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Abstract

This study estimates the combined direct and indirect re-
bound effects from various types of energy efficiency im-
provement by UK households. In contrast to most studies of
this topic, we base our estimates on cross-price elasticities and
therefore capture both the income and substitution effects
of energy efficiency improvements. Our approach involves:
a) estimating a household demand model to obtain price
and expenditure elasticities of different goods and services;
b) utilising a multiregional input-output model to estimate
the GHG emission intensities of those goods and services;
¢) combining the two to estimate direct and indirect rebound
effects; and d) decomposing those effects to reveal the relative
contribution of different mechanisms and commodities. We
estimate that the total rebound effects are 63 % for measures
that improve the efficiency of domestic gas use, 53 % for elec-
tricity use and 46 % for vehicle fuel use. The primary source
of this rebound is increased consumption of the cheaper en-
ergy service (i.e. direct rebound) and this is primarily driven
by substitution effects. Our results suggest that the neglect of
substitution effects may have led prior research to underesti-
mate the total rebound effect. However, we provide a number
of caveats to this conclusion, as well as indicating priorities
for future research.

Introduction

‘Rebound effects’ is a widely used term for a variety of eco-
nomic responses to improved energy efficiency. The net result
of these effects is typically to increase energy consumption and
greenhouse gas (GHG) emissions relative to a counterfactual
baseline in which these responses do not occur. To the extent
that rebound effects are neglected in policy appraisals, the en-
ergy and emissions ‘saved’ by such measures may be less than
anticipated.

Studies of rebound effects for consumers typically focus
upon the direct effects that result from increased consump-
tion of cheaper energy services. For example, fuel-efficient cars
make driving cheaper so people may drive further and/or more
often [1, 2]. But a comprehensive accounting of the global en-
vironmental impact of energy efficiency improvements must
also take into account various indirect rebound effects. For ex-
ample, any savings on fuel bills may be put towards increased
consumption of other goods and services whose provision also
involves energy use and emissions at different stages of their
global supply chains - such as laptops that have been made in
China and shipped to the UK [3, 4]. To quantify indirect re-
bound effects, it is necessary to combine econometric analy-
sis of household (re)spending patterns with estimates of the
energy and emissions ‘embodied’ within different categories
of goods and services. The latter, in turn can be derived from
environmentally extended, multiregional input-output models
[5-7].

Relatively few studies estimate both direct and indirect re-
bound effects and most of these rely upon expenditure elas-
ticities rather than cross-price elasticities. As a result, they only
capture the income effects of energy efficiency improvements
and fail to capture the substitution effects [8]. Income effects are
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defined as the changes in consumption that result solely from
the increase in real income provided by an energy efficiency
improvement (cheaper energy services means that consumers
can buy more goods), while substitution effects are defined as
the changes in consumption that would result if real income
were adjusted to keep consumer ‘utility’ constant. The observed
change in consumption is the sum of the two. To better un-
derstand this the distinction, consider a household that installs
insulation and recovers the capital costs over ten years through
lower heating bills. Since the bill savings exactly offset the capi-
tal costs, there is no increase in real income over this period so
the income effect is zero. Hence, studies that focus solely upon
income effects would estimate the direct and indirect rebound
effects over that period to be zero as well. But since the unit
cost of heating has fallen relative to that of other goods and
services, the household is likely to consume more heating and
fewer goods and services that are ‘substitutes’ to heating. At the
same time, the household may consume more of other goods
and services that are ‘complements’ to heating.! The net result
will be a shift in consumption patterns and hence a change in
the GHG emissions associated with that consumption that may
offset the original emission savings. Hence, it is possible that
studies that neglect substitution effects will underestimate re-
bound effects.

This study therefore addresses the limitations of the exist-
ing literature by: a) estimating the magnitude of both direct
and indirect rebound effects following the adoption of energy
efficiency measures by households; b) identifying the relative
contribution of income and substitution effects to these results;
and c) identifying the relative contribution of individual goods
and services. This is the first study to estimate these effects for
UK households, as well as the first to decompose them to this
level of detail.

The paper first introduces the relevant concepts, highlights
some methodological trade-offs and summarises the existing
literature. Then it outlines the methodology, including the data
sources used, the economic model adopted and the economet-
ric techniques employed. After that, the results are presented,
including the estimates of direct and indirect rebound effects
and the contribution of different mechanisms and commodi-
ties to those effects. The last sections discuss the robustness of
the results and highlights some implications, and conclude the

paper.

Concepts and previous work

DIRECT REBOUND EFFECTS

Cost-effective energy efficiency improvements reduce the ef-
fective price of energy services such as heating and lighting,
thereby encouraging increased consumption of those services
that offsets the initial energy and emission savings. The margin-
al change in the energy (g,) required to provide a given quantity
of energy service () following a marginal change in energy
efficiency (e = g,/ q,) may be expressed as:

1. The cross price elasticity between gas and a substitute good is positive, while
that between gas and a complementary good is negative.
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As shown by Sorrell and Dimitropoulos [9], this ‘efficiency elas-

ticity of energy demand’ may be written as:

Mge =Mgp, =1 @

Where 7, is the elasticity of demand for the energy service
(g,) with respect to the energy cost of that service (p, = p,/ €).
The negative of this elasticity is commonly taken as a measure
of the direct rebound effect: R, = -1 [9]. If the energy service
is a normal good (0 = 77, ) there will be a positive direct
rebound effect (R 2
into a substitution effect and an income effect using the ‘Slutsky

0). This elasticity may be decomposed
equation’:
Magop, = oy, = Wil (3)

Where: w_is the share of the energy service in total household
expenditure (x); 77, , is the expenditure elasticity of the energy
service (7, .= 061ng,/dlne); and ﬁ _is the compensated own-
price elast1c1ty of demand for the energy service, holding utility
constant. The income (R ) and substitution (RD) components of
the direct rebound effect are then as follows:

A ~ A ~

RD = wans,x RD = _ﬁqs,ps RD = RD +RD (4)

Income and substitution effects may either offset or reinforce
one another. If estimates of 77, are available the ‘full’ direct
rebound effect can be derived, and if estimates of 57, are also
available it can be decomposed into income and substltution
effects. In contrast, if only estimates of 7, _are available, then
only the income effect can be obtained. Thls will form a biased
estimate of the direct rebound effect since substitution effects
will be overlooked.

INDIRECT REBOUND EFFECTS

Energy efficiency improvements may also change the quantity
demanded of other goods and services. These include both oth-
er energy services (e.g. heating) and other non-energy goods
and services (e.g. furniture) that ‘embody’ the energy and emis-
sions required to manufacture, transport and deliver them.
These changes in consumption patterns will impact energy use
and emissions at each stage of the relevant supply chains. From
a global perspective, these changes may either offset or add to
the energy and emission savings from the energy efficiency
improvement depending on whether the quantity demanded
of the relevant goods or service has increased or fallen. The
indirect rebound effect (Ru) from an individual commodity (i)
will be proportional to this change in energy and emissions,
which in turn will depend upon both the energy or emissions
intensity of the commodity relative to that of the energy service
and the elasticity of demand for the commodity with respect to
the price of the energy service. The latter is defined as:

_9 Ing; )
qi>Ps a ln ps
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Again, this elasticity can be decomposed into income and sub-
stitution effects using the Slutsky equation:

G nqi,p.v = Willg;x ©
Where: w_ is the share of the energy service in total household
expenditure; 7, is the expenditure elasticity of commodity
i; and ﬁws is the compensated elasticity of demand for com-
modity i with respect to the energy cost of the energy service.
The substitution effect for commodity i (ﬁq,-,ps) may offset or
reinforce the income effect (—wsqw) for that commodity. Con-
sumption of commodities that are complements (substitutes)
to the energy service will increase (reduce) following the en-
ergy efficiency improvement. The impact of this on emissions
will depend upon the emissions intensity of each commodity.
If estimates of both 7, -and 7 are available the full indirect
rebound effect for each commodity (i) can be derived and de-
composed into income and substitution effects (R, = fih + INQIi).
But if only estimates of 57, _are available, only the income effect
can be obtained. To estimate the overall indirect rebound effect
we need to sum the corresponding change in emissions over all
commodities (R, = Ei R,x_).

ESTIMATING DIRECT AND INDIRECT REBOUND EFFECTS

To estimate direct and indirect rebound effects we need the
own- and cross-price elasticities for the relevant energy service.
This requires the estimation of a household demand model -
namely, a system of n equations representing household de-
mand for n commodities as a function of total expenditure,
commodity prices and other variables, with one of these com-
modities being the energy service (s).

A growing number of studies estimate own-price elasticities
for individual energy services (n%m), but to our knowledge no
study has estimated cross price elasticities (17, ) owing the dif-
ficulties of specifying energy services as a ‘commodity’ within
ahousehold demand model [10]. Since energy services are pro-
duced from a combination of energy commodities (e.g. gas)
and durable goods (e.g. boilers), specifying their energy cost
(p, = p,/ €) and quantity demanded (g,) involves combining
data on energy commodity purchases with additional data on
the ownership and energy efficiency of the relevant durables
[11]. Since this data may not be available, a simpler alternative
is to estimate a model for purchased commodities (i) and to
simulate energy efficiency improvements by a reduction in the
price of the relevant energy commodities (e) [e.g. 12]. So, for
example, more efficient boilers may be simulated by a reduction
in the unit price of natural gas (p,), since both will reduce the
energy cost of heating (p ). Elasticities may then be estimated
with respect to energy commodity prices (p,), rather than en-
ergy service prices (p) and used to estimate both direct and
indirect rebound effects. This approach is simpler to implement
but may lead to biased estimates of rebound effects (see below).

It is common to formulate household demand models in
terms of expenditures (x,) rather than quantity demanded (q,)
since expenditures are easier to measure. The following rela-
tionships may be derived:

Mopi =i p,

- nqia!’,‘ =77x1»ﬂ1 -L 77‘1,!17] =771u1’j’

Ugrp, =My Mg =My ?)
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Household demand models can be estimated from pooled
cross-sectional data on household expenditures and commod-
ity prices. But the number of coefficients to be estimated limits
the degrees of freedom, with the result that expenditures need
to be aggregated into a limited number of commodity groups.
For the same reason, such models provide limited scope for
including covariates and typically require restrictions to be
imposed upon the parameter values to increase the degrees of
freedom. A common strategy is to assume separability of pref-
erences between aggregate commodity groups such as food and
transport, implying that decisions on how much to spend on
one group (e.g. transport) are separate from decisions on how
to allocate this expenditure between the goods and services
within that group (e.g. bus, car or train travel) [13].2 This is a
restrictive assumption, but it can work reasonably well if the
categories are well chosen

Methodology

Our approach involves estimating a household demand model
to derive price and expenditure elasticities of different goods
and services, utilising a multiregional input-output model to
estimate the GHG emission intensities of those goods and
services, combining the two to estimate direct and indirect
rebound effects, and decomposing those effects to reveal the
relative contribution of different mechanisms and commodi-
ties. The first section develops expressions for these effects, the
second describes the econometric model and the third sum-
marises the data.

REBOUND MODEL

Assume a household makes a costless investment that in-
creases the energy efficiency (¢) of providing an energy ser-
vice (s) by ¢ = Ae / € (¢ = 0), thereby reducing the energy cost
(p,) of that service by 7 = Ap /p (7 < 0). Let Q represent the
household’s baseline GHG emissions (direct plus embodied),
AH the change in emissions that would occur without any be-
havioural responses to the lower cost energy service (the ‘engi-
neering effect’), AG the change in emissions that results from
those behavioural responses (the ‘re-spending effect’), and
AQ = AH + AG the net change in GHG emissions. The total
rebound effect (R,) is then given by:

Ry = (AH - AQ)/AH = -AG/AH ®)

As discussed above, this is comprised of direct and indirect
rebound effects (R, = R, +R,) which may each be decom-
posed into income and substitution effects (R, = IAID +§D and
R, = IAQI +R)). The baseline GHG emissions for the household
may be written as:

O =xu; + Eu?‘xi 9)
i(i=s)

2. ‘Weak separability’ implies that the marginal rate of substitution between com-
modities in one group is independent of the quantities of other commaodities in
other groups. This allows the demand for commodities within a group to be written
solely as a function of the expenditure on the group and the prices of commodities
within the group, with the prices of other commodities only affecting the group
expenditure and not the allocation of expenditure within the group.
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Table 1. Formulae for the components of the rebound effect.

1. FOUNDATIONS OF FUTURE ENERGY POLICY

Direct rebound effect

Indirect rebound effect for commodity i

A

Income effect

A

RD = We”q@,x RI,- = Wiwenq,-,x
Substitution effect R.=-7 R =7
D desPe =Y Tys.pe

Where x, is the expenditure on commodity i (in £), u] is the
GHG intensity of that expenditure (in tCO, /£), and x_ and v}
are the corresponding values of these variables for the energy
service. The GHG intensities include both direct and embodied
emissions. To estimate the engineering effect (AH), we assume
the consumption of all commodities remains unchanged while
the energy cost of the energy service falls. The change in ex-
penditure on the energy service as a consequence of the engi-
neering effect is then given by Ax" = g Ap_. Given that Ap = 1p,
and AH = u* Ax" we obtain the following expression:

AH =ulxT (10)

To estimate the re-spending effect (AG), we must allow for the
change in expenditure on each commodity group (Ax,).The
change in expenditure on the energy service itself as a conse-
quence of the engineering effect is given by Ax” = p Aq_.*> Add-
ing in the change of expenditure on other commodity groups
we obtain the following expression:

AG = u*AxC + Eumx,. 11)
i(i=s)

Assuming marginal changes, we can use elasticities to substi-
tute for Ax® and Ax, in this equation:

AG = u;xsr(nxx,ps - 1) + Efoimxi,pd (12)
i(i=s)

Substituting the expressions for AH (Equation 10) and AG
(Equation 12) into Equation 8 and noting that w, = x, / x, we
arrive at the following expression for the total (direct plus in-
direct) rebound effect:

RT =(1_77xx,ps)_ winx,-,py (13)
i(i=s)

Where:

Y =(iw,)(wiw,) (14)

Using Equation 7, the total rebound effect can also be expressed
as:

Ry =Nyp, = ) W¥illy.p, (15)
i(i=s)
The first term in Equation 15 is the direct rebound effect (R )
and the second is the indirect effect (R ). The first depends solely
upon the own-price elasticity of energy service demand (),

3. For the energy service itself, the total change in expenditure is the sum of the
engineering and re-spending effects: Ax, = Ax” + Ax¢
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while the second depends upon both the elasticity of demand
for commodity i with respect to the energy service (1, ) and
the GHG intensity and expenditure share of that commodity
relative to that of the energy service (y,). Hence, commodities
with a small cross price elasticity may nevertheless contribute
alarge indirect rebound effect if they are relatively GHG inten-
sive and/or have a large expenditure share (and vice versa). Us-

ing the Slutsky equation, we decompose Equation 15 as follows:

RT = [Wsr]qj,x _ﬁq—“ps ]+ z[éuiw.\'ﬂqi,x _wiﬁqnm (16)
i(i=s)

As noted, the challenges of incorporating energy services with-
in a household demand model make it difficult to implement
this approach directly. Hence, in what follows we estimate the
required elasticities with respect to energy commodities (e)
rather than energy services (s). Table 1 summarises the re-
quired expressions.

ECONOMETRIC MODEL

We base our household demand model on the Linear Approxi-
mation to the Almost Ideal Demand System (LAIDS) which has
a number of advantages over competing approaches [14]. As a
compromise between resolution and degrees of freedom, we
split household expenditure into 12 subcategories (Table 2) and
assume separability to give a two-stage budgeting framework.
Households are assumed to first allocate expenditure between
four aggregate groups (r), and then distribute the group expen-
ditures between individual commodities within each group (i).
This framework allows: a) expenditure on each group be speci-
fied as a function of the prices of the aggregate groups (stage 1);
and b) expenditure on commodities within that group to be
specified as a function of group expenditure and the prices of
other commodities within that group (stage 2).

Let x] represent the expenditure on aggregate commodity
group r in period t and w] the fractional share of that group in
total household expenditure (w = x/x,). In the first stage of the
LAIDS model, this is specified as:

wi=a"+ Yy lnp] +" In(x,/B)+ Y 2w +¢& (17)

s=1,.4 §=

Where: r and s index over the aggregate commodity groups; p;
is the price of the aggregate commodity group s in period £ x, is
total expenditure per household in that period; P, is the Stone’s
price index for the aggregate commodities; w; , is the lagged
expenditure share of commodity group s; o, y”, " and A" are
the unknown parameters and e is the error term. The Stone’s
price index is defined as:

Inf = % wilnp/ (18)
r=12,u4
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Table 2. Categories of goods and services.

1-049-15 CHITNIS, SORRELL

Aggregate Group (r) Category (i) COICOP category  Description
Stage 1 Stage 2
Food and beverages 1 1 Food and non-alcoholic beverages
2 2 Alcoholic beverages, tobacco, narcotics
Transport 3 7.2.2.2 Vehicle fuels and lubricants
4 Rest of 7 Other transport
Energy 5 4.5.1 Electricity
6 4.5.2 Gas
7 4.5.3and 4.5.4 Other fuels
Other goods and services 8 9 Recreation & culture
9 11 Restaurants & hotels
10 10 Education
11 8 Communication
12
3 Other
41to4.4 Clothing and footwear
5 Other housing
Furnishings, household equipment & household maintenance
Health
12 Miscellaneous goods and services

Notes: COICOP — Classification of Individual Consumption According to Purpose. ‘Other housing’ includes rent, mortgage payments,
maintenance, repair and water supply. ‘Other transport’ includes public transport, non-fuel expenditure on private vehicles and some
aviation — although air travel for package holidays is included within ‘recreation and culture’. ‘Other fuels’ include solids and liquids.

Given the constraints on degrees of freedom, we do not in-
clude additional covariates. However, our model departs from
standard applications of LAIDS by including lagged expendi-
ture shares (w!_) to capture the inertia in price responses — for
example as a result of habit formation. The inclusion of lags also
reduces problems of serial correlation [15-17]. Since the lagged
expenditure shares sum to unity, we only include three in each
equation to avoid multi-collinearity.

Restrictions are often imposed upon the parameter values
to ensure the results are compatible with consumer demand
theory. Specifically, adding up requires that expenditures on
each commodity add up to total expenditure; homogeneity
requires that quantity demanded remains unchanged if prices
and total expenditure change by an equal proportion; and
symmetry requires that the compensated cross-price elasticities
between two commodities are equal. These restrictions may be
implemented as follows:

Ea"=1; 2/3’:0; 2y”=0 s=1,..4;

and El’“ =0 s=1,.3;

Adding up:

Homogeneity: E}/'S =0 s=1,.4

Symmetry: y =y

The second stage of the LAIDS model distributes the group
expenditures (x) between individual commodities within each
group. Let x, represent expenditure on commodity i in aggre-
gate group r during period ¢ (i € r) and w/, represent the frac-
tional share of that commodity in the expenditure on group r
(W, =x,/x).

The latter is specified as:

wi=al+ Y yiInpj 4] In(x] /B
jeL k"

+ AWl + & (19)
J= -1

Where: i and j index over the commodities within aggregate
group 7 (i, j € r); k" is the number of commodities in aggregate
group ; p, is the price of commodity j in period £ x; is expendi-
ture on group r in that period; P} is the Stone’s price index for
group 7; a, y;, 8 and 1, are the unknown parameters and ¢/, is
the error term. The Stone’s price index for group r is defined as:

InP" = E wi In p}; (20)
ik

Again, the adding up, symmetry and homogeneity restrictions
can be imposed as follows:

Ea{=1; Eﬁ[=0; Eyffeo; j=1.k

i

Adding up:
and E/lf,- =0 j=1.(k-1)
Homogeneity: Ey,; =0 j=1.k

Symmetry: ;/i; = yfi

Alternatively, an unrestricted model can be estimated for both
first and second stage and the homogeneity and symmetry
restrictions tested. It is common for these restrictions to be
rejected in empirical studies [18]. The adding up restriction,
however, is always satisfied by dropping one of the equations.
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Box 1. Interpretation of the between-group, within-group and total
elasticities.

~

1. Between-group expenditure (7, ) and price (7, , and
7], ,. ) elasticities for the aggregate commodity groups (r)
respectively indicate how expenditure on aggregate group
r changes following: a) a change in total expenditure; and
b) a change in the price of aggregate group s holding total
expenditure fixed.

2. Within-group expenditure (#;, . ) and price (77; », and
7, ,,) elasticities for each commodity i within aggregate
group r respectively indicate how expenditure on this
commodity changes following: a) a change in expenditure
on group r; and b) a change in the price of commodity j
within aggregate group r holding expenditure on group
r fixed. Here, both i and j are within the same aggregate

group.

3. Total expenditure (77){’ ) and price (7]% » and 7, ’ )
elasticities for each commodity i within aggregate group
r respectively indicate how expenditure on this commod-
ity changes following: a) a change in total expenditure;
and b) a change in the price of commodity j holding total
expenditure fixed but allowing expenditure on group r
to vary. Here, i and j may be within the same or different
aggregate group.

J

Godard [19] derives equations for estimating the short run
expenditure and price elasticities for a single stage LAIDS
model, while Edgerton [17] derives expressions for a two-stage
model. In the latter, ‘total’ elasticities are calculated from es-
timates of the ‘between-group and ‘within-group’ elasticities.
The interpretation of these is summarised in Box 1 while the
relevant formulae are summarised in Table 3 [17]. Here, &
(Kronecker delta) is equal to unity when r=s (i.e. own-price
elasticity) and zero otherwise. Similarly, &} is unity when i=j
and zero otherwise.

The formula for the total expenditure elasticity for the i
commodity in the rh group (Table 3, line 2) is simply the prod-
uct of the within-group elasticity for that commodity and the
expenditure elasticity of the group.

Table 3. Analytical expressions for elasticities within a two-stage LAIDS model.

1. FOUNDATIONS OF FUTURE ENERGY POLICY

The formula for the total uncompensated price elasticity (Ta-
ble 3, line 3) is more complex. Note first that when commodi-
ties i and j are in different groups, § = 0 and the expression
reduces to:

r S
nxiapj B nxi Xy 7/’xr 2P W] (21)

Here, the first term (77; , ) represents the change in expend-
iture on commodity i following a change in expenditure on
group 7; the second term represents the change in expenditure
on group r following a change in the price of group s; and the
third term represents the share of commodity j in the expendi-
ture on group s. As shown by Edgerton [17], the latter is equiva-
lent to the change in the price of group s following a change in
the price of commodity j (w} = dInp;/dlnp;). When i and j
are in the same group (r=s), the expression becomes:

r r r
nxi P = nth/ + ”xiaxr (1 + nxrﬂpr )Wj (22)

Here, the total cross price elasticity equals the within-group
cross price elasticity (11;,1)],), plus a product of three terms. The
first of these (1, ) measures the change in expenditure on
commodity i following a change in expenditure on group r; the
second measures the change in expenditure on group r follow-
ing a change in the price of group r; and the third represents the
change in the price of group r following a change in the price of
commodity j (w; =dlnp,/dInp;). The smaller each of these
terms are, the smaller the difference between the within-group
and total price elasticity. The formula for the total compensated
price elasticity (Table 3, line 4) follows a similar pattern. Fol-
lowing standard practice, we estimate the elasticities using the
mean values of the expenditure shares over the full time series.
The total elasticities are used for estimating rebound effects.

DATA

Data for the price of different commodity groups and household
expenditure on those groups is taken from Consumer Trends,
published by the UK Office of National Statistics (ONS). The
period chosen is 1964 to 2013 and the values are converted to
current prices using a base year of 2010. Data on total house-
hold numbers for selected years is taken from DGLC [20], with
data on intermediate years estimated by linear interpolation.
During this period, the share of food in total expenditure al-
most halved, the share of transport increased by 50 % and the

Elasticity Between-group Within-group (i, JEF ) Total

Expenditure r /))r r

i =1,

N x =1+ — Myx, = 1+ s nxhx My 0,1, x
r w W[
Uncompensated rs _ pr r_pror _ r ” s
rice = —}’ s - r = —}’,:/ ﬁi Wj ok nx;,P- - 6”5’7)‘1’17; + ”xiaxr (5” + nxraps )WJ
p X, Ps 6’,3 nxi’pj r ij J
w, !
Compensated rs ~ ST p ~ s
~ ~ ij = + o+ W
price Fop, =ty =8y Ay = ewiop e T Oy i O ¥
ros iPj d
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share of energy fell by 30 %. Within the energy group, substitu-
tion by gas reduced the expenditure share of other fuels (coal
and oil) from 42 % in 1964 to 6 % in 2013.

Our data source for the GHG emissions associated with dif-
ferent categories of goods and services is the Surrey Environ-
mental Lifestyle Mapping Framework (SELMA). This is a quasi-
multi-regional, environmentally extended input-output model
that provides estimates of the GHG intensity of UK household
expenditure in each category (in tCO,e/£) for 2004 [21].* These
figures include both the direct emissions from the consumption
of electricity, heating fuels and vehicle fuels, and the embodied
emissions from each stage of the supply chain for goods and
services — which may occur either in the UK or overseas. We
adjust these estimates to allow for the emissions associated with
government expenditure of product taxation revenues [8].

Figure 1 (top) shows that expenditure on electricity, gas and
other fuels is approximately twice as GHG intensive as expen-
diture on vehicle fuels and approximately four times as GHGs
intensive as expenditure on other transport — which is the next
most GHG intensive category. Overall, expenditure on energy
commodities is approximately five times as GHG intensive as
the share-weighted mean. But the high GHG intensity of ener-
gy commodities is offset by their small share of total expendi-
ture (7 % - Figure 1, middle), with the result that direct energy
consumption only accounts for 27 % of an average household’s
‘GHG footprint’ (Figure 1, bottom), split between 19 % domes-
tic energy (i.e. electricity, gas and other fuels) and 8 % vehicle
fuels.

The category providing the largest single contribution (25 %)
to total emissions is ‘other goods and services” which includes
expenditure on clothing, housing maintenance, water and fur-
nishings and accounts for 45 % of expenditure. The next high-
est is ‘other transport’ (12 %) which includes non-fuel costs for
private cars, public transport and some air travel. Since these
categories have both a relatively high expenditure share and a
relatively high GHG intensity they provide a significant contri-
bution to total emissions (42 %).

Our estimates of GHG intensities allow for the variation of
product taxation between categories: namely VAT exemption
for food and non-alcoholic beverages, lower rate VAT for do-
mestic energy and high taxation of vehicle fuels (~60 % of retail
price) [8]. The latter contributes to the comparatively low GHG
intensity of vehicle fuels compared to domestic energy.

Results

ECONOMETRIC ESTIMATES

Our two-stage model leads to a total of 16 equations in five
groups. The equations in each group are estimated as a system
using the Iterative Seemingly Unrelated Regressions (ISUR)
method which is suitable for imposing cross-equation restric-
tions and corrects the estimates for any correlation of the error
terms between equations. The adding up restriction is imposed
by dropping one of the equations in each group. The equations

4. The GHG intensity of a category is estimated from the GHG emissions associated
with that category in 2004 (obtained from SELMA) divided by ‘real’ expenditure
on that category in 2004 (reference year 2013). The exception is electricity where
emissions are estimated from 2012 electricity consumption (in kWh) multiplied by
an emission factor for 2012 (kgCO,e/kWh).
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Figure 1. GHG intensity of expenditure, share of total expenditure
and share of total GHG emissions by category for an average
household.

are first estimated without imposing homogeneity and sym-
metry restrictions. A Wald test is then used to test for these
restrictions both individually and in combination. If homoge-
neity and/or symmetry are not rejected then they are imposed
upon the relevant group.

Full results for the parameter estimates and restriction tests
are available from the authors. The overall fit of the equations is
good, with more than two thirds of the parameter estimates be-
ing statistically significant at the 5 % level and with all but one
of the equations having an adjusted R” exceeding 90 %. Both
homogeneity and symmetry are rejected for the energy group,
so we use the non-restricted results for this group. For all other
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groups only the homogeneity restriction cannot be rejected.
Hence, we impose homogeneity in all non-energy groups, but
we do not impose symmetry on any group. Using the Portman-
teau test, we find no evidence of serial correlation.

The most relevant results are the total elasticity estimates
for the energy and transport groups which are summarised in
Tables 8 to 10. For ease of interpretation, all elasticities are ex-
pressed for quantities (g) rather than expenditure shares (w).
We make several observations. First, the expenditure elastici-
ties for domestic energy are relatively low: 0.07 for electricity
and 0.15 for gas. These values are broadly comparable with
those estimated from cross-sectional data in our previous
work [8] where we showed that high-income groups have very
low expenditure elasticities for these commodities — which
in turn has a disproportionate influence on the mean for all
households. In contrast, the estimated expenditure elasticities
for vehicle fuels, ‘other transport’ and the sub-categories of
‘other goods and services’ all exceed unity, indicating that they
are luxury goods.

Second, the own-price elasticities for energy commodi-
ties have the expected sign with values of -0.39 for electricity,
-0.59 for gas and -0.59 for vehicle fuels. For comparison, a re-
view of studies by Espey and Espey [22] found a mean short-
run elasticity of -0.35 (median -0.28) for electricity; a study
by Asche et al [23] found short run elasticities of household
natural gas demand to be -0.25 or less; and a review of stud-
ies by Goodwin, et al. [24] found a mean short-run elasticity
for vehicle fuels of -0.25. Hence, our estimates appear to be at
the high end of the range found in the literature — especially
for gas and vehicle fuels. Since the expenditure elasticities for
these commodities are relatively small, the own-price response
is primarily driven by substitution effects — as is indicated by
the near equivalence of the compensated and uncompensated
elasticities for these commodities (Tables 9 and 10).

Third, electricity and gas are found to be substitutes, and
both of these are estimated to be substitutes for vehicle fuels
when the price of the latter changes, but complements when
their own-price changes (symmetry is not imposed). In addi-
tion, ‘other transport’ and all subcategories within ‘other goods
and services’ are estimated to be complements to energy com-
modities and therefore contribute a negative indirect rebound
effect. In contrast, food and drink products are estimated to be

111

Electricity Vehicle fuels 1, 2 and 3 in combination
(equal %)

70%

60%
50%
40% -
30%
20%
10% +
0% -+
Gas

B Substitution effect Bincome effect

-10%

-20%
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substitutes and contribute a (small) positive indirect rebound
effect.

Overall, the results suggest that the substitution effects for
energy commodities outweigh the income effects, and changes
in the price of one or more energy commodities have their larg-
est impact on the quantity of energy commodities demanded.
Since energy commodities are more GHG intensive, they will
dominate the total rebound effect. This is demonstrated below,
where we report the rebound results.

ESTIMATES OF REBOUND EFFECTS

The estimated rebound effects are presented in three ways to
illustrate both their magnitude and their underlying drivers.
Specifically, we indicate the relative contribution of: a) income
and substitution effects; b) direct and indirect rebound effects;
and c) direct and embodied emissions.

Our estimates of the total rebound effect are 63 % for gas,
53 % for electricity and 46 % for vehicle fuels, (Figure 2). These
estimates are larger than most in the literature, although small-
er than those by Brannlund et al [12] and Mizobuchi [25] who
use a similar methodology. Net substitution across all com-
modities accounts for between two thirds and three quarters of
the total rebound for electricity and gas, but only one fifth for
vehicle fuels. This demonstrates the importance of capturing
substitution effects and suggests that studies that only estimate
income effects could underestimate the total rebound - par-
ticularly for electricity and gas.

Our estimates of direct rebound effects are 58 % for gas, 41 %
for electricity and 59 % for vehicle fuels, indicating that they
account for the majority of the total rebound. For vehicle fu-
els, the direct rebound effect exceeds the total rebound effect,
since the indirect rebound effect is negative. These estimates are
higher than most in the literature, particularly for vehicle fuels
where the majority of studies estimate direct rebound effects of
20 % or less [26]. Figure 3 demonstrates that the contribution
of income effects to the total rebound derives from other com-
modities (indirect rebound) while the contribution of substitu-
tion effects mostly derives from energy itself (direct rebound).
Again, studies that only estimate income effects could errone-
ously conclude that the indirect rebound effect accounts for the
majority of the total rebound - whereas these results show the
opposite.

70%

60% -

50% 1
40%
30% -
20% -
10% 1
0% -

Gas Electricity Vehicle fuels 1, 2 and 3 in combination

(equal %)

mDirect rebound Bindirect rebound

Figure 2. Estimated rebound effects — split by: a) net income and substitution effects; and b) direct and indirect rebound effects.
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Figure 3. Net income and substitution effects — split by direct and indirect rebound.
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Figure 4. Estimated rebound effects — split by direct and
embodied emissions.

Direct emissions from energy commodities account for
between two thirds and three quarters of the total rebound
(Figure 4). This follows directly from the above, since it is the
direct rebound effect that dominates the overall rebound effect.
Reduced consumption of other energy commodities slightly re-
duces the total rebound effect for electricity and gas but has a
greater impact on the total rebound for vehicle fuels. Income
effects are dominated by embodied emissions (i.e. non-energy
commodities) while substitution effects are dominated by di-
rect emissions (i.e. energy commodities) (Figure 5). Since the
latter is larger than the former, substitution both within and
between energy commodities has the dominant influence on
the overall results. Again, studies that neglect substitution ef-
fects could erroneously conclude that the total rebound effect
consists primarily of embodied emissions — whereas these re-
sults show the opposite.

Discussion

In our previous study of combined direct and indirect rebound
effects for UK households [8] we concluded that the total re-
bound effect was modest (0-32 %) for measures affecting
electricity and gas and larger (25-65 %) for measures affect-
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ing vehicle fuels, and that it primarily derived from increased
consumption of non-energy goods and services. We further
suggested we may have underestimated the total rebound since
we did not model substitution effects.

The present study shows that this last suggestion was cor-
rect. By using price rather than expenditure elasticities, we now
estimate significantly larger rebound effects, namely 63 % for
domestic gas use, 53 % for electricity and 46 % for vehicle fu-
els. The primary source of this rebound is increased consump-
tion of cheaper energy services (i.e. direct rebound), and this is
primarily driven by substitution effects. A clear implication of
this finding is that studies of combined direct and indirect re-
bound effects that rely solely upon expenditure elasticities will
underestimate the total rebound. This is because such studies
only capture income effects and not substitution effects. These
studies form the bulk of the existing literature since they are
easier to conduct.

In practice, many studies focus solely upon direct rebound
effects and estimate these from time-series data on individual
energy services (e.g. transport, heating). Since, by definition,
these neglect indirect rebound effects, their results may also
underestimate the total rebound (unless, that is, the indirect
rebound effect is negative). However, our results suggest that
such studies may often provide a better approximation to the
total rebound effect than do studies that seek to estimate the
latter but do so by relying solely upon only expenditure elas-
ticities. Since the direct rebound effect appears larger than the
indirect rebound effect, errors in estimating the former will
matter more than errors in estimating the latter when used to
estimate the total rebound effect.

We suspect, however, that the present study may overestimate
the total rebound effect. The primary reason for this is that we
have modelled efficiency improvements has a reduction in the
price of the relevant energy commodities. Hence, we assume
the own-price elasticity of energy demand to be equivalent to
the efficiency elasticity of energy service demand (1, =17, )
and use the former as a measure of the direct rebound effect.
As Sorrell and Dimitropoulos [9] show, this equivalence only
holds if energy prices are exogenous, energy service demand
depends only on energy service prices (p ) and energy efficien-
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Figure 5. Net income and substitution rebound effects — split by direct and embodied emissions.

cy is constant. Absent these conditions, the own-price elasticity
of energy demand will overestimate the direct rebound effect
[9]. Factors such as the endogeneity of energy efficiency and the
asymmetric response of consumers to changes in energy prices
may exacerbate this bias [9]. Hence, the simplicity of using en-
ergy commodities rather than energy services in the household
demand model comes at a cost.

A further bias may arise when energy commodities provide
multiple energy services [27]. For example, if electric heating
is a complement (substitute) to lighting, the own-price elastic-
ity of electricity may overestimate (underestimate) the direct
rebound effect for each. Hunt and Ryan [28] explore this point
by estimating a LAIDS model of household energy purchases
that includes covariates that they assume to be correlated with
energy efficiency. Although not equivalent to including energy
services within the demand model, their approach leads to
lower estimates of energy price elasticities than specifications
in which these covariates are omitted. This further suggests that
the specification used here may overestimate energy price elas-
ticities and hence also the total rebound effect.

We further observe that our estimates of energy price elas-
ticities are at the high end of the range found in the literature.
Lower estimates of these elasticities would lead to lower es-
timates of the direct rebound effect - and correspondingly
higher estimates of the indirect rebound effect. Since energy
commodities are relatively GHG intensive, the former is likely
to outweigh the latter leading to a lower estimate of the total
rebound.

Further caveats relate to the methodological trade-offs dis-
cussed - including the limited number of commodity groups
employed, the potential sensitivity of the results to separabil-
ity assumptions and the absence of socio-economic covariates.
Our methodology also neglects any supply-side responses to
improved energy efficiency which may modify the estimated
effects. The likely direction of bias from these sources is ambig-
uous, although they all represent important avenues for future
research. But the priority is to find ways of incorporating ener-
gy services directly within a household demand model.

Summary

This study adds to a small but growing volume of evidence
that estimates combined direct and indirect rebound effects
for households. We extend the existing literature by estimat-
ing a full household demand model and identifying the relative
contribution of different mechanisms to the results. Our results
suggest a total rebound effect of 63 % for measures affecting
domestic gas use, 53 % for measures affecting electricity use
and 46 % for measures affecting vehicle fuel use. The primary
source of this rebound is increased consumption of cheaper en-
ergy services (i.e. direct rebound) and this in turn is primarily
driven by substitution effects. Our results suggest that previous
studies that neglected substitution effects may have underesti-
mated the total rebound effect. However, we have identified a
number of reasons why our estimates may be upwardly biased.
To reduce this risk, future research should give priority to in-
cluding energy services directly within a demand model.
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