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1 INTRODUCTION

This evidence is concerned with the assessment of the costs of reducing carbon
emissions with the objective of mitigating climate change®. This is directly relevant to
the third set of issues being investigated by the Review: “The costs and benefits of
actions to reduce the net global balance of greenhouse gas emissions from energy use
... taking into account the potential impact of technological advances on future
costs;”, and will hopefully contribute to the Review’ s intention to provide “An
assessment of the economics of moving to alow-carbon global economy”. The
evidence addresses the issue of these costs as they have been estimated for the UK,
estimates which are likely to be relevant for industrial countries more generaly. The
starting point of this analysisis the robustness of the economic analysis carried out by
the UK Government in the preparation of the 2003 Energy White Paper. Thisis
obvioudy relevant at this time of another UK Energy Review, because further
analysis of these issues is being undertaken in this context, with a significant
contribution being made by the UKERC's Energy Systems and Modelling theme.

2. MODELLING ENERGY SYSTEM COSTS OF DECARBONISATION

Analysis and estimates of the costs of decarbonisation make an important input into
UK energy policy, and were an important input into the UK Energy White Paper,
which was published in February 2003. This analysis concluded that “the cost of
reducing CO, emissions by 60% by 2050 was in the range of £200-£300 per tonne of
carbon. GDP in 2050 was reduced by 0.5-2.0%, equivalent to an average annual
reduction of between 0.01 and 0.02 percentage points from a business as usual GDP
growth rate of 2.25% per annum.” (DTI 20033, p.28) This evidence first seeksto
make a brief assessment of the reasonableness of this estimate.

An important part of the analysis for the White Paper (described in detail in DTI
2003b), and that part which generated the costs numbers cited above, was carried out
using the MARKAL energy model. MARKAL is a bottomup model of the energy
system that was originaly developed by the International Energy Agency (IEA) and
has been used, and is still used, in many countries round the world, by governments,
academic and other research institutions, and consultancies. It is an established and
much-used model with awell understood structure and limitations. It was, therefore, a
reasonable choice for the analysis that was carried out.

! Thisisarevision of evidence that was submitted in 2005 to the House of Lords Economic Affairs
Committee for their inquiry into * Aspects of the Economics of Climate Change’. It has been brought up
to date in the context of the new UK Energy Review.



The UK MARKAL model, which was operated for the White Paper analysis by the
consultancy Future Energy Solutions (FES) for the DTI, contains a variety of cost and
performance data about different technologies within a structure of the energy system.
Model runs seek to meet given energy demands (and any imposed constraints, such as
on carbon emissions) at least cost. Clearly the results that emerge from such model
runs are very dependent on the input assumptions about costs and performance that
have been made for the different technologies.

Before looking at the input assumptions, it is worth asking whether the output from
MARKAL, in particular the cost result that the GDP costs of a 60% carbon reduction
by 2050 would be in the range 0.5-2.0%, is out of line with results from other models.
In fact, there is evidence from a meta-analysis of the costs of carbon reduction from a
wide range of models (Barker et al. 2002) that the majority of GDP cost estimates
from these models fall within the same range as those from this use of MARKAL.
Some of the cost estimates are higher, and some are lower, but thisis very much the
central range of the estimates. While this says nothing about the quality of MARKAL
as amodel, the fact that these results fall within the interval estimated by a very large
number of other international and national studies means that they are not in
themselves implausible. However, they still need to be assessed in detail in terms of
the input assumptions that generated them.

3. THE INPUT ASSUMPTIONSTO MARKAL

Two of the most important sets of input assumptions are those related to the costs of
two major ways of reducing carbon emissions: the development and implementation
of more efficient ways of using energy, and the development and deployment of ways
of capturing renewable energy sources. It is therefore worth examining whether the
assumptions used in these areas for the White Paper analysis were reasonable.

3.1 Energy Efficiency

The input assumptions to the MARKAL model on energy efficiency included an
assumption that there was some availability of currently cost-effective energy
efficiency measures, which are not yet implemented. Whether there are in fact
opportunities for cost-effective energy efficiency measures that are not taken up, and
to what extent, is still a controversial issue among economists. Many economists
believe that if such opportunities existed, people and firms would take them up of
their own accord. As evidence of this, it might be thought that the existence of a
number of subsidy programmes in the UK to promote energy efficiency shows that
the White Paper underestimated the costs of energy efficiency.

However, it is possible that these subsidies are necessary to overcome a number of
non-financial barriers to the take up of energy efficiency measures (ranging from
landlord-tenant problems, to alack of interest in and information about the products
and measures, to capital constraints, to adislike of disruption to the home). In recent
years there has been a substantial accumulation of evidence in the UK, from analyses
of the early home energy efficiency programmes by the National Audit Office (NAO
1998), to the data contained in reports from the Performance and Innovation Unit, the
Energy Saving Trust and the Carbon Trust (PIU 2002, EST 2002, Carbon Trust 2004),



to the significant over-achievement under the Climate Change Agreements (CCAS,
AEAT 2003a,b, DEFRA 2003, Ekins 2005 forthcoming), that suggests both that
opportunities for cost-effective energy efficiency measures exist, and that the policy
measures that have been implemented to realise them have indeed saved the relevant
parties both energy and money.

Of course this evidence is not entirely conclusive, and doubtless debate about the
extent of unimplemented cost-effective opportunities for energy efficiency will
continue. However, having been someone who, as an economist, was sceptical of the
claims about cost-effective energy efficiency opportunities, | now believe that the
balance of evidence (both in terms of research showing the existence of ‘barriers to
energy efficiency (see, for example, Sorrell et al. 2004), and in terms of actual policy-
driven implementation of cost-effective energy efficiency measures) is now clearly
showing that these opportunities exist. While it may be possible to characterise some
of the barriers to the implementation of cost-effective energy efficiency measures
(such as household disruption) as ‘costs , the fact remains that, if they are overcome,
in financial terms (and therefore in GDP terms in aggregate) the economy will be
better off.

Of course, to say that cost-effective energy efficiency opportunities exist does not
mean that they are easy for policy to realise in practice (and the model used a 25%
discount rate on the demand side to define cost-effectiveness conservatively in terms
of afour-year payback). But it does mean that if people can be subsidised or coerced
into realising these opportunities, then they will save money and, other things being
equal, carbon emissions will be reduced at negative net financial cost, which is what
the energy efficiency inputs (up to some level) to the MARKAL model assumed. |
consider that such an assumption now represents the evidence-based position.

3.2 Renewables

In the MARKAL modelling for the White Paper the cost estimates for a wide range of
low or no carbon electricity generation technologies were in the range shown in Table
1. It can be seen that, between 2000 and 2040 they range from about 2.5-4.5p/kWh
(compared with a current average wholesale price of electricity of 2-2.5p/Kwh).

Such cost estimates are extremely uncertain, especially for technologies such as
renewables which are still in their infancy, and especially in respect of time horizons
asfar out as 2040. It is especidly difficult to incorporate such elements as the network
and grid costs for these technologies (such as the back up required for the
intermittency of some renewables, and the reconfiguration of the distribution network
which would be required for extensive distributed generation), because the precise
nature of what is required is still not clear. It is aso not easy to include some of the
benefits of new technologies (for example, distributed generation can reduce
transmission losses, and the availability of wind energy is higher in winter when
demand, and peak demand which is the most expensive to service, is higher). The
modelling in MARKAL sought to capture the cost of back-up associated with
intermittent generation, by only allowing a proportion of intermittent (for example,
wind) capacity to count towards firm capacity at times of peak demand.



Table 1: Estimated Costsfor Selected L owCarbon Technologies

Core assumptions Year Capital Fixedop. Efficency Load Plant  Electricity
available Cost Cost % Factor Life cost
EIKW £/KW % VIS okWh
Bxisting GTCC 2000 12.0 40% 90 % 22
New GTCCICO2CCS 2040 450 17 66 % 90 % 25 31
Existing Nuclear 2000 80 5% 40 12
New Nuclear 2020 1100 60 85% 40 30
Energy Crops 2030 700 30 50 % 85% 25 2.6
Wind On-shore 2000 530570  17-20 2850 % 20 2543
Wind On-shore 2040  330-360 15 2850 % 20 1628
Wind Off-shore 2040 450-510 16-21 29-43% 20 2837

Source: DTI 2003b, Annex C, pp.116 ff.

One estimate of the costs of generating 20% of UK electricity in 2020 from wind has
put them at 3.3p/kWh, including generation, variable and network costs, compared to
fossil fuel (CCGT) generation costs, calculated on the same basis, of 2.98p/kWh
(Dae et a. 2004, p.1954). For comparison, as shown in Table 1, the range of wind
costs used as input into the MARKAL mode were 2.5-4.3p/kWh for ornrshore wind in
2000, 1.6-2.8p/kWh for onshore wind in 2040, and 2.8-3.7p/kWh for offshore wind in
2040. Clearly thistoo is contested ground, and likely to remain so for some time, but
this evidence suggests that the inputs in this area used for the MARKAL modelling
are in the centre of the range of cost estimates for wind.

Even so, with the current costs of gas-fired generation well below those of renewables
(except perhaps onshore wind at the best sites), renewables would at present not be
deployed without subsidy, and it may be that in order to reach Government targets for
renewables (10% electricity generation by 2010, 20% by 2020), the subsidies will
need to be significantly larger. This does not mean that the MARKAL-estimated GDP
costs of carbon reduction for 2050 (0.5-2.0% GDP, as noted above) are necessarily
too low, for at least two reasons.

Firstly, the level of subsidy for wind (and other renewables) now (or even up to 2020)
says absolutely nothing about the GDP costs in 2050 of having introduced substantial
renewable generation by then, which is what the MARKAL model is estimating. This
depends on awhole range of other factors, of which probably the most important are
the extent to which it is assumed that innovation brings down the cost of renewables,
and the level of fossil fuel prices. Clearly such factors are also uncertain, but there is
no evidence that the rate of innovation or the fossil fuel prices assumed in the
MARKAL modelling were too high (too high oil prices would reduce the net cost of
implementing more expensive non-fossil aternatives). In fact the highest assumed oil
price in 2050 in the various scenarios that were modelled was $35 per barrel [DTI
2003b, p.68], well below the price that has persisted since 2004). These issues are far
more important to the 2050 GDP costs of decarbonisation than the current level of
renewables subsidies.



Secondly, it is not straightforward to go from the direct costs of renewables (as
expressed through the level of subsidy that needs to be paid for them) to the GDP
costs of their introduction. The standard MARKAL model (that used for the analysis)
isapartia equilibrium model, not a genera equilibrium model or macromodel (which
incorporate feedbacks between the energy and economic systems, which the standard
MARKAL does not). However, thisis likely to exaggeratethe GDP costs of
introducing renewables, rather than the reverse. Thisis because the MARKAL
modelling for the White Paper does not take account of the way in which areal
economy would adjust to reduce the macro-costs of introducing renewables. If such
introduction raised the price of energy, then consumers and firms would use less of it,
new energy efficiency technologies would be devel oped and introduced, the
renewables industries themselves would employ people and generate incomes and,
perhaps, exports (as the Danish wind industry has done). All these linkages would
tend to reduce the direct costs of introducing renewables, which iswhat MARKAL
calculates. It is therefore possible to argue on these grounds that the MARKAL GDP-
cost estimates of carbon reduction are too high, rather than too low.

4. SENSITIVITY ANALYSIS

Because of the uncertainties (noted above) in many of the key modelling variablesin
the modelling exercise carried out for the Energy White Paper, senditivity analysis
(changing the variables to see how they affect the outcomes) is critical. As noted
above, this analysis generated a range of GDP cost estimates which differed by a
factor of 4 (0.5-2% GDP). The final question that is addressed here is whether the
range of assumptions employed in the sensitivity analysis actually matches the range
of reasonable uncertainty about some of the parameters.

The range of costs for wind used in the modelling are given in Table 1. It is
interesting that al the low-carbon technologies considered in the modelling (which
included nuclear, hydro, waste, wave, tidal stream, onshore wind, offshore wind,
biomass, PV and CHP) had estimated costs in 2040 for at least some of their output in
the range 1.6-4.0p/kWH. This means that if any one, or even afew, of these
technologies fails to deliver the cost reductions over 45 years which are assumed in
the model, then low-carbon generation can be supplied by a mix of the others.

There were nine different possible generation mixes which were calculated as part of
the sensitivity analysis (see Figure 1).

2 Inthe modelling many of the technologies had different cost tranchesrepresenting slightly different
applications or locations of the same technology. 1n 2040 some of the most expensive tranches for
domestic PV, tidal stream and large-scale wave had costs greater than 4p/kWh (but less than 6p/kWh) -
while cheaper tranches of the same technologies were less than 4 p/kWh at thistime.



Figure 1 The Resultsof MARKAL Sensitivity Analysis. Nine Different Possible Generation Mixes for 2050

(Source: Taylor 2004)
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All the nine possible generation mixes resulted in generation that contributed to a
60% overall reduction in carbon emissions by 2050, vary enormously in the
technologies that are used. It is only if the costs of all, or the great mgjority of, the
low-carbon technologies fail to reduce substantially with increasing deployment that
the costs of low-carbon generation, and thence of carbon abatement, would be
significantly above those estimated®. Past experience with the costs of new

technol ogies would suggest that, while possible, thisis unlikely.

On energy efficiency the investment costs were estimated to range from £0-50/GJ in
the household sector, and £0-35/GJ in industry and services. Some energy efficiency
improvements were achieved at negative net cost once fuel savings were taken into
account. The maximum uptake of energy efficiency in the model yielded
improvements of 55% for households and 35% for industry and services. The rates of
improvement were varied in the sensitivity analyses from the maximum improvement
delivered by the modéd to the historical average improvement of the last 30 years
(medium improvemert) to the historical average improvement of the last 10 years
(low improvement). It was the latter assumption that generated the highest costs of
carbon abatement, but still below 2% of GDP by 2050.

As with the costs of electricity generation, these assumptions do not seem
unreasonable. As noted above, there is substantial evidence that opportunities for
negative-cost energy efficiency improvements are widespread, while the assumption
that the rate of energy efficiency improvement remains the same as that of the last ten
years, despite new government policies, is positively pessmistic.

In addition to considering reduced energy efficiency and different sets of technology
costs and exclusion of technologies, the sensitivity analyses also took into account
possible limits on natura gas, reduced innovation, infrastructure issues, and the issue
of wind intermittency. With the worst-case assumptions, the costs of a 60% reduction
in carbon emissions by 2050 still came to less than 2% of GDP. | come to the
conclusion from this brief examination of the issue that the range of sensitivity
analysis assumptions employed in the MARKAL modelling for the White Paper do
not seem unreasonable.

5. FUTURE MARKAL MODELLING IN SUPPORT OF UK ENERGY
POLICY

In the context of the current Energy Review, DTI and DEFRA have commissioned the
Policy Studies Institute (PSI) and, through PSI, Future Energy Solutions, to build a
new MARKAL model further to explore UK energy system options and costs. The
new model will be MARKAL MACRO, incorporating a simple CGE (computable
general equilibrium) model (which was not the case for the White Paper modelling
work), in order to provide a better estimation of the GDP costs of different policy and
options and scenarios. The first results from this model will be available in summer

3 When technology cost and performance were frozen at 2010 levels for the whole period, and a 70 %
emissions reduction was applied, the GDP loss in 2050 was 3.6 %, but even with these extreme
assumptions the GDP loss was below 2% for an emissions reduction of 60%. (personal communication
with Peter Taylor, Future Energy Solutions, November 2004)



2006. If DTI and DEFRA agree, the modelling team would be pleased to interact with
the Stern Review during the modelling process, and to share the early results, so that
they can inform the conclusions of the Stern Review when it reports in autumn 2006. |
would be pleased to discuss arrangements for this with the Stern Review if it wishes.

6.

CONCLUSIONS

Estimates of costsin 2050 of deploying a wide range of new technologies are bound
to be uncertain. Within the bounds of this uncertainty, however, the analysis above

suggests that:

MARKAL is areasonable model to use for calculations such as were carried
out, provided that (as with all models), its characteristics and limitations are
borne in mind and input assumptions are carefully chosen and justified;

The cost estimates used as inputs to the MARKAL model were both
reasonable in themselves, and in accordance with both evidence and
mainstream calculations of such costs;

Sensitivity analysis varied these input cost estimates so that they represented
fairly pessimistic assumptions about the likely development of these costs; and
The MARKAL output cost estimates (the 0.5-2.0% of GDP) were very much
in line with the majority of other estimates of these costs, derived from a wide
variety of different models.

These conclusions about the analysis of the estimates of carbon reduction carried out
by the Government for the Energy White Paper suggest a number of conclusions for
the Stern Review:

1

Many people might regard the estimated costs as arelatively low price (a
maximum of one year’s increment to a national economy that is growing at
2% p.a.) to pay for a cut in carbon emissions which, if matched globally by
other industrial countries, would be likely to do much to avoid the worst
effects of climate change.

The estimated cost of carbon reduction in 2050 suggests that effective
policies to reduce emissions are not incompatible with continuing
economic growth and prosperity.

However, this relatively low cost in 2050 says nothing about the policy
and political difficulties of actually achieving the cuts in emissions that are
required. Much political skill will be required to make acceptable the costs
of such palicies as the Renewables Obligation or the EU Emissions
Trading Scheme, and such changes in behaviour as foregoing an explosion
of cheap foreign air travel, both of which are needed if carbon emissions
are to be reduced by the extent envisaged.

The analysis commissioned by the UK Government of the policies
outlined in its White Paper made a significant contribution to
understanding of the broad economic implications of reducing carbon
emissions by 60% over 60 years.

PAUL EKINS
Policy Studies Institute
December 6" 2005



REFERENCES

AEAT (AEA Technology) 2003a ‘ Climate Change Agreements — Results of the First
Target Period Assessment’, Version 1.1 — Preliminary Results, April, FES-AEAT,
http://www.defra.gov.uk/environment/ccl/pdf/cca tpl prelim.pdf

AEAT (AEA Technology) 2003b ‘ Climate Change Agreements — Results of the First
Target Period Assessment’, Annex 1 — Summaries of Individual Sectors, April, FES-
AEAT, http//www.defra.gov.uk/environment/ccl/pdf/cca tpl prelim annex.pdf

Barker, T., Koehler, J. & Villena, M. ‘ The costs of greenhouse gas abatement: a
meta-analysis of post- SRES mitigation scenarios’, Environmental Economics and
Policy Sudies, Vol.5, 2002, pp. 135-166

Carbon Trust 2004 Annual Report 2003/04, Carbon Trust, London

Dale, L., Milborrow, D., Slark, R. & Strbac, G. 2004 ‘ Total Cost Estimates for Large-
Scale Wind Scenarios UK’, Energy Policy, Vol.32 No.17, pp.1949-1956

DEFRA (Department for the Environment, Food and Rural Affairs) 2003 ‘ Climate
Change Agreements and the Climate Change Levy: First Target Period Results,
DEFRA, London, http://www.defra.gov.uk/environment/ccl/results.htm

DTI (Department of Trade and Industry) 2003a Our Energy Future: Creating a Low-
Carbon Economy, Cm 5761, February, The Stationery Office, London

DTI (Department of Trade and Industry) 2003b Options for a Low-Carbon Future,
DTI Economics Paper No.4, June, DTI, London

Ekins, P. & Etheridge, B. 2005 (forthcoming) ‘ The Environmental and Economic
Impacts of the UK Climate Change Agreements’, Energy Policy (forthcoming)

EST (Energy Saving Trust) 2002 * Putting Climate Change at the Heart of Energy
Policy’, EST submission to the Energy White Paper, September, EST, London

NAO (National Audit Office) 1998 * The Office of Electricity Regulation:
Improving Energy Efficiency Financed by a Charge on Customers’, NAO, London

PIU (Performance and Innovation Unit) 2002 The Energy Review, February, Cabinet
Office, London

Sorrell, S., O'Malley, E., Schleich, J& Scott, S. 2004 The Economics of Energy
Efficiency: Barriersto Cost-Effective Investment, Edward Elgar, Cheltenham

Taylor, P. 2004 ‘Low Carbon Scenarios for the UK Energy White Paper’,
presentation to the seminar ‘ The Costs of Decarbonising the UK and Global
Economies’, October 12", Imperial College, London, Future Energy Solutions,
Harwell



