
E C O L O G I C A L E C O N O M I C S 6 8 ( 2 0 0 9 ) 6 9 2 – 7 0 9

ava i l ab l e a t www.sc i enced i rec t . com

www.e l sev i e r. com/ l oca te /eco l econ
ANALYSIS

Do increases in energy efficiency improve environmental
quality and sustainability?
Nick Hanleya, Peter G. McGregorb,c, J. Kim Swalesb,c, Karen Turnerb,⁎
aDepartment of Economics, University of Stirling, United Kingdom
bFraser of Allander Institute and Department of Economics, University of Strathclyde, United Kingdom
cCentre for Public Policy for Regions (CPPR), Universities of Strathclyde and Glasgow, United Kingdom
A R T I C L E I N F O
⁎ Corresponding author.Department of Econo
United Kingdom. Tel.: +44 141 548 3864; fax: +

E-mail address: karen.turner@strath.ac.uk (

0921-8009/$ – see front matter © 2008 Elsevi
doi:10.1016/j.ecolecon.2008.06.004
A B S T R A C T
Article history:
Received 23 August 2007
Received in revised form 7 May 2008
Accepted 2 June 2008
Available online 9 July 2008
Governments world-wide increasingly see energy efficiency as an important aspect of
sustainability. However, there is a debate in the literature as to whether the impact of
improved energy efficiency on reducing energy use might be partially, or more than wholly,
offset through “rebound” and “backfire” effects. This paper clarifies the theoretical
conditions under which such effects would occur and explores their likely significance
using a computable general equilibrium (CGE) model of the Scottish economy. We find that
for Scotland a general improvement in energy efficiency in the production sectors of the
economy initially produces rebound effects that eventually grow into backfire. Energy use
ultimately increases in response to an efficiency gain and the ratio of GDP to CO2 emissions
falls. The economic factors underpinning rebound effects are straightforward: energy
efficiency improvements result in an effective cut in energy prices, which produces output,
substitution, competitiveness and income effects that stimulate energy demands. However,
the presence of strong rebound or even backfire does not mean that efficiency-enhancing
policies are irrelevant: rather it suggests that such policies operating alone are insufficient to
generate environmental improvements. The implication is that a co-ordinated portfolio of
energy policies is required.

© 2008 Elsevier B.V. All rights reserved.
Keywords:
Backfire
CGE models
Energy efficiency
Rebound
Resource productivity
Sustainability indicators

JEL classification:
Q01; Q40; Q43
1. Introduction and background

In this paper we build on the energy economics literature
concerning “rebound” and “backfire” effects (Khazzoom, 1980;
Brookes, 1990; Herring, 1999; Birol and Keppler, 2000; Saun-
ders, 2000a,b). Specifically we explore the theoretical condi-
tions underwhich improvements in energy efficiency result in
less than proportionate reductions, or even increases, in
energy consumption. This theoretical argument is supported
mics, University of Strathc
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by simulation evidence from a regional, energy–economy–
environment computable general equilibrium (CGE) model of
Scotland.

We aim to inform the policy debate in the UK, where
sustainable development is a key objective of government
policies at the national and regional levels. Improvements in
energy efficiency have been suggested as both a measure of
progress towards sustainable development and as a means of
achieving sustainability (Cabinet Office, 2001). The popular
lyde, SirWilliamDuncan Building, 130 Rottenrow, GlasgowG4 0GE,
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interpretation of energy efficiency is “doing more with less”:
that is, of reducing the energy requirements associated with a
given level of economic activity. This issue is also receiving
increased emphasis in a regional development context with,
for example, the Scottish Parliament recently reaffirming its
commitment to sustainable development (Scottish Executive,
2002b, 2003, 2005; Scottish Government, 2007). In the UK, the
success of national sustainability programmes will depend
upon policy delivered at the regional level; the region there-
fore appears to be a very relevant spatial focus for policy
evaluation.

In Section 2 we explain rebound and backfire effects. We
present our own analysis of the likely ramifications in a
system-wide context and summarise the previous empirical
results. In Section 3 we give a general introduction to our
energy–economy–environment CGE model of Scotland, AMO-
SENVI. In Section 4 we present the results of simulating an
across-the-board stimulus to energy efficiency in production,
and provide sensitivity analysis around these central results.
We conclude in Section 5.
2. Resource productivity enhancements,
rebound and backfire

2.1. Theoretical considerations

It is instructive to provide a brief account of what has come to
be known as the economy-wide rebound effect: that is, the
economy-wide impact of an improvement in energy efficiency
analysed within a general equilibrium framework. We begin
by making a distinction between energy measured in natural
units, E, and efficiency units, ε. The measure in natural units
could be any physical measure of energy, e.g. kWh, BTU or
PJ, while energy in efficiency units is a measure of the effec-
tive energy service delivered.1 If there is energy-augmenting
technical progress at a rate ρ, the relationship between the
percentage change in physical energy use, Ė, and the per-
centage change in energy use measured in efficiency units, ɛ. ,
is given as:

:e ¼ qþ :
E ð1Þ

Eq. (1) implies that for a 5% increase in energy efficiency, a
fixed amount of physical energy will be associated with a 5%
increase in energy measured in efficiency units. This means
that in terms of the outputs associated with the energy use,
the 5% increase in energy efficiency has an impact that is
identical to a 5% increase in physical energy inputs, without
the efficiency gain.

A central issue in the rebound analysis is the fact that any
change in energy efficiency will have a corresponding impact
on the price of energy, when that energy is measured in
efficiency units. Specifically:

:
pe ¼

:
pE � q ð2Þ
1 This is very similar to the notion of the effective work that an
energy supply can deliver as used in the energy literature (Berndt,
1978).
where p represents price and the subscript identifies energy in
either natural (E) or efficiency (ε) units. Using the same
numerical example, with constant energy prices in natural
units, a 5% improvement in energy efficiency generates a 5%
reduction in the price of energy in terms of efficiency units.

With physical energy prices constant, we expect a fall in
the price of energy in efficiency units to generate an increase
in the demand for energy in efficiency units. This is the source
of the rebound effect. In a general equilibrium context:
:e ¼ �g

:
pe ð3Þ

where η is the general equilibrium price elasticity of demand
for energy and has been given a positive sign. For an energy
efficiency gain that applies across all uses of energywithin the
economy, the change in energy demand in natural units can
be found by substituting Eqs. (2) and (3) into Eq. (1), giving:

:
E ¼ g� 1ð Þq ð4Þ

For an efficiency increase of ρ that applies to all energy use,
rebound, R, expressed in percentage terms, is defined as:

R ¼ 1þ
:
E
q

� �
� 100 ð5Þ

Rebound measures the extent to which the change in
energy demand fails to fall in line with the increase in energy
efficiency. Therefore where rebound is equal to100%, a change
in energy efficiency produces no change in energy use.
Rebound values less than 100% but greater than 0% imply
that there has been some energy saving as a result of the
efficiency improvement, but not by the full extent of the
efficiency gain. Therefore if a 5% increase in energy efficiency
generates a 4% reduction in energy use, this corresponds to a
20% rebound. Rebound values greater than 100% imply
positive changes in energy use, measured in natural units,
and therefore indicate backfire.

If Eq. (4) is substituted into Eq. (5), the link between rebound
and the general equilibrium elasticity of demand for energy is
made absolutely clear:

R ¼ g� 100 ð6Þ

This conceptual approach is ideal for a fuel that is imported
and where the natural price is exogenous or only changes in
line with the demand measured in natural units. There are
three important ranges of general equilibrium price elasticity
values. If the elasticity is zero, the fall in energy use equals the
improvement in efficiency and rebound equals zero. If the
elasticity lies between zero and unity, so that energy demand
is relatively price-inelastic, there is a fall in energy use but
some rebound effect. If the elasticity is greater than unity, so
that demand is relatively price-elastic, energy use increases
with an improvement in energy efficiency.With a price-elastic
demand for energy, rebound is greater than 100% and backfire
occurs.

However, in an applied context, there are two problems
that introduce greater complexity. The first is that energy is
often produced domestically with energy as one of its inputs.
This means that the price of energy in physical units will be
endogenous, and will tend to fall with general improvements



2 AMOS is an acronym for a macro–micro model of Scotland.
AMOSENVI is a model variant with an appropriate sectoral
disaggregation and a set of linked pollution coefficients, devel-
oped specifically to allow the investigation of environmental
impacts.
3 In AMOSENVI, Scotland is treated as a self-governing econo-

my, in the sense that there is only one consolidated government
sector. Central government activity is partitioned to Scotland and
combined with local government activity.
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in energy efficiency, giving further impetus for rebound
effects. The second is that the general equilibrium elasticity
of demand for energy is difficult to identify. The responsive-
ness of energy demand at the aggregate level to changes in
(effective and actual) energy prices will depend on a number of
key parameters and other characteristics in the economy, as
our theoretical analysis in Allan et al. (in press) demonstrates.
As well as elasticities of substitution in production, which
tend to receivemost attention in the literature (see Broadstock
et al., 2007, for an excellent review) these include: price
elasticities of demand for individual commodities; the degree
of openness and extent of trade (particularly where energy
itself is traded); the elasticity of supply of other inputs/factors;
the energy intensity of different activities; and income
elasticities of energy demand (the responsiveness of energy
demand to changes in household incomes). Thus, the extent
of rebound effects is, in practice, always an empirical issue.

Before turning to the empirical evidence of rebound and
backfire effects, a final point should be made. In the simu-
lations reported in this paper we only improve energy ef-
ficiency in a subset of its uses: that is, in its use in production.
The proportionate change in energy use is therefore DET

EI
, where

the I and T subscripts stand for total and industrial respec-
tively. Similarly, the implied reduction in the price of energy
in efficiency units only applies to its use in production, not
in elements of final demand, such as household consumption.
In these circumstances, the rebound effect should be calcu-
lated as:

R ¼ 1þ
:
ET

aq

� �
� 100 ð7Þ

where α is the share of energy in industrial use, EI
ET
.

2.2. Empirical evidence of rebound and backfire

Sorrell (2007) reviews the existing empirical evidence con-
cerning the strength of the rebound effect. It is conventional to
make a distinction between the direct and indirect effects of
an improvement in energy efficiency on energy use. The direct
effect is the impact in the activity to which the efficiency
improvement applies The indirect effects are the other,
system-wide impacts associated with the changes in con-
sumption and production of other goods and services that
causally accompany the efficiency change.

Although numerous studies of the direct effect of
particular efficiency improvements have been undertaken,
the results are difficult to identify with any degree of
accuracy. As Sorrell (2007, p. 25) states: “Measurement
difficulties make estimation of direct rebound effects proble-
matic at best and impossible at worst. For many energy
services, the relevant data is simply unavailable, while for
others the data must be either estimated or subject to
considerable error.” On the other hand, very few studies
attempt empirically to specifically identify the indirect
effects. Existing information from this source is scant.
Finally, the arguments made for total economy-wide
impacts, such as the work of Khazzoom (1980), Brookes
(1990) and Saunders (1992), are not, for Sorrell (2007, p.84)
“based upon empirical estimates of rebound effects but
instead … upon stylised theoretical arguments and empirical
evidence that is both suggestive and indirect.” While overall
there is much evidence for rebound effects, the size of these
effects is difficult to pin down from existing empirical
research.
3. AMOSENVI: an energy–economy–environment
CGEmodel of Scotland

CGE models are now being extensively used in studies of
the economy–environment nexus, though typically at the
level of the national economy (e.g. Bergman, 1990; Conrad
and Schröder, 1993; Beauséjour et al., 1995; Lee and Roland-
Holst, 1997; and Goulder, 1995; Conrad, 1999 provides a re-
view). There are, also, a limited number of regional applica-
tions of CGEs to environmental issues, including Despotakis
and Fisher (1988) and Li and Rose (1995). The popularity
of CGEs in this context reflects their multi-sectoral nature
combined with their fully specified supply-side, facilitating
the analysis of both economic and environmental policies.
CGE models are particularly suited to studying the rebound
and backfire effects since they allow the system-wide effects
of the energy efficiency improvement to be captured. Recall
that these comprise (i) a need to use less physical energy
inputs to produce any given level of output (the pure engi-
neering effect); (ii) an incentive to use more energy inputs
since their effective price has fallen; (iii) a compositional
effect in output choice, since relatively energy-intensive pro-
ducts benefit more from this fall in the effective price; (iv) an
output effect, since supply prices fall and competitiveness
increases; and (v) an income effect as real household in-
comes rise.

Allan et al. (2007a), examines such effects in the context of
an improvement in efficiency in the industrial use of energy
in the UK economy. Here we turn our attention to the case of
a single region of the UK using AMOSENVI, a CGE modelling
framework parameterised on data from Scotland.2 This single
region analysis is made particularly interesting because of
the extent of Scottish trade in electricity with the rest of the
UK.

3.1. General structure

This section provides a brief description of the general model
framework. A more formal description is given in Appendix 1.
AMOSENVI has 3 transactor groups, namely households,
corporations, and government3; 25 commodities and activ-
ities, 5 of which are energy commodities/supply (see Fig. 1 and
Appendix 2 for details); and two exogenous external transac-
tors, the Rest of the UK (RUK) and the Rest of theWorld (ROW).



Fig. 1 –Production structure of each sector in the 25 sector/commodity AMOSENVI KLEM framework.

4 Parameter α is calibrated so as to replicate the base period, as
is β in Eq. (9). These calibrated parameters play no part in
determining the sensitivity of the endogenous variables to
exogenous disturbances but the initial assumption of equilibrium
implied by the calibration procedure is an important assumption.
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Throughout this paper commodity markets are taken to be
competitive. We do not explicitly model financial flows, our
assumption being that Scotland is a price-taker in competitive
UK financial markets.

The AMOSENVI framework allows a high degree of
flexibility in the choice of key parameter values and model
closures. However, a crucial characteristic of the model is
that, no matter how it is configured, we impose cost-
minimisation in production with multi-level production
functions, generally of a CES form but with Leontief and
Cobb–Douglas being available as special cases (see Fig. 1).
There are four major components of final demand: con-
sumption, investment, government expenditure and exports.
Of these, real government expenditure is taken to be
exogenous. Consumption is a linear homogeneous function
of real disposable income. The external regions, RUK and
ROW, are exogenous, but the demand for Scottish exports
and imports is sensitive to changes in relative prices between
(endogenous) Scottish and (exogenous) RUK and ROW prices
(Armington, 1969). Investment is a little more complex as we
discuss below.

We generally impose a single Scottish labour market
characterised by perfect sectoral mobility. We also assume
that wages are subject to a regionally-bargained real wage
function in which the regional real consumption (post-tax
take-home) wage is directly related to workers' bargaining
power and therefore inversely related to the regional unem-
ployment rate (Minford et al., 1994). This hypothesis has
received considerable support in the recent past from a
number of authors. Here, however, we take the bargaining
function from the regional econometric work reported by
Layard et al. (1991):

ws;t ¼ a� 0:068us þ 0:40ws;t�1 ð8Þ

where:ws and us are the natural logarithms of the Scottish real
consumption wage and the unemployment rate respectively,
t is the time subscript and α is a calibrated parameter.4

Empirical support for this “wage curve” specification is now
widespread, even in a regional context (Blanchflower and
Oswald, 1994).

Within each period of the multi-period simulations using
AMOSENVI, both the total capital stock and its sectoral
composition are fixed, and commodity markets clear con-
tinuously. Each sector's capital stock is updated between



6 Note that there is also a debate in the CGE literature regarding
the use of nested functional forms because of the imposition of
separability assumptions (see Turner, 2002 for a review). To avoid
this problem, Hertel and Mount (1985), Despotakis and Fisher
(1988) and Li and Rose (1995) adopt some type of flexible
functional form (FFF) production function with dual Generalised
Leontief or Translog cost functions. The idea is to make the
production function as flexible as possible by minimising the
number of prior assumptions about its form. In practice, however,
this argument over whether to use CES or FFF is likely to boil
down to a trade off between flexibility and tractability. In a model
with a highly detailed treatment of energy, Naqvi (1998) argues
that separability assumptions are necessary from a practical
point of view, where there are multiple inputs and/or multiple
sectoral outputs. Indeed, as noted by Turner (2002), Hertel and
Mount (1985), Despotakis and Fisher (1988) and Li and Rose (1995)
all choose to employ two-levels cost functions, with substitu-
tion between KLEM inputs on the first level, then within the
energy and/or material aggregates on the second level. Thus, even
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periods via a simple capital stock adjustment procedure,
according to which investment equals depreciation plus
some fraction of the gap between the desired and actual
capital stock. The desired capital stock is determined on cost-
minimisation criteria and the actual stock reflects last
period's stock, adjusted for depreciation and gross invest-
ment. The economy is assumed initially to be in long-run
equilibrium, where desired and actual capital stocks are
equal.5

Where endogenousmigration is incorporated in themodel,
population is also updated between periods. We take net
migration to be positively related to the real wage differential
and negatively related to the unemployment rate differential
between Scotland and RUK, in accordance with the econome-
trically estimated model reported in Layard et al. (1991). This
model is based on that in Harris and Todaro (1970), and is
commonly employed in studies of US migration (e.g. Green-
wood et al., 1991; Treyz et al., 1993). Themigration functionwe
adopt is therefore of the form:

m ¼ b� 0:08 us � urð Þ þ 0:06 ws �wrð Þ ð9Þ

where: m is the net in-migration rate (as a proportion of the
indigenous population); wr and ur are the natural logarithms
of the RUK real consumption wage and unemployment rates,
respectively, and β is a calibrated parameter. In the multi-
period simulations reported below the net migration flows in
any period are used to update population at the beginning of
the next period, in a manner analogous to the updating of the
capital stocks. The regional economy is initially assumed to
have zero netmigration and ultimately netmigration flows re-
establish this population equilibrium.

3.2. Treatment of energy inputs to production
in AMOSENVI

Fig. 1 summarises the production structure of AMOSENVI.
This separation of different types of energy and non-energy
inputs in the intermediates block is in line with the general
‘KLEM’ (capital–labour–energy–materials) approach that is
most commonly adopted in the energy/environmental CGE
literature. There is currently no concensus on precisely
where in the production structure energy should be intro-
duced, for example, within the primary inputs nest, most
5 Our treatment is wholly consistent with sectoral investment
being determined by the relationship between the capital rental
rate and the user cost of capital. The capital rental rate is the
rental that would have to be paid in a competitive market for the
(sector specific) physical capital: the user cost is the total cost to
the firm of employing a unit of capital. Given that we take the
interest, capital depreciation and tax rates to be exogenous, the
capital price index is the only endogenous component of the user
cost. If the rental rate exceeds the user cost, desired capital stock
is greater than the actual capital stock and there is therefore an
incentive to increase capital stock. The resultant capital accu-
mulation puts downward pressure on rental rates and so tends to
restore equilibrium. In the long-run, the capital rental rate equals
the user cost in each sector, and the risk-adjusted rate of return is
equalised between sectors.
commonly combining with capital (e.g. Bergman, 1988, 1990)
or within the intermediates nest, which is the approach
adopted here (e.g. Beauséjour et al., 1995).6

In the simulations reported in this paper, in each sector
Leontief functions are specified at two levels of the hierarchy –
the production of the non-oil composite and the non-energy
composite – because of the presence of zeros in the base year
data on some inputs within these composites. CES functions
are specified at all other levels.

3.3. Modelling pollution generation in AMOSENVI

There are several ways to model pollution generation in a
CGE framework (see Beghin et al., 1995, and Turner, 2002).
Here, we relate emissions of CO2 to the use of polluting
inputs in the form of the different types of fuel use at
different levels of the energy composite (locally-supplied
energy inputs) in Fig. 1. Scottish CO2 emissions from the
combustion in Scotland of imported energy inputs are
captured through the use of fixed input-pollution coefficients
at the higher nests where the RUK and ROW composite
commodities are determined.7 Both the input-pollution
coefficients attached to energy imports and to locally-
supplied energy inputs are determined using data on the
CO2 emissions intensity of different types of fuel use in the
these authors are in fact prepared to accept some separability
assumptions.
7 Note that this treatment of pollution generation from the

combustion in Scotland of imported energy inputs implies the
assumption that the composition of imports from RUK and ROW
is fixed. We have (experimental) information (supplied by the
Scottish Government IO team) on the commodity composition of
imports in each production sector and each category of demand.
The commodity composition (including energy commodities) of
imports differs between sectors and demand category and is
different for RUK and ROW. However, in our analysis, the base
year commodity composition of each composite import good to
each user is assumed fixed (we model a composite commodity
imported from each exogenous external transactor, e.g. in Fig. 1).
This implies that there is a fixed relationship between imports
from each external source (RUK and ROW) to each production
sector and final consumption group, and the direct emissions
generated from the use of these imports.



10 The Social Accounting Matrix was constructed around the
1999 Scottish Input Output Tables, which are provided by the
Scottish Government (Scottish Executive, 2002a) and are available
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UK economy. The application of fuel-use emissions factors is
fairly straightforward in the case of CO2 emissions, which are
primarily dependent on fuel properties rather than combus-
tion conditions and/or technology. In the environmental CGE
literature, models that adopt an input-pollution approach
tend to focus solely or primarily on CO2 emissions (see
Turner, 2002, for a review).

However, modelling input-pollution relationships be-
comes more complex for non-CO2 emissions. This is because
non-CO2 emissions generally depend not only on fuel type,
but also on combustion conditions and technology, mean-
ing that appropriate emissions factors are likely to be more
difficult to identify and too numerous for models with a
high level of sectoral detail. Thus, at present we do not
attempt to extend the input-pollution approach to any other
pollutants. We also include an output-pollution component
for the generation of CO2 emissions (Eq. 22 in Appendix 1)
in addition to the input-pollution links. This reflects the
argument of Beauséjour et al. (1994, 1995) that there is a role
for modelling both input-pollution relationships, and output-
pollution relationships where emissions not only result
from input use but also from processes that are inherently
polluting. Here, in the case of CO2 emissions we identify
industrial process emissions relating to the production of
mineral products and metal in the ‘Metal and non-metal
goods’ sector (see Appendix 2). We also apply output-pol-
lution coefficients to capture CO2 emissions that occur during
extraction activities in the ‘Oil and gas extraction’ sector
and flaring in the ‘Refining and distribution of oil’ sector.
While these are obviously related to energy supply, they are
not easily linked to energy input use through the application
of emissions factors.

Perhaps the single most important feature of the Scottish
electricity market for our exercise is the trade in electricity
between Scotland and the rest of the UK. Scotland is a net
exporter of electricity to the rest of the UK, which may be
beneficial in terms of UK and global sustainability if Scotland
is capable of producing electricity using less polluting
technology.8 In our base year of 1999, around 12% of Scottish
electricity production is from renewable sources, mainly
(around 85%) from hydro technology, in contrast to the UK
where only around 3%was generated from renewable sources.
However, this trade does have implications in terms of
Scotland's ability and responsibility for reducing emissions
levels,9 a fact that becomes very apparent in the results
presented in this study.

3.4. Database

The sectoral breakdown of the 1999 Social Accounting Matrix
(SAM) for Scotland separately identifies sectors of central
importance in assessing the likely impact of energy efficiency,
so we distinguish among four broad energy types: coal, oil, gas
9 We investigate the existence and implications of an ‘environ-
mental trade balance’ between Scotland and the rest of the UK in
terms of CO2 emissions in McGregor et al. (2008).

8 Imports of electricity to Scotland from RUK correspond to just
under 10% of Scottish exports of electricity to RUK.
and electricity.10 We also draw on experimental data for 1999
supplied by the Input–Output team at the Scottish Executive
that disaggregates the electricity sector into the ‘Renewable
(hydro and wind)’ and ‘Non-renewable (coal, nuclear and gas)’
sectors (see Fig. 1 and Appendix 2). However, the database is
still limited in that the electricity sector is reported as a
vertically integrated sector in the I–O accounts, thereby
combining generation, distribution and supply activities.11

When the sector is disaggregated by generation type to
identify the ‘Renewable’ and ‘Non-Renewable’ sectors, these
sectors remain vertically integrated.12

No appropriate Scottish data on sectoral emissions and
physical fueluseareavailable.However, someregional specificity
is introduced to the environmental (CO2 and fuel use) database
for Scotland using the following sources. For Scottish produced
energy we have used the I–O data on the sectoral destination of
outputs from the local energy supply sectors and for imported
fuels we have drawn on experimental data provided by the I–O
team at the Scottish Executive that break sectoral imports down
by commodities. The following method is used.13 First, UK data
on physical fuel intensities for the broad (directly polluting) fuel
types – oil, gas and coal – are employed to estimate total Scottish
fuel uses. These are then distributed across the production and
final consumption sectors identified in the model, according to
the distribution of local and imported purchases of these fuels.
UK data on the level of emissions (tonnes) per unit of each fuel
type (tonnesof oil equivalent) are thenused toderiveestimatesof
direct CO2 emissions resulting from each production and final
consumption sector's use of local and imported coal, gas and oil.
Finally, each sector's estimated emissions from each type of fuel
use are divided by the I–O and (experimental) import-by-
commodity data on fuel purchases to derive the input-pollution
coefficients for both local and imported inputs for the model
(tonnes of CO2 per £1 million expenditure on each local and
imported fuel respectively). See Eq. (22) in Appendix 1.

To generate the output-pollution coefficients for non-fuel-
combustion emissions of CO2 in the ‘Metal andnon-metal goods’,
‘Oil and gas extraction’ and ‘Refining and distribution of oil’
sectors,wehaveusedestimatesofCO2emissions in1999 fromthe
relevant sources reportedbySalwayet al. (2001). Theseare simply
divided by the base year outputs for each of these sectors.

3.5. Rebound, backfire and sustainability indicators in
AMOSENVI

The indicators we incorporate within AMOSENVI reflect those
advocated as useful by both the UK and Scottish governments.
The focus of rebound and backfire effects is clearly the impact
of energy efficiency stimuli on the total use of energy. If this
at http://www.scotland.gov.uk/Topics/Statistics/Browse/Econo-
my/Input-Output.
11 This sector is classed as IOC 85, mapping to activity 40.1 in the
Standard Industrial Classification, SIC.
12 In research currently being undertaken, we attempt to
vertically disaggregate the electricity sector by carrying out our
own surveys of companies in the sector. See Allan et al. (2007b).
13 A more detailed account is given in Turner (2003).

http://www.scotland.gov.uk/Topics/Statistics/Browse/Economy/Input-Output
http://www.scotland.gov.uk/Topics/Statistics/Browse/Economy/Input-Output


16 That is to say, in each industry there is a 5% increase in the
efficiencywithwhich the energy composite combineswith the non-
energy composite to produce the local composite input (see Fig. 1).
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falls (proportionately) by less than the increase in efficiency
there is rebound; if it actually increases there is backfire.
In line with indicators employed by the Scottish Executive
(2002b, 2003) that focus on the sustainability of energy
consumption and production14, we identify:

• Scottish energy consumption
• Total use of electricity (gigawatt hours)
• Total use of non-electricity energy (tonnesof oil equivalents)

• Share of electricity generated in Scotland using renewable
sources (share of total electricity output, in gigawatt hours,
from the renewable source sectors).15

The broad target for the consumption of both electricity
and non-electricity energy should decline. Of course, this will
happen in response to an energy efficiency enhancement,
provided that there is no backfire. However, the extent of
rebound (and possible backfire) can be calculated by compar-
ing the scale of any reduction (increase) in energy consump-
tion with the scale of the efficiency stimulus. There is an
additional specific target that the percentage of electricity
generated using renewable sources should increase to 18% by
2010, with amore demanding target to be determined for 2020.

The main indicator of resource productivity recommended
for the UK (see Pearce, 2001) is the ratio of GDP (Y) per unit of
energy (E), where a rise in this ratio indicates an improvement
in the sustainability of economic development. Partly due to
the problem of differing units of measurement, our model
incorporates two variants of this indicator:

• Y/E (1)−GDP (£) per unit of electricity used, measured in
gigawatt hours

• Y/E (2)−GDP (£) per unit of non-electricity energy used (gas,
oil or coal), measured in tonnes of oil equivalents.

We report these sustainability indicators in our results. GDP
is expected to increase in response to the stimulus to energy
efficiency, given the effective reduction in the relative price of
energy. Therefore with rebound, these “relative” indicators of
sustainability (Y/E (1) and Y/E (2)) will increase. However, even
under backfire, Y/Ewould be expected to rise in response to an
energy efficiency stimulus as long as the proportionate
increase in GDP is greater than the proportionate increase in
energy use. Not surprisingly, this suggests caution in the use of
relative, rather than absolute, indicators of sustainability in
circumstances where the levels of energy use (and pollutants)
are important, as they clearly are in relation to rebound and
backfire, and the achievement of Kyoto targets.

The UK government also tracks the “carbon intensity” of
the UK economy, defined as the ratio of GDP (Y) per unit of CO2

emissions (P). Again, a rise in this ratio is interpreted as an
14 These are indicators 12 and 13 in Scottish Executive (2002b,
2003).
15 As noted above, we use extended experimental data provided
by the I-O branch of the Scottish Executive to disaggregate the
Electricity sector in the Scottish I-O tables for 1999. The renewable
source sectors identified in these data are hydro and wind. The
non-renewable source sectors are coal, gas and nuclear.
improvement in the sustainability of economic development.
The indicator is defined as:

• Y/P — GDP (£) per tonne of CO2 emissions.

The limitations of this relative indicator of sustainability
are similar to those based on output per unit of energy input: it
would classify backfire as improving sustainability as long as
output is stimulated by proportionately more than CO2

emissions. Again, this serves as a warning to exercise caution
in the interpretation of movements in relative indicators of
sustainability in circumstances where some sustainability
constraints may be binding in absolute terms.
4. Simulation results

In this Section we present the results from simulations of a 5%
exogenous increase in energy efficiency in all production
sectors. This shock is a one-off step change in technical
efficiency, imposed as an energy-augmenting change to the
energy composite.16 Intermediate inputs account for 73% of
Scottish demand for electricity and 48% of the demand for
non-electicity energywhich are the corresponding values for α
when Eq. (7) is used to calculate rebound effects. The resulting
changes in key energy and economic variables are reported in
terms of the percentage change from the base year values
given by the 1999 Scottish SAM. The economy is taken to be in
long-run equilibrium prior to the energy efficiency improve-
ment, so that when themodel is run forward in the absence of
any disturbance it simply replicates the initial equilibrium in
each period. The reported results refer to percentage changes
in the endogenous variables relative to this unchanging
equilibrium. All of the effects reported are directly attributa-
ble, therefore, to the stimulus to energy efficiency.

4.1. Central case scenario

Thestimulus toenergyefficiency isabeneficial supply-side shock
that we would expect to lower prices, improve competitiveness
and stimulate output. The broad-brush macroeconomic proper-
ties of the simulations complywith these expectations. Summary
results for aggregate economic indicators for short (fixed popula-
tion and capital stocks), medium (population re-equilibrated
through migration) and long-run (population and capital stocks
fully adjusted) equilibria are shown in Table 1.17
17 These are conceptual time periods. However, the short and
long-run results can be related directly to the period-by-period
simulations reported later in this section. The short-run results
correspond to those in period one: the long-run results are those
that the model approaches when it is run over a large number of
time periods with migration and investment endogenous. The
medium-run results correspond to running the period-by-period
model over a large number of time periods with migration
endogenous but capital stocks fixed. We do not perform such
period-by-period simulations in this paper.



Table 1 – The aggregate impact of a 5% increase in energy
efficiency in all production sectors (percentage changes
from base)

Short-
run

Medium-
run

Long-
run

GDP (income measure) 0.06 0.10 0.88
Consumption 0.19 0.22 0.80
Investment 0.29 0.36 1.03
Exports 0.21 0.23 0.96
Imports 0.03 0.05 0.28
Nominal before-tax wage 0.12 0.02 −0.22
Real T–H consumption wage 0.09 0.00 0.00
Consumer price index 0.02 0.02 −0.22
Total employment (000's): 0.10 0.16 0.80
Unemployment rate (%) −0.83 0.00 0.00
Total population (000's) 0.00 0.16 0.80
Total electricity consumption −1.33 −1.30 1.15
Electricity rebound effect (%) 63.2 64.2 131.6
Total non-electricity energy
consumption

−1.08 −1.05 0.81

Non-electricity energy rebound
effect (%)

54.4 55.5 134.1

699E C O L O G I C A L E C O N O M I C S 6 8 ( 2 0 0 9 ) 6 9 2 – 7 0 9
Given the regional bargaining closure we would expect a
stimulus to employment, a fall in unemployment and a rise in
the real wage, accompanied by an increase in exports in the
short-run. The net effect on imports depends on the strength
of the relative price effect (as Scottish prices fall, imports to
production and final consumption activities will fall in favour
of locally produced goods) and the stimulus generated by
increased economic activity (which will increase Scottish
demand for all local and imported commodities). In Table 1
the latter effect dominates and imports rise (though by amuch
smaller amount than exports).

In principle, the ability to substitute in favour of the
intermediate composite (which includes energy inputs) and
away from value-added (labour and capital inputs) at the top
Fig. 2 –Change in output in Scottishproduction sectors in response
level of the production hierarchy in each industry could
frustrate the expected labour market effects. However, with
the default parameter values, the substitution possibilities are
limited and in practice are dominated by the output effect. In-
migration ensures that real wages and the unemployment
rate return to their original levels over the medium run and in
the long-run capital stocks adjust, further enhancing the
impacts on output and employment. In the long-run all prices
fall in response to the energy efficiency stimulus (given that
the real wage is tied down by migration).

A striking feature of these results is the reported strength of
rebound effects. In the short andmedium runs total electricity
and other energy consumption do fall, but only by just over 1%
in the face of the 5% stimulus to energy efficiency, implying
large rebound effects of over 63% and 54% for electricity and
non-electricity energy respectively. In the long-run energy
demands actually increase, so that backfire is present (a
rebound effect of 132% in electricity and 134% in other energy
consumption). While energy efficiency does initially lower the
demand for energy, the increase in competitiveness is
concentrated in the most energy-intensive sectors of the
economy. Where these sectors are also exporters, this
generates a large boost to that sector and to the economy as
a whole.

The changes in the outputs of aggregated non-energy
sectoral groups and the five individual energy sectors are
reported in Fig. 2. Short, medium and long-run results are
given. The increase in efficiency, and consequent improve-
ment in competitiveness, leads to positive output effects in all
the non-energy aggregated sectors, although the stimulus to
the real wage has a countervailing influence in the short-run.
For the energy sectors, however, the situation is a little more
complex.

For all the non-electricity energy supply sectors, there are
negative output effects, at least in the short and medium run,
due to the fall in intermediate demand as energy productivity
increases. This is also combined with the negative competi-
tiveness effect as the real wage increases. However, output in
to a 5% increase in energy efficiency in all production sectors.



Fig. 3 –Change in sectoral value-added in Scottish energy sectors in response to a 5% increase in energy efficiency in all
production sectors.
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the electricity sectors rises, even in the short-run. This is
because in the electricity sectors the positive substitution and
competitiveness-induced output effects dominate the direct
negative efficiency effect (by which any given level of output
can now be produced with less energy input). This demand
effect is driven by two key characteristics of Scottish electricity
production. First, it is very energy intensive— 26% and 29% of
the input requirements of the renewable and non-renewable
electricity sectors respectively.18 This compares to under 3%
for the other three energy sectors. Therefore the biggest fall in
the price of output is observed in the electricity sectors,
particularly the non-renewable sector, leading to a substitu-
tion away from fuels and in favour of electricity. Second, there
is a large stimulus to export demand as the price of Scottish
electricity falls relative to electricity produced elsewhere in
the UK.

Fig. 3 shows the change in value-added in each of the
energy sectors over time. The pattern of initial falls in value-
added and then recovery observed in the fuel sectors is
expected given that both demand and supply elasticities tend
to increase through time as capital stocks (and population)
adjust. (The results in Fig. 3 suggest, for example, that demand
for coal is price-inelastic in the short-run, but elastic over the
longer term.) Note that the main factor driving the recovery in
the coal and gas sectors is intermediate demand from the non-
renewable electricity generation sector. However, value-added
in the electricity industries increases immediately, indicating
the presence of elastic general equilibrium demand for these
sectors’ outputs.
18 Recall that these are vertically integrated sectors, incorporat-
ing all production and distribution activities. In the case of the
renewable sector, energy is an important input to distribution
activities, according to the experimental Scottish I–O data used to
identify these sectors.
It is important to note that in the simulations reported here
we assume that there are no long-run constraints on the
capacity of the coal and gas supply sectors, or on the
adjustment to the capital stock in the non-renewable elec-
tricity generation sector. However, it might be useful in future
research to examine the impacts of introducing constraints on
investment, particularly for coal-fired power stations, of
which only three remain in Scotland.

The impacts on the sustainability indicators identified in
Section 3 are striking. First, the growth in both energy
consumption in Scotland can be seen in Fig. 4. While the
amount of electricity consumed in Scotland initially falls (as
explained above, initially the output of the electricity sectors
increases as a result of increased export demand), by period 15
it has risen above the base year value. Non-electricity energy
consumption follows a similar pattern, with the rise above the
base year value occurring in period 16, one period later.

Second, another energy indicator given in Section 3 is the
share of electricity generated from renewable sources. Fig. 4
shows that this falls from the outset due to the fact that the
more energy-intensive non-renewable electricity sector
receives a greater stimulus as a result of the increase in energy
efficiency. An improvement in energy efficiency therefore
causes a perverse change in a key sustainability indicator.

Third, Fig. 4 shows the impact of the energy efficiency
shock on the energy productivity indicators for the electricity,
Y/E (1), and non-electricity energy consumption, Y/E (2), as a
share of Scottish GDP. Typically, a rise in the value of these
ratios would be taken as a move in the direction of more
sustainable development. However, Fig. 4 shows that, after an
initial rise both of these begin to fall, as the proportionate
change in energy consumption is greater than the increase in
GDP resulting from the efficiency shock. Both measures
ultimately fall below their base year values. These phenomena
can, of course, only arise in the presence of significant
backfire.



Fig. 4 – Impact of a 5% increase in energy efficiency in all production sectors on energy indicator variables.
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The increase in energy consumption naturally has
implications for the other sustainability indicators identi-
fied earlier, in particular, for the ratio of GDP to CO2

emissions (Y/P). Our results show that while the value of
this indicator initially rises (i.e. improves) due to the decline
in energy consumption in the first 15 years after the
introduction of the efficiency shock, by period 30 it is less
than in the base year. This is reflected in the fact that in
period 30 the growth in CO2 emissions starts to outstrip the
growth in GDP (see Fig. 5).

In summary, our results suggest that an improvement in
energy efficiency in a single, open regional economy can
generate a stimulus to energy production and consumption
and a deterioration in environmental indicators. As Fig. 4
shows, rebound exists for both electrical and non-electrical
energy used in the short-run, since the fall in consumption is
less than the 5% improvement in efficiency, while backfire
occurs in the longer term as energy consumption actually
increases above the baseline.
Fig. 5 – Impact of a 5% increase in energy efficiency in all pr
4.2. Sensitivity analysis around central case scenario

Our theoretical analysis identifies a number of key parameters
thatare likely togovern theextentof rebound/backfire: elasticities
of substitution of energy for other inputs in production; price
elasticities of demand for outputs; the elasticities of supply of
other factors; and theenergy intensity of the sectors. The first two
sets of parameters are readily identifiable in AMOSENVI and we
explore their impact below. We have already effectively con-
ducted a sensitivity analysis on the elasticities of supply of other
factors given that these elasticities change directly with the
durationof the time intervalof theanalysis,whichwehavevaried
(both conceptually and on a period-by-period basis). The energy
intensity of sectors is embedded in the base year SAM. However,
by selectively introducing the energy efficiency shock in different
groupsof sectorswecan infer the impactof sectoral differences in
energy intensities. In the remainderof this sub-sectionweoutline
the economic, energy and environmental impacts of varying key
parameter values and model closures.
oduction sectors on environmental indicator variables.



Table 3 – Long-run impact of changing elasticity of
substitution between value-added and intermediate
inputs (the SIGMAD parameter) (percentage changes from
base year)

Low
(0.1)

Central
(0.3)

High
(0.7)

GDP (income measure) 0.893 0.878 0.848
Consumption 0.807 0.795 0.771
Investment 1.050 1.028 0.985
Exports 0.954 0.956 0.962
Imports 0.279 0.283 0.289
Nominal before-tax wage −0.217 −0.217 −0.218
Real T–H consumption wage 0.000 0.000 0.000
Consumer price index −0.217 −0.217 −0.218
Total employment (000's): 0.813 0.803 0.784
Unemployment rate (%) 0.000 0.000 0.000
Total population (000's) 0.813 0.803 0.784
Total electricity consumption 1.01 1.15 1.43
Electricity rebound effect (%) 127.8 131.6 139.3
Total non-electricity energy
consumption

0.69 0.81 1.04

Non-electricity energy rebound
effect (%)

129.2 134.1 143.8
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4.3. Varying key substitution elasticities in the production
function

On the basis of our theoretical discussion, the parameters that
wouldbeexpected to impactmost stronglyon the resultsare the
elasticities of substitution: between energy and non-energy
intermediates to determine the local composite intermediate
good (see Fig. 1), SIGMAL, which is the parameter whose value
we vary in Table 2, and between value-added and intermediate
inputs to determine gross output, SIGMAD, the parameter that
we vary in Table 3. In the central case both of these parameters
take the value of 0.3 inall sectors. For sensitivity,wevaryeachof
these parameters (independently) to 0.1 and 0.7. For concise-
ness, we focus on long-run equilibria only. Recall that over this
time interval in the central case we observe backfire.

Table 2 shows the long-run results fromvarying the elasticity
of substitution between energy and non-energy intermediate
inputs, SIGMAL. In the low elasticity case, it is more difficult for
sectors to move away from the now relatively more expensive
non-energy composite and towards energy inputs that have
experienced a fall in their relative price as a result of the
improvement in energy efficiency. The structure of the produc-
tion functions embedded in AMOSENVI is rather more complex
than the case considered by Saunders (e.g. 2000a,b, in press) and
our results reflect the consequences of a full general equilibrium
model. However, it is instructive to note that all of the results in
Table 2 exhibit backfire, even for the very low substitution
elasticity of energy for other inputs of 0.1. Quite clearly, high
elasticities of substitution of energy for other inputs are not a
necessary condition for backfire.

However, the extent of backfire does vary directly with the
value of this elasticity of substitution: total electricity consump-
tion increasesby just over 0.47% in the low,asagainst over2.51%
in the high elasticity case. The high elasticity simulation
produces an electricity rebound effect of 169.3%, while with
Table 2 – Long-run impact of changing elasticity of
subsitution between energy and non-energy intermediate
inputs (the SIGMAL parameter) (percentage changes from
base year)

Low
(0.1)

Central
(0.3)

High
(0.7)

GDP (income measure) 0.880 0.878 0.874
Consumption 0.798 0.795 0.787
Investment 1.024 1.028 1.038
Exports 0.953 0.956 0.962
Imports 0.283 0.283 0.283
Nominal before-tax wage −0.216 −0.217 −0.219
Real T–H consumption wage 0.000 0.000 0.000
Consumer price index −0.216 −0.217 −0.219
Total employment (000's): 0.812 0.803 0.785
Unemployment rate (%) 0.000 0.000 0.000
Total population (000's) 0.812 0.803 0.785
Total electricity consumption 0.473 1.15 2.514
Electricity rebound effect (%) 113.0 131.6 169.3
Total non-electricity energy
consumption

0.337 0.81 1.756

Non-electricity energy rebound
effect (%)

114.2 134.1 174.2
the low elasticity rebound is 113%. Similarly, for non-electricity
energy consumption the increase in consumption is largest,
1.76%, in the high elasticity case and lowest, 0.34%, in the low
elasticity case. The corresponding non-electricity energy
rebound effects are just over 174% and 114% respectively.

Table 3 shows the long-run results from varying the elas-
ticity of substitution between value-added and intermediate
inputs, SIGMAD. This is the point at the very top level of the
production hierarchy used in AMOSENVI (see Fig. 1). In the low
elasticity case, it is more difficult for sectors to move away
from the now relatively more expensive value-added compo-
site, and towards intermediate inputs (including the energy
inputs) that have experienced a fall in their relative price as
a result of the improvement in energy efficiency. This means
that in our production hierarchy the value of SIGMAD is
another determinant of the overall ease of substitution of
energy for other inputs. Total energy consumption displays
significant backfire effects again, even in the low elasticity
case, though these are greater the higher the value of the
elasticity of substitution between value-added and intermedi-
ate inputs. However, the variation in the backfire effects for
both electricity and non-electricity consumption around the
central case is significantly less than is the case in Table 2.

4.4. Varying the export demand elasticities

Tables 4 and 5 show the long-run effects and the central
scenario results from varying the export demand elasticities
for exports to the rest of the world (ROW) and rest of the UK
(RUK) respectively (the RHOW and RHOUK parameters in
Tables 4 and 5 respectively). These parameters are key
determinants of the price-responsiveness of the demand for
the outputs of these sectors. In the base case, these demand
elasticities were set at 5 for the electricity sectors (E), and 2 for
the other energy sectors (O) and the non-energy sectors (N).



Table 4 – Long-run impact of changing the ROW export
demand elasticities (the RHOW parameters) (percentage
changes from base year)

E=5 E=2 E=5 E=5

O=2 O=2 O=5 O=5

N=2 N=2 N=2 N=5

GDP (income measure) 0.878 0.878 0.879 1.041
Consumption 0.795 0.795 0.795 0.938
Investment 1.028 1.028 1.029 1.210
Exports 0.956 0.956 0.957 1.207
Imports 0.283 0.283 0.283 0.463
Nominal before-tax wage −0.217 −0.217 −0.217 −0.217
Real T–H consumption wage 0.000 0.000 0.000 0.000
Consumer price index −0.217 −0.217 −0.217 −0.217
Total employment (000's): 0.803 0.803 0.804 0.957
Unemployment rate (%) 0.000 0.000 0.000 0.000
Total population (000's) 0.803 0.803 0.804 0.957
Total electricity consumption 1.15 1.148 1.148 1.288
Electricity rebound effect (%) 131.6 131.6 131.6 135.5
Total non-electricity energy
consumption

0.81 0.806 0.807 0.949

Non-electricity energy
rebound effect (%)

134.1 134.1 134.1 140.1
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The relatively high value of 5 was initially set for the electricity
sectors to reflect the assumption that electricity is a fairly
homogenous commodity. To see the impact of varying these
parameters, the 5% energy efficiency shock was repeated with
three further scenarios: all sectors’ (E, O andN) export demand
elasticities set at 2; the export demand elasticity set at 5 for all
energy sectors (E and O) and 2 for all non-energy sectors (N);
and the export demand elasticities across all sectors set at 5.

As the elasticity of export demand is increased, sales to
exports expand as a result of the greater responsiveness to the
Scottish price reductions. In the ROWcase, reported in Table 4,
Table 5 – Long-run impact of changing the RUK export
demand elasticities (the RHOUK parameters) (percentage
changes from base year)

E=5 E=2 E=5 E=5

O=2 O=2 O=5 O=5

N=2 N=2 N=2 N=5

GDP (income measure) 0.878 0.608 0.884 1.089
Consumption 0.795 0.574 0.799 0.981
Investment 1.028 0.665 1.036 1.255
Exports 0.956 0.584 0.967 1.248
Imports 0.283 0.062 0.290 0.472
Nominal before-tax wage −0.217 −0.217 −0.217 −0.217
Real T–H consumption wage 0.000 0.000 0.000 0.000
Consumer price index −0.217 −0.217 −0.217 −0.217
Total employment (000's): 0.803 0.599 0.807 1.002
Unemployment rate (%) 0.000 0.000 0.000 0.000
Total population (000's) 0.803 0.599 0.807 1.002
Total electricity consumption 1.15 −0.648 1.153 1.318
Electricity rebound effect (%) 131.6 82.1 131.8 136.3
Total non-electricity energy
consumption

0.81 −0.777 0.814 0.998

Non-electricity energy rebound
effect (%)

134.1 67.2 134.4 142.2
the impact of varying these elasticities is fairly modest. This is
primarily because those sectors that have the largest reduc-
tion in price are primarily the energy sectors that, in themain,
do not export to ROW. Only when the export elasticities in all
sectors are set to 5 do we observe a significant variation in the
results for GDP, employment, energy use and the estimated
rebound (backfire) effects.

However, more variation is observed in the results given in
Table 5 that apply to the RUK case. With the exception of
“Gas”, all of the energy sectors export a significant share of
their output to RUK: “Coal extraction” exports 12% of its
output, “Oil refining and distribution and nuclear” exports
51%, and the two electricity sectors export 31%. The increases
in GDP range from 0.61% with all RUK export demand
elasticities set at 2, to 1.09% with all elasticities at 5.

The variation is also large for both electricity and non-
electricity total energy consumption. Crucially, the impact on
overall energy consumption varies significantly with the RUK
export demand elasticities. For low elasticities both electricity
and non-electricity energy consumption fall. The change in
consumption is −0.65%, for electricity and −0.78% for non-
electricity. Where the export demand elasticities are high
there are increases in electricity and non-electricity energy
consumption of 1.32% and 1.00% respectively. Where a
decrease in energy consumption occurs there is no backfire,
though there are still very large rebound effects (relative to the
findings of other studies) of 82.2% for electricity consumption
and 67.2% for non-electricity consumption.

Recall that the responsiveness of output demands to
relative prices does not feature at all in Saunders (2000a,b, in
press) analyses, with all the emphasis being placed on
production substitution elasticities. It is quite clear from our
own results, that in an open-economy context the respon-
siveness of goods’ demands to relative prices is important in
governing the scale of rebound and backfire effects, a result
Table 6 – Long-run impact of changing the specification of
the labour market (percentage changes from base year)

Regional
wage

National
wage

Bargaining Bargaining

GDP (income measure) 0.88 0.66
Consumption 0.80 0.67
Investment 1.03 0.81
Exports 0.96 0.76
Imports 0.28 0.24
Nominal before-tax wage −0.22 0.00
Real T–H consumption wage 0.00 0.14
Consumer price index −0.22 −0.14

0.00 0.00
Total employment (000's): 0.80 0.58
Unemployment rate (%) 0.00 0.11
Total population (000's) 0.80 0.59
Total electricity consumption 1.15 0.860
Electricity rebound effect (%) 131.6 123.7
Total non-electricity energy
consumption

0.81 0.588

Non-electricity energy rebound
effect (%)

134.1 124.9



Table 7 – Long-run impact of varying target of energy efficiency shock (percentage changes from base year)

All
sectors

Energy supply
sectors

Non-energy
supply sectors

Heavier users
of gas and oil

Heavier users of
gas and oil

(energy supply)

Heavier users of
gas and oil

(non-energy supply)

1–25 21–25 1–20 2,3,16,22,23 22,23 2,3,16

GDP (income measure) 0.88 0.58 0.30 0.034 0.009 0.024
Consumption 0.80 0.51 0.28 0.032 0.009 0.023
Investment 1.03 0.71 0.31 0.033 0.011 0.022
Exports 0.96 0.68 0.27 0.037 0.007 0.030
Imports 0.28 0.28 0.00 0.006 0.000 0.006
Nominal before-tax wage −0.22 −0.11 −0.11 −0.006 −0.003 −0.004
Real T–H consumption wage 0.00 0.00 0.00 0.000 0.000 0.000
Consumer price index −0.22 −0.11 −0.11 −0.006 −0.003 −0.004

0.00 0.00 0.000 0.000 0.000
Total employment (000's): 0.80 0.50 0.30 0.032 0.009 0.023
Unemployment rate (%) 0.00 0.00 0.00 0.000 0.000 0.000
Total population (000's) 0.80 0.50 0.30 0.032 0.009 0.023
Total electricity consumption 1.15 2.34 −1.21 −0.05 −0.01 −0.04
Electricity rebound effect (%) 131.6 249.5 41.4 52.3 72.0 45.6
Total non-electricity energy
consumption

0.81 1.60 −0.82 −0.17 −0.03 −0.14

Non-electricity energy rebound
effect (%)

134.1 243.8 34.8 40.3 54.4 35.6

20 The sectors are listed in Appendix 2.
21
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which emphasises the importance of our extensions to
Saunders' theoretical analyses.

4.5. Results of varying the labour market closure

Table 6 shows the long-run results of changing the labour
market closure from the central case, where the real wage
is determined by regional bargaining, to one where the
nominal wage is determined under a national bargaining
system. With national bargaining, the region effectively
becomes a nominal wage-taker, which generates signifi-
cant variation in all the key macroeconomic results. This
reflects the more limited expansion under national bar-
gaining in response to the positive supply-side shock: under
national bargaining the nominal wage is invariant to the fall
in Scottish prices, so that real wages rise. The more limited
expansion in economic activity inhibits the rise in both
electricity and non-electricity energy consumption, and the
consequent backfire effects are less pronounced. However,
the changes to the central case result on the degree of
backfire are small for both electricity and non-electricity
energy.

4.6. Varying the sectors targeted with the energy efficiency
shock19

The final set of sensitivity analyses test the implications of
variations in sectoral energy supply and use characteristics
for the extent of rebound and backfire effects. In Table 7 we
direct the 5% efficiency shock at different sub-sets of sectors.
19 We are indebted to an anonymous referee for suggesting this
element of the sensitivity analysis.
The long-run results of the central case scenario, where all 25
sectors are targeted, are shown in column 1. Column 2 gives the
results where the shock is directed at the 5 energy supply
sectors, that is sectors 21–25, and column 3where only the non-
energy sectors are shocked, sectors 1–20.20 The results in
columns 2 and 3 in Table 7 therefore sum approximately to
those in column 1.21

Where the increase in energy efficiency is limited to the
energy supply sectors, the effects on the key macroeco-
nomic variables are smaller than where the efficiency gain
applies across all the production sectors in the economy: for
these variables, the values in column 2 are therefore
smaller than corresponding values in column 1. However,
the increases in both electricity and non-electricity energy
consumption are greater where the efficiency gain is
restricted to production in the energy sectors, so that the
backfire effects are appreciably larger than in the base
case.22 This is primarily due to activity in the electricity
sectors. This can be verified by considering the figures given
in column 5, where the efficiency shock is targeted at the
“Oil” and “Gas” supply sectors. Here we observe a slight
drop in electricity and non-electricity energy consumption
and there is no backfire effect (although there are
still significant rebound effects). Column 3 shows the
results of an increase in efficiency directed at the twenty
non-energy supply sectors. Again, the effects on the key
This is, apart from the rebound effects where the figure in
column 1 is the weighted sum of the figures in columns 2 and 3.
22 Recall that the backfire effects are calculated as a proportion of
the energy use in those sectors that received the efficiency gain.
However, the energy change results given in all the cases reported
in Table 7 are proportionate changes in total energy use.
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macroeconomic variables are smaller than in column 1 due
to the more limited shock. However, in this case there is a
decrease in both electricity and non-electricity energy
consumption at the aggregate level, though with sizeable
rebound effects.

The presence and magnitude of the economy-wide
rebound and backfire effects does not depend only on the
energy intensity of production. We shock separately the most
electricity-intensive production sector – Sector 9, ‘Chemicals
etc’ – and the least electricity-intensive production sector —
Sector 3, ‘Sea Fishing’. We do not present the full results of
these two shocks as the macroeconomic effects are negligible
in the presence of such small disturbances. We simply focus
on the enrgy consumption effects.

For Sector 9, the long-run decrease in aggregate electricity
energy consumption is smaller than when all 20 non-energy
sectors are shocked (−0.05% compared to −1.21% in column 3
of Table 7) and the electricity rebound effect is larger (54.6% as
against 41.4%). However, if we shock Sector 3, the least
electricity-intensive sector, while electricity consumption in
the sector itself falls, there is a small increase in aggregate
electricity consumption of 0.0008%. This is mainly driven by
increases in imported and domestic electricity used by the
‘Transport’ and ‘Textiles and Clothing’ sectors, both of which
are direct intermediate suppliers of inputs to the ‘Sea Fishing’
sector. The increase in aggregate energy consumption is small
but the efficiency shock is applied to a small share of total
energy use. This means that there is in fact a sizeable backfire
effect in terms of electricity consumption (323.2%) even
though the shock is limited to the least (directly) electricity-
intensive production sector in the economy. This demon-
strates why a general equilibrium framework is essential in
assessing the nature and scope of rebound effects, even when
improvements in energy efficiency are focussed in a single
sector/activity.

Finally, we focus specifically on the implications for the
electricity rebound effect if the efficiency shock takes place
only in sectors that are heavier users of gas and oil than of
electricity (coal use is so small that we do not give it separate
attention here). In column 4 of Table 7, the efficiency
improvement is introduced to all five sectors in the economy
that are heavier users of gas and oil than of electricity. These
are sectors 2, 3, 16, 22 and 23. Then in columns 5 and 6
respectively we split these into energy supply and non-energy
supply sectors. Backfire does not occur in any of these cases
for either electricity or non-electricity energy consumption,
although significant rebound effects still apply with the
rebound effect markedly higher for electricity, as against
non-electricity, energy use.
23 More generally, in our single region model the rest of the UK is
exogenous. In future work we hope to expand to an interregiona
framework for the UK so that we can examine the impacts o
changes in energy efficiency in one UK region on activity in other
regions (crowding out effects etc). For an example of a UK inter-
regional Input-Output analysis see McGregor et al. (2008).
5. Conclusions

In this paper we explore the impact of improvements in
energy efficiency both theoretically and empirically using a
flexible, energy–economy–environment CGE framework.
We argue that predicting the environmental impacts of
significant improvements in energy efficiency requires
such a general equilibrium approach. This is because im-
provements in energy efficiency generate important sys-
tem-wide output and substitution effects that tend to
increase energy use, and act as countervailing influences
to the direct effects of being able to “produce more with
less”.

We seek to clarify the theoretical literature on rebound and
backfire effects that questions the value of energy efficiency
enhancement in reducing energy consumption. In particular,
we show that Saunders' (2000a,b) theoretical analyses require
augmentation in an open-economy context and emphasise
the importance of the time interval under consideration. We
argue that zero rebound, at the macro level, is highly unlikely,
so that the key question is then purely empirical: how much
rebound will occur in a given case, and what determines its
extent?

In our central case, we find that an improvement in energy
efficiency results in an initial fall in energy consumption, but
this is eventually reversed: positive output and substitution
effects associated with lower effective energy prices ulti-
mately outweigh the direct efficiency effect. There is a
significant rebound effect immediately that gradually
increases through time, eventually resulting in backfire in
terms of electricity consumption: for electricity production,
however, backfire is immediately apparent.

These results are not what advocates of energy efficiency
would anticipate or wish for, but they are important for the
appropriate conduct of energy policy. We identify the impact
of improvements in energy efficiency on a number of key
sustainability indicators used by the UK and Scottish
governments. These include the ratios of GDP to energy use
and to CO2 emissions. Again, in this case backfire sends both
of these indicators in the wrong direction. Saunders (2000a,b)
gives overwhelming importance to the elasticity of substitu-
tion in production between energy and other inputs in
determining the degree of rebound. However, our sensitivity
analysis shows that this is unduly restrictive: both rebound
and backfire can occur even when this elasticity is very low
(though these size of these effects is increasing in the value
of the elasticity of substitution).

The results presented here imply that in order to ensure
that increased energy efficency generates improvements in
local sustainability indicators it is necessary to counteract the
positive competitiveness effects that occur due to the fall in
the cost of production in energy-intensive sectors. This could
be achieved by the introduction of a (higher) tax on energy use
or a carbon tax.

Some important caveats are, however, in order. First, our
regional perspective is important: the presence of interregio-
nal trade in energy (and electricity in particular) in the UK is
significant in leading to a price-elastic general equilibrium
demand for energy in Scotland. Backfire would be much less
likely if the energy efficiency increase were to be mandated
throughout the UK.23
l
f



706 E C O L O G I C A L E C O N O M I C S 6 8 ( 2 0 0 9 ) 6 9 2 – 7 0 9
Second, the results are unlikely to be associated with a
deterioration in UK environmental indicators, as the expan-
sion of Scottish electricity exports occurs at the expense of less
carbon-efficient electricity production in RUK. But this may
come at the expense of worsening Scottish air quality due, say,
to higher PM10 emissions. This suggests a possible trade-off
between local and global environmental concerns resulting
from improvements in energy productivity.

Third, we have also noted that regions have been given
an important role to play, both in energy efficiency and
sustainability policy, by national governments. However,
it is not at all clear that the UK government has yet
evolved a coherent policy on meeting environmental targets
that takes proper account of increased autonomy at the
regional level in the presence of interregional environmen-
tal spillovers.

Fourth, the message for sustainability depends on the
information content of the indicators used here: while an
improvement in the ratio of GDP to either resource use
or pollution emissions would be counted by most as
being helpful in terms of improving sustainability, they
do not constitute either necessary or sufficient condi-
tions for sustainability (and perhaps, not surprisingly, are
particularly problematic if sustainability constraints are
related to the absolute levels of energy use or pollu-
tants). Many components of an economic indicator of
sustainability – such as Genuine Savings – are missing
from this analysis, although some commentators argue
that such economic indicators are themselves deficient
(Pezzey et al., 2006).

We believe that the key point that this paper makes is an
important one: focussing on improvements in energy effi-
ciency as a keystone of sustainability policy may produce
undesirable impacts in terms of energy used and pollution
generated within particular regions. Our results also provide a
cautionary note on the potentially crucial importance of
adopting a system-wide framework to explore the impact of
policy initiatives (although the efficiency stimulus that we
analyse here is taken to be exogenous — see Bruvoll et al.
(2003) for an endogenous treatment of policy).

Policiesmay have important unintended effects, which can
mitigate their efficacy in achieving particular objectives. We
do not regard our analysis as totally undermining policies
designed to enhance energy efficiency. Rather, it serves to
emphasise that such policies cannot, in general, be relied
upon in isolation to deliver reductions even in the energy
intensity of production, let alone to secure a fall in the
absolute level of pollutants of the type that is required, for
example, by the Kyoto agreement on greenhouse gasses.
Furthermore, our analysis emphasises the importance of
adopting a long-term perspective in evaluating policies: a
short-term focus is likely to foster inappropriate inferences
about policy impacts.

However, what energy efficiency stimuli do create is the
potential for energy taxes to be levied without generating any
of the adverse effects on economic activity that would
otherwise be expected. In this sense we would fully endorse
Birol and Keppler's (2000) view that policies concerning
technology and relative prices should be regarded as com-
plementary. The appropriate combination of energy taxes
(especially with revenue recycling to reduce taxes on employ-
ment) and energy efficiency stimuli, offer the potential of a
genuine double dividend of simultaneous economic and
environmental gain. However, while these potential gains
are available in principle wherever energy efficiency is
enhanced, their realisation necessitates conscious and coher-
ent co-ordination of energy policies.
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Appendix 1. A condensed version of AMOSENVI
Equations
 Short-run
(1) Gross output price
 pqi=pqi (pvi, pmi)

(2) Value-added price
 pvi=pvi (wn, wk,i)

(3) Intermediate composite
price
pmi=pmi (pq)
(4) Wage setting
 wn ¼ wn
N
L ; cpi; tn

� �

(5) Labour force
 L=L–
(6) Consumer price index
 cpi ¼ P
i
hipqi þ

P
i
hi pqi

RUK�RUK

þ
P
i
hi pqi

ROW�ROW
(7) Capital supply
 KS
i ¼ KS

iP P RUK�RUK

(8) Capital price index
 kpi¼

i
gipqi þ

i
gi pqi

þ
P
i
gi pqi

ROW�ROW
(9) Labour demand
 Ni
d=Ni

d (Vi, wn, wk,i)

(10) Capital demand
 Ki

d=Ki
d (Vi, wn, wk,i)
(11) Labour market clearing
 NS ¼ P
i N

d
i ¼ N
(12) Capital market clearing
 Ki
s=Ki

d

(13) Household income
 Y ¼ WnNwn 1� tnð Þ þWk
P

i wk;i 1� tkð Þ þ T
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(continued)ppendix 1 (continued)
Equations
 Short-run
(14) Commodity demand
 Qi=Ci+ Ii+Gi+Xi+Ri� �

(15) Consumption demand
 Ci ¼ Ci pqi; pqRUKi ; pqROWi ;Y; cpi

RUK ROW
P

d
� �
(16) Investment demand

Ii ¼ Ii pqi; pqi ; pqi ; i bi;jIj
Idj ¼ hj Kd

j � Kj

� �
(17) Government demand
 Gi=G
–
i � �
(18) Export demand
 Xi ¼ Xi pi; p
RUK
i ;pROW

i ;DRUK
;DROW

d d
� �
(19) Intermediate demand

Ri;j¼ Ri pqi; pmj;Mj

Rd
i ¼

P
j R

d
i;j
(20) Intermediate composite
demand
Mi=Mi (pvi, pmi, Qi)
(21) Value-added demand
 Vi=Vi (pvi, pmi, Qi)h i

(22) Pollutants (CO2)
 POLCO2 ¼ P

i
P

j ei;f :fi;f
� �þ gi:jið Þ þ hi Qi
Multi-period model
 Stock updating equations
(23) Labour force
 Lt=Lt−1+nmgt−1
RUK

� �

(24) Migration
 nmg

L ¼ nmg wn 1�tnð Þ
cpi ;

wn 1�tnð Þ
cpiRUK

;u;uRUK

d
(25) Capital stock
 Ki,t=(1−di) Ki,t−1+ Ii,t− 1
Notation

Activity-commodities

i, j are, respectively, the activity and commodity sub-
scripts (There are twenty-five of each in AMOSENVI: see
Appendix 2.).

Transactors
RUK Rest of the UK, ROW = Rest of World

Functions
pm (.), pq(.), pv(.) CES cost function
kS(.), w(.) Factor supply orwage-setting equations
Kd(.), Nd(.), Rd(.) CES input demand functions
C(.), I(.), X(.) Armington consumption, investment

and export demand functions, homo-
genous of degree zero in prices and
one in quantities

Variables and parameters
C consumption
D exogenous export demand
G government demand for local goods
I investment demand for local goods
Id investment demand by activity
Kd, KS, K capital demand, capital supply and capital employment
L labour force
M intermediate composite output
Nd,NS, N labour demand, labour supply and labour employment
Q commodity/activity output
R intermediate demand
T nominal transfers from outwith the region
V value-added
X exports
Y household nominal income
bij elements of capital matrix
cpi, kpi consumer and capital price indices
d physical depreciation
h capital stock adjustment parameter
nmg net migration
pm price intermediate composite
pq vector of commodity prices
pv price of value-added
tn, tk average direct tax on labour and capital income
u unemployment rate
Wn, Wk price of labour to the firm, capital rental
Ψ share of factor income retained in region
θ consumption weights
γ capital weights
POLk quantity of pollutant k (output-pollution approach)
POLCO2

quantity of CO2

ϕik output-pollution coefficients
eij fuel-use emissions factors
fij fuel purchases
gi import emissions factors
κi import purchases
δi process output-pollution coefficients

Appendix 2. Sectoral breakdown of the 1999
Scottish AMOSENVI model
IOC
1
 Agriculture
 1

2
 Forestry planting and logging
 2.1, 2.2

3
 Fishing
 3.1

4
 Fish farming
 3.2

5
 Other mining and quarrying
 6,7

6
 Oil and gas extraction
 5

7
 Mfr food, drink and tobacco
 8 to 20

8
 Mfr textiles and clothing
 21 to 30

9
 Mfr chemicals etc
 36 to 45

10
 Mfr metal and non-metal goods
 46 to 61

11
 Mfr transport and other machinery,

electrical and inst eng

62 to 80
12
 Other manufacturing
 31 to 34,
81 to 84
13
 Water
 87

14
 Construction
 88

15
 Distribution
 89 to 92

16
 Transport
 93 to 97

17
 Communications, finance and

business

98 to 107,
109 to 114
18
 R&D
 108

19
 Education
 116

20
 Public and other services
 115, 117 to 123
Energy

21
 Coal (extraction)
 4

22
 Oil (Refining and distr oil and

nuclear)

35
23
 Gas
 86
Electricity
 85

24
 Renewable (hydro and wind)

25
 Non-renewable (coal, nuke

and gas)



Appendix 3. CO2 pollution coefficients for Scotland in 1999

Polluting sector/final demand category Tonnes energy-related CO2 per £1 million purchases of Tonnes CO2CO2

(non-energy)
per £1 million
total output

Local
coal

Local oilbased
fuels

Local
gas

Imports from
RUK

Imports from
ROW

Agriculture 51,719 23,188 22,282 284 100 0
Forestry planting and logging 51,719 24,194 22,282 939 518 0
Sea fishing 51,719 23,279 22,282 311 5513 0
Fish farming 51,719 23,279 22,282 0 0 0
Other mining and quarrying 52,317 23,228 22,282 55 302 0
Oil and gas extraction 52,317 23,267 27,692 770 3691 187
Mfr food, drink and tobacco 52,559 23,327 22,282 185 9 0
Mfr textiles and clothing 52,559 23,290 22,282 43 10 0
Mfr chemicals etc 52,559 23,271 21,512 152 0 0
Mfr metal and non-metal goods 55,484 22,724 22,282 152 1 118
Mfr transport and other machinery, electrical and
inst eng

52,559 23,139 22,282 41 1 0

Other manufacturing 52,559 23,259 22,282 478 0 0
Water 52,317 22,895 22,282 209 453 0
Construction 52,317 23,146 22,282 138 6 0
Distribution 52,317 23,007 22,282 938 17 0
Transport 52,317 19,127 22,282 2132 127 0
Communications, finance and business 52,317 22,941 22,282 130 788 0
R&D 52,317 22,758 22,282 0 0 0
Education 50,840 23,173 22,282 984 80 0
Public and other services 50,866 23,254 22,282 352 624 0
Coal (extraction) 0 26,923 22,282 5 0 0
Oil (refining and distribution, nuclear) 17,160 21,354 22,282 0 0 310
Gas 52,317 1349 22,282 128 0 0
Electricity — renewable (hydro and wind) 51,466 22,933 22,282 1323 0 0
Electricity — non-renewable (coal, nuke and gas) 51,466 4910 22,282 6147 0 0
Households 49,633 22,672 22,282 248 142 0
Tourists 49,633 22,672 22,282 113 338 0
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