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Summary of key analysis findings 

AEA Energy & Environment, in association with the Policy Studies Institute (PSI), have been 
contracted by the Committee on Climate Change to undertake a range of model runs using the UK 
MARKAL Elastic Demand Model. The primary objective of the analysis is to assess the techno-
economic impacts of longer term climate mitigation goals on the energy system, with a particular 
emphasis on the relationship between shorter term (2020) and longer term (2050) targets. 
 
This report presents the range of findings from a selection of model runs undertaken. The core 
trajectory cases focus on assessment of different 2020 and 2050 targets, ranging from 60-95% CO2 
emission reductions in 2050. A range of variants have been undertaken, predominantly around the 
33/80 trajectory (CO2 reductions of 33% in 2020 and 80% in 2050) to explore the following issues: 
 

¶ Contribution of international carbon credits to the overall UK abatement targets 

¶ Impact of short term goals on the ability of the system to meet longer term targets 

¶ Role of key low carbon technologies in meeting long term abatement goals 

¶ Short term renewable targets of 40% of electricity generation 
 
 
This section presents the main findings from the analysis: 
 
Á Under stringent carbon constraints in the long term, the energy system evolves significantly, 

with lower overall energy use due to demand response (reflecting behavioural change), 
increased energy efficiency, and significant deployment of low carbon technologies. 

 
Á The electricity sector is key to overall carbon reductions required due to the cost-effective 

potential available, partly a consequence of the size of sector emissions. A mix of 
technologies is required to meet the longer term abatement goals; CCS is one of the critical 
technologies although uncertainties remain around costs and technical challenges posed by 
large scale deployment of this technology. 

 
Á Other sectors have a key role to play in abatement efforts, particularly if considered on an end 

use basis i.e. electricity emission allocated to end use sectors. The transport sector tends to 
contribute towards the end of the time frame with the remaining transport options (those not 
already selected in the reference case) being less cost-effective than those implemented in 
other sectors. (Note that the transport sector already decarbonises to a significant extent in 
the reference case). 

 
Á In 2050, additional system costs due to abatement options range between £5 and £45 billion 

per year, from £5 billion under a 60% constrained case to £45 billion under a 95% case (or 
£12 to £67 billion when we factor in consumer surplus losses. Marginal abatement costs in 
2050 range from £61/tCO2 (60% reduction), £140 (80%), £345 (90%) and £700/tCO2 under 
95% reduction). These costs are considered to be at the low end of the range due to using a 
model with perfect foresight, operating in perfect competition and not recognising other cost 
barriers. 

 
Á Implementing a cumulative emission bound over the model time horizon (instead of an annual 

emission reduction trajectory) results in lower welfare losses, albeit not significantly lower. The 
emission reduction profile is similar to that observed under a 33/80 case, albeit with more 
abatement in earlier years and less in later years. 

 
As a result, costs of abatement are more uniform over the time horizon, with increased early 
abatement action reflecting higher levels of demand response and switching to lower carbon 
fuels.  

 
Á In assessing the role of international carbon credits, it is clear that these have a significant role 

to play (based on the assumed carbon prices from the GLOCAF model) alongside domestic 
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abatement efforts. However, the model analysis also suggest that in most cases credits do not 
contribute more than 10% of total reduction requirements, reflecting the relatively cost-
effective nature of domestic abatement options.  

 
Á A strong focus on near term goals (2020) can have a significant impact on the costs of 

meeting longer term (2050) reduction targets. The analysis suggest that costs would increase 
significantly if investment decisions only took account of 2020 targets rather than the optimal 
view that MARKAL typically assumes, based on perfect foresight. Initial investment in coal 
plant is duplicated by later investment in coal CCS technologies (due to the lack of retrofit 
options in the model), increasing costs significantly.  

 
The availability of carbon credits allows the costs of óshort-sightednessô to be reduced 
although not to a full extent. 

 
Á It is recognised that there a range of key low carbon technologies that could be critical to the 

move towards a low carbon energy system, including CCS, nuclear, renewable energy and 
hydrogen. Sensitivity cases to restrict the use of CCS and hydrogen show limited impacts 
beyond the costs experienced under the equivalent 33/80 case. This is due to the availability 
of alternatives, such as nuclear power in electricity generation as an alternative option to CCS. 

 
Restricting both nuclear and CCS new build has a much more significant impact on costs due 
to the need for increased renewable generation and abatement in other sectors, with less 
capacity for decarbonisation in the electricity generation sector. 

 
Á A renewable generation target of 40% by 2020 is considered achievable in the framework of 

the UK model, primarily as a result of increased wind and biomass generation. However, this 
takes limited account of the infrastructure implications that would certainly arise, and which 
would increase costs further, and is based on simplified characterisation of intermittency 
issues. There are also potential issues around supply chain and planning constraints on these 
technologies that cannot be fully accounted for in MARKAL. 

 
 
 

 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment vii 

Table of contents 

1 Introduction 1 

1.1 The MARKAL model 1 

1.2 Recent development of the UK MARKAL model 2 

2 Core model trajectory runs 5 

3 Defining a cumulative emissions target 38 

4 The role of international carbon credits 42 

5 Impact of short term investment decisions on costs of meeting longer 

term targets 49 

6 Limiting the role of low carbon technologies 60 

7 Moving towards 40% renewable electricity generation in 2020 66 

 



MARKAL-MED model runs of long term carbon reduction targets Final Report ï Issue 4 
 

viii AEA Energy & Environment 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 1 

1 Introduction 

AEA Energy & Environment, in association with the Policy Studies Institute (PSI), have been 
contracted by the Committee on Climate Change to undertake a range of model runs using the UK 
MARKAL Elastic Demand Model. The primary objective of the analysis is to assess the techno-
economic impacts of longer term climate mitigation goals on the energy system, with a particular 
emphasis on the relationship between shorter term (2020) and longer term (2050) targets. 
 
This report presents the scenario analysis undertaken, the core runs including: 
 

¶ 60% reduction of CO2 emissions by 2050, with interim targets in 2020 of 26% and 33% 

¶ 70% reduction of CO2 emissions by 2050, with an interim target in 2020 of 29% 

¶ 80% reduction of CO2 emissions by 2050, with interim targets in 2020 of 26% and 33% 

¶ 90%+ reduction of CO2 emissions by 2050, with interim targets in 2020 of 33% and 38%. 
These runs were specifically concerned with exploring the maximum level of abatement the 
model could achieve in the long term. 

 
All reduction targets are relative to 1990 emission levels although coverage of emissions is limited to 
combustion processes, and therefore excludes land use change and process emissions from the 
industrial sector. This results in total emissions in 2000 being approximately 4% lower than the UK 
inventory total. A range of variants on the above core trajectory runs have also been considered: 
 

¶ The contribution of international carbon credits to the overall UK abatement targets 

¶ The impact of short term goals on the ability of the system to meet longer term targets 

¶ The role of key low carbon technologies in meeting long term abatement goals 

¶ Short term renewable targets of 40% electricity generation 
 
Baseline runs all reflect current policy implemented or planned prior to the Energy White Paper 2007, 
as reflected in Governmentôs UEP 29 projections.  
 
In this report, where appropriate, we have tried to take account of the issues raised by Neil Strachan's 
peer review. Some of the comments relate to development of the model or modelling approach, or are 
beyond the scope of this work, and have therefore not been included in the report. However, we 
recognise the importance of such comments in the development of future MARKAL analysis. 
 
The full set of detailed runs undertaken in this analysis is listed in Annex 1.  
 

1.1 The MARKAL model 

MARKAL (acronym for MARKet ALlocation) is a widely applied bottom-up, dynamic, linear 
programming (LP) optimisation model. It was developed in the late 1970s at Brookhaven National 
Laboratory and has been continually supported by the International Energy Agency (IEA) via the 
Energy Technology and Systems Analysis Program (ETSAP).   
 
This energy model framework has long been used in the UK for exploring longer term costs and 
technological impacts of climate policy through a scenario-based approach. Recently, the UK model 
has been used to assess the impacts of longer term policy targets as supporting analysis to the 
Energy White Paper 2007 (EWP07)

1
 and the Climate Change Bill.

2
  

 
A more comprehensive description of the model, its use in the UK and insights from the EWP 07 
analysis can be found in Strachan et al. (2007).

3
  

                                                      
1
 Strachan N., R. Kannan, S. Pye (2007), Final Report on DTI-DEFRA Scenarios and Sensitivities using the UK MARKAL and MARKAL-Macro 
Energy System Modelsò, Final Report prepared by the Policy Studies Institute for the Department of Trade and Industry (DTI) and the Department 
of Environment, Food and Rural Affairs (Defra), Dr Neil Strachan and Ramachandran Kannan, Policy Studies Institute; Steve Pye, AEA Energy & 
Environment, May 2007 
2
 Defra (2007) MARKAL Macro analysis of long run costs of climate change mitigation targets, Analysis by AEA Energy & Environment, November 

2007, (Authored by S Pye and N Hill), Available at: www.defra.gov.uk/environment/climatechange/research/index.htm 
3
 Full documentation on the UK model can be found at the UKERC website - 

http://www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESMMARKALDocs08.aspx 

http://www.defra.gov.uk/environment/climatechange/research/index.htm
http://www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESMMARKALDocs08.aspx
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1.2 Recent development of the UK MARKAL model 

MARKAL Elastic Demand (MED) 
 
The most recent analysis undertaken for Government used a Macro version of MARKAL. MARKAL-
Macro (M-M) combines the technological detail of MARKAL with the general economics of MACRO, a 
long-term neoclassical growth model. In M-M, demands and prices are calculated within the model 
through the interaction of the energy system with the rest of the economy. The cost to the national 
economy is calculated directly as the change from the GDP that would otherwise be projected. 
 
In recent months, an elastic demand version of the UK MARKAL model has been developed ï 
MARKAL Elastic Demand (MED).

4
 This model has the benefit of being much simpler to calibrate and 

use (linear rather than non-linear problem), and provides a more explicit representation of demand 
response to prices.  
 
MED allows for both the supply and demand side to adjust to changes in prices. The price of 
producing a commodity affects the demand for that commodity, while at the same time the demand 
affects the commodityôs price. A market is said to have reached an equilibrium at price p* when no 
consumer wishes to purchase any less and no producer wishes to produce any more of each 
commodity at that price. Hence, MED seeks this supply/demand equilibrium point whereby maximizing 
both consumer and producer surplus. In contrast, in the standard MARKAL the objective function is to 
minimize the cost of supplying exogenously defined energy service demands. The sum of consumer 
and producer surplus (economic surplus) is considered a valid metric of societal welfare in 
microeconomic literature, conferring strong validity to the equilibrium computed by MARKAL.  
 
In particular, in MED the user needs to define demand functions which determine how each energy 
service demand varies as a function of the market price of that energy service. Hence, each demand 
has constant own-price elasticity in a given period

5
. The demand function is assumed to have the 

following functional form: 
 
ES/ES0 = (p/p0) 

pelasES
 

 
where   ES is a demand for some energy service; 

ES0 is the demand in the reference case; 
p is the unit price of the energy service; 
p0 is the unit price in the reference case; and  
pelasES is the (negative) own-price elasticity of the demand. 

 
In this characterization, ES0 and p0 are obtained by running standard MARKAL. ES0 is the energy 
service demand projection as defined by the user exogenously (as a function of some social, 
economic and technological barriers). p0 is the shadow price of that energy service demand 
determined endogenously by running the reference case. Then, the user specifies demand functions 
which allow demands to vary endogenously around these reference demand levels and prices.  
 

Current MED set-up 
 
As described in the above section, a simple calibration process ensures that the MED reference case 
is consistent with the reference case run in the standard model (based on use of the standard case 
energy service demand, shadow price of the energy service, total system cost (MED-BASEOBJ) and 
undiscounted annual system cost (MED-BASEANNC)).  
 
Three additional parameters are required when undertaking an MED run: 
 
 
 

                                                      
4
 The lead model development team has been Kingôs College London, led by Neil Strachan. 

5
 MARKAL-Micro variant includes cross-price elasticities as well. Hence, it allows for endogenous substitution between, for example, rail transport 

and truck transport. 
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MED-ELAST: Elasticity of demand. This indicates how much the 
demand rises/falls in response to a unit change in the marginal cost 
of meeting the elastic demands. 
MED-VAR: Variation of demand. This limits the upward / downward 
movement of demand response. In the model, this is set to a limit of 
50% reduction in demand / 25% increase in demand.

6
 

MED-STEP: Defines the steps on the demand curve; for demand 
decreases, this has been set at 20 (2.5% reductions) and 10 for 
demand increases (for consistency with MED-VAR parameter). 

 
The following elasticities (see Table 1.1) used in this analysis are long-run (as used by other MARKAL 
modellers), and have been estimated from three key sources: - 1) Other lead MARKAL modelling 
teams outside the UK; 2) MDM-E3, and 3) the BERR energy model.  
 
Table 1.1 Price elasticities of energy service demands 

 

ESD code Sector and Description Elasticity factor 

ICH 

Industry 

Chemicals -0.49 

IIS Iron & steel -0.44 

INF Non ferrous metals -0.44 

IOI Other industry -0.32 

IPP Pulp and paper -0.37 

R-ELEC 

Residential 

Electrical appliances -0.31 

R-GAS Gas appliances -0.33 

RH-S-E Space heat (existing) -0.34 

RH-S-N Space heat (new homes) -0.34 

RH-W-E Water heat (existing) -0.34 

RH-W-N Water heat (new homes) -0.34 

SCK 

Services 

Cooking ** 

SCL Cooling -0.32 

SETC Electrical appliances -0.32 

SH-S Space heating -0.26 

SH-W Water heating -0.26 

SLIT Lighting -0.32 

SREF Refrigeration ** 

TA 

Transport 

Air (domestic) -0.38 

TB Bus -0.38 

TC Car -0.54 

TF Rail (freight) -0.24 

TH HGV -0.61 

TI Air (international) -0.38 

TL LGV -0.61 

TR Rail (passenger) -0.24 

TS Shipping (domestic) -0.18 

TW 2 wheelers -0.41 

AGR-BIOW 

Agriculture (note; 
small demand 
segment) 

Bio-wastes -0.32 

AGR-DIE Diesel -0.32 

AGR-ELC Electricity -0.32 

AGR-HCO Coal -0.32 

AGR-NGA Natural gas -0.32 
 

Source: KCL internal paper (2008) 

                                                      
6
 Demand increases are considered to be less sensitive to price changes. 
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** Elasticity factors have not been included for cooking or refrigeration demand in the residential sector as such demands are 
critical for supplying basic needs. Abatement opportunities therefore only exist in purchasing of more efficient products (but not 
demand reduction). 

 
It is important to highlight that elasticity factors are based on real world observations concerning how 
we might expect a sector to respond to price changes, as measured by levels of demand for a given 
energy service. These factors are being used in a model environment which does not necessarily 
characterise all of the choices that a sector has (in the real world) with respect to alternatives. 
Therefore, under significant carbon reduction targets, a large demand response could be a function of 
lack of mitigation options in addition to whether the demand is elastic or inelastic. In the UK MARKAL 
MED, this becomes important especially for the industrial sector where sectoral energy use is 
characterized by a set of process technologies based on their fuel input rather than specific 
technologies. The lack of technical abatement options (e.g. CCS) results in significant demand 
response under stringent constraints.  
 
Finally, an issue relates to the limitations on data for price elasticities of energy service demands. The 
literature defines elasticities for final energy demands, mostly, with the exception of transport. For 
most sectors KCL have considered the elasticities used by the other international MARKAL modellers 
and interpreted their assumptions for the UK.  For the transport sector, KCL have built on the UK 
studies on elasticities for this sector.  
 

Model set-up 
 
As part of ongoing work under UKERC, the team at KCL have been leading on the development and 
improvement of the UK model, supported by AEA and PSI. In addition to the development of the MED 
version, a number of significant improvements have been made, and are listed in Annex 2 of this 
report. 
 
In addition to these changes, further changes have been made to the model set up so that the model 
is correct for the purposes of this analysis. These are listed below in Table 1.2, and described in 
greater detail in Annex 2. 
 
Table 1.2 Model set-up for CCC analysis 

Model parameter Description of model set-up 

Fossil fuel prices Based on those recently published by BERR, deflated to 2000 prices
7
. 

Global discount rate 3.5% (previously 10%) 

Technology specific discount rates Hurdle rates for transport revised, while hurdle rates for energy 
efficiency (conservation) measures removed 
 
Costs of capital rates remain on large scale power sector investments (in 
general at 10%) 

Imported biofuels Price of biofuels tracks assumptions in BERR central oil forecast 

Biomass Pathways representing the use of biomethane are set up in the UK 
model have been used 
 
Global biomass constraint on UK imports introduced, based on IPPR / 
WWF report

8
 

 
1

st
 generation biofuel restrictions - imported bio-ethanol from corn 

pathway removed; domestic production limited 

Electricity generation prices Interest during construction has been included across all the main 
technologies 

Build rates for generation plant Maximum annual build rates (post 2020) for CCS (3-5 GW), nuclear (3-5 
GW) and wind (3 GW) included 

Conservation measures in 
residential sector 

Updated to reflect recent analysis for CCC based on residential sector 
MACC 

 
 
 

                                                      
7
 BERR (2008), Communication on BERR Fossil Price Assumptions: Update to present the latest fossil fuel price assumptions following the 

January 2008 Call for Evidence, May 2008 (URN 08/915) 
8
 IPPR / WWF / RSPB (2007), 80% Challenge ï Delivering a low-carbon UK 
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2 Core model trajectory runs 

Interim and longer term targets that will be introduced under the Climate Change Bill are currently 
under consideration by the Committee on Climate Change (CCC); advice will be provided to 
Government by the CCC towards the end of 2008.  
 
This modelling has been undertaken to provide insights into the impacts of different interim and longer 
terms targets on the energy system, in particular the impact on additional costs associated with 
different targets, and the types of technologies that could be required.  
 
Interim targets used in this analysis range from 26% to 38%, while longer term targets range between 
60% (minimum target under the Climate Change Bill) up to 90% and 95%. All reduction levels are 
relative to 1990 levels. The trajectory between 2005-2020 and 2020-2050 is based on equal 
percentage reductions year on year. The core trajectory model runs are listed in Table 2.1 below. 
 
Table 2.1 Model runs under different CO2 reduction target assumptions 

 
Model run name Model run description 

REF Reference case 

26 / 60 Targets - 26% in 2020, 60% in 2050 

33 / 60 Targets ï 33% in 2020, 60% in 2050 

29 / 70 Targets - 29% in 2020, 70% in 2050 

26 / 80 Targets - 26% in 2020, 80% in 2050 

33 / 80 Targets ï 33% in 2020, 80% in 2050 

33 / 90 Targets - 33% in 2020, 90% in 2050 

38 / 90 Targets - 38% in 2020, 90% in 2050 

38 / 95 Targets - 38% in 2020, 95% in 2050 

 
The 38/95 run was undertaken to assess the limits of reduction achievable in the model. The model 
solves but only because of demand response function, without which a solution is not found.

9
 Given 

that these results are at the extreme limit of what the model can achieve in terms of abatement, they 
need to be interpreted with care. 
 
The results of the above target setting cases are presented in the following sections. 
 

The evolution of energy demand under an increasingly carbon constrained 
system 
 
The level and type of energy consumed in the economy changes significantly under increasingly 
tighter carbon constraints, reflecting the evolution of energy using technologies in terms of type and 
efficiency of use. Figure 2.1 provides an indication of the changing levels of primary energy use based 
on the different carbon reduction trajectory. The reference case indicates reduced levels of energy 
demand out to 2030, primarily as a result of reducing levels of transport fuel consumption as the 
efficiency of vehicles improves; this is despite an upward trend in service demand. In addition, uptake 
of conservation in residential and service sectors also contributes to this reduction. 
 
As discussed later in this report, the reduction in transport energy consumption in the reference case 
is viewed as optimistic. A further set of analyses, presented in Phase 2 report, uses a much less 
optimistic transport baseline. 
 
Under a 60% constraint, total primary energy use decreases (relative to 2000 levels) by 27%. Under 
an 80% constraint, the reduction is over 41%, and 52% under a 90% constraint. This indicates the 
increased efficiency both of end use technologies (move to hybrid vehicles, improved residential boiler 
efficiency) but also of the conversion processes in the system, such as electricity generation or 
hydrogen production.  
 

                                                      
9
 This was tested using standard MARKAL which has fixed demand service levels which have to be met. 
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Figure 2.1 Primary energy demand, Core trajectory scenarios (PJ) 
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A comparison of the types of energy being used in the system in 2050 is provided in Figure 2.2. It 
again illustrates the reduction in overall energy use. An important observation is that fossil fuels have 
a significant role to play, even under 60%, 70% and 80% 2050 constraints, although most of the coal 
is used in carbon capture and storage (CCS) technologies. Under 90% constraints, fossil fuel use 
remains important; again the coal is used in CCS whilst gas is used in highly efficient end use sector 
technologies, although there is also significant transition from gas to electric heating and ground 
source heat pumps in the domestic and service sectors (discussed in greater detail later in this 
section).  
 
Other important trends include the increasing importance to the energy mix of nuclear generation, 
biomass and renewables. Conversely, levels of oil use get increasingly lower primarily due to reduced 
use of standard transport fuels. 
 
Figure 2.2 Primary energy demand in 2050, Core trajectory scenarios (PJ) 
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Final energy consumption levels (shown in Figure 2.3) show a similar picture to that for primary 
energy. As constraints on CO2 emissions get more stringent, the levels of primary and final energy 
demand start to converge, illustrating again the move to a much more energy efficient system (as 
measured by the ratio of final energy use to primary energy supply). Under 90 and 95% constraints, 
the potential for additional efficiency savings is limited due to the extent of convergence between 
primary and final energy. This also reflects the lower levels of fossil based electricity generation in 
these cases, resulting in a lower primary to final energy ratio, due to accounting of thermal efficiency 
losses. 
 
Figure 2.3 Final energy demand, Core trajectory scenarios (PJ) 
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The mix of energy types in 2050 across these scenarios provides some interesting insights into the 
evolution of the final energy mix (see Figure 2.4). Under the more stringent reductions, the role of 
electricity as a key provider of energy to end use sectors becomes more important, while the role of 
gas is less prominent. This reflects a move to the use of low carbon electricity as the main means of 
decarbonising end use sector sectors, in particular residential and commercial sectors. This increase 
in centralised supply has significant cost and engineering implications for the electricity infrastructure 
which are not fully captured in the model. 
 
For the transport sector, bio-fuels and hydrogen become very important in low carbon systems (>80% 
reduction) although hydrogen has a role even under the reference case. Petrol and diesel use 
decreases significantly, although still provides a proportion (albeit much less) of energy needs even 
under 80% and 90% constraints. Industry, partly as a function of limited technological choice in the 
model, continues to use gas as a means of meeting energy service demand. The role of coal is limited 
across all end use sectors. 
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Figure 2.4 Final energy demand in 2050, Core trajectory scenarios (PJ) 
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The contribution of different sectors to reduction targets 
 
Meeting CO2 reduction targets requires significant abatement activity across the different sectors of 
the economy. Previous MARKAL analysis has suggested that all sectors have a role to play, although 
the level and timing of the respective contributions differ. The objective of the model is to maximise 
economic surplus over the model time horizon; under carbon constraints, abatement mitigation 
choices will be based on least cost and therefore, the sectors with the most cost-effective options are 
likely to contribute more. Timing of the contribution will be a function of the constraint level in a given 
period, and availability of mitigation options (and their cost-effectiveness).  
 
Emission reductions can be considered on a source sector basis or end-use sector basis, whereby 
emissions from electricity generation and hydrogen production are allocated according to end use 
sector usage. The first set of results considers reductions in emissions on a source sector basis, as 
shown in Figure 2.5. Note that these results do not provide an indication of the role of demand 
reduction through uptake of energy conservation measures, where conservation measures are already 
taken up in the reference case. 
 
It has previously been highlighted that the transport sector is reducing fuel consumption (and therefore 
emissions) under the reference case, due to the evolution in the efficiency of transport technologies. 
As a cost-optimising model, emission reductions are observed even in the absence of a CO2 
constraint. We note that this is potentially optimistic with respect to what might happen in the near 
term, and that it has a significant impact on the level of emissions under the reference case.  
 
Under the reference case, a 22% reduction in CO2 emissions from the transport sector can be 
observed between 2000 and 2020; BERR UEP projections suggest a limited increase in overall 
transport emissions during this period (although this is of course based on an econometric top-down 
model, not a bottom-up optimisation model). This significantly reduces the burden on the system 
concerning the achievement of near term carbon constraints, which are fixed against 1990 levels. In 
addition, cost-effective conservation measures in building sectors contribute to reducing the cost 
burden further.  
 
The optimistic view of transport technology development and deployment that is predicted in this cost 
optimisation model needs to be recognised when considering what the costs might be of meeting 2020 
targets. 
 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 9 

CO2 emissions under the reference case, and range of different reduction scenarios, are shown in 
Figure 2.5 below. The growth in emissions under the reference case post-2020 is primarily due to the 
use of coal in electricity generation. 
 
Figure 2.5 CO2 emissions by source sector, 2000-2050 (MtCO2), Core trajectory scenarios 
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60% reduction in 2050 (26% in 2020) 
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80% reduction in 2050 (33% in 2020) 
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90% reduction in 2050 (38% in 2020) 

CO2 emissions by sector

0

100

200

300

400

500

600

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

M
tC

O
2

Transport

Services

Residential

Industry

Hydrogen

Electricity

Agriculture

Upstream and

non-sector

 
* UK total emissions in 2000 under the UK GHGI are higher than shown in the above graphs because the model does not track 
all sources of CO2 e.g. industrial non-combustion emissions, land use based emissions 

 
Under a 60% reduction target, the majority of emission reductions are due to the uptake of lower 
carbon technologies in the electricity generation sector, with limited contribution from other end use 
sectors post-2030. The apparent reduction in transport relative to 2000 levels is occurring in the 
reference case; therefore relative to the reference case, reductions are low under the 60% constrained 
case. 
 
Under the 80% reduction case, whilst a similar pattern emerges, the relative contribution of the 
residential sector post-2030 is much more significant, with an almost full decarbonisation by 2050. The 
transport sector also makes a contribution, notably post-2040. By 2050, about 40% of the overall 
reduction is from non-ESI sector sources (compared to about 15% under a 60% constraint). 
 
A 90% reduction target leads to near full decarbonisation of all sectors bar industry. This reflects the 
limited characterisation of this sector in terms of technological abatement options, as illustrated by the 
significant demand response under such constraints (as described in a later section). Electricity sector 
emissions arise due to the continued use of CCS, albeit it at lower levels than seen under less 
stringent constraints. 
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Emission levels in 2020 and 2050, disaggregated by sector, are shown for all core trajectory scenarios 
in Figure 2.6. In the 2020 case, it is clear that under the current model assumptions, abatement 
requirements under a 26% target are low. One interesting finding is that under the 26/80 case, the 
level of abatement undertaken is more than the required, indicating higher contribution in this time 
period due to the more stringent longer term target. 
 
In 2050, under the most stringent constraint possible (95%), it is the industrial sector where emissions 
remain. This is primarily due to continuing use of natural gas, 15% of which is biomethane so carbon-
free) and also use of light fuel oil. Biomethane as a carbon-free resource plays an increasing role as 
constraints increase, from 1% under a 60% constraint to 12% under a 90% constraint. 
 
The sector reduces emissions in the main through switching to low carbon electricity although this may 
not be possible for meeting specific energy service demands (that require specific types of energy). As 
discussed, limited technology-based solutions are available for this sector, such as CCS; therefore, 
fuel switching is one of the key options for reducing emissions. Characterisation of technologies in this 
sector is limited; in reality, more mitigation options may exist. 
 
Figure 2.6 CO2 emissions by source sector, 2020 and 2050 (MtCO2) 
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Emission reductions can also be considered on an end-use sector basis, as shown in Figure 2.7. All 
sectors contribute significantly to reductions, with the transport sector contribution occurring primarily 
post-2035 (reflecting lower levels of electricity use in this sector than other end use sectors). 
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Figure 2.7 CO2 emission reductions (relative to reference case) by end use sector, 2000-2050 (MtCO2) 
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80% reduction in 2050 (33% in 2020) 
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90% reduction in 2050 (38% in 2020) 
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* UK total emissions in 2000 under the UK GHGI are higher than shown in the above graphs because the model does not track 
all sources of CO2 e.g. industrial non-combustion emissions, land used based emissions 
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The costs of CO2 abatement to the UK economy 
 
Marginal abatement costs 
 
When imposing a CO2 target on the system, an óemission marginalô representing the marginal cost of 
abatement is derived.

10
 This cost is a function of the constraint imposed, and the availability and cost 

of technologies / fuels to meet service demands under such a constraint. It can also be used as a 
basis for considering the level of carbon price that might be needed to achieve a given level of 
abatement. 
 
The marginal costs of the model runs undertaken are shown in Table 2.2. These range (in 2050) from 
£60/tCO2 under a 60% constraint to approximately £140, £340 and over £700 for 80%, 90% and 95% 
constraints respectively. As would be expected, marginal costs increase as constraints become 
increasingly stringent, as investment is pushed towards higher cost, low carbon technologies. 
 
All of these model runs include a range of assumptions on how technology costs reduce over time, 
based on literature concerning learning rates. These rates are therefore exogenous, not endogenously 
calculated by the model based on uptake of technologies. The use of exogenous learning rates is 
potentially not a problem, given that the UK is generally a price taker in respect to new technologies. 
However, significant uncertainties do exist in the model in relation to these exogenous assumptions, 
particularly in the longer term, and could have a bearing on whether marginal costs are lower or 
higher. In addition, the model only includes known technologies, and does not allow for cost or 
efficiency improvements based on unknown, yet to be developed technologies. 
 
Table 2.2 Marginal costs of CO2 abatement (£/tCO2) for core trajectory cases 

 
Scenario 2010 2020 2030 2040 2050 2050 (£/tC) 

26/60 0 4.3 10.4 33.1 61.4 225.1 

33/60 0 20.8 10.4 32.2 61.3 224.8 

29/70 0 8.4 10.6 53.6 109.2 400.4 

26/80 0 0.0 29.0 99.3 147.8 541.9 

33/80 0 19.3 36.3 97.5 140.8 516.3 

33/90 0 17.9 95.7 173.9 352.2 1291.4 

38/90 0 53.9 108.5 180.3 343.5 1259.5 

38/95 0 55.9 164.2 261.3 705.8 2587.9 

 
Marginal costs in 2050 for the same reduction target seem to be affected to some extent by the 2020 
interim target. If we compare 26/80 vs. 33/80 and 33/90 vs. 38/90, the marginal cost is lower in 2050 
for the cases with the more stringent interim target. This reduction in marginal costs in 2050 appears 
to reflect the result of earlier investment to meet interim targets. 
 
For EWP 07 MARKAL analysis, marginal costs were in the region of £135/tCO2 (using standard 
MARKAL); the significantly lower values in this analysis are the function of using a lower global 
discount rate of 3.5% (as opposed to 10%). The MED model also allows for demand response across 
different sectors, lowering energy service demands and reducing the energy system requirements 
(and costs). 
 
Marginal costs in 2020, particularly under 26% constraints, are very low. Relative to a reference case 
under which current policy is driving uptake of cost-effective energy efficiency conservation

11
 and the 

transport fleet is moving to increased uptake of more fuel efficient vehicles, meeting the constraint 
does not necessarily result in significantly higher costs (particularly with the option for demand 
reduction). The reductions achieved under the reference case by 2020 are already -23% relative to 
1990 levels largely due to technology change in the transport sector.  
 
The rate of technology uptake in the baseline, particularly in the transport sector, highlights that 
MARKAL does not fully account for hidden costs in technology transition or real world barriers (e.g. 

                                                      
10

 Marginal costs do not reflect changes in consumer surplus explicitly but rather cover the relative costs of technical options for mitigation. 
Changes in demand response may still have some effect on marginal costs by reducing energy service demand in a sector, which then has an 
effect on mitigation choices. 
11

 Conservation measures are specific measures that reduce energy demand services. For example, loft insulation or double glazing reduces 
heating demand and consequently energy demand. In MARKAL, conservation measures are modelled using ódummyô technologies which deliver 
desired energy services without using any input energy. In comparison, energy efficiency measures are technologies that utilise physical fuels at 
an improved efficiency relative to the standard technology. 
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consumer choice, manufacturing capacity), and is therefore likely to underestimate the true costs of 
emissions reductions to 2020. 
 
Change in economic surplus 
 
Figure 2.8 shows loss in consumer surplus, combining losses in consumer surplus with the increase in 
annual system costs, to provide an estimate of loss of economic surplus. This reflects loss in 
profitability on the supply side (due to increased costs) and lower demand due to higher prices for 
energy services. The decrease in economic surplus due to the requirement for additional abatement 
measures is shown below, with increasing reductions under progressively stringent constraints. 
 
In 2050, reduction in economic surplus (consumer / producer surplus) ranges from £12 billion under a 
60% case, and £30 billion under an 80% case, to £50 billion under a 90% reduction target. Accounting 
for this additional loss of welfare significantly increases overall economic impacts. System cost 
increases are approximately half of the overall loss in consumer surplus for constraint cases up to 
80%, and 60% under the 90 / 95% constraints. 
 
Figure 2.8 Change in consumer / producer surplus (undiscounted), 2000-2050 (£ billion), Core trajectory 
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NB. The above losses are not discounted but reflect those incurred in a given year. Capital investment is 
annualised over the lifetime of the plant (using specific technology discount rates where applicable). 

 
It is important to again stress that this model has perfect foresight and will optimise investment 
accordingly (in order to maximise economic surplus). In addition, transition and policy costs are 
ignored in achieving the move to low carbon economy, as are the impacts (potentially positive as well) 
on the wider economy with respect to competitiveness and employment. Therefore, these additional 
costs could certainly be considered at the low end of the range, as described for other recent UK 
MARKAL analysis. In addition, other costs are not fully reflected, such as the impacts on energy 
infrastructure, in respect to capacity requirements and operational issues. Note that benefits from 
growth in new technologies e.g. renewables are not taken into account either. 
 
As discussed earlier in this report, system costs (producer surplus) are lower than standard MARKAL 
runs in previous assessment due to the use of a lower discount rate of 3.5%, and the role of service 
demand reduction (using the MED version of MARKAL).  
 
Discounted system costs 
 
Two metrics can be used to represent the discounted system costs over the model time horizon. 
These are the discounted consumer / producer surplus (D.CPSURPLUS) and the discounted system 
costs (D.MED-TESCOST).  
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Table 2.3 Discounted system costs for core trajectory runs (£2000 millions) 

Model run Discounted econ. surplus Discounted system costs 
26/60 -32,606 -22,802 

33/60 -39,738 -25,401 

29/70 -65,459 -22,121 

26/80 -112,820 653 

33/80 -121,249 326 

33/90 -216,792 28,200 

38/90 -229,753 17,284 

38/95 -335,301 88,089 

 
Negative values under the discounted economic surplus reflect welfare losses relative to the reference 
case as a result of the imposition of a constraint. This negative value increases under increasingly 
stringent constraints. The discounted system costs (producer surplus effects) show the change 
relative to the reference case, with positive values showing increases in costs. 
 
It is of interest to note that discounted system costs for 33/80 case are cheaper than the 26/80 case 
and 38/90 case less than 33/90 case. In effect the earlier target does not appear to lead to increases 
in system costs; however, the model considers discounted economic surplus, factoring in consumer 
surplus effects on the demand side. It is also interesting that an additional 5% constraint, up to 95%, 
leads to significantly higher losses in economic surplus and increases in system costs. 
 

The role of demand reduction in response to increasing prices 
 
Sectoral demand response is an important feature of the MED model, allowing for consumer response 
to the price of a given energy service. In effect, it captures consumer behaviour to price increases 
(assuming a rational response) based on the elasticity of that service demand, and provides the model 
with an additional means of meeting constraints. Lowering demand for energy services will mean less 
energy use (captured by a reduction in consumer surplus), the choice of which is balanced against 
maintaining energy service demand levels, and the costs of additional mitigation (captured by a 
reduction in producer surplus). 
 
One of the most important factors that will determine the elasticity factor is the level of substitutes. If 
many substitutes exist, the elasticity factor will be higher as it is possible to switch to alternative 
energy services, whilst for an energy service with few other alternatives the price elasticity will be 
relatively inelastic (being closer to 0).  
 
As discussed earlier in this report, an additional factor in determining demand response in the model is 
the characterisation of alternative abatement options. In deciding in which sector to reduce demand, 
the model looks at the marginals of each energy service and alternative technologies. If under 
stringent emission reduction targets a sector has few abatement options, irrespective of the elasticity 
factor used, the demand response could be significant (as this may be the only option).  
 
In summary, the following factors are important in the level of demand response: 
 

¶ The elasticity factor used 

¶ The abatement choices available 

¶ Marginal value of energy service demand from the reference case
12

 

¶ The cost of the alternatives versus the potential loss in consumer surplus 
 
 
Figure 2.9 illustrates the change in energy service demands (relative to the reference case) under 
60%, 80% and 90% constraints. Agricultural demand response is greatest in all instances due to 
limited abatement choices beyond demand response.  
 
The transport sector is the least responsive due to a much broader range of technology based 
choices, despite the main transport service demands being relatively elastic. Even under the more 
stringent constraints where transport has to contribute significantly, demand response is still low 

                                                      
12

 The demand curve is characterized around this value through the parameters MED-VAR, MED-STEP and MED-ELAST. 
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relative to other sectors because there are a range of increasingly costly options which are considered 
preferable in respect of the overall objective function than demand response. 
 
The service sector shows an overall reduction of 5% in the 60% case, rising to 15% in the 90% case. 
This is primarily driven by reducing space heating demand. There is a reduction across most cases in 
2030, which perhaps indicates the availability of new more efficient technologies that may be more 
cost-effective; hence the need not to reduce demand significantly (although under a 90% constraint, 
this effect has gone).  
 
The residential sector shows increasing demand reduction, from 12% under a 60% constraint to 19% 
under a 90% constraint. The main reductions are from space and water heating service demands. 
Industry has a similar reduction trajectory to the residential sector, except under the 90% constraint 
where it is much higher. This significant increase from 20% to 30% (between the 80% and 90% 
constraint cases) is likely to be due to this sector needing to reduce emissions significantly but with 
limited technical options to achieve this. The response within the industry sector is consistent with the 
elasticity factor used for sub-sectors, with chemicals reaching the maximum 50% reduction of 
reference demand levels, and energy intensive metal sectors near to 40% reductions.  
 
For most sectors, it is intuitive that demand reductions will mean less energy used around the home 
(e.g. thermostats switched down) or unnecessary vehicle trips taken. For industry related sectors, 
including some transport sectors e.g. HGVs, there will be wider economic impacts which are not 
picked up in this model. For example, a 50% reduction in chemicals sector energy use is likely to have 
a significant impact on amount of goods provided, and will impact on the sectorôs productivity. The 
impact on the provision of goods and services (in terms of economic output) and the prices of those 
goods and services is not captured in the model, and is a limitation of using demand response function 
that is independent of wider economic impacts. 
 
It is also worth noting that there is no representation in the model, through the use of cross price 
elasticities of demand, of how changes in the demand level resulting from price increases / reductions 
of energy service demands impact on the demand for other goods and services, or other energy 
services. It could be argued that a reduction in one energy service in a given sector could free up 
financial resources for additional expenditure on another energy service, or on goods and services 
which would require energy for production. Whether this production was domestic or overseas could 
mean that demand reduction would not necessarily contribute to abatement to the extent shown in the 
model. 
 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 17 

 
Figure 2.9 % reduction in energy service demands under different CO2 constraint levels 
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38% reduction in 2020; 90% reduction in 2050 
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Decarbonisation in the electricity generation sector 
 
A key sub-sector in the energy system, and one that offers the potential for significant abatement 
opportunities, is electricity generation. This is because of the scale of the current emissions, the 
availability of a range of low carbon technologies, and the relative cost-effectiveness of large-scale 
abatement opportunities in this sector relative to others. 
 
There are a number of user constraints in the model to ensure a degree of realism in respect to 
policies already introduced and near term technical constraints, as described in the box below. 
 

Box 1 Key constraints in electricity generation sector 
 

¶ Renewables obligation ï minimum level of renewable electricity generation at 8% in 2010, 13% in 2015 
and 15% in 2020 

¶ Restrictions on new nuclear and CCS build until 2025 

¶ Limits on annual build rates for nuclear and CCS at 3 GW up to and including 2030, and 5 GW after 
2030 

¶ Share constraints on coal, gas and oil out to 2020 to reflect near term understanding from BERR 
projections 

¶ Constraints on total wind capacity to 2010 in line with BWEA estimates 

¶ Biomass co-firing shares in coal plant (5% minimum to 20% maximum) 

¶ Constraint on intermittent electricity generation of 25% before additional costs required for storage 
investment 

 
In addition, a reserve margin of 30% has been assumed for the system. 
 

 
In the reference case, coal generation dominates post-2030 (Note that EU ETS price not considered in 
the reference case, which could have an impact on coal generation levels). It accounts for most of the 
near term investment in large generation plant, with the model suggesting a cost advantage over gas 
generation, primarily on the basis of fossil fuel price assumptions. No new nuclear is built; hence it 
disappears from the mix post-2025 as existing plant reach end of life. The level of renewable 
generation increases, primarily due to the Renewables Obligation (15% by 2020 based on pre-EWP 
07 proposals).  
 
Figure 2.10 Electricity generation output (PJ) under the reference case, 2000-2050 
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Figure 2.11 Electricity generation output (PJ) under a 60% reduction scenario (26% reduction in 2020) 
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Under a 60% case, the key difference is that the coal CCS rather than conventional coal is invested in 
post-2020. The other noticeable change is the increase in imports (which are seen as carbon-free), 
the price of which is based on current electricity prices in France and the costs of infrastructure 
upgrade. 
 
The capacity levels in the sector are shown in Figure 2.12. An issue of interest is the level of gas 
capacity, much of which is not utilised fully post-2020, and to an even lesser extent after 2030. This 
effect appears to arise due to the lifetimes of existing plant coming to an end, and a resulting capacity 
gap to fill. It appears that the model is building gas plant in 2020 / 2025 to meet the generation 
requirements in the short term and to ensure the system reserve margin is met. CCS investment is 
only permitted after 2020, so gas plant, although only utilised in the first few periods, appear to be the 
best option. In reality, higher levels of gas generation could be used in meeting peaking requirements; 
the low temporal resolution in the model means that gas generation is often not required for balancing 
grid requirements. 
 
Another limitation with the model is in respect of the CCS investment issue; CCS retrofit of 
conventional coal plant is not an option, and therefore the model cannot build coal plant before CCS 
technologies come on line (with a view to retrofitting them later). 
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Figure 2.12 Electricity plant capacity (GW) under a 60% reduction scenario (26% reduction in 2020) 

0

20

40

60

80

100

120

140

160

2000 2010 2020 2030 2040 2050

G
W

CHP

Biomass and

waste

Solar

M arine

Wind

Hydro (incl.

pumped stor)

Oil

Gas with CCS

Gas

Coal with

CCS

Coal

Nuclear

 
* Note that there is an electricity import capacity of about 14 GW 

 
Investment levels under the 26/60 are show in Figure 2.13. A discussed, the investment in gas plant in 
2020 and 2025 illustrates the capacity gap occurring during these periods, and the limits on CCS 
investment in 2025. Another factor is the system reserve margin which will require minimum levels of 
investment to ensure a given capacity. Post 2030, all investment is in renewable generation (wind and 
marine) or CCS, the maximum build rate for which is hit in 2030. 
 
Figure 2.13 Electricity plant investment (GW) under a 60% reduction scenario (26% reduction in 2020) 
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* Build rates are reflected on a period-by-period basis due to lack of interpolation in the MARKAL model. Therefore, a limitation 
is that all capacity that could be built appears in a single period, although in practice reflects build over a 5 year period. 

 
Under an 80% target, some significant changes occur in the generation mix (see Figure 2.14). Limited 
conventional coal generation is used post-2020, with significant investment in new nuclear build by 
2025. Post-2030, the overall levels of generation increase significantly, largely driven by increase 
demand by end use sectors for lower carbon electricity. This results in much higher levels of wind 
generation from 2040 onwards and the introduction of gas CCS.  
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Figure 2.14 Electricity generation output (PJ) under an 80% reduction scenario (33% reduction in 2020) 
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The investment profile differs from the 60% reduction case in the following respects (as shown in 
Figure 2.15): 
 
Á Higher levels of investment in wind capacity post 2035 
Á Significant nuclear investment in 2025 
Á Gas CCS investment post 2040 

 
Interestingly, conventional gas plant is invested in post-2040. This would appear to indicate additional 
new build (of this least cost plant type) to meet the system reserve margin only, but is not used.  This 
is because the MARKAL only models the typical average demand profiles and therefore will not 
capture utilisation of this system reserve for extreme peaks, or unexpected outages of other 
generation technology, which would occur in the real world. 
 
Figure 2.15 Electricity plant investment (GW) under an 80% reduction scenario (33% reduction in 2020) 
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* Build rates are reflected on a period-by-period basis due to lack of interpolation in the MARKAL model. Therefore, a limitation 
is that all capacity that could be built appears in a single period, although in practice reflects build over a 5 year period. 

 
Under a more stringent constraint of 90%, the total level of generation increases earlier to the level of 
2000 PJ, reflecting increased demand for low carbon electricity by 2040. In addition, particularly from 
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2030 onwards, a lower carbon mix can be seen, with increased levels of nuclear generation, gas CCS 
and wind, primarily at the expense of coal CCS (which under this constraint is too carbon-intensive).  
 
Figure 2.16 Electricity generation output (PJ) under a 90% reduction scenario (38% reduction in 2020) 
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The investment profile is provided below. Observations include significant gas CCS build in 2040, 
occurring at this point in time due to technology cost reductions and higher abatement potential, 
relative to coal CCS. Compared to the earlier 80% reduction case, investment in wind capacity occurs 
earlier (2025, 2030) due to more stringent constraints; overall capacity in 2050 is broadly similar, as 
shown by the generation levels in Figure 2.19. 
 
Figure 2.17 Electricity plant investment (GW) under an 90% reduction scenario (38% reduction in 2020) 
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* Build rates are reflected on a period-by-period basis due to lack of interpolation in the MARKAL model across inter-milestone 
years. Therefore, a limitation is that all capacity that could be built over a five year period appears in a single period. 

 
The investment profiles do not fully reflect some of the real world constraints that might actually be 
seen in the market place in future periods. Such constraints are mainly on the supply side including 
availability of generation turbines, other commodities required for new build and labour skills. In 
addition, commodity prices have increased significantly in the last 5-6 years; these are not necessarily 
reflected in the costs of generation, with ongoing debate about the longevity of price increases (long or 
short term) and whether certain generation types are affected more than others in respect of cost 
increases. 
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When the model is pushed to the limits of decarbonisation (95% in 2050), the generation sector 
virtually decarbonises completely. Even the option of gas CCS is no longer viable within the 
constraints imposed. The majority of generation is nuclear, with a significant contribution from wind 
generation. Levels of investment in CCS at any time during the time horizon are low as the model 
foresees future constraints.  
 
This is reflected in the investment profile in Figure 2.18, with significant nuclear new build between 
2025 and 2035 (with the build rate hit in 2030), and some additional build in the following periods. 
Investment in gas plant reflects the system reserve margin requirements (and is a function of the 
modelling rather than a reflection on what would happen in reality). Overall, higher levels of investment 
are required to meet the growing demand from end use sectors for low carbon energy. 
 
Figure 2.18 Electricity plant investment (GW) under an 95% reduction scenario (38% reduction in 2020) 
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The generation profile for 2050 across all scenarios is shown in Figure 2.19 below. 
 
Figure 2.19 Electricity generation (PJ) in 2050, Core trajectory scenarios 
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It is worth noting that the full system implications of the increased levels of supply under 80%+ 
reduction target cases both in terms of costs and engineering issues, are not fully reflected in the 
model. If the system was to shift to high levels of centralised generation to ensure low carbon energy 
consumption in end use sectors, the full implications for infrastructure investment and capacity would 
need further investigation.  
 
In the UK MARKAL model, the representation of current network capacity is rather limited. Electricity 
transmission and distribution costs are applied to each unit of electricity being transported. Hence, if 
these current network capacities were to be present and/or actual transmission/distribution distance 
were to be incorporated, the model might prefer alternative trade-offs.

13
  In addition the mix of 

predominantly nuclear and wind generation types does raise questions regarding their (demand/) load-
following capability.  Gas powered generation is also superior to coal powered generation in this 
regard.   
 
Decentralised generation technologies never account for more than 6% of total generation. This is 
because the assumptions around generation technologies mean that such technologies are not as 
cost-effective beyond this level. The predominant generation technologies include small-scale 
hydropower, renewable agricultural wastes combustion, landfill or sewage gas combustion. Other 
renewable microgeneration such as micro-wind or solar PV are not taken up in any of the scenarios 
due to be far more costly than other alternatives (centralised generation or distributed heat 
technologies). Increased penetration of microgeneration technologies (as discussed in the recent 
renewable strategy)

14
 could lead to a very different generation mix (and infrastructure implications). 

 
In all the constrained cases the share of intermittent renewables does not exceed the 25% limit (above 
which additional energy storage must be invested in). Up to this limit wind generation is preferred over 
nuclear in the final 2-3 periods as a zero carbon generation option, presumably due to being far more 
cost-competitive (than in earlier periods) by this point in time. Above the 25% limit, and as reductions 
levels become increasingly stringent, any additional investment in carbon-free generation is nuclear. 
 
 

The evolution of transport technologies and fuels 
 
As a significant energy using sector and source of emissions, the evolution of transport fuels and 
technologies from petrol and diesel used in conventional vehicles to alternative forms of energy 
(hydrogen, biofuels) used in advanced transport technologies is vital in moving towards a low carbon 
energy system.  
 
As for the electricity generation sector, the transport sector has a number of user constraints to ensure 
a degree of realism in respect to policies already introduced and technical constraints, as described in 
the box below. 

                                                      
13

 In a recent modelling work completed at PSI, where hydrogen infrastructure development is characterized spatially based on actual distances, 
higher levels of hydrogen are observed due to better matching of supply and demand points 
14

 UK 2008 Renewables Strategy (BERR) - http://renewableconsultation.berr.gov.uk/consultation/consultation_summary 

http://renewableconsultation.berr.gov.uk/consultation/consultation_summary
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Box 2 Key user constraints in the transport sector 
 

¶ Limit on use of biodiesel in diesel vehicles to maximum 4.5% until 2010 then 9% afterwards 

¶ Min use of biodiesel in diesel vehicles post 2010 to minimum 4.5% [% energy rather than volume basis] 

¶ Limit on electric buses to 70% 

¶ Min use of ethanol in E85 vehicles post 2010 to 3.25% [% energy rather than volume basis] 

¶ Limit on use of ethanol in E85 vehicles to maximum 85% ethanol  

¶ Limit on use of ethanol in gasoline vehicles to maximum 3.25% until 2010 then 6.5% afterwards 

¶ Min use of ethanol in car gasoline vehicles post 2010 to minimum 3.25% 

¶ Min diesel cars to 10% 

¶ Max petrol cars to 90 % 

¶ Limit on electric LGV to maximum of 10% total fleet 

¶ Limit on use of electricity in plug-in hybrid diesel vehicles to maximum 60% vehicle km 

¶ Limit on use of ethanol in plug-in hybrid gasoline vehicles to maximum 60% vehicle km 

¶ Limit plug-in hybrid cars across fleet (from 35% in 2010 to 63% in 2050) 

¶ Limit plug-in hybrid LGVs across fleet (from 44% in 2010 to 90% in 2050) 

¶ Limit on use of biodiesel in rail diesel vehicles to maximum 4.5% until 2010 then 9% afterwards 

¶ Min use of biodiesel in rail diesel vehicles post 2010 to minimum 4.5% 

¶ Limit on electric rail freight vehicles without additional electrification cost 

¶ Limit on electric freight trains to 80% 

¶ Limit on electric rail passenger vehicles without additional electrification cost 

¶ Limit on electric passenger trains to 48.82% (current share) 

¶ Diffusion of Electric 2 wheelers limited to 12.5% in 2005, up to 87.5% in 2050 
 

 

It is also worth noting at this point that technologies are characterised according to average vehicle 
size and use (in order to keep the number of technology combinations to a manageable size in the 
model).

15
 More so than other sectors, the transport sector has a wide variety of vehicle sizes and 

usage patterns that can have a significant effect on the relative cost-effectiveness of different 
technologies. For example, higher capital cost new technologies with lower fuel/running costs become 
cost effective much earlier in niche high usage conditions. Some of the limitations of the model 
include: 

¶ Inability to model early uptake of new efficient technologies in niche high usage markets; 

¶ Certain technology groups can have different levels of application that affects their relative 
costs and efficiencies. For example, there are various degrees of hybridisation of powertrains 
(stop-start only, micro-hybrid, mild hybrid or full hybrid), or sizes and/or ranges of battery-
electric (or plug-in hybrid) vehicles. As the model only includes average use 
vehicle/technology combinations, this may hide earlier cost-effectiveness of vehicle models 
with lower degree of technology application with lower, but more cost-effective, savings. 

¶ For passenger cars, the model is unable to model size-switching (i.e. downsizing) as an 
abatement option. 

 
The previously shown emission profile for the sector, under the reference case, indicates that the 
transport sector is undergoing significant evolution over time in the absence of emission constraints. 
This is because the model is optimising in the reference case, and will take up technologies that are 
more efficient (reducing fuel costs) when emerging technologies become more cost-competitive. 

                                                      
15

 Further information on assumptions for the transport sector can be found at the relevant UKERC website - 
http://www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESMMARKALDocs08.aspx 

http://www.ukerc.ac.uk/ResearchProgrammes/EnergySystemsandModelling/ESMMARKALDocs08.aspx
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Figure 2.20 Transport energy consumption by energy type under the reference case, 2000-2050 
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Figure 2.21 Road transport energy consumption by technology under the reference case, 2000-2050 
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It has already been highlighted in this report that Figure 2.20 and Figure 2.21 represent an optimistic 
reference case based on cost-optimal development and uptake of technologies. Although this is not 
necessarily unusual in optimisation model, the results are sensitive to the hurdle rates assumed in the 
modelling.  The lower hurdle rates in this current MARKAL modelling, and their variation between 
technology groups, is more favourable to the deployment of new efficient technologies with high 
capital costs and lower running costs. In particular the take up of hybrid technologies observed in the 
reference case is rapid and in the context of current (and near-term) model availability likely overstates 
the uptake actually possible by 2020. 
 
Key characteristics of reference case include a gradual transition from conventional petrol and diesel 
to hybrids and then plug-in hybrids in the road transport sector and the introduction of hydrogen 
(HGVs, LGVs, passenger rail and 2-wheelers) and battery electric vehicles (buses) in later periods. 
The technology specific hurdle rates applied to each technology have a significant impact on the mix 
of technologies observed. In previous sensitivity runs, with a flat 25% rate assumed for all new 
technologies, the reference case was dominated by conventional petrol / diesel technologies. The 
significant impact of applying hurdle rates or not is due to the small cost differentials between many of 
the different technology classes, particularly in later years.  
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Figure 2.24 shows the changing transport fuel consumption under 60%, 80% and 90% constraints. It 
can be seen from these figures that biofuels and hydrogen in particular play an increasingly important 
role (with use of conventional fuels decreasing) in later periods as carbon constraints are increased. 
Up to 2025, there is limited change in the fuel consumption profile. 
 
Figure 2.24 shows that there is a significantly reduced use of biofuels compared to previous sensitivity 
runs, mainly due to an updated supply-cost curve and new constraints.  Although the transport fuel 
demand does not appear to change significantly between the reference case and the 60% reduction 
case, the following Figure 2.22 and Figure 2.23 show that there is a transition in the production 
technology/source of hydrogen as carbon constraints are tightened and the overall carbon intensity of 
the hydrogen and electricity used also decreases as constraints increase.  Note the significant 
uncertainties associated with assumptions on hydrogen production by electrolysis, and liquid imports. 
 
Figure 2.22 Hydrogen production by technology/source in 2050 under different CO2 constraint levels, 

Core trajectory scenarios 
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Figure 2.23 CO2 Intensity of Electricity and Hydrogen Production in 2050 under different CO2 constraint 
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Figure 2.24 Transport fuel demand 2000-2050 under different CO2 constraint levels, Core trajectory 

scenarios 
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33% reduction in 2020; 80% reduction in 2050 
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38% reduction in 2020; 90% reduction in 2050 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2000 2010 2020 2030 2040 2050

P
J

LPG

Petro l

M ethanol

Jet (kerosene)

fuel

Hydrogen

Ethanol

Electricity

Diesel

CNG

BtL

biokerosene

BtL biodiesel

Biodiesel

 
 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 29 

Figure 2.25 and Figure 2.26 provide an overview of the fuel use by road transport technology in 2020 
and in 2050 across all the trajectory runs. It can be seen that in 2020 that hybrid petrol and diesel 
vehicles are dominant in all scenarios, with only limited take-up of plug-in hybrid petrol technologies 
under the most stringent 38% reductions.  By 2050 plug-in hybrids account for a major proportion of 
fuel use in all scenarios, with hydrogen and battery electric technologies becoming increasingly 
important as constraints are increased (at the expense of both hybrid and plug-in hybrid technologies). 
 
Figure 2.25 Fuel use by road transport technology in 2020 (PJ), Core trajectory scenarios 
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Figure 2.26 Fuel use by road transport technology in 2050 (PJ), Core trajectory scenarios 
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Under the maximum constraints of 90% and 95%, the overall demand decreases and decarbonises 
further with hybrid petrol being replaced in the car market by the flex-ethanol hybrid technology (which 
represents a simple low-cost enhancement allowing the use of up to 85% ethanol). Likewise, the use 
of battery technology increases, driven by uptake in the cars market in the final period and earlier 
uptake (together with hydrogen vehicles) in the LGV market. In the LGV market H2 fuel cell vehicles 
dominate the mix in later periods for all scenarios. For HGVs H2 fuel cell vehicles are only taken up in 
the later periods (with hybrid diesel dominating from 2010), but as CO2 constraints are increased they 
are introduced progressively earlier and dominate as early as 2030 under the 95% constraint. 



MARKAL-MED model runs of long term carbon reduction targets Final Report ï Issue 4 
 

30 AEA Energy & Environment 

 
Plug-in hybrid electric vehicles (PHEVs) are generally not introduced until 2030 in most of the 
scenarios, with the exception of those with 90 and 95% constraints where they are introduced as early 
as 2020. PHEVs carry an efficiency penalty operating in HEV mode or full battery-electric mode 
compared to conventional HEVs and BEVs because they have to carry the weight of both systems.  
Their advantage to the consumer is that they offer the efficiency advantages of BEVs (for shorter 
distance driving) as well as the flexibility/range of HEVs (for longer distance driving).  The MARKAL 
model only deals in overall total units of demand/use and therefore is unable to óseeô these non-cost 
advantages of PHEVs; however under the current assumptions PHEVs still become cost effective in 
later periods.   
 
Figure 2.27 illustrates the vehicle technology split on the basis of billion v-km for three of the core 
trajectory cases. These illustrate that demand for transport services is increasing over time but the 
increasing penetration of more efficient vehicles leads to significant reductions in energy use, as 
shown in previous figures. 
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Figure 2.27 Transport service demand 2000-2050 under different CO2 constraint levels, billion v-km 
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Fuel use by car technology is also shown in Figure 2.28 below for 2020 and 2050.  In 2020, it can be 
seen that there are no technological changes from the reference case until the highest level of 2020 
carbon constraints (38%) are introduced.  For 2050, there are no significant changes until carbon 
dioxide constraints reach the 80% reduction level.  As constraints are tightened from this point, 
reductions are achieved first through greater use of diesel hybrid technology (at the 80% constraint), 
then through use of flex-ethanol hybrids (at 90%) and then by utilising significant numbers of battery 
electric cars at the highest constraint levels. This transition in technologies represents increasingly 
effective CO2 reductions at higher costs. 
 
Figure 2.28 Fuel use by Car Technology in 2020 and 2050 (PJ), Core trajectory scenarios 
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Similar figures for fuel use by LGV technology is shown in Figure 2.29 below for 2020 and 2050. 
These charts show that increasing carbon constraints in 2020 simply drive greater uptake of diesel 
hybrid technologies.  In 2050, the technology mix in the reference case is a fairly even split of 
hydrogen and plug-in hybrid diesel technologies, with a small amount of BEV technology. At this point 
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of the model horizon, increasing carbon constraints drive a higher proportion of hydrogen fuel cell 
vehicles at the expense of diesel PHEVs. At the same time hydrogen is produced increasingly from 
electrolysis of zero carbon electricity and then imported liquid H2 (also zero carbon from the UK 
emission perspective). The proportion of BEVs does not appear to change and may therefore be at 
the limits of the share-constraints. 
 
Figure 2.29 Fuel use by LGV Technology in 2020 and 2050 (PJ) Phase 1 Scenarios 
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For 2-wheelers, there is full conversion to hydrogen fuel cell technology by 2020 under all scenarios.  
This appears to be an artefact of the lower hurdle rates compared to previous MARKAL studies and 
seems unlikely for practical /performance reasons. Within the rail technology sector, there is almost no 
change in the composition of the fuel use relative to the reference case.  Electric rail vehicles begin to 
dominate over diesel technologies as early as 2010 (particularly for freight) and have completely 
replaced them by 2020 under higher levels of carbon constraint and in all scenarios by 2050. This 
appears to be a potential problem with the constraints which will be addressed in further model 
updates. Within the reference case, uptake of hydrogen begins in 2040, but is not present in any of the 
higher CO2 constraint targets. In the aviation sector, biokerosene only taken up at the 90% and 95% 
constraints, presumably because it is more cost-effective to use the biomass resource for road 
transport biofuels until constraints reach very high levels.  
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Technology change in other end use sectors 
 
In addition to the electricity and transport sectors, other sectors play an important role in contributing 
to meeting stringent carbon constraints in later years.  Figure 2.30 and Figure 2.31 illustrate emission 
reductions in 2050 by end use sector. Figure 2.30 shows emissions from end-use sectors as attributed 
to them on a source-based basis in 2050 e.g. direct emissions from energy use excluding electricity 
and hydrogen. This shows that the residential sector makes a significantly larger contribution when 
moving to a 70% constraint from a 60% constraint.  
 
Service sector emission reductions get progressively larger although such reductions are relatively 
small relative to the residential sector. Under 90% plus constraints, the industry sector contribution 
doubles relative to what is observed under an 80% constraint. To large extent, this is driven by actual 
demand reduction. 
 
Figure 2.31 shows indirect emissions by end use sector, based on emissions from hydrogen 
production and electricity generation allocated on the basis of sectoral use of these energy types. This 
shows that by 2050, electricity generation has contributed significantly, irrespective of the constraint. 
Figure 2.30 and Figure 2.31 combined provide the total emission reduction by sector (on an end-use 
basis). 
 
Figure 2.30 Source-based emission reductions (MtCO2) by sector in 2050, Core trajectory scenarios 

-250

-200

-150

-100

-50

0

REF 26/60 29/70 33/80 38/90 38/95

S
e

c
to

ra
l 
C

O
2

 r
e

d
u

c
ti

o
n

s
, 
M

tC
O

2

Transport

Services

Residential

Industry

 
 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 35 

 
Figure 2.31 End-use (electricity and hydrogen production sector) emission reductions (MtCO2) by sector 

in 2050, Core trajectory scenarios 
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The contribution to abatement by sector is due to the following: 
 

¶ Increased uptake of conservation measures 

¶ Demand reduction due to the increasing price of energy service demands 

¶ Fuel switching 

¶ Move to more efficient technologies.  
 
 
The types of fuel use in 2050 are shown in Figure 2.32 for the residential and industry sector. In 
industry, overall levels of energy use decrease, primarily due to demand response in the sector. 
Energy that is used is increasingly decarbonised through switching to more natural gas under 70 and 
80% constraints, to lower levels of natural gas and increasing use of low carbon electricity under 90 
and 95% constraints. In addition, increased use of biomethane in the natural gas supply is observed 
as constraints increase, although the role of bio-methane is somewhat restricted by biomass resource 
availability. Due to lack of technological characterisation, efficiency improvements have a limited role. 
 
In the residential sector, the major change comes under constrained runs greater than 70%, where the 
use of natural gas is significantly reduced. Under 80% and higher constraints, the sector uses low 
carbon electricity almost entirely. The reduction in the use of natural gas appears to be a significant 
contribution from ground source heat pumps from 2035. This technology produces heat output 2.49 
times the electricity input, accounting for the significant reduction in gas use compared to the smaller 
increase in electricity use.  
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Figure 2.32 Final energy demand by fuel type for residential and industrial sector in 2050, Core trajectory 
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Relative reductions in energy use by sector and the contribution of demand response are shown in 
Table 2.4 below. 
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Table 2.4 Final energy demand (PJ) and change in final energy demand and service demand (%) relative 

to the reference case by sector in 2050, Core trajectory scenarios 

 

Sector REF 26/60 33/60 29/70 26/80 33/80 33/90 38/90 38/90 

Final Energy Change relative to Reference, % 

Services   -26% -27% -29% -33% -33% -47% -48% -54% 

Residential   -20% -20% -47% -63% -63% -63% -63% -64% 

Transport   -6% -6% -9% -10% -10% 5% 4% -1% 

Industry   -14% -14% -18% -20% -20% -30% -30% -31% 

Agriculture   -23% -23% -30% -33% -33% -41% -41% -42% 

Service 
Demand 

Change relative to Reference, % 

Services   -5% -6% -7% -11% -11% -15% -16% -18% 

Residential   -12% -12% -15% -17% -17% -19% -19% -19% 

Transport   -3% -3% -4% -4% -4% -6% -6% -6% 

Industry   -14% -14% -17% -20% -20% -29% -29% -31% 

Agriculture   -23% -23% -30% -33% -33% -41% -41% -42% 
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3 Defining a cumulative emissions target 

A sensitivity analysis was undertaken to assess the impact of using a cumulative emission target for 
all periods rather than an annual target trajectory. In modelling emission reductions, this would appear 
to be the most efficient way of meeting an absolute reduction target as the model decides the optimal 
periods for investment in abatement measures. 
 
The approach in MARKAL is to define a maximum level of emissions that is permitted over the model 
time horizon. This sensitivity was undertaken on the 33/80 constraint scenario; therefore, the total 
emissions under this constraint (between 2000 and 2070) were estimated. This was entered as a 
cumulative emission bound. The only emission constraint on the model was that CO2 levels were fixed 
in 2000 and 2005. 
 

Emission abatement profile 
 
Figure 3.1 indicates that if annual bounds are not used, the model would choose to do more 
abatement in the period between 2010 and 2030, and less between 2030 and 2050. This suggests 
that there may be less-costly investments to be made in earlier periods but that under the 33/80 run, 
due to the bounds in later years, this is not cost-optimal over the whole time horizon. This seems to be 
intuitive based on the marginal costs observed in the earlier periods under the 33/80 run. 
 
Figure 3.1 CO2 emissions trajectories for 33/80 and cumulative target cases, 2000-2070 
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An interesting observation is that the shape of the trajectory does not vary significantly. The largest 
difference is seen in 2050, where the difference is 40 MtCO2, or a variation from the 33/80 case of 
33%. Given that marginal costs are likely to be highest during this period, the variation would be 
expected. Under the cumulative emissions case, percentage reduction in 2020 is 36% and in 2050 is 
73%. 
 
The timing of emission abatement opportunities will also be constrained by the availability of 
abatement options, for example CCS can only be built in 2025 as illustrated by the electricity 
generation profile in Figure 3.4. 
 

System cost implications 
 
The total discounted economic surplus (D MED OBJ) is lower in the cumulative target run as would be 
expected, given the additional flexibility of meeting a total emission reduction, although not by a large 
amount. The additional annual system costs that are required to meet the cumulative target are 
intuitively what might be expected, following on from the observed abatement profile.  
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Discounted economic surplus is shown in the Table 2.3, illustrating that loss in economic surplus is 
greater under the 33/80 case. The comparative loss under the 90% reduction case is £216,792 million, 
so the differences between these cases are not very large. 
 
Table 3.1 Discounted system costs for 33/80 and cumulative runs (£2000 millions) 

 

Model run Discounted econ. surplus Discounted system costs 
38/80 -121,249 326 

CUM -117,858 -42,881 

 
The undiscounted annual losses in economic surplus are shown in Figure 3.2 below, showing higher 
losses in earlier years for the cumulative case, an important factor being the reduction in demand in 
industry and residential sectors. Other drivers of costs in these earlier periods are increased used of 
biomass, and increases in the prices of fuels on the supply side. In effect, the model is deciding, in 
view of higher future costs, to take this action earlier in the time horizon, through demand reduction. 
The assumption of a higher discount rate could have an effect on the timing of these choices; using 
3.5%, longer term capital investments are viewed as having relatively higher cost than if a higher rate 
was used. 
 
The area between the trend lines seems to suggest greater overall losses under the CUM 33/80 case; 
on an annual basis, this may be the case. However, the decisions of when to spend in order to 
mitigate are a function of the discount rate used. A lower discount rate of 3.5% ensure that costs in the 
longer term (2035-2070) are high relative to what they would be under a higher discount rate. 
 
For the 33/80 case, higher investment levels of capital in low carbon technologies are observed for the 
second half of the time period, rising dramatically between 2030 and 2035. The differences in 
trajectory appear to be having a significant impact on how the system decarbonises, and the timing of 
these mitigation efforts.  
 
Figure 3.2 Changes in economic surplus (£billion) for 33/80 and cumulative target cases, 2000-2070 
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The marginal costs of abatement reflect higher relative costs depending on when the main mitigation 
action occurs. Therefore, marginal costs are higher in cumulative case between 2020 and 2030 due to 
the significantly higher uptake of abatement options.  
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Figure 3.3 Marginal costs of CO2 abatement (£t/CO2) ï 33/80 vs. cumulative emission case 
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Key changes to the technology mix 
 
In the main technology categories covered by this analysis, namely electricity generation and 
transport, the technology mix is not that dissimilar between the cumulative and 33/80 cases. It is only 
in the later periods (2040 onwards) that we can observe clear differences. Under the cumulative case 
there is less gas CCS and wind investment, due to lower mitigation requirements in these later periods 
(see Figure 3.4). Overall electricity production is lower due to less demand for low carbon electricity in 
other end use sectors. 
 
 
Concerning the transport sector, there is a much lower level of hybrid diesel uptake in the final period, 
and higher levels of petrol use in the system under the cumulative run. This is due to the reduced 
uptake of BtL diesel in later periods, with diesel hybrids replaced by petrol hybrids in the car sector 
and hydrogen fuel cell LGVs replaced by plug-in hybrid diesel LGVs. 
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Figure 3.4 Electricity generation output (PJ) and investment for the cumulative emission and 33/80 cases, 2000-2050 
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4 The role of international carbon credits 

As part of its remit, the CCC will advise Government on the balance between domestic abatement 
efforts and international carbon credit purchase in moving towards a low carbon economy.  
 
Analysis has been undertaken to assess what impact the availability of a specific volume of overseas 
credits at a given unit cost has on the overall cost of meeting the range of reduction target possibilities. 
Similar work has previously been undertaken using the UK MARKAL model.

16
 The model runs listed in 

Table 4.1 were undertaken based on credit price and volume assumptions from the GLOCAF model 
(based on different stabilisation targets). We recognise that there are significant uncertainties in the 
levels of prices assumed but GLOCAF outputs represent best current understanding in respect of 
future prices, based on global marginal abatement costs. 
 
Table 4.1 Model runs to include overseas credits under different CO2 reduction target assumptions 
 

Reduction targets 
in 2020 / 2050* 

GLOCAF scenario GLOCAF price (£/tCO2)** 

  2010 2020 2030 2040 2050 

26 / 60 Low (550 ppm) 15 24 15 32 68 

26 / 80 Medium (500 ppm) 18 30 59 85 124 

33 / 80 Medium (500 ppm) 18 30 59 85 124 

33 / 90 High (450 ppm) 18 30 92 127 176 

38 / 90 High (450 ppm) 18 30 92 127 176 

33 / 80 High (450 ppm) 18 30 92 127 176 

* Relative to 1990 levels 
** Converted from US dollars (2006 basis) to UK GBP (2000 basis) 

 
The level of credits available was set at 50% of the reduction level required relative to 1990 emissions. 
For example, a 60% reduction in 2050 is equivalent to an annual reduction of 355 MtCO2. Therefore, 
the limit on credits purchased is 177 MtCO2.  
 

The uptake of carbon credits 
 
In MARKAL, the uptake of carbon credits will become cost-effective were the price is lower than the 
marginal cost of abatement, as observed under the different reduction trajectories. The levels of 
uptake under the different scenarios are shown in Table 4.2. 
 
Table 4.2 Uptake of international credits (MtCO2) under a range of different reduction trajectories 
 

Model Run 2010 2015 2020 2025 2030 2035 2040 2045 2050 

33/80 HCP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

38/90 HCP 0.0 0.0 22.8 20.2 19.0 36.2 26.2 34.5 36.7 

33/90 HCP 0.0 0.0 0.0 2.9 8.9 29.4 23.7 34.2 37.0 

26/60 LCP 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 

26/80 MCP 0.0 0.0 0.0 0.0 0.0 10.7 22.8 32.3 41.8 

33/80 MCP 0.0 0.0 0.0 0.0 0.0 19.8 27.7 34.7 44.0 

 
For two of the model runs, there is limited or no uptake of credits. Under the 26/60 case, uptake of 
carbon credits only occurs in 2040 at a level of 1.1 MtCO2 at a price of £32 per tonne. At no other 
stage is the price of the carbon credits lower than the marginal cost under the 26/60 constraint. Under 
a 33/80 trajectory, no credits are taken up at all, again because the higher prices of credits in this 
scenario exceeding the costs of domestic abatement. 
 
Under the medium price scenario, the uptake of credits can be seen from 2035 onwards. The 
maximum volume of credits taken is 19% of what is available in 2050, accounting therefore for around 
10% of the total reduction required.  
 
The high price scenario shows an earlier uptake of credits, by 2020 and 2025. The total carbon credits 
purchased hits 16% of the total carbon credits available in 2035, falling to 14% by 2050, as shown in 
Figure 4.1. Due to credit uptake in 2020 under the 38/90 HCP run, this results in domestic mitigation 

                                                      
16

 Strachan N., Pye S., and Hughes N., 2008, International drivers of a UK evolution to a low carbon society, Climate Policy, 8, S125-S139. 
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efforts being about the same as observed for the 33/90 HCP case. As a result, system costs in this 
year are also broadly comparable between these cases. 
 
Figure 4.1 Contribution of credits to meeting domestic targets (as % of required annual reduction) 
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Note that the above percentage values should be halved to get an estimate of the contribution of 
credits to domestic sector targets (as credit availability is 50% of required reductions). On the basis of 
the assumed carbon credit prices, the above figure suggests that domestic abatement options are 
more cost-effective on the whole, although overseas credits do have a role to play. 
 
One limitation of this analysis of course is that mitigation costs from GLOCAF are presumably based 
on very different assumptions to those used in MARKAL. Therefore, it is not clear as to whether 
marginal abatement costs are wholly comparable in determining the trade-off between domestic 
versus overseas action. 
 

The impact on abatement costs 
 
The cost of emission reductions inevitably decreases if more cost-effective abatement options are 
available, in this case international carbon credits. Under the carbon price assumptions used, varying 
impact on costs can be observed. In Figure 4.2, the dashed lines represent the equivalent scenarios 
with carbon credits.  
 
Under the medium price cases, the uptake of credits leads to cost reductions of 11% in 2035, 
decreasing to 3% by 2050, or £1.5 billion, decreasing to £0.5 billion.  
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Figure 4.2 Change in annual system costs (£ billion) under core trajectory runs with and without credits 
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Under the high price scenarios, the percentage and absolute reductions are shown in Table 4.3. An 
interesting finding is the role of carbon credits in 2020 under the 38/90 trajectory, where costs are 
reduced by over half. The reduction level is not uniform across the years due to the relationship 
between marginal costs / carbon price in different periods, and the modelôs investment decisions 
based on the full time horizon optimisation. 
 
Table 4.3 Reduction in system costs under the high price carbon credits scenarios 

 
Model Run Reduction 2020 2025 2030 2035 2040 2045 2050 

38/90 HCP 
% 54% 13% 9% 13% 4% 6% 7% 

£ billion 8.62 2.05 1.77 3.30 1.13 1.86 1.87 

33/90 HCP 
% 0% 1% 6% 10% 4% 7% 7% 

£ billion 0.02 0.13 0.98 2.37 0.97 1.98 1.99 

 
The marginal cost of abatement for the high price scenarios is shown in Figure 4.3. Under the 38/90 
case, it is the same as the carbon price trajectory, reflecting the fact that the carbon price is always 
lower than the marginal cost in the case where credits are not available. The same is true for 33/90 
case, although not in 2020; hence the lack of take-up of credits in this period. 
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Figure 4.3 Marginal cost of abatement for 90% reduction scenarios in 2050 high price scenarios 
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Changes in sectoral contribution to abatement 
 
The availability of carbon credits at specific prices in different years has shown that emissions can be 
reduced more cost-effectively. The credit price is compared to abatement options across all sectors, 
and purchased / credited in place of less cost-effective abatement options in respective sectors. In the 
26/60 and 33/80 medium price cases, it is the transport sector where overall abatement is lower, 
through reduced hydrogen production and direct exhaust emissions e.g. lower level of use of BtL 
biodiesel. Emission reduction levels in the residential sector are also lower. This does not give any 
insights into which sectors will purchase credits in reality as no split is made in the model between 
traded and non-traded sectors. It does however provide insights into what are the relatively less cost-
effective options across different sectors versus the credit price. 
 
Under the higher price cases, reductions in abatement levels are again observed for transport 
(although not hydrogen), industry and services. It is only under the 38/90 case that credits are taken 
up before 2025. 
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Figure 4.4 Domestic emission reductions (MtCO2) in 2050 for selected carbon reduction trajectory cases 

with and without international credits 
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Across all scenarios the level of abatement from the electricity generation sector remains relatively 
constant, albeit reducing slightly, illustrating the cost-effectiveness of this sector relative to others. 
However, as shown in Figure 4.5, the mix of technologies does change, reflecting how the carbon 
price (and credit take-up) allows for less cost-effective (lower carbon) technologies not to have to be 
taken e.g. marine technologies under the 90% reduction cases. 
 
Figure 4.5 Electricity generation output (PJ) in 2050 for selected carbon reduction trajectory cases with 

and without international credits 
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In addition, the availability of carbon credits allow for increased flexibility in the timing of investment. In 
38/90 HCP case, more investment in wind capacity is undertaken later in the time horizon.  
 
Figure 4.6 and Figure 4.7 illustrate the move to higher carbon intensity hydrogen and electricity 
generation for the medium and high carbon price scenarios respectively relative to the core scenarios. 
This again illustrates the role of the credits in providing additional flexibility with respect to choice of 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 47 

abatement options, and the timing of investment. Credits purchased allow for lower cost and / or more 
carbon intensive hydrogen production; in the case of the 80% runs, this is a move to total gas based 
production whilst under the 90% case, this allows for electrolysis based production, increasing 
electricity generation (and emissions) at the expense of imported hydrogen. 
 
Figure 4.6 CO2 Intensity of Electricity and Hydrogen Production in 2050 for selected carbon reduction 

trajectory cases with and without international credits 
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* Hydrogen under the 90% case is either produced using electricity, or imported, and therefore has no direct emissions 
associated 

 
Figure 4.7 Hydrogen production by technology in 2050 for selected carbon reduction trajectory cases 

with and without international credits 
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Figure 4.8 and Figure 4.9 illustrate a shift in the 26/80 and 33/80 medium price cases in 2050 from BtL 
biodiesel in hybrid diesel vehicles back to petrol hybrids resulting from introduction of international 
carbon credits.  In the 33/90 and 28/90 high price cases there is a shift from flex-ethanol hybrid cars to 
petrol plug-in hybrid cars and from hydrogen LGVs to diesel PHEVs. In the aviation sector, we also 
see a shift from BtL biokerosene back to conventional kerosene, again reflecting the modelôs choice of 
lower cost options under effectively lower carbon constraints. 
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Figure 4.8 Transport fuel demand in 2050 for selected carbon reduction trajectory cases with and without 

international credits 
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Figure 4.9 Fuel use by road transport technology in 2050 (PJ) for selected carbon reduction trajectory 

cases with and without international credits 

Fuel use by Road transport technology

0

200

400

600

800

1000

1200

1400

REF 26/80 33/80 26/80

MCP

33/80

MCP

38/90 33/90 38/90

HCP

33/90

HCP

F
u

e
l 
U

s
e
 (

P
J
)

LPG

Plug-in hybrid

petrol
Hybrid Petrol

Petrol

Methanol FC

Hydrogen

Battery Electric

Hybrid Flex-

ethanol
Flex-ethanol

Plug-in hybrid

diesel
Hybrid Diesel

Diesel

CNG

 
 
 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 49 

5 Impact of short term investment decisions on 
costs of meeting longer term targets 

The MARKAL model calculates the optimal solution (maximising economic surplus) over the whole 
model horizon. It can deliver the optimal mix of technologies to meet carbon reduction targets in 2020 
with the knowledge that a more stringent level of reduction will be required in 2050. 
 
An important aspect of this work was to consider what investment decisions might be made if the 
modelôs foresight was limited (short-sighted or myopic) to short term targets e.g. in 2020, and how this 
would impact on the modelôs ability to meet the longer term targets. This in a sense reflects the 
situation where investors in energy technologies do not consider the longer term targets, perhaps due 
to regulatory uncertainty or policy failure, and decide, for example, to invest in new coal (non-CCS) 
plant post-2020. It could also reflect a lack of available low carbon technologies e.g. that may only be 
available post-2020, or that may be currently available but only at very high cost.  
 
The issue where technologies are invested in but then cannot be fully utilised in later periods due to 
increasing carbon constraints is known as technology lock-in. 
 
The MARKAL extension normally used for this type of analysis is MARKAL-SAGE

17
. This is an 

extension of MARKAL that has been developed where the objective is a simulation of markets where 
certain assumptions of perfect competition do not hold. For the purposes of this analysis, a UK 
MARKAL-SAGE model does not exist, and could not be developed quickly, so a much simpler 
approach has been developed. 
 

Approach to modelling 
 
The approach taken in these model runs has been to fix investment levels in the electricity generation 
sector between 2000 and 2030, based on a specific 2050 target. These investment levels have then 
been fixed under an alternative reduction trajectory to provide insights into what happens when the 
model sets investment levels under a less stringent reduction trajectory. 
 
Table 5.1 illustrates the combination of scenarios that have been used. Model run 26/26Ą80 uses a 
trajectory that sets reduction levels of 26% in 2020, and continues this level of reduction to 2050. The 
investment levels from this run are then fixed in the 26/80 model run. This combination is attempting to 
simulate a situation where investment between 2000 and 2030 is based on a 26% reduction in 2020 
and out to 2050, and the subsequent impact of introducing a much more stringent long term 
constraint. 
 
Note that this approach is not an alternative to proper myopic model runs. We are simply 
óforcing-inô technologies that would be invested in, in the absence of longer term targets. 
 
All runs attempt to look at under investment in low carbon technologies except model run 33/80Ą60, 
which attempts to model possible over-investment, based on an initial longer term target of 80% which 
subsequently decreases to 60%. In addition, all the model runs have been undertaken with the 
availability of credits, except for the 33/33->80 case, as listed in Table 5.1 below. 

                                                      
17

 SAGE is an acronym for the U.S. Energy Information Administrationôs System for Analysis of Global Energy market model.  SAGE solves in a 
time-stepped manner (i.e. myopic foresight), meaning investment decisions are made in each period without knowledge of future events. 
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Table 5.1 Model runs to assess the impact of short term investment decision making under different CO2 

reduction target assumptions 

Trajectory for setting 
investment levels 

Model run trajectory Model run name Credit cases 

26/60 26/80 26/60->80  

33/80 33/60 33/80->60  

26/26 26/80 26/26->80  

33/33 33/80 33/33->80  

26/60 26/80+* 26/60->80+  

26/60 26/80 26/60->80CR Medium (GLCF_MA) 

33/80 33/60 33/80->60CR Medium (GLCF_MC) 

26/26 26/80 26/26->80CR Medium (GLCF_MA) 

26/60 26/80+* 26/60->80+CR Medium (GLCF_MA) 

* 80+ implies the same cumulative emissions between now and 2050 as the 33-80 case, but only achieving 26% 
in 2020 and therefore needing to do additional abatement over the period to 2050. 

 
In addition, we have undertaken a different approach of óforcing inô conventional coal generation 
technology at a level of 50% of total new capacity between 2010 and 2020. This is to provide insights 
into the effect of investment in conventional generation to simulate a sub-optimal investment situation 
(also due to the lack of CCS retrofit options in the model), again ignoring future constraints. This 
model run has also been undertaken with carbon credits available. 
 

Impacts on system costs 
 
Total discounted system costs over the time period are higher in those runs where investment is fixed 
against lower targets initially (26/26Ą80, 33/33Ą80, 26/60Ą80) but also in the case where 
investment levels are fixed against higher targets initially; this would be expected as we are forcing in 
a sub-optimal solution (relative to core trajectory cases).  
 
The scenarios where investment levels are fixed according to 2020 levels in 2050, as shown in Figure 
5.1(A), show much higher levels of cost between 2020 and 2035, reaching four times the annual level 
in 2030. This is due to required investment in lower carbon technologies in order to meet increasingly 
stringent carbon targets. The types of investment forced in (based on longer term 26% and 33% 
targets) remain in the system but do not provide the low carbon package of technologies required 
under the long term constraints. In addition, other sectors do not provide a more cost-effective means 
of providing the required reductions. 
 
Figure 5.1 Change in annual system costs (£ billion) for selected two-stage runs, 2000-2050 

(A) 

-5

0

5

10

15

20

25

30

35

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

C
h

a
n

g
e

 i
n

 a
n

n
u

a
l 
s

y
s

te
m

 c
o

s
ts

 (
£

b
il
li
o

n
) 26/80

33/80

26/26->80

33/33->80

 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 51 

(B) 

-5

0

5

10

15

20

25

30

35

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

C
h

a
n

g
e

 i
n

 a
n

n
u

a
l 
s

y
s

te
m

 c
o

s
ts

 (
£

b
il
li
o

n
)

26/80

33/60

33/80

26/60->80

33/80->60

26/60->80+

 
 
In Figure 5.1(B), the change in annual systems cost is of course lower, as the 2050 targets used for 
fixing investment levels are relatively closer to the targets used for the runs. Under the 26/60Ą80 
case, there is considerable divergence between 2025 and 2030 levels; the lack of divergence in the 
33/80Ą60 case is because the increase in annual costs for a 60% reduction relative to those for an 
80% reduction are much lower. In addition, under this scenario there is unlikely to be additional 
investment required because of the over-investment based on an 80% rather than 60% target. 
 
The 26/60Ą80+  implies the same cumulative emissions between now and 2050 as the 33/80 case, 
but only achieving 26% in 2020 and therefore needing to do additional abatement over the period to 
2050. This not only results in higher system costs between 2020 and 2030 over the time series 
relative to the 26/80 case but increased costs post-2030. As shown in Table 5.3, discounted losses in 
economic surplus are approximately £30 billion higher than observed in the 33/80 case. 
 
The inclusion of international credits for offsetting domestic emissions provides some scope for 
reducing costs where short term investment decisions may have led to increased costs in the longer 
term. The uptake of credits is shown in Table 5.2. 
 
Table 5.2 Uptake of carbon credits in two-stage runs, MtCO2 

Model Run 2010 2015 2020 2025 2030 2035 2040 2045 2050 

26/60->80CR   0.0 0.0 0.0 11.3 21.3 33.2 42.0 

33/80->60CR   0.0 0.0 0.0 0.0 0.0 0.0 0.0 

26/26->80CR   0.0 28.2 60.7 11.4 5.9 20.0 29.7 

26/60->80+CR   0.0 1.9 12.1 38.4 50.9 64.4 72.1 

 
The 33/80->60CR case has no uptake of credits to meet domestic abatement goals due to their high 
price relative to domestic abatement costs. Levels of reduction increase under the other three cases 
as required reduction levels increase. The level of uptake is greatest for 26/60->80+CR as this is a 
more stringent constraint. Under the 26/26->80CR case, the level of credit uptake peaks in 2030 due 
to the high costs being incurred during this period. 
 
In Figure 5.2, the change in system costs relative to the core 26/80 case is shown. The bold lines 
show the change in costs for those cases without credits (as described above) whilst the dashed lines 
represent the same cases with credits available.  
 
Credits results in cost reduction for all cases. The largest reductions are seen in the 26/26Ą80 case, 
particularly in 2025 / 2030. However, the availability of international credits does not enable the energy 
system to reduce costs to the levels observed in the 26/80 case, except in the 26/60Ą80CR case, 
where costs are lower than the level observed in the 26/80 case post-2035. 
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Figure 5.2 Changes in system costs (£ billion) relative to 26/80 case for two-stage runs with / without 
carbon credits, 2000-2050 
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The uptake of credits under the above cases is shown below. The significant uptake for the 
26/60Ą80CR case can be seen in 2025/2030, with relatively low levels subsequently. This is of 
course driven by the investment costs in the generation sector during this period. 
 
Figure 5.3 Contribution of credits to meeting domestic targets (as % of required annual reduction) for 

selected 2 stage runs 
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Discounted costs for the various runs are provided in Table 5.3 below. Negative values under the 
discounted economic surplus reflect welfare losses relative to the reference case as a result of the 
imposition of a constraint. These are of course lower where credits are available, except in the case of 
33/80->60CR, where not credits are taken up.  
 
Table 5.3 Discounted economic surplus for core trajectory runs (2000 £ billions) 

Model run Discounted econ. surplus 

26/60->80 -118,617 

26/60->80CR -113,275 

33/80->60 -44,111 

33/80->60CR -44,111 

26/26->80 -143,060 

26/26->80CR -135,640 

33/33->80 -147,320 

26/60->80+ -151,328 

26/60->80+CR -138,434 
  

33/60 -39,738 

26/80 -112,820 

33/80 -121,249 

 
 

Investment in the electricity generation sector 
 
System costs increase primarily because the system requires additional investment in low carbon 
technologies (in the cases where investment levels reflect a lower 2050 target) or due to over 
investment based on lower than predicted 2050 target. 
 
The capacity levels in Figure 5.4 for 2030 and 2050 provide some insights into the differences in 
investment between an optimal case under a given constraint, and a case where investment has been 
fixed (based on an alternative reduction trajectory). 
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Figure 5.4 Changes in generation capacity levels (GW) for two stage runs in 2030 / 2050 
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2030 capacity 
(GW) 
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Under the 33/80Ą60 case (compared to the 33/60 case), investment in nuclear occurs prior to or in 
2030; this does not happen in the comparable 33/60 case, suggesting over-investment in this 
particular technology relative to the optimal case. Interestingly in 2050, levels of renewable capacity 
are slightly lower, probably due to the availability of nuclear generation plant. 
 
The 26/60Ą80 case has higher levels of coal CCS in 2030, not nuclear as observed in the 
comparable 26/80 case. By 2050, the plant stock is fairly similar, although levels of coal generation 
are slightly higher. In the 26/60Ą80+ case, the 2030 capacity is similar; in 2050, nuclear and wind 
capacity is greater, reflecting the additional generation of low carbon electricity to meet demand due to 
this more stringent constraint. 
 
Where the system has invested against a 26% constraint in 2050 (26/26Ą80), no CCS plant is built by 
2030. However, by 2050, this investment has taken place, in addition to the conventional coal plant 
which remains but is not utilised. A similar picture emerges for the 33/33Ą80 case.  
 
Investment levels for the 26/26Ą80 are shown below. Investment in CCS happens as soon as is 
feasible (in 2035), with investment levels hitting the capacity allowed. In addition, new nuclear and 
wind are also invested in. Previous investment in coal means no new investment in new gas plant (as 
back-up / reserve) post-2030. 
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Figure 5.5 Investment in electricity generation capacity (GW) for 26/80 and 26/26->80 cases, 2000-2050 
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Uptake of credits in the 26/26->80CR case has some impact on investment in 2045 and 2050. 
However, most uptake of credit is in the earlier periods when mitigation options in the electricity 
generation sector are severely restricted. 
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Concerning generation by plant, in 2030 with the investment levels fixed, the profile matches the 
capacity built, with abatement contributions from other sectors being greater in those cases where 
fixed level of investment are based on lower long term targets. 
 
Figure 5.6 Changes in generation output levels (PJ) for two stage runs in 2030 / 2050 
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2030 generation 
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(PJ) 

 
By 2050, irrespective of the stock in place, the generation mix is pretty similar, with significant 
amounts of conventional capacity remaining in the system but not utilised. In the case 33/80Ą60 
where over investment in low carbon technologies (nuclear) were observed, this capacity is used 
instead of coal CCS (for which there has been less investment). 
 
In 2050, the contribution to abatement from the electricity generation sector is the same across all 
cases in relation to the 2050 target. In 2030, there are some significant differences due to the 
electricity generation sector being able to contribute less. Where investment levels are fixed based on 
26% and 33% targets in 2050, additional contribution to abatement in 2030 comes from the transport, 
industry and residential sectors. Transport emission reductions are possible due to increased 
additional biofuel take-up, as shown in Figure 5.7 below. 



Final Report ï Issue 4 MARKAL-MED model runs of long term carbon reduction targets 
  

AEA Energy & Environment 57 

 
Figure 5.7 Transport fuel consumption (PJ) in 2030 for two stage runs 
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Sectoral CO2 emission reduction 
 
The contribution to emissions abatement across the different sectors is similar in 2050 between the 
fully optimal and non-optimal cases (due to investment fixes). In 2020 and 2030 (when investment 
fixes are in place) differences can be observed, as shown in Figure 5.8. 
 
Under the 33/80Ą60 case, a higher level of abatement in the electricity generation sector can be 
observed in 2030. This reflects over-investment in this sector due to the model considering a higher 
level reduction target by 2050. 
 
In 2030, under the 26/26Ą80 and 33/33Ą80 cases, the increased contribution of other sectors during 
this period (other than electricity generation) can be observed, with all end use sectors contributing 
significantly more. This of course reflects the constraints on the electricity sector to invest in low 
carbon technologies.  
 
Four of the model runs have a 2020 reduction target of 26%. There are, however, differences in the 
level of reduction observed. Under the 26/80 case, a much bigger reduction can be observed due to 
the modelôs foresight concerning the longer term target of 80%. Small differences are also seen 
between 26/60->80 and 26/60->80+. Again, this is because the cumulative reduction under the 26/60-
>80+ case is higher. 
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Figure 5.8 Reduction in emissions (MtCO2) in 2020 and 2030 across two stage runs 
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The availability of credits in the 26/26Ą80 has the effect of significantly reducing the domestic 
abatement contribution in 2025/2030, therefore reducing costs as observed. For most of the runs (not 
33/80Ą60), the impact on abatement is most noticeable in 2050, with much lower contributions from 
the transport sector (including hydrogen), the cost-effective sector for abatement, plus smaller 
reductions from other end use sectors.  
 
 

óForcing-inô conventional coal investment between 2010 and 2020 
 
Investment levels of new electricity generation were fixed at 50% conventional coal between 2010 and 
2020. This sensitivity was undertaken to assess similar issues to those considered above, assessing 
how investment in technologies which are not low carbon affects the overall costs of meeting future 
abatement targets. This analysis used the 33/80 trajectory case. 
 
Electricity generation capacity levels are shown below in Figure 5.9. In 2020, the capacity levels of 
coal plant are higher as a result of the forced investment levels between 2010 and 2020. Generation 
output broadly reflects the fleet capacity types. By 2050, the coal capacity can still be observed (due to 
plant lifetime of 40 years) although is not utilised. If this coal capacity was required for additional back-
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up (although this is not the case in the model peak requirements), it could mean additional abatement 
in other sectors or investment in additional cleaner generation. 
 
Nuclear capacity is slightly higher in the HCO case whilst gas CCS is slightly lower compared to the 
33/80 case. The uptake of credits in later years under the HCO CR case means less investment in this 
sector (on low carbon technologies) relative to the without credit case (HCO). 
 
Figure 5.9 Electricity generation capacity (GW) in 2020 / 2050 for óforced coal investmentô cases 
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Annual abatement costs are slightly higher in the forcing in technology (without credits) case post-
2020, at a level of 3-4% after 2030. In 2025 costs rise by 21%, and by 10% in 2030 due to the need 
for increased investment in lower carbon generation technologies during this period. Very limited 
changes are observed in other parts of the energy system, or in relation to abatement costs, sectoral 
demand changes or energy use. 
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6 Limiting the role of low carbon technologies 

It is evident from previous analysis that specific technologies play a crucial role in ensuring that the UK 
can meet stringent reduction targets in the longer term. Examples of such technologies include CCS, 
nuclear and wind power in the electricity generation sector, and hydrogen and biofuels in the transport 
sector. 
 
Three sensitivity cases were undertaken to explore the impact on the technology mix and systems 
costs from restricting investment in: 
 
Á CCS new build 
Á CCS and nuclear new build 
Á Hydrogen production and infrastructure 

 
All runs use the 33/80 emission reduction trajectory, and are therefore compared to this core trajectory 
case. 
 

Restrictions of CCS and nuclear new build 
 
Non-availability of CCS and/or nuclear technologies in a CO2-constrained economy changes the 
electricity generation mix significantly. In the no CCS case, nuclear becomes much more important in 
terms of electricity generation, as shown in Figure 6.1. In addition to higher levels of deployment of 
nuclear, wind plays a significant role earlier in the model time period. 
 
Figure 6.1 Electricity generation output (PJ) with no CCS investment, 2000-2050 
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Through the deployment of nuclear and renewable technologies, the power sector is decarbonised 
fully. This allows for less costly technology choices to be made in other sector of the economy. Among 
these, hydrogen is now produced from natural gas through large SMR (steam methane reforming) 
technologies. The residential sector uses more natural gas than electricity, compared to 33-80 case, 
hence lowering demand for electricity (10% reduction in electricity in residential sector is substituted 
by a near three-fold increase in natural gas demand). This same trend is also observed in the service 
sector. Subsequently, emissions from the residential and service sectors increase in this scenario 
compared to 33-80 case. Another result is that overall levels of electricity generation are lowered by 
nearly 22% in this scenario, relative to 33-80 case. It should also be noted that industrial, services and 
residential sector energy service demands are more responsive in this scenario (with an approximate 
2% cut). 
 
The large amount of nuclear and wind generation inevitably raises the question about how the peak 
supply load is being met (with no use of the gas generation capacity for load following). The level of 
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capacity in the system and the assumptions concerning ability to meet peak demand results in peak 
demand being met, even with high level of production from base load and intermittent technologies. 
Additional generation technologies also help enable this e.g. hydro, plus the import of electricity into 
the system. In reality, this mix could result in some problems on the basis that nothing was done to 
smooth electricity demand. 
 
Under a scenario where no new nuclear or CCS investment is permitted, wind generation contributes 
more significantly by the end of the model period ~ 40%. Dedicated biomass plants also become more 
important providers of low carbon electricity. The other major difference relative to the 33/80 case is 
the significant amount of gas generation, the level of which remains fairly constant across the entire 
model horizon. This gas generation is from existing plant invested in during 2020-2025, as also seen 
in the core 33-80 case. 
 
This implies increased investment in abatement in other sectors. This is the case, with transport and 
other end use sectors increasing contribution through greater uptake of hydrogen and biofuels 
(ethanol / 2

nd
 generation biodiesel) in transport, and a greater demand response to prices through 

reduction in demand (in industry, residential and services sectors). Due to restrictions of low-carbon 
domestic hydrogen production, demand is met by imported liquid hydrogen. Nonetheless, in interim 
periods (between 2030 and 2045) hydrogen is produced from natural gas through SMR. 
 
Figure 6.2 Electricity generation output (PJ) with no new nuclear / CCS investment, 2000-2050 
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The level of renewable generation is shown in the table below. Where no CCS / nuclear generation is 
available, levels of renewable generation increase up to 60+% by 2050. This compares to levels of 
near 30% under 90-95% reductions, or in the no CCS case. Unlike the no CCS / nuclear case, these 
cases have similar levels in 2030, and therefore see little growth in renewable penetration in the 
following four periods. 
 
Table 6.1 Uptake of renewable generation under selected low carbon technology scenarios 

 

Scenario 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 

REF 3.3% 3.7% 8.9% 13.6% 15.5% 15.3% 16.0% 15.8% 15.8% 15.7% 15.8% 

33/80 3.3% 3.7% 9.0% 13.7% 16.3% 15.5% 15.4% 16.5% 16.8% 21.5% 27.9% 

38/90 3.3% 3.7% 9.0% 13.7% 16.4% 21.7% 28.8% 28.7% 20.9% 23.8% 27.7% 

38/95 3.3% 3.7% 9.0% 13.7% 17.3% 29.1% 28.4% 28.1% 27.3% 27.8% 27.7% 

No CCS 3.3% 3.7% 9.0% 13.7% 16.9% 29.8% 30.0% 30.0% 29.9% 29.9% 29.9% 

No CCS/Nuc. 3.3% 3.7% 8.9% 13.7% 15.5% 31.0% 38.0% 40.1% 45.9% 53.6% 61.0% 

 
Electricity generation capacity in 2050 by various technology types is presented in Figure 6.3. The 
share of renewable energy installation is similar in 33/80 and no CCS cases, which is around 30%. 
Hence, if CCS technologies are not available, then nuclear power replaces coal CCS generation. 
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However, if neither CCS nor nuclear are available, then 50% of installed power station capacity is 
provided by renewable sources. 
 
Figure 6.3 Electricity generation capacity in 2050 (GW) in selected low carbon technology scenarios 
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In the transport sector, restricting the uptake of CCS not only results in a reduction in the carbon 
intensity of electricity but an increase in carbon intensity of hydrogen ï as shown in Figure 6.4.  This is 
consistent with a partial shift from hydrogen LGVs to plug-in hybrid diesel LGVs in Figure 6.5.  
Conversely, in the case where both nuclear and CCS technologies are unavailable, the electricity 
intensity increases and the hydrogen intensity decreases to zero.  This is due to 100% sourcing of 
hydrogen from imports of liquid hydrogen ï where any CO2 from the hydrogen production is accounted 
for outside the UK.  In this case there is also a partial shift from petrol PHEV cars to regular petrol 
HEV cars and from diesel PHEV LGVs to hydrogen fuel cell LGVs. 
 
Figure 6.4 Hydrogen generation type and CO2 intensity of electricity and hydrogen production in 2050 

under no new nuclear / CCS investment, or no hydrogen scenarios 
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Figure 6.5 Car and LGV technology changes in 2050 with no new nuclear / CCS investment, or no 

hydrogen scenarios 

  
 
 

Restrictions of hydrogen production 
 
A sensitivity on the restricting the role of hydrogen was undertaken. Under the 33/80 case, hydrogen is 
used in the last two periods of the model in the transport sector, and is contributing approximately 25% 
of overall demand. If restricted, with the exception of electricity use, the use of all other types of fuel 
increases. In particular, the level of biofuel increases, as does petrol and diesel. The other main 
changes in the transport sector include a switch from hydrogen to mainly plug-in hybrid LGVs (see 
Figure 6.5), hybrid HGVs and battery electric 2-wheelers. There do not appear to be significant 
impacts across other sectors within the energy system other than a small further reduction in the 
carbon intensity of electricity generation (Figure 6.4). 
 
Figure 6.6 Transport fuel demand (PJ) under a 33/80 case and with restrictions on hydrogen production 

investment, 2000-2050 
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