACC. So the next step in the MACC 

is calculated in a similar way.  The table shown in Figure 7 is repeated, but this time the carbon costs 

required to equalise LRMC between alternative and baseline plant are calculated using the revised 

set of technologies taking account of the replacement of plant from in the baseline that occurred in 

the first step of the MACC.  This step is repeated until the total supply of new abatement options is 

used up. 

Each step in the MACC therefore represents a new optimal power generation mix that pertains to 

the carbon price associated with that step.  This is equivalent to carrying out an optimisation routine 

on the power generation mix for a particular time period based on minimising system LRMC.  Given 

that we can calculate the new optimal power generation mix associated with each step up in carbon 

price, it is also possible to derive the implied electricity generation stack ordered in terms of 

increasing values of short-run marginal cost (SRMC) that approximates the electricity price formation 

process in a competitive market.  Therefore, for each step in the MACC, the implied change in the 

electricity stack can be calculated, and used to derive a driver for the price of electricity based on the 

system marginal cost.  Mark-up of electricity price above SRMC needs to be added to this to give an 

estimate of actual market prices.   
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Figure 7 Screen shot showing part of the calculation of the carbon price for a single step in the MAC curve 

 

 

   

 

Year 5
Ave hrs 8000 Energy penalty 15.25% 15.25% 15.25% 20.00% 20.00% 20.00% 20.00% 20.00% 20.00%

Baseline MtCO2 190 Flag 1 N N N M M M O O O A A A B B B C C c

Max Cum abatement MtCO2 160 Base plant N-CCGT1 N-CCGT1 N-CCGT1 N-Coal1 N-Coal1 N-Coal1 N-Biomass1N-Biomass1N-Biomass1

Abatement Plant E-CCGT1 E-CCGT2 E-CCGT3 N-CCGT1 N-Coal1

N-

Nuclear1

N-

Nuclear2

N-

Nuclear3

N-

Biomass1

N-

Biomass2

N-

Biomass3 N-Wind1 N-Wind2 N-Wind3

N-

OffSWin

d1

N-

OffSWin

d2

N-

OffSWin

d3

N-

Gas+CCS1

N-

Gas+CCS2

N-

Gas+CCS3

N-

Coal+CCS

1

N-

Coal+CCS

2

N-

Coal+CCS

3

N-

Biomass+

CCS1

N-

Biomass+

CCS2

N-

Biomass+

CCS3

Availability 90% 90% 90% 95% 95% 90% 90% 90% 95% 95% 95% 31% 28% 25% 42% 42% 42% 95% 95% 95% 95% 95% 95% 95% 95% 95%

Flag 2 1 1 1

Baseline system cost ($m) 19072 Em. Factor tCO2/MWh 0.346 0.344 0.341 0.32 0.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.07 0.07 0.07 -0.47 -0.47 -0.47

SRMC $/MWh 54.66 54.28 53.90 50.44 36.18 7.41 7.41 7.41 103.80 103.80 103.80 0.00 0.00 0.00 0.00 0.00 0.00 68.21 68.21 68.21 58.46 58.46 58.46 139.59 139.59 139.59

FOM $m/MW 0.04 0.04 0.04 0.04 0.09 0.11 0.11 0.11 0.09 0.09 0.09 0.11 0.11 0.11 0.22 0.22 0.22 0.10 0.10 0.10 0.21 0.21 0.21 0.21 0.21 0.21

Capital $m/MW 0.00 0.00 0.00 0.10 0.22 0.60 0.57 0.54 0.34 0.33 0.32 0.20 0.20 0.20 0.35 0.35 0.34 0.18 0.17 0.17 0.38 0.37 0.35 0.51 0.49 0.48

Flag 3 FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE TRUE TRUE FALSE FALSE FALSE FALSE TRUE TRUE FALSE TRUE TRUE FALSE TRUE TRUE FALSE TRUE TRUE

1 LRMC $/MWh 59.76 59.34 58.92 68.35 76.76 106.04 106.04 106.04 159.18 159.18 159.18 125.11 138.52 155.14 173.79 173.79 173.79 123.76 123.76 123.76 170.57 170.57 170.57 292.90 292.90 292.90

Flag 1

Installed 

Cap MW

Availabili

ty

Em. 

Factor 

tCO2/ 

MWh(th)

SRMC 

$/MWh

FOM 

$m/MW

Capital 

$m/MW

LRMC 

$/MWh

SRMC 

incl C 

$/MWh Capacity MW 450 450 450 19412.017 19412.02 900 900 900 2638.889 2638.889 2638.889 482.9566 427.8751 374.5816 734.0313 734.0313 958.6493 1941.202 1941.202 1941.202 1941.202 1941.202 1941.202 1941.202 1941.202 1941.202

Installed plant tech E-Coal1 Existing plantE-CCGT1 6745 90% 0.346 54.66 0.04 0.00 59.76 54.66 321 134 134 134 287 287 287 189 228 276 330 330 330 204 204 204 406 406 406 285 285 285

Abatement N-Wind1 E-CCGT2 0 90% 0.344 54.28 0.04 0.00 59.34 0.00

Abated tech capacity MW 5815 E-CCGT3 10436 90% 0.341 53.90 0.04 0.00 58.92 53.90 431 138 138 138 294 294 294 194 233 282 337 337 337 210 210 210 417 417 417 287 287 287

Abatement tech capacity MW 483 E-Coal1 5815 90% 0.78 38.37 0.09 0.00 50.84 38.37 37.8 36.7 35.7 38 584 71 71 71 140 140 140 96 113 134 158 158 158 98 98 98 170 170 170 194 194 194

demand response MW 146 E-Coal2 8722 90% 0.77 38.06 0.09 0.00 50.42 38.06 39.2 38.0 36.9 40 693 72 72 72 141 141 141 97 114 136 160 160 160 99 99 99 172 172 172 195 195 195

Effective C-price 0 E-Coal3 8722 90% 0.76 37.75 0.09 0.00 50.01 37.75 40.5 39.3 38.2 41 843 73 73 73 143 143 143 98 116 138 162 162 162 101 101 101 175 175 175 196 196 196

MAC ($/tCO2) 96 E-Nuclear1 2029 90% 0.00 7.64 0.12 0.00 24.18 7.64 568 568 568

Supply-side Emission reduction MtCO2 3 E-Nuclear2 3044 90% 0.00 7.58 0.12 0.00 23.98 7.58 568 568 568

Demand-side emission reduction MtCO2 1 E-Nuclear3 3044 90% 0.00 7.51 0.12 0.00 23.78 7.51 569 569 569

LRMC increase from abatement $/MWh 74 0 New PlantN-CCGT1 0 90% 0.32 50.44 0.04 0.10 69.35 0.00

System cost increment (fraction) 1.5% 0 N-Coal1 0 90% 0.73 36.18 0.09 0.22 79.02 0.00

System SRMC incl C 55 0 N-Nuclear1 0 90% 0.00 7.41 0.11 0.60 106.04 0.00

MW to subtract from incumbent tech 629 0 N-Nuclear2 0 90% 0.00 7.41 0.11 0.57 102.11 0.00

MW to add / subtract from abatement tech 483 0 N-Nuclear3 0 90% 0.00 7.41 0.11 0.54 97.83 0.00

0 N-Biomass1 0 90% 0.00 103.80 0.09 0.34 162.25 0.00

0 N-Biomass2 0 90% 0.00 103.80 0.09 0.33 161.29 0.00

0 N-Biomass3 0 90% 0.00 103.80 0.09 0.32 159.96 0.00

1 N-Wind1 0 33% 0.00 0.00 0.11 0.20 117.53 0.00

1 N-Wind2 0 33% 0.00 0.00 0.11 0.20 117.53 0.00

0 N-Wind3 0 33% 0.00 0.00 0.11 0.20 117.53 0.00

1 N-OffSWind1 0 40% 0.00 0.00 0.22 0.35 180.31 0.00

0 N-OffSWind2 0 40% 0.00 0.00 0.22 0.35 178.62 0.00

0 Base plantN-OffSWind3 0 40% 0.00 0.00 0.22 0.34 176.28 0.00

0 N-CCGT1 N-Gas+CCS1 0 90% 0.03 68.21 0.10 0.18 106.92 0.00

0 N-CCGT1 N-Gas+CCS2 0 90% 0.03 68.21 0.10 0.17 106.05 0.00

Abatement Plant

Installed Plant

Abatement plant 
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3.4. Offsets and Demand-side Response 
Contributions of abatement from outside of the power generation sector (e.g. from the industrial 

and aviation sectors, or from external offset credits such as CDM) can be included in the MACC using 

supply curves which determine the level of abatement available at the carbon price level for each 

step in the MACC.  Each of the main steps in the MACC (which come from the supply-side power 

generation options) are interleaved with abatement from this single source of ‘other abatement’.  

The supply curves for these other sources of abatement are derived according to a cumulative 

normal distribution function, with user-specified values for the maximum volume of abatement, as 

well as the mean and standard deviation of the carbon price distribution.   These curves need to be 

calibrated using other models or market data, since there is no technical detail included in this 

model which underpins the values chosen for these variables.  It should be noted that because of the 

particular focus on the electricity sector in this paper (including the aim of modelling a full 

decarbonisation scenario), offsets were excluded from the MACC curves in this analysis.  Figure 8 

shows for illustrative purposes the form that these supply curves take in the model when this option 

is activated. 

 

Figure 8  Illustrative supply curve for offsets.  For the results in Section 4, offsets were excluded from the analysis. 

A more realistic approach would be to include separate supply curves for each source of abatement, 

and the model could be extended to include more complex relationships between supply and 

demand for credits outside of the power sector.  However, the focus of this particular paper is these 

relationships within the electricity sector, and more detail on external sectors is not expected to 

alter the main insights generated here.  

Demand response is also included in the model. The further along the MACC curve one progresses 

the greater the carbon constraint and the higher the implied total cost of electricity generation.  

Demand for electricity is assumed to fall in response to these higher electricity costs, either due to 

efficiency improvements and/or demand curtailment.  These are modelled using a single elasticity 

factor which provides a value for the demand reduction for each step in the MACC associated with 

the additional system cost of adding the alternative generation technology.   The demand response 

is then added to the MACC in a similar manner to the way offsets are handled.  The tranches of 
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demand response abatement associated with each new supply-side option are interleaved between 

these supply-side options in the MACC.   

The value of this elasticity used in this model is 0.2, so that an abatement option that increased total 

system costs by 1% would lead to a reduction in demand equivalent to 0.2% of total installed 

capacity.  The size of the demand response is therefore a function of both the carbon price and the 

total volume of abatement associated with each step in the MACC. 

 

3.5. Inputs & assumptions 
The model makes a number of simplifying assumptions.  Firstly, whilst in reality carbon prices are set 

at the EU-ETS level, here the carbon market and electricity market are modelled as though they have 

the same geographical scope.  This is equivalent to assuming that the costs and availability of UK 

abatement options reflect those in the EU-ETS as a whole, so that the UK operates as a scaled-down 

version of the EU average.  With more work, the model could be adapted to allow it to distinguish 

between abatement options that operate at the EU level (affecting the carbon price but not the UK 

electricity market), and abatement options that operate within the UK, affecting both carbon and 

electricity markets.  For the time being, the current approach helps to simplify the methodology, and 

is sufficient to provide policy insights albeit representing an abstraction from the real world 

situation. 

Another simplifying assumption made here is to model the entire annual electricity demand as a 

single block, reflecting average demand over the year without distinguishing between baseload and 

peak demand periods.  This means for example that the model assumes that baseload coal-fired 

generation can be replaced with any of the low-carbon power generation sources, simply by 

adjusting for their average availability factors.  The model does not therefore take account of the 

fact that intermittent sources may not be available during peak periods, or that prices during these 

peak periods may be higher than in periods of low demand.  In principle, the model could be 

extended to include these effects by modelling the load duration curve in different tranches instead 

of a single block. Essentially, this would mean replicating the MACC + Stack model for each tranche, 

so for example, modelling baseload, shoulder and peak would require the model to be replicated 

three times, and then recombined at the end to produce overall figures for the financial 

performance of each technology.  The key impact of this would be to model more closely the 

difference between dispatchable and intermittent generation sources, and would likely give results 

that showed a less attractive financial performance than shown in this report for wind power. 

Because the model is stochastic, estimates have to be made not only for the central values, but also 

the variability of key input parameters.  Wherever possible, estimates of the central  values and 

variability of key inputs are referenced to open public sources.   

Cost data for alternative power generation sources are taken from the DECC 2050 pathways 

calculator2 which includes an open source wiki allowing users to contribute data on the costs of 

different technologies.  This provides a data source with a range of estimates for technology costs 

                                                           
2
 Available at http://2050-calculator-tool-wiki.decc.gov.uk/pages/59, accessed in March 2012 for data for this 

study. 

http://2050-calculator-tool-wiki.decc.gov.uk/pages/59
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based on different studies.  In general, in order to try and provide consistency across technologies, 

cost data were derived in the same way, which was to take central values from the average of all 

estimates in the DECC calculator for the particular year in question, and to take estimates of the 

variability of costs from the range of values in the DECC calculator.  In order to provide a sense-check 

the resulting technology costs were cross checked against other independent sources, namely cost 

estimates from IRENA 2012 and EPRI 2011.  In general, the cost estimates spanned the ranges of 

these other data sources.  An exception was made in the case of nuclear power, where the cost 

estimates from these data sources were supplemented with recent estimates for the costs of 

current ongoing nuclear developments.  This was done because the estimated range of costs in the 

literature appears to be well below recent experience in the field, perhaps because of the lack of 

recent field data on nuclear costs at the time the reports were produced.   

In each stochastic realisation, the model draws capital costs from triangular probability distributions, 

taking the high and low estimates in the literature as the upper and lower bounds.  Capital costs of 

different technologies are assumed to vary independently of each other. 

Several of the technologies in the model are included in multiple tranches.  This allows the model to 

capture variations in costs and / or performance for different types of the same technology.  For 

example, existing coal, gas and nuclear plant are each divided into three different age categories to 

reflect deteriorating efficiency performance of the plant as they age.  In the charts below, the prefix 

E- is used to denote existing plant, meaning that the capital costs for these plant are already sunk, 

and so are not included in the calculations for long-run marginal cost of electricity generation.  New 

plant are denoted with a prefix N-.  New coal and gas plant are assumed to have a fixed efficiency 

level, so they are only included as a single tranche.  New nuclear, offshore , and CCS plant are all 

assumed to benefit from a degree of learning-by-doing, so that capital costs for the first tranche of 

new build are higher than for subsequent plant.  The degree of learning is controlled by setting the 

mode of the triangular probability distribution of capital costs at a different point in the range.  For 

the first tranche of nuclear plant, the mode is set at 80% of the maximum, for the second tranche at 

50% and for the third tranche at 20% (see Appendix).   

Onshore wind is assumed to be mature, so that capital costs are not expected to come down as a 

result of learning (although there is some cost reduction over time as a result of spill-over effects 

reflecting estimated cost reductions in the DECC calculator).  Three tranches of onshore wind are 

included in the model in order to reflect resource constraints for wind as the best sites are used first, 

followed by subsequent sites with less favourable wind conditions.  Capital costs for the three 

tranches are assumed to be the same (although still stochastic), but the three tranches differ in the 

assumed average annual capacity factor, with the first tranche having a value taken from the high 

estimates in the literature, and the third tranche having the low estimate, and the middle tranche 

being an average of the two. 

Fuel prices are based on DECC 2011 energy price scenarios.  The high, central and low fuel price 

scenarios are used to calibrate a simple energy price annual escalation factor.  This is made 

stochastic by drawing values for the annual escalator from a normal distribution.  The aim of the 

stochastic analysis is to model fuel price uncertainty, and the assumption of a normal distribution in 

the annual escalator follows the arguments of Pindyck 1999 that long-run price uncertainty can be 

modelled as geometric Brownian motion.  Short-run fuel prices volatility is not included in the 
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model.  The DECC high and low energy price scenarios are assumed to represent 1.5 standard 

deviations from the mean (i.e. approximately 90% confidence intervals).  The assumption of a 

constant annual escalation factor leads to smooth price trajectories, unlike the DECC price scenarios.  

Fuel price estimates for biomass are taken from the Committee on Climate Change special report on 

biomass in the UK (CCC 2011).  That report suggests a relatively flat outlook for biomass feedstock 

prices, but uncertainty ranges were not provided in that report.  For this study, the expected average 

biomass feedstock price is assumed to be flat, but feedstock prices are assumed to be 1.5 times 

more uncertain than natural gas prices, again modelled using a single annual escalation factor.  

Values for the key inputs to the model are provided in the Appendix.  

3.6.  Outputs 
The primary outputs from the model are: 

 Stochastic carbon price associated with meeting the specified cap given stochastic inputs for fuel 

prices and technology costs, and 

 Stochastic electricity prices that are commensurate with these stochastic carbon prices, fuel 

prices and changes in generation mix associated with the required level of abatement. 

These basic outputs can be used in various ways to provide information on investment conditions.  

Figure 9 illustrates how this information can be used to provide rapid visual feedback to the user on 

the risk levels associated with particular technologies regarding the generation costs vs. prevailing 

market electricity price.  The solid blue line indicates a single realisation of long-run marginal costs 

for each technology.  The dashed red line is the corresponding realisation of electricity system short-

run marginal cost.  Both these lines change position with each new realisation.  The blue dots show 

the range of LRMC costs for each technology for 50 different realisations of the input variables. 

The system SRMC is used as a proxy for the electricity price, although actual market prices deviate 

from system short-run marginal costs for various reasons.  Although prices in competitive markets 

should in theory be driven down to marginal costs, the need for companies to recover long-run 

marginal costs including capital costs mean that actual prices are typically in the region of $10-

15/MWh higher than system SRMC.  This mark-up is not included in Figure 9. 

 

 

Figure 9  Risk profile for each technology - costs vs prevailing electricity price 
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From an investment risk perspective, an essential factor to take into account is the correlation 

between costs and revenues.  For several technologies, the LRMC ranges are quite wide, and the 

range for the system SRMCs is also quite wide, but overall profit risks can be smaller than these 

ranges suggest if input costs are highly correlated with electricity price.  The user can get an intuitive 

feel for these correlations by repeatedly recalculating the spreadsheet (by pressing the F9 key in 

Excel), and seeing how the solid blue line and the dashed red line move in relation to each other for 

different technologies.  

Alternatively, the gap between costs and revenues can be examined explicitly.  By combining the 

costs and revenues over time, with appropriate discounting, an NPV calculation can be performed.  

Results for each technology are shown in Figure 10.  NPV figures are scaled from LRMCs assuming 

each plant represents 1000MW of dispatched capacity (based on average annual availability figures), 

and system SRMC are assumed to be marked up by a factor of 30% to get market electricity prices.  

Results are shown firstly for immediate investment in Year 0, and then for an investment that is 

delayed until Year 10 showing how the economic case changes over time.  The carbon cap scenario 

used in this example is the weak carbon cap with additional carbon price floor (this policy scenario is 

discussed in further detail in Section 4.5).   

 

Figure 10  NPV ranges by technology (excluding policy support) 

The NPVs presented in Figure 10 assume that generation plants only receive income from the 

market price of electricity, and do not receive any additional income from policy support 
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mechanisms such as feed-in tariffs or renewables certificates.  Alternatively, the expected incomes 

from policy support mechanisms could be included in the model to give overall expected project 

NPVs including all sources of revenue. 

It can be seen by comparing the two charts in Figure 10 that the economics of plant vary differently 

over time.  This suggests that any policy support mechanism put in place to support uptake of low-

carbon technologies over and above the carbon price would need to be adaptive to such changes in 

order to avoid over- or under-compensating investment.  The way in which the size of the cost gap 

varies over time, and the consequences for policy design are the subject of the next section.  
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4. Policy Analysis Results 
In this section, we use the model to analyse how much additional support is required to close the 

cost gap between low-carbon technologies and prevailing market prices, how the required support 

level varies depending on the carbon cap in place, and how it varies over time.  In order to answer 

these questions, we run the model for several different carbon cap scenarios: 

1. No carbon cap 

2. Weak carbon cap (1.74% reduction per year) 

3. Stronger carbon cap (3.5% reduction per year) 

4. Full decarbonisation of power sector by Year 30, assuming a linear trajectory for 

intermediate years 

5. Carbon price floor as proposed in UK 2011 budget 

The first scenario sets a baseline for carbon policy, showing how support levels would evolve in 

response to stochastic changes in fuel price and technology costs over time.  The next three 

scenarios show how applying increasingly stringent carbon caps would help to accelerate the 

convergence of the costs of low-carbon technology with market prices for electricity.  Finally, we 

look at a case where carbon prices are determined by the carbon price floor at rates proposed by UK 

government, as opposed to being set in a stochastic way by the market.  For all these scenarios, we 

assume that abatement is carried out purely within the UK power sector, without use of external 

offsets such as CDM credits.  The emissions profile of the baseline and the three fixed cap scenarios 

are shown in Figure 11. 

 

Figure 11 Baseline and 3 different abatement scenarios 

 

 

4.1. No Carbon cap 
In the case where no carbon caps are applied, the carbon price remains at zero throughout the 

modelling period.  Electricity prices in this case are driven purely by the evolution of fuel prices and 



 

19 
 

technology costs (including any changes in plant performance characteristics such as efficiencies 

etc.).  Of particular importance in these scenarios is the price of gas.  Under scenarios where gas 

prices rise very slowly, electricity prices remain low, and vice versa.   The outcomes of carbon and 

electricity price for 50 realisations of the stochastic input variables for fuel prices and technology 

costs are shown in Figure 12. 

  

Figure 12 No carbon cap scenario.  A.  Carbon price trajectories.     B.  Electricity price trajectories 

The impact of these spreads in electricity price on the economics of individual power generation 

technologies is shown in Figure 13.  The horizontal axes show the modelling period, indicating 

number of years into the future.  The vertical axes indicate the subsidy level required to bring 

technology costs down to a level where they could compete with system short-run marginal costs 

SRMC.  This is calculated as the long-run marginal cost (LRMC) for each technology, minus the 

system SRMC, which is used as a proxy for the electricity price. The different lines show different 

realisations of the stochastic variables. The bold line in each chart is the average over 50 realisations 

of the stochastic variables.   

Note that actual market prices are likely to be higher than system SRMC (depending on market 

conditions), so the policy support does not necessarily need to come down to zero in order for the 

technology to be cost-competitive.  For example, CCGT shows a small positive value on the y-axis, 

but allowing for electricity price mark-up of around $10-15/MWh, this would be a cost-competitive 

technology until Year 20 when gas prices under some scenarios start to make it look unattractive.  

Before year 20, and in many scenarios after that, CCGT is expected to be the system marginal plant, 

and therefore sets prices in this no carbon cap scenario.  

Under the no carbon cap scenario, the average expectation value for coal makes it look like a cost-

effective option, especially in the intermediate years, when the average LRMC of coal is expected to 

be below the system SRMC which is being set by gas at gradually increasing prices.  However, there 

is quite a wide spread in the distribution for coal, because the electricity price it receives is driven 

mostly by CCGT plant, with uncertain prices of gas.  When gas prices are low, coal will tend to be 

uncompetitive, so although the average looks attractive, it remains a risky investment proposition.  

The same goes for nuclear, which due to increasing gas prices gradually improves in relative 

competitiveness until the average case over many scenarios would be expected to converge with 
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market prices by around Year 15-20.  However, the spread is again very wide, indicating quite a high 

risk exposure to gas price uncertainty. 

All the technologies show a deteriorating level of competitiveness in the later periods of the model.  

This is because as gas gets more expensive in some realisations in later years, CCGT gets priced out 

of the market, and electricity prices become determined by cheaper coal.  This means that 

technologies cannot rely indefinitely on the rising price of gas to improve their relative 

competitiveness.  The economic case for coal also reverses at this point, because when it operates 

on the margin, then system SRMC are no longer sufficient to recover full LRMC including capital 

costs. 

Renewable and carbon capture and storage technologies do not on average reach cost-

competitiveness under this scenario, although some high gas price realisations would bring about 

competitiveness, particularly in the case of onshore wind. 
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Figure 13 Gap between cost of generation and market price (no carbon cap scenario) 
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4.2. Weak Cap (1.74% per year) 
Under the weak cap scenario, an emissions reduction of 1.74% per year is applied. This is the rate of 

reduction set under the current EU-ETS regulation, although in this model we do not include the 

additional allowances that have been banked into the current trading period, so therefore the cap is 

below baseline emissions implying positive abatement effort is required.   The cap is assumed to 

reduce at the same annual rate throughout the 30-year modelling horizon.  The impact on carbon 

prices and consequently on electricity prices is shown in Figure 14.   

The carbon price outcomes show a considerable spread, ranging down to zero for all the future years 

in the modelling horizon.  Compared with Figure 12, the carbon price makes little difference to the 

electricity price in the early years, but tends to raise electricity prices in Year 25 and 30 as the price 

of carbon feeds through to the system SRMC.  Year 30 electricity prices in a weakly carbon 

constrained scenario are also influenced by the fact that gas-fired plant tend to be priced back into 

the market because of the carbon constraint, so that increasing gas prices also drive higher 

electricity prices compared to the unconstrained case which is more dominated by coal plant. 

 

Figure 14 Weak cap scenario A.  Carbon price trajectories.    B.  Electricity price trajectories 

The impact of these carbon and electricity price trajectories on the cost-competitiveness of 

individual technologies is shown in Figure 15.  Again, the y-axes show the difference between the 

LRMC for the technology and the system SRMC, used as a proxy for the electricity price.  This 

measures the gap that would have to be filled by policy support in order to get commercial 

deployment of these technologies in the market.  The different lines show different realisations of 

the stochastic variables. The bold line in each chart is the average over 50 realisations of the 

stochastic variables.   

In general, the higher electricity price in the later years feeds through to a more attractive economic 

picture across most of the technologies than in the no-carbon cap case, except for unabated coal.  In 

this case, the LRMC of coal on average across the scenarios does not drop below system SRMC, 

indicating a less attractive economic outlook as would be expected in a carbon constrained outcome.   

The average expected value across the multiple realisations show cost-competitiveness is reached 

for nuclear in Year 10-15, and for the better on-shore wind sites with high availability breakeven 

would be reached around Year 20-25.  Off-shore wind, the more resource constrained on-shore wind 

sites (tranche 3), and coal + CCS get close to but don’t quite reach breakeven in Year 30.  The 
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expected value of the costs gap for biomass and other CCS technologies do not reach breakeven by 

2030 under this scenario.   

The distributions for all technologies are wide however. Even for the two technologies which would 

on average be expected to reach breakeven under this scenario, there are a significant number 

outcomes that would fail to close the cost gap to within $10/MWh of system SRMC in 2030.   In the 

case of nuclear power the probability of this occurring is approximately 15-20%, and in the case of 

the more attractive tranche 1 onshore wind sites, this probability rises to 33%.   

Overall, this scenario shows that even a weak carbon cap can significantly help towards convergence 

between low-carbon technology costs with average market price signals, reducing the level of policy 

support required to close the gap, but that market price uncertainty creates significant investment 

risk.  
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Figure 15 Gap between cost of generation and market price (weak carbon cap scenario) 
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4.3. Strong Cap (3.5% pa) 
The 3.5% per year scenario is approximately in line with a more ambitious 30% cap in the EU-ETS by 

2020, although again here we excluding the effects of allowances banked into the current year 0 

period.  This rate or reduction is assumed here to continue each year for the 30-year modelling 

horizon.  The impact of the more stringent cap on carbon and electricity prices is shown in Figure 16.  

Compared with the weak cap scenario, carbon prices are significantly higher.  Importantly, there is 

far less likelihood under a stronger cap of carbon prices falling to zero throughout the modelling 

horizon.  The impact of the higher carbon prices is to increase the upward pressure on electricity 

prices which tend to lie in a higher range in all periods compared to the weak cap case.   

 

Figure 16  Strong cap scenario A.  Carbon price trajectories.    B.  Electricity price trajectories 

Figure 17 shows the cost gap between technology costs LRMC and electricity system SRMC.   It can 

be seen under this scenario that cost-competitiveness is reached more quickly for all the low-carbon 

technologies compared to the weak carbon cap scenario.  Not only is breakeven reached sooner on 

average, but the degree of risk is also reduced.  For nuclear, the cost gap between LRMC and system 

SRMC is closed by 2030 in all 50 stochastic realisations.  For the onshore wind (higher availability 

sites), the risk of failing to close the cost gap to within $10/MWh is reduced from 35-40% in the 

weak cap case to only a few percent in the stronger cap case.  For offshore wind, the lower 

availability wind sites and coal + CCS, the expectation on average would be that the cost gap would 

be closed by 2030, but with approximately a 45%, 30% and 25% chance respectively of not closing 

the cost gap to within $10/MWh. 

The distribution of these cost gaps for CCS plant reflect the changing price drivers in the electricity 

market.  In intermediate years when gas is the main electricity price driver, the distribution of 

outcomes for gas+CCS are relatively tight, whereas coal+CCS looks more risky.  In the longer term, 

when gas stops being the driver for electricity prices, the situation is reversed, with coal+CCS having 

a tighter distribution of outcomes and gas+CCS looking more risky.  Biomass and biomass+CCS look 

particularly risky in these scenarios because of the wide range of uncertainty over feedstock prices. 
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Figure 17 Gap between cost of generation and market price (stronger carbon cap scenario) 
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4.4. Full Decarbonisation  
More ambitious carbon reduction plans are considered in the 4th carbon budget by the UK 

Committee on Climate Change, which considers it likely that the electricity sector will need to be 

almost fully decarbonised by 2035 (CCC 2010) in order to meet a long-term goal of 80% reductions in 

emissions by mid-century.  Indeed, many studies suggest that the electricity sector is likely to be the 

first sector to fully decarbonise, largely due to the relatively wide range of low-carbon emitting 

generation technologies available in the sector. 

However, the link between decarbonisation and the operation of the electricity market brings 

additional complexities.  The impact of fully decarbonising the electricity sector by Year 30 on carbon 

prices and electricity prices in shown in Figure 18.  The carbon prices implied by forcing emissions to 

zero under a cap-and-trade with no external offsets can become extremely high, as shown in Figure 

18A.  However, the impact of such high carbon prices on the electricity price is limited.  Figure 18B, 

shows how system SRMC increases up to year 25 in response to rising fuel and carbon prices, but 

then drops back down again significantly in year 30 despite the rise in carbon price.   This is because 

as the carbon emissions of the electricity system reaches very low levels, the carbon price no longer 

feeds in to the electricity price, so the two price levels become de-coupled.   

 

Figure 18  Full decarbonisation by Year 30  A.  Carbon price trajectories.    B.  Electricity price trajectories 

The more rapid decarbonisation achieved under this scenario results in a significantly more rapid 

convergence between technology costs and market prices, as shown in Figure 19.  Unabated coal 

looks unattractive for the whole modelling horizon under nearly all stochastic realisations.  By 

contrast, unabated CCGT remains financially viable until near the end of the horizon.   Nuclear power 

looks financially viable under this scenario for nearly all realisations after year 10, and the economic 

case for all the other low-carbon technologies in the intermediate years is improved relative to the 

strong carbon cap case. 

Importantly however, the economic case does not continue to improve under this scenario for all 

technologies.  Only biomass+CCS shows an unambiguous reduction over time in the expected cost 

gap.  This is because it is able to earn benefits from the higher carbon price as a result of achieving 

negative emissions.  All the other low-carbon technologies exhibit a deterioration in their cost-

competitiveness over the final modelling horizon due to the reduction in electricity prices.  This 

occurs because unabated fossil-fuel technologies are no longer setting the marginal cost on the 

system, so the electricity price no longer bears the carbon price with it.  Low carbon technologies at 
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this point cease to benefit from high carbon prices, raising once again the risk that they would not be 

able to recover their LRMC under market prices.  In the case of onshore wind for example, 

approximately 10-15% of realisations would fail to bring the cost gap down below $10/MWh, which 

is a greater risk than the strong cap case (0-5%).  In general, the investment case for all the low-

carbon plant except for biomass+CCS look more ambiguous in this full decarbonisation scenario than 

in the strong cap scenario where some unabated fossil fuel plant remains in the system. 

 

Figure 19 Gap between cost of generation and market price (fulll decarbonisation scenario)  
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4.5.  Price Floor 
A price floor mechanism has been introduced in the UK with the aim of providing greater certainty 

over carbon prices.  The price is due to rise from the current level of £15/tCO2 ($25/tCO2), rising to 

£30 and £70/tCO2 in 2020 and 2030 respectively.  For modelling purposes, the £30 and £70 /tCO2 

rates have been applied to Year 10 and 20, and are then assumed to remain flat until Year 30.  

The impact of the price floor on carbon and electricity prices is shown in Figure 20.  In these 

simulations, the carbon price floor is assumed to be implemented in conjunction with a weak cap, so 

that for practical purposes carbon prices will generally be determined by the specified floor price 

profile.  The carbon price therefore follows a single trajectory for all realisations.  Electricity prices 

follow an increasing trajectory up to year 20, and then flatten off. 

 

Figure 20 Carbon price floor scenario A.  Carbon price trajectories.    B.  Electricity price trajectories 

The impact on plant economics is shown in Figure 21.  In Year 30, the price floor scenario achieves 

broadly similar reductions in the cost gap as the strong cap scenario, but with visibly reduced range 

of outcomes for most of the low-carbon technologies, implying that as planned, the price floor 

should reduce risk exposure as discussed below. 
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Figure 21 Gap between cost of generation and market price (carbon price floor scenario) 

Figure 22 shows that average emissions reductions resulting from the price floor scenario are similar 

to the stronger cap scenario, but span quite a wide range between the emissions level of the weak 

cap scenario and full  decarbonisation pathway.  This illustrates that by fixing the price of carbon 

instead of the cap, the actual quantity of emissions reductions becomes uncertain.  
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Figure 22 Emissions reductions from the different scenarios 

A key justification for introducing the carbon price floor was to try to make the investment case for 

low-carbon generation sources less risky by removing carbon price uncertainty. 

Since the carbon price floor and the stronger carbon cap scenarios are on average similar in terms of 

environmental effectiveness, we can compare the distributions of stochastic outcomes of the cost 

gaps between these two cases.   Figure 23 shows the standard deviation of the individual realisations 

of the cost gaps for each generation type taken from Figure 19 for the stronger cap scenario, and 

Figure 21 for the price floor scenario.  It can be seen that removing the uncertainty in carbon price 

reduces the spread of outcomes in the price floor scenario compared to the stronger cap scenario 

for the low carbon technologies, implying a lower risk.  For example, the standard deviation in the 

range of values for the price gap in the case of nuclear reduces by around 30%, and by around 35% 

for wind, with a somewhat smaller effect on CCS.  Nevertheless, the spread remains considerable 

even with the carbon price floor, indicating that other risk factors influence the cost gap between 

technology costs and market prices at least as strongly if not more strongly than the carbon price.  

 

Figure 23 Range of outcomes for the cost gap, comparing carbon cap vs. price floor  
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5. Conclusions 

5.1. Methodological conclusions 
This paper introduces a model that takes a marginal abatement cost curve (MACC) model of carbon 

pricing, and extends it to include a number of ‘real-world’ complexities.  Previous papers by the 

author showed how simple MACCs could be extended to include of the effects of uncertainty in the 

input parameters, policy support mechanisms for low-carbon technologies, contingency in the costs 

of technologies depending on previous uptake and technological learning.   

This paper describes a further refinement of the approach which allows electricity prices to be 

calculated, accounting explicitly for the links between carbon and electricity markets.  The inclusion 

of electricity prices in the model allows a calculation of revenues as well as costs for different 

generation technologies.  The net present value (NPV) of investment can therefore be calculated, 

and this takes account of the evolving generation mix of the electricity market over time, so that 

electricity price formation is not assumed to be static, but changes in response to the carbon 

emissions cap. The stochastic nature of the model allows the risks of investment under uncertain 

conditions to be explored via distributions in the NPV.  This is important for policy analysis since 

policy-makers have recognized the role of risk in investment decision making, and many policy 

mechanisms now aim to address investment risk.  The model therefore allows the user to test 

different policy designs regarding their impact on risk as well as expected returns.  

The market conditions that companies will face in the future will change in response to changes in 

the structure of the electricity market commensurate with the reductions in carbon emissions.  

These links between the structure of electricity and carbon markets are shown to be particularly 

important in understanding the behaviour of electricity markets in the transition to deep levels of 

decarbonisation.   

The extension to include electricity market structure increases the complexity of the model, but the 

analysis is still carried out in a ‘live’ spreadsheet mode without the need to run solver routines.  This 

means that the spreadsheet automatically updates whenever a new set of realisations of the 

stochastic input variables are selected (or generated using a random number generator in the 

spreadsheet).  Each realisation then provides a new MACC, with a new electricity stack associated 

with a particular level of abatement from that MACC.  This means that multiple scenarios can be 

produced very rapidly.  To run 50 realisations for a particular scenario across all technologies as 

shown in the results section takes around 8 seconds.   

The fact that the spreadsheet displays the live results for a particular realisation of stochastic 

variables means that the user can see explicitly how carbon and electricity prices and the economics 

of low-carbon generation would evolve differently under particular realisations of the input 

variables.  This provides intuitive insights into important linkages in the markets, making the model 

appropriate for both decision support and pedagogical purposes.  

5.2.  Policy conclusions 
This paper illustrates the challenge of achieving the UK’s stated policy goal of progressively removing 

subsidies for individual technologies so that they can stand on their own two feet and be 

commercially viable under prevailing market conditions.  The indicator used to illustrate this is the 
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cost gap between the long-run marginal costs of generation from the low-carbon sources, and the 

system short-run marginal cost of electricity generation (SRMC) used as  a proxy for the market 

electricity price.  This cost gap is an indicator for the level of support needed to make low-carbon 

sources financially viable. 

Carbon prices play an important role in helping to close this gap between technology costs and 

market prices.  Without any carbon cap or carbon pricing regime in place, the cost of low-carbon 

power generation remains higher than market prices under most stochastic realisations, and 

unabated coal and gas look the most attractive investment options.  Weak carbon caps of 1.74% 

reduction per year (in line with current EU reduction rates, but excluding the effect of the current 

oversupply of allowances in the market) help to close the cost gap in the long run.  Stronger caps of 

3.5% reduction per year close the gap more quickly, but in both cases there is a considerable spread 

of outcomes associated with uncertainty in the input variables for technology costs and fuel prices.   

Under the assumptions in this study, nuclear and some on-shore wind are the most cost-effective 

low-carbon technologies.  For these technologies, the stronger cap would be sufficient that under 

most realisations of stochastic variables the cost of generation would be more than covered by the 

market price of electricity.  For the other low-carbon technologies, there is a considerable risk that 

the cost of generation will remain higher than the prevailing market price of electricity, even though 

the expected outcome (based on the average over many realisations of stochastic input variables) 

suggests that the technologies should reach cost-effectiveness in the long-run. 

However, there is a limit to the role that carbon prices and caps can play.  Although increasing the 

stringency of carbon caps helps to accelerate the convergence between the costs of low-carbon 

generation and market prices, this effect cannot be extended indefinitely.  Strengthening caps still 

further to reach full decarbonisation significantly alters the characteristics of the electricity market.   

Once full decarbonisation has been achieved, unabated fossil plant will have largely been squeezed 

out of the system.  Although the carbon price required to drive emissions close to zero can reach 

very high levels, these prices do not feed through to electricity prices in the same way as when the 

system is dominated by fossil fuels.  The results presented here indicate that moving along a 

pathway towards full decarbonisation would initially entail increasing electricity prices as the price of 

carbon increases, but would then fall back again in the long-run once electricity prices become 

determined by low-carbon generation sources rather than by unabated fossil fuel plant. 

Such a drop in electricity prices would impact detrimentally on the economics of low-carbon 

generation plant, which would no longer be able to rely on the pass-through of carbon price to help 

close the gap between plant costs based on long-run marginal costs (including capital cost) and 

electricity prices based on system short-run marginal costs (excluding capital costs).  

The policy objective embodied in the UK’s carbon price floor of reducing carbon price risk is shown 

to be partially successful.   The distribution of financial outcomes for low-carbon technologies is 

tighter by around one-quarter to one-third under a fixed carbon price than under an emissions cap. 

However, not all investment risk is removed, as other risk factors, notably fuel prices and technology 

costs, still play an important role on the economics of low-carbon power generation.   

The results indicate that a carbon price floor implemented at rates currently proposed by the UK 

government would achieve emission reductions that were on average similar to the stronger carbon 
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cap of 3.5% per year, and would be sufficient to reliably support nuclear and high availability 

onshore wind sites.  Under the carbon price floor scenario, the cost gap for coal+CCS, offshore wind 

and lower average availability onshore wind would also on average be expected to be closed.  

However, under risky market conditions there remains a significant risk that the cost gap would not 

be closed for these technologies. 

With fixed carbon prices instead of a fixed cap, emissions levels would become uncertain, ranging 

quite widely across a range bounded on the lower side by the weak cap pathway (1.74% per year) 

and on the upper side by the linear pathway towards full decarbonisation in Year 30.  

In summary, the results indicate that there is a substantial level of uncertainty over the gap between 

generation costs and prevailing market prices.  This implies a substantial risk that low-carbon 

generation support policies will either under-compensate or over-compensate the full economic 

costs of the technologies3.  Either of these outcomes risks damaging a sustainable growth of the low-

carbon generation capacity required to achieve decarbonisation goals.   

On the face of it, these results therefore imply the need for regular reviews of the level of price 

support mechanisms, so as to adjust for changes in prevailing economic conditions, and to avoid 

excessive levels of over- or under-compensation.  The downside of such reviews is that they could 

create additional policy risk because they lead to an expectation of intervention which is 

unpredictable to investors.  Pre-planned reviews also create an expectation that tariffs will be 

lowered if technology costs reduce faster than expected.  This weakens the incentive to reduce 

costs, and could suppress innovation. 

More research is required to tease out the importance of these last two effects.  If technology 

innovation rates in response to strong financial signals dominate the over- or under-compensation 

outcomes, then there is an argument of dynamic efficiency for allowing investors to reap the 

rewards of this innovation, and to minimise interventions such as tariff reviews.  If on the other hand 

the ‘cost gap’ is more driven by factors external to the low-carbon technologies (for example  gas 

price risk), then the over- or under-compensation may have little to do with innovation rates and 

regular reviews will have less of an effect in terms of decreasing this dynamic efficiency.   

The question of policy risk associated with regular tariff reviews depends on how they are initially 

set up.  If the terms under which the reviews will be carried are clearly defined in advance, then 

potential changes in tariff may become reasonably predictable.  In fact, it is possible that such 

reviews might increase predictability.  The absence of planned reviews implies that tariffs will be 

fixed indefinitely, but given the kinds of ranges for the cost gaps modelled in this paper, maintaining 

such levels either of under- or over-compensation for very long periods hardly seems credible. 

Investors would be wise to expect some kind of intervention, and it is perhaps better that such 

interventions be planned and have clear guiding principles, than be made on an ad-hoc basis in 

response to prevailing political priorities. 

In the longer-term, under a scenario of full decarbonisation of the electricity sector, the results 

suggest two possible long-run outcomes for managing the electricity market: 

                                                           
3
 It should be noted that actual performance of wind generation technologies would likely be worse than 

indicated here since the full effects of intermittency on system costs have not been incorporated in the model. 
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1. Under the less favourable realisations of key variables (e.g. low fossil fuel prices), policy support 

for low-carbon technologies may have to remain in place for a much longer duration than 

currently envisaged in the draft UK energy bill.  Given that the economics of low-carbon plant 

deteriorate under scenarios of full decarbonisation, it is possible that even if policy support were 

to be withdrawn for the most cost-effective technologies, it might need to be re-introduced 

again in the long term.   

2. The ability to recover long-run marginal costs from market prices is affected by the pricing 

strategy of incumbent players in the market. In a purely competitive market, prices should be 

driven down towards short-run marginal costs (as assumed in this analysis).  However, an 

electricity market with fewer players having a higher levels of ownership concentration would be 

able to raise prices above SRMC, allowing them to make a risk-adjusted return on investment.  

Whilst this may solve the investment incentive problem, it raises a question for policy makers of 

how to regulate such a market to ensure price mark-ups do not become excessive in the face of 

limited competition. 

Both of these possible long-run outcomes suggest a greater continued role for national government 

in determining investment conditions than is currently envisaged in under UK policy. 
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A. Appendix – Input Data  
 

 
Min Mode Max 

Annual Cost 
Reduction 
(technological 
learning) 

Source 
notes 

CCGT 919 1085 1252 0.16% 1 

Coal 2381 2658 2934 0.16% 1 

Nuclear 1 3648 6330 7000 0.59% 2 

Nuclear 2 3648 5324 7000 0.59% 2 

Nuclear 3 3648 4319 7000 0.59% 2 

Peaking plant (gas) 690 748 806 0.16% 1 

Biomass 1 3400 4080 4250 0.00% 1 

Biomass 2 3400 3825 4250 0.00% 1 

Biomass 3 3400 3570 4250 0.00% 1 

Coal + CCS1 1122 2197 2466 2.25% 1 

Coal + CCS2 1122 1794 2466 2.25% 1 

Coal + CCS3 1122 1390 2466 2.25% 1 

Gas + CCS1 555 975 1080 1.28% 1 

Gas + CCS2 555 818 1080 1.28% 1 

Gas + CCS3 555 660 1080 1.28% 1 

Biomass + CCS1 1122 2197 2466 2.25% 1 

Biomass + CCS2 1122 1794 2466 2.25% 1 

Biomass + CCS3 1122 1390 2466 2.25% 1 

Onshore wind 2000 2157 2313 0.18% 1 

Offshore wind 1 3885 4785 5010 1.54% 1 

Offshore wind 2 3885 4448 5010 1.54% 1 

Offshore wind 3 3885 4110 5010 1.54% 1 
Table A-1  Overnight capital costs, $/kW 

 
efficiency 

Source 
notes 

CCGT 58% 3 

Coal 42% 3 

Nuclear  96% 3 

Peaking plant (gas) 26% 3 

Biomass 36% 3 

Biomass 36% 3 

Biomass 36% 3 
Table A-2  Thermal Efficiency  
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Energy 
penalty 

Abatement  Source 
notes 

Coal + CCS 20% 90% 3 

Gas + CCS 15% 90% 3 

Biomass + CCS 20% 90% 3 

Table A-3  CCS Energy Penalty (% of base plant output required for own use) and abatement (% reduction in net 
emissions compared to base plant) 

 

Initial 
price 
Year 0 
($/GJ) 

Expected 
annual 
fuel 
price 
escalator 

Standard 
deviation 
in value 
of fuel 
price 
escalator 
(% point)  

Source 
notes 

gas 7.4 2.3% 1.3% 4 

coal 4.1 0.8% 1.1% 4 

nuclear 0.5 2.3% 1.1% 5 

biomass 11.2 0.0% 2.0% 6 
Table A-4  Fuel price assumptions 

 

 

Gas Coal Nuclear Biomass 

gas 
100% 50% 50% 50% 

coal 
 

100% 50% 50% 

nuclear 
  

100% 50% 

biomass 
  

 100% 

Table A-5  Fuel price correlation assumptions 

 

 

Average 

annual 

capacity 

factor 

Source 
notes 

N-Wind1 (high capacity factor) 31% 3 

N-Wind2 (average capacity factor) 28% 3 

N-Wind3 (low capacity factor) 25% 3 

N-OffSWind1 42% 3 
Table A-6  Average annual capacity factor assumptions for wind 
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Max Capacity MW 

 
Year 0 Year 5 Year 10 Year 15 Year 20 Year 25 Year 30 

Fuel Switching from 
Existing Plant 

       E-CCGT1 1000 500 100 0 0 0 0 

E-CCGT2 1000 500 100 0 0 0 0 

E-CCGT3 1000 500 100 0 0 0 0 

New Plant 
       CCGT 10217 20434 30651 40867 51084 61301 71518 

Coal 10217 20434 30651 40867 51084 61301 71518 

Nuclear1 500 1000 1500 2000 2500 3000 3500 

Nuclear2 500 1000 1500 2000 2500 3000 3500 

Nuclear3 500 1000 1500 2000 2500 3000 3500 

Biomass1 2778 2778 2778 2778 2778 2778 2778 

Biomass2 2778 2778 2778 2778 2778 2778 2778 

Biomass3 2778 2778 2778 2778 2778 2778 2778 

Coal+CCS1 1022 2043 3065 4087 5108 6130 7152 

Coal+CCS2 1022 2043 3065 4087 5108 6130 7152 

Coal+CCS3 1022 2043 3065 4087 5108 6130 7152 

Gas+CCS1 1022 2043 3065 4087 5108 6130 7152 

Gas+CCS2 1022 2043 3065 4087 5108 6130 7152 

Gas+CCS3 1022 2043 3065 4087 5108 6130 7152 

Biomass+CCS1 1022 2043 2778 2778 2778 2778 2778 

Biomass+CCS2 1022 2043 2778 2778 2778 2778 2778 

Biomass+CCS3 1022 2043 2778 2778 2778 2778 2778 

Onshore Wind1 1500 1528 1556 1584 1613 1641 1669 

Onshore Wind2 1500 1482 1464 1445 1427 1409 1391 

Onshore Wind3 1500 1435 1371 1306 1242 1177 1113 

Offshore Wind1 1500 1769 2038 2306 2575 2844 3113 

Offshore Wind2 1500 1769 2038 2306 2575 2844 3113 

Offshore Wind3 1500 2310 3120 3930 4740 5550 6360 
Table A-7  Maximum installed capacity of alternative generation sources 
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 Source notes 

1 Min and Max values from DECC 2050 calculator at http://2050-calculator-tool-
wiki.decc.gov.uk/pages/59.  Stochastic values drawn from triangular distribution, with mode 
values author estimates  assuming some technologies have capacity for learning to reduce mode 
from 80%, 50% and 20% for tranches 1,2,3 respectively. 

2 Min values from DECC 2050 calculator at http://2050-calculator-tool-wiki.decc.gov.uk/pages/59.  
Max values from Reuters report 08/08/2012 
http://www.reuters.com/article/2012/05/08/nuclear-britain-edf-idUSL5E8G8FQ620120508. 
Mode values author estimates. 

3 DECC 2050 calculator at http://2050-calculator-tool-wiki.decc.gov.uk/pages/59 

4 Year 0 price from DECC fossil fuel price projections, figure for 2010.  Annual escalation factor 
derived by comparing DECC 2030 forecast to 2010 value, and assuming a smooth curve between 
the two.  Fuel price stochasticity based on drawing values for the fuel price escalator from a 
normal distribution.  Standard deviation of the normal distribution is calibrated to the DECC high 
and low fuel price projections, with author assumption that the high and low projections 
represent 1.5 standard devitions. 

5 Nuclear price in Year 0 taken from DECC 2050 calculator.   Fuel price escalator assumed to follow 
that for gas based on gas being the competing technology (author estimate).  Standard deviation 
assumed by author to follow that of coal. 

6 Biomass fuel price estimate of £7/GJ taken from Committee on Climate Change special report on 
biomass.  Same report estimated little future change in expected fuel price. 
http://downloads.theccc.org.uk.s3.amazonaws.com/Bioenergy/1463%20CCC_Bioenergy%20revi
ew_bookmarked_1.pdf.  Fuel price stochasticity based on drawing values for the fuel price 
escalator from a normal distribution.  Standard deviation based on 1.5 times the gas price 
standard deviation (author estimate of higher level of uncertainty relative to gas price). 

 

 

  

http://2050-calculator-tool-wiki.decc.gov.uk/pages/59
http://2050-calculator-tool-wiki.decc.gov.uk/pages/59
http://2050-calculator-tool-wiki.decc.gov.uk/pages/59
http://www.reuters.com/article/2012/05/08/nuclear-britain-edf-idUSL5E8G8FQ620120508
http://2050-calculator-tool-wiki.decc.gov.uk/pages/59
http://downloads.theccc.org.uk.s3.amazonaws.com/Bioenergy/1463%20CCC_Bioenergy%20review_bookmarked_1.pdf
http://downloads.theccc.org.uk.s3.amazonaws.com/Bioenergy/1463%20CCC_Bioenergy%20review_bookmarked_1.pdf
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