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Abstract 

There has been some controversy over the relative sizes of the short- and long-run rebound effects 

associated with energy efficiency improvements. Theoretical analysis by Wei (2007) and Saunders 

implied that the rebound effects would always be greater in the long-run than in the short-run. 

However, Allan et al (2007) and Turner (2009) found evidence from Computable General Equilibrium 

simulations that contradicted this result. In this paper we systematically explore the impact of energy 

price stickiness and real wage inflexibility for the evolution of rebound effects. We find that: the 

degree of energy price, but not wage, stickiness is an important determinant of the time path of 

rebound effects and of its relative size in the short- and long-runs; and that there is considerable 

variation in the scale of rebound effects through time, even where short-run rebound effects are lower 

than in the long-run. However, the most significant finding overall is that rebound reflects the system-

wide interaction between energy producing and energy using sectors. 
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1. Introduction 

There has been some controversy over the relative sizes of the short- and long-run rebound effects 

associated with energy efficiency improvements. Theoretical analysis by Wei (2007) and Saunders 

(2008) implied that the rebound effect would always be greater in the long-run than in the short-

run. However, Allan et al (2007) and Turner (2009) found evidence from Computable General 

Equilibrium (CGE) model simulations that contradicted this result. Turner (2009) argued that the 

limitation of the earlier theoretical analyses lay in their assumption of a constant capital rental rate. 

Broadly, the argument in favour of higher rebound in the long run is that the fall in the price of 

energy, measured in efficiency units, increases the competitiveness of energy-using industries, and 

simultaneously increases the real wage. These impacts both encourage and allow expansion which is 

limited in the short run by the fixed capital stock. Long-run capital accumulation relaxes the capacity 

constraint in these energy-using industries and therefore increases energy demand, measured in 

efficiency units, and the size of the rebound effect. 

However, there are opposite capital adjustments occurring in energy-producing industries which 

generate offsetting effects on energy demand. In the short run there is excess capacity in these 

sectors, so that the price of energy, measured in natural units, will fall as the result of falling capital 

rentals: essentially, there is falling profitability in the energy sectors in the face of reduced energy 

demand. Energy production is capital intensive so that the short-run fall in prices is large and goes 

some way to shore up short-run energy production and sales.  

But reduced profitability leads to subsequent disinvestment in the energy sectors, with the capital 

rentals over time returning to their original value. In line with the reduction in capacity, the price of 

energy, measured in natural units, will move back towards its initial value. In the CGE simulations in 

Allan et al (2007) and Turner (2009), the increase in energy demand generated by the short-run 

reduction in energy prices as a result of temporary overcapacity in energy supply sectors is greater 

than the expansion in energy demand as the short-run capacity constraints in the energy using 

sectors are relaxed. This leads to a reversal of the expected relative size of the rebound effects over 

time.  

This result depends upon the flexibility of short-run prices in the energy sector which, at least partly, 

reflects the assumption of perfect competition in these sectors. But post-Keynesian macro-models 

argue for the adoption of sticky prices in an imperfectly competitive setting. Further, there are 

particularly high levels of concentration in the UK energy market, especially at the local level. The 

sector is frequently criticised in the media for price rigidity, particularly in a downwards direction. 

However, if such rigidity exists, this would undermine the rationale for a high short-run rebound.   
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This paper extends Turner�s (2009) analysis in three main respects. First, and most importantly, we 

consider the extent to which the time path of rebound effects is sensitive to the flexibility of energy 

prices. As far as we are aware this is the first CGE analysis that explicitly allows for price inflexibilities 

in the energy supply industry. Second, we also explore the impact of real wage stickiness in a 

manner that is completely symmetrical to our treatment of price inflexibility. Finally, we study the 

entire evolution of rebound effects, not simply their short and long run values. This highlights the 

considerable sensitivity of the measurement of rebound to the precise timing at which that 

measurement takes place, a potentially important finding for energy policy. 

We find that: the degree of price but not wage stickiness is indeed an important determinant of the 

time path of rebound (and of its relative size in the short- and long-runs) and that there is 

considerable variation in the scale of rebound effects through time, even where short-run rebound 

effects are lower than in the long-run. However, the most significant finding overall is that rebound 

reflects the system-wide interaction between energy producing and energy using sectors. 

In Section 2 of the paper we discuss the motivation for moving away from the conventional 

neoclassical CGE assumptions of perfect price and real wage flexibility. Section 3 sets out definitions 

of rebound effects. In Section 4 we outline our intertemporal, energy-economy-environment CGE 

model of the UK economy, with a particular focus on our treatment of price and wage inflexibility. 

We present the simulation results in Section 5 and brief conclusions in Section 6.  

2. Price and wage flexibility 

Price stickiness 

There is an extensive literature on potential sources of price stickiness that inhibit prices adjusting 

instantaneously to changes in demand and supply conditions. These typically involve some form of 

imperfect competition that affords firms an element of price-setting power. Traditionally, these 

ideas were based on pragmatic considerations and a degree of empirical evidence. So Hall and Hitch 

(1939) suggested widespread use of a mark-up pricing model, according to which prices were 

marked up over marginal costs plus some contribution towards fixed costs.  Leontief (1951) 

emphasised input price inflexibility as a key determinant of product price stickiness, so that nominal 

wage rigidity in labour-intensive industries would be an important source of inflexibility, and we 

consider this below. 

However, in view of the potential macroeconomic significance of price stickiness, there has been 

considerable activity seeking to establish theoretical micro-foundations for New Keynesian 

macroeconomics by providing convincing explanations for price (and wage) inflexibilities. Older 
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Keynesian models were regarded as incomplete, content to take significant wage and price 

inflexibilities as a stylised fact. The presence of even modest menu costs can give rise to significant 

price inflexibilities. These are transactions costs associated with changes in prices, analogous to 

changing the menus in restaurants. 

A second consideration is that large firms tend to set prices in a way that would broadly be regarded 

as fair. Okun�s (1981) notion of customer, as opposed to auction, markets provides a further 

rationale for firms deviating from conventional short-run profit maximising behaviour. If their 

relationship with customers is important, this, in particular, inhibits rapid price adjustments that risk 

being regarded as unfair, thereby undermining customer confidence and encouraging a switch to an 

alternative supplier. Indeed, many prices are subject to agreed contracts that run into the future and 

are therefore inherently �sticky�, although the degree of stickiness may well be sensitive to the 

importance of the fundamental reasons for price inflexibilities. 

Oligopolistic market structures have long-since been regarded as a likely source for price 

inflexibilities. Fear of rivals� reactions to any individual firm�s price changes can act to inhibit the 

latter, although of course, the oligopolistic motivation for price stickiness is not dependent on the 

very special assumptions of the kinked demand curve model. 

These sources of price inflexibility are not necessarily competing and, in practice, the presence of 

price stickiness may reflect the impact of a number of influences. In the case of energy prices in the 

UK a number of these considerations are germane.1 The market is oligopolistic in structure. There is 

also widespread concern about the fairness of any price adjustments. This arises initially among 

consumers, particularly in relation to the possible abuse of market power, which spills over into 

political sensitivity about substantial price adjustments. These considerations inhibit the kind of 

instantaneous responses of prices to supply and demand changes that are presumed in conventional 

models of perfectly competitive markets. 

In this paper we augment our energy, economy, environment CGE model, UKENVI, to capture such 

behaviour. While there is empirical evidence that supports the presence of price inflexibility in 

general and for the energy price in particular, for example Bunn and Fezzi (2008), we do not 

estimate such models here. Rather we explore the impact of varying degrees of energy price 

stickiness for the measurement of rebound effects.  

Wage inflexibility 

                                                           
1 Others seem much less so. For example, the capital intensity of the energy supply industry suggests that 

wage inflexibility is unlikely, in itself, to be a major explanation of energy price inflexibilities.  
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Conventional competitive labour market models assume that wages adjust to equate labour 

demands and supplies in each period, which, at the macroeconomic level, carries the dubious 

implication that all unemployment is voluntary. However, the presence of unions and wage 

bargaining and efficiency wage considerations provide a rationale for limits to real wage flexibility 

relative to the competitive case, and for the persistence of involuntary unemployment.  

The wage curve, in which the workers� bargained real wage is directly related to their bargaining 

power, and therefore inversely to the unemployment rate, has amassed considerable empirical 

support across a range of countries and time periods (e.g. Blanchflower and Oswald, 1994). While 

this approach typically rejects a competitive interpretation of labour market behaviour it still allows 

wage flexibility in the sense that the real wage can rapidly adjust in response to changes in labour 

market conditions. However, the presence of multi-period nominal (and real) wage contracts 

imparts a degree of stickiness to nominal and real wage flexibility in practice. Again, attempts to 

provide rigorous microeconomic foundations for New Keynesian macroeconomics have generated a 

range of models explaining the presence of wage stickiness in terms of rational economic behaviour. 

These include contracting models; insider-outsider theories; efficiency wage theories etc.  

3. Energy efficiency and the rebound effect 

In this paper we identify the impact of a costless and exogenous improvement in the efficiency with 

which energy is used as an intermediate input in production across all sectors of the economy.  We 

define an increase in energy efficiency as a technological improvement that increases the energy 

services generated by each unit of physical energy (Allan et al., 2007).2  This implies that the energy in 

efficiency units, Ef, supplied by a given amount of energy measured in physical (or natural) units, Ep, 

has increased. Specifically, if there has been a γ  proportionate increase in energy efficiency: 

(1 )
f p

E Eγ= +           (1) 

The implication of such an energy efficiency improvement is that firms can achieve the same level of 

production by using the same amount of non-energy inputs, such as capital, labour and other 

intermediates, but γ less physical energy.  

                                                           
2 Just for complete clarity, in this case the efficiency improvement is limited to where energy is used as an 

intermediate in production. 
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However, as a result of the efficiency improvement the price of energy used as an intermediate in 

production, measured in efficiency units,
e

f
p  falls. Specifically, if the price in natural (physical) units is

e

p
p , then: 

1

e

pe

f

p
p

γ
=

+
            (2) 

This change in the price of energy has substitution and output effects which typically mean that the 

reduction in the use of energy is less than would be expected from an engineering point of view. The 

extent of this shortfall is called the rebound effect. In this case, the rebound in the use of energy as an 

intermediate in production, R I, is:  

ܴூ = ቈ1 +
ߛூሶܧ ቉100 (3) 

 

In equation (3) ܧூሶ  is the proportionate change in physical energy use in production after the efficiency 

shock If the proportionate reduction in energy use equals the effective increase in total energy 

productivity, so that െܧூሶ =  then ܴூ is zero and there is no intermediate rebound. However, if the ,ߛ

proportionate reduction in energy use in production is less than the increase in efficiency, then 

rebound occurs. 

 

The efficiency improvement in the use of energy in production impacts energy use through a number 

of channels. There are two direct channels. The first is the move to more energy-intensive, measured 

in efficiency units, production techniques. This reflects the corresponding fall in the price of energy 

and the subsequent substitution towards energy. This means that the proportionate fall in energy use 

per unit of output, now measured in natural units, is less than the efficiency improvement. The second 

channel is the increased competitiveness of all production sectors. This is driven by the reduced 

energy costs associated with the direct efficiency improvement.  

 

Both the substitution and competitiveness effects increase the scale of rebound. A further indirect 

effect comes through the fall in price of all intermediate inputs which results from the lower effective 

energy price. This further stimulates competitiveness effects. These increases in sectoral outputs, 

driven by competitiveness effects, are accompanied by increases in the derived demand for the energy 

input. A fourth factor, but one that influences rebound in the opposite direction, is the reduction in 

energy use operating through the energy sector supply chain. Energy production is itself energy 
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intensive. A reduction in demand for energy in all production sectors will further reduce the demand 

for energy in the production of energy itself. This fourth channel therefore reduces the rebound value.  

 

Equation (3) focusses solely on the use of energy in production. However, there will also be impacts 

on the use of energy in final demand. These will stem from competitiveness changes that result from 

endogenous price changes, and also from income changes that occur as economic activity and total 

household income change. Total, economy-wide, rebound arising from a stimulus to energy efficiency 

in production is defined as ்ܴ. It implicitly incorporates general equilibrium feedback effects on the 

total of energy uses, not just use in production. It is defined as:  

 ்ܴ = ቈ1 +
 ቉100, (4)ߛߙሶ்ܧ

 

Where: ܧሶ்  is the change in total physical energy use after all agents have adjusted their behaviour to 

the technical energy efficiency improvement and ߙ is the share of energy use in production in total 

energy use in the base year. If the percentage reduction in total energy use equals the effective 

increase in total energy productivity, so that െܧሶ் = ܴ then ,ߛߙ ் is zero and there is no economy-wide 

rebound. Economy-wide rebound occurs if the proportionate reduction in energy use is less than the 

effective increase in efficiency. 

 

The term ܧሶ் Τߛߙ  can be expressed as:  ܧሶ்ߛߙ =
οܧߛ்ܧூ =

οܧூ + οܧ஼ܧߛூ =
ߛூሶܧ +

οܧ஼ܧߛூ ,  (5) 

where ∆ represents absolute change and ܧ஼  is energy use in consumption. Substituting equation (5) 

into equation (4) and using equation (3) gives: ்ܴ = ܴூ + ቈοܧ஼ܧߛூ ቉100. (6) 

Equation (6) implies that the total economy-wide rebound, ்ܴ , will be larger (smaller) than rebound 

in production, R I, if there is a net increase (decrease) in energy use in household final consumption.  

 

The changes in domestic energy used in household consumption are driven by changes in product 

prices and household income. We expect real household income to rise as the result of the increase 

in energy efficiency, which tends to increase rebound. Changes in price will depend on the general 

equilibrium adjustments to prices together with the change in technology. To the extent that energy 
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prices fall relative to other commodities, rebound will rise in response to price-sensitivity in household 

consumption. 

 

The factors that we have discussed up to now in this section reflect the long-run changes that will 

affect the economy as a result of the energy efficiency shock. But as we argue in the introduction, in 

the process of adjustment there will be endogenous changes in the degree of over- and under-capacity 

across individual sectors of the economy which will also affect the endogenous prices and therefore 

energy use. It is these effects which are central to the present paper.   

 

4.  The CGE model 

We simulate the economy-wide and sectoral impacts of improving energy efficiency in production 

using a variant of the UK Computable General Equilibrium model UKENVI. This is a CGE modelling 

framework designed for the analysis of economic disturbances to the UK economy, where the ENVI 

version is specifically designed to analyse energy and environmental policies. In the following 

sections we provide a description of the main characteristics of the model.3 

4.1  Consumption 

In the myopic version of UKENVI that we employ here, to facilitate comparison with previous results 

reported in the literature, consumption in any period, Ct , is a linear homogeneous function of  real 

disposable income. To capture information about household energy consumption, Ct  is allocated 

within each period and between energy goods, EC, and non-energy goods, NEC, so that: 

௧ܥ = ቈߜா ഄ(௧ܥܧ) షభഄ + ൫1െ ாߜ ൯ܶܰܥܧ௧ഄ షభഄ೓ ቉ି ഄഄ షభ
      (7) 

In (7Ϳ ɸ ŝƐ ƚŚĞ ĞůĂƐƚŝĐŝƚǇ ŽĨ ƐƵďƐƚŝƚƵƚŝŽŶ ŝŶ ĐŽŶƐƵŵƉƚŝŽŶ. It measures the ease with which consumers 

can substitute energy goods for non-energy goods. The parameter ɷ (0,1) א is the share parameter.  

Moreover, we assume that the individual can consume goods produced both domestically and 

imported, where imports are combined with domestic goods under the Armington assumption of 

imperfect substitution (Armington, 1969). 

4.2 Production and investment 

The production structure is characterised by a capital, labour, energy and materials (KLEM) nested CES 

function. As we show in Figure1, the combination of labour and capital forms value added, while 

                                                           
3 We provide the full mathematical description of the model in Appendix B. 
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energy and materials form intermediate inputs. In turn, the combination of intermediate and value 

added forms total output in each sector.  

Figure 1. The structure of production. 

 

 

Intermediate composites are produced by a CES production function by a combination of energy (E) 

and non-energy (NE) inputs: 

ܬ   = ቂߜா (ɀܧ)
ഉషభഉ + ൫1െ ாߜ ൯ܰܧഉషభഉ ቃି ഉഉషభ

       (8) 

In equation (8) ʃ ŝƐ ƚŚĞ ĞůĂƐƚŝĐŝƚǇ ŽĨ ƐƵďƐƚŝƚƵƚŝŽŶ ďĞƚǁĞĞŶ ĞŶĞƌŐǇ ĂŶĚ ŶŽŶ-energy inputs and ɀ is the 

efficiency parameter for energy use in production.  

The long run is a conceptual time period, in which all sectoral capital stocks are equal to their 

desired levels. However, where we run the present myopic model in a period-by-period mode each 

sector's capital stock is updated between 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.4  This 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 

                                                           
4 This process of capital accumulation is compatible with a simple theory of optimal investment behaviour 

given the assumption of quadratic adjustment costs. 
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specific) physical capital: the user cost is the total cost to the firm of employing a unit of capital. In 

sectors where the rental rate exceeds the user cost, desired capital stock is greater than the actual 

capital stock and there is therefore an incentive to undertake net capital investment. A process of 

capital decumulation occurs in sectors where rental rates fall below user costs. The resultant capital 

accumulation (decumulation) puts downward (upward) 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 rate of return is equalised between sectors.  

    

4.3 Energy prices  

We have seen that both theoretical considerations and empirical evidence suggest that energy prices 

in the UK are likely to be sticky. This reflects both market structure and the pressures from consumers 

and politicians all of which influences tend to augment the perceived transactions costs of adjusting 

prices. We illustrate the importance of these considerations in a straightforward way, by assuming 

that there are quadratic adjustment costs associated with any price change. These costs include, but 

are not restricted to, simple menu costs. Rather they reflect, in a stylised way, the wider pressures 

inhibiting full price flexibility. The resultant equation for the energy price is: 

Pet с  ʄPe*t + (1- ʄͿPet-1          (9) 

In equation (9), Pe*t is the market-clearing level of the energy price and is equal to marginal cost. The 

simple partial adjustment mechanism indicates that the energy price adjusts only gradually to its 

market-ĐůĞĂƌŝŶŐ ůĞǀĞů͘ TŚĞ ǀĂůƵĞ ŽĨ ʄ ĐĂŶ ǀĂƌǇ ďĞƚǁĞĞŶ zero and one. Where the value is unity product 

prices are fully flexible, whilst where they approach zero they become almost rigid. The empirical 

evidence is not ƐƵĨĨŝĐŝĞŶƚůǇ ĐŽŵƉĞůůŝŶŐ ƚŽ ĂůůŽǁ ƵƐ ƚŽ ĂƚƚĂĐŚ Ă ƐƉĞĐŝĨŝĐ ǀĂůƵĞ ƚŽ ʄ ĂŶĚ͕ ŝŶ ĂŶǇ ĐĂƐĞ͕ ǁĞ 

wish systematically to explore the impact of the degree of price flexibility on the measurement of 

ƌĞďŽƵŶĚ ĞĨĨĞĐƚƐ͘ AĐĐŽƌĚŝŶŐůǇ͕ ǁĞ ƐŝŵƵůĂƚĞ ĂĐƌŽƐƐ Ă ƌĂŶŐĞ ŽĨ ǀĂůƵĞƐ ŽĨ ʄ ĂŶĚ ƚƌĂĐŬ ƚŚĞ ŝŵƉĂĐƚ ŽŶ 

rebound. 

4.4 The labour market and wage bargaining 

As we have already discussed, there are various sources of both nominal and real wage inflexibility. 

However, here we treat real wage inflexibility and energy price stickiness symmetrically. Accordingly, 

real wage adjustment is assumed to be subject to adjustment costs that are approximately quadratic 

in nature; the long-run real wage is driven by a wage bargaining process captured by a wage curve: 

wt =  µw*t + (1- µ)wt-1                                                                                                                         (10)
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כ௧ݓ  = ln ቂ ௪೟௖௣௜೟ቃ = ߮ െ ߳ ln(ݑ௧)                  (11) 

Here the long-run real wage (w*) is determined by the bargaining power of workers and hence the 

real consumption wage is negatively related to the rate of unemployment (e.g. Blanchflower and 

Oswald, 2009).  In equation (11), 
௪೟௖௣௜೟ is the real consumption wage, ʔ is a parameter calibrated to the 

steady state, ɸ is the elasticity of the wage rate with respect to the rate of unemployment, u. We 

assume that the population is fixed throughout. 

Equations (10) and (11), when combined with the general equilibrium demand for labour (obtained 

by aggregating over all sectoral labour demands) implies that the real wage adjusts to equate the 

demand for labour with the amount of labour that wage bargainers are prepared to provide at that 

wage (which is obtained by substitution of equation (11) into equation (10)). This treatment of the 

labour market therefore allows for complete real wage flexibility, when µ=1, albeit in the context of 

an imperfectly competitive labour market that sets the equilibrium real wage above the corresponding 

competitive level. Of course, for 0<µ<1, real wages are less than fully flexible, adjusting only partially 

to their long-run equilibrium level. 

Comparable to our treatment of price flexibility, our simulations explore the sensitivity of rebound to 

the degree of real wage flexibility (the value of µ). 

4.5  Data and calibration 

To calibrate the model we follow a common procedure for dynamic CGE models which is to assume 

that the economy is initially in steady state equilibrium (Adams and Higgs, 1990).  We calibrate the 

model using information from the UK Social Accounting Matrix for 2010.5 The UKENVI model has 30 

separate productive sectors, including 4 main energy supply industries that encompass the supply of 

coal, refined oil, gas and electricity.6  We also identify the transactions of UK households, the UK 

Government, imports, exports and transfers to and from the rest of the World (ROW). 

The SAM constitutes the core dataset of the UKENVI model.  However other parameter values are 

required to inform the model. These often specify technical or behavioural relationships, such as 

production and consumption function substitution and share parameters. Such parameters are either 

exogenously imposed, based on econometric estimation or best guesses, or determined 

endogenously through the calibration process. 

                                                           
5 The SAM is produced by the Fraser of Allander Institute and available for download at: 

http://www.strath.ac.uk/business/economics/fraserofallanderinstitute/research/economicmodelling/ 
6 See Appendix A, Table A.1 for the full list of sectors and the corresponding sectors in the 2010 UK IO table. 
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To observe the adjustment of all the economic variables through time, simulations solve for 50 periods 

(years).  We introduce a 5% costless, exogenous and permanent increase in the efficiency of energy 

used in production by all industries. This implies that the stimulus is applied to the energy composite 

at the lowest level of the production hierarchy of Figure 1. Results for a range of economic and energy 

use results are reported for two conceptual periods: the short run, where capital stocks are fixed, and 

the long run, which corresponds to the new steady state equilibrium characterised by no further 

changes in sectoral capital stocks.  However, we also report period-by-period values for rate of return 

on capital and energy rebound effects to allow us to focus on the entire evolution of these variables.  

5. Impacts of an improvement in energy efficiency in production 

We simulate the impact of the 5% increase in energy efficiency in production under a range of 

assumptions about the degree of energy price stickiness and real wage inflexibility.  

In fact, we find that the extent of rebound is very insensitive to the degree of real wage flexibility, so 

we do not report these results here.7 Rather, we focus on the impact of stickiness in the energy price 

for the scale of rebound effects, assuming our flexible real wage model of the (imperfectly 

competitive) labour market (µ=1) throughout, so that the real wage is determined in accordance 

with equation (11).  

The impact of the energy efficiency shock on key economic and energy aggregates is summarised in 

Table 1 for values of ʄ increasing in increments of 0.1 between 0.1 and 1.0. The figures reported are 

percentage changes from base for two conceptual time intervals, the short and long run. However, 

the long-run figures do not vary across values of ʄ. That is to say, the speed of price adjustment 

generates no hysteresis effects so that all the models here are converging on the same long-run 

solution, which we report in the final column of Table 1. 

5.1 Long-run impacts 

The long-run economic results are as we would expect following a beneficial supply side stimulus in 

the form of enhanced productivity.  There is an increase in competitiveness following a fall in 

production costs and exports rise by 1.08%. This, together with import substitution, stimulates 

economic activity and there is also downward pressure on domestic prices. GDP and employment 

rise by 0.54% and 0.46% respectively, while energy prices and the consumer price index (cpi) fall by 

0.32% and -0.54% respectively.  There is a corresponding increase in total investment (by 0.66%) and 

consumption (0.83%) and the unemployment rate falls by -8.66% so that the real wage increases by 

0.90% (0.36%+0.54%). The economic expansion is always smaller in the short run. For example, for 

                                                           
7 Some sensitivity is apparent, but only for extremely low values of ʄ1 (<0.01). 
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the case of ʄ=1, GDP and employment rise by only 0.17% and 0.27% respectively. In the longer-term, 

the expansion is enhanced as capacity constraints in energy using sectors are removed and prices 

fall, stimulating exports, household consumption and investment. 

Table 1. The short and long-run impacts of a 5% stimulus to energy efficiency in production (for a 

range of ʄ values). 

 

As already noted there are a number of countervailing forces operating on the total energy use and 

its component elements, and so on the extent of rebound. First, there is a 3.32% fall in the price of 

energy measured in natural units, compared to the 0.54% fall in the cpi. This large fall in energy 

prices reflects the energy intensity of energy production and the reduction in the price of other 

intermediate inputs. This fall in the relative price generates a 3.73% increase in household energy 

consumption, as against an increase in total household consumption of 0.83%. 

This expansion is offset by a 2.68% reduction in intermediate energy use, which is just over a half of 

the 5% increase in energy efficiency in production. There is again a substitution of energy for non-

energy inputs. The price of intermediate energy when measured in efficiency units falls by 8.32% 

(3.32% + 5%) and there is also a general increase in economic activity of around 0.5%. Both of these 

will increase the derived demand for energy intermediates, when measured in efficiency units. 

However, when these are converted to use measured in physical units, using equation (1), there is a 

reduction in energy use measured in natural units. This reflects the low imposed elasticity of 

Time period LRɉ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

GDP 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.54

CPI -0.23 -0.24 -0.24 -0.25 -0.25 -0.26 -0.26 -0.27 -0.27 -0.27 -0.54

Investment 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.20 1.20 1.20 0.66

Employment 0.25 0.26 0.26 0.26 0.26 0.26 0.27 0.27 0.27 0.27 0.46

Unemployment rate -4.81 -4.85 -4.89 -4.93 -4.98 -5.01 -5.05 -5.15 -5.15 -5.15 -8.66

Nominal wage 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.36

Household consumption 0.63 0.63 0.64 0.64 0.64 0.64 0.65 0.65 0.65 0.65 0.83

Total export 0.61 0.62 0.62 0.63 0.64 0.64 0.65 0.67 0.67 0.67 1.08

Price of energy -3.41 -3.47 -3.54 -3.60 -3.66 -3.72 -3.78 -3.87 -3.90 -3.93 -3.32

Price of non-energy -0.06 -0.06 -0.06 -0.07 -0.07 -0.07 -0.07 -0.08 -0.08 -0.08 -0.39

Household energy 3.94 4.00 4.07 4.14 4.21 4.27 4.33 4.49 4.49 4.49 3.73

Household non-energy 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.45 1.41 1.23 0.67

Intermediate energy -2.776 -2.75 -2.73 -2.70 -2.68 -2.66 -2.64 -2.58 -2.58 -2.58 -2.68

Intermediate non-energy 0.40 0.40 0.41 0.41 0.41 0.42 -0.07 0.45 1.41 1.23 0.67

Total energy use -1.01 -0.98 -0.94 -0.90 -0.87 -0.83 -0.80 -0.72 -0.72 -0.72 -0.97

Investment energy -3.61 -3.61 -3.62 -3.62 -3.62 -3.62 -3.63 -3.63 -3.63 -3.63 -1.67

Investment non-energy 1.34 1.34 1.35 1.36 1.37 1.38 1.39 1.41 1.41 1.23 0.67

Total energy use by non-en sect -1.89 -1.87 -1.85 -1.82 -1.80 -1.78 -1.76 -1.71 -1.71 -1.71 -1.63

Intermediate rebound -1.8 -1.4 -0.9 -0.4 0.1 0.5 1.0 2.2 2.2 2.2 46.3

Economy wide rebound -1.0 -0.1 0.9 1.9 2.9 3.8 4.6 7.0 7.0 7.0 73.4

SR
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substitution in production. The net effect of the changes in household energy consumption and 

intermediate energy demand is a reduction of 0.97% in total energy use. This result indicates that 

the general equilibrium demand for energy is relatively price-inelastic, for our default parameter 

values.8  

Equations (3) and (4) can be used to derive the long-run rebound values for intermediate and total 

energy use. These are calculated as: R I = 46.3% and RT = 73.4%. What is noticeable is the large 

difference between the two values. Equation (5) reveals that the difference between the two figures 

hinges on the change in use of energy in non-intermediate uses. Further, we have already noted that 

there is a relatively large increase in household energy demand, primarily driven by the fall in the 

price of energy. 

5.2 Short-run effects 

A central concern of this paper is the short-run rebound effects, their size relative to the 

corresponding long-run values and the way this is affected by energy price rigidities. The issues are 

inter-related. However, we begin by comparing the long-run results given in Table 1 with the short-

ƌƵŶ ƌĞƐƵůƚƐ ǁŚĞƌĞ ƚŚĞƌĞ ŝƐ ĐŽŵƉůĞƚĞ ƉƌŝĐĞ ĨůĞǆŝďŝůŝƚǇ͘ TŚĞƐĞ ĂƌĞ ƚŚĞ ĨŝŐƵƌĞƐ ĨŽƌ ƚŚĞ ǀĂůƵĞ ŽĨ ʄ с ϭ͕ 

which is the standard setting in a CGE model. This means that we are comparing the entries in the 

final two columns in Table 1. 

The first key point is that there are marked differences in the short- and long-run expansion of the 

economy. GDP, employment and household consumption increase by 0.17%, 0.27% and 0.65% 

respectively in the short run, but by 0.54%, 0.46% and 0.83% in the long run. These differences are 

important in terms of economic welfare and would, other things being equal lead an expansion in 

energy use. However, there are price effects operating in the opposite direction. Energy and non-

energy prices fall by 3.93% and 0.08% in the short run. In the long run, the absolute size of the 

energy price reduction is less, at 3.32%, and the non-energy price reduction is greater, at 0.39%. As 

argued in the previous section, the fall in the short-run energy price partly reflects excess capacity 

which is unravelled over time, whilst the price of non-energy commodities falls over time, as 

capacity constraints are relaxed. 

The short-run change in the energy/non-energy relative price differential from the base year values 

shows a reduction of 3.85% (3.93% - 0.08%); in the long run, this is reduced to 2.93% (3.32% - 

0.39%). Clearly the incentive to substitute energy for non-energy consumption and intermediates is 

                                                           
8 This contrasts with results obtained for Scotland, where there are substantial exports of energy, which are 

boosted by the fall in energy prices. 
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greater in the short run than in the long run and this proves large enough to offset any effects of 

increased activity. Therefore with complete price flexibility, the increase in household energy use, at 

4.49%, is greater in the short run than the long run. Similarly, the short-run fall in intermediate and 

total energy use, at 2.58% and 0.72% respectively, is less than the long-run reductions. The short run 

intermediate and total rebound effects, at 48.5% and 80.4%, are therefore greater than the 

corresponding long-run values, replicating the results in Allan et al (2007) and Turner (2009). 

Up to now, we have only investigated the conventional short-run results where energy prices are 

perfectly flexible and take their competitive value in each time period. However, a key focus of the 

present paper is to determine how far the short-run energy use results are affected by energy price 

ƌŝŐŝĚŝƚǇ͘ TŚŝƐ ŵĞĂŶƐ ĐŽŵƉĂƌŝŶŐ ĂĐƌŽƐƐ ƚŚĞ ĚĂƚĂ ĐŽůƵŵŶƐ ϭ ƚŽ ϭϬ ŝŶ TĂďůĞ ϭ͕ ĂƐ ƚŚĞ ǀĂůƵĞ ŽĨ ʄ ŝƐ 

gradually increased from 0.1 to 1.0. 

Again to begin with the aggregate economic variables, the impact on short-run GDP, employment 

and household consumption is relatively limited in percentage point terms. The expansion is lower, 

in response to more restricted increase in competitiveness, with total exports reduced from a 0.67% 

increase ǁŚĞŶ ʄ с ϭ͘Ϭ͕ ƚŽ Ϭ͘ϲϭй ǁŚĞƌĞ ʄ с Ϭ͘ϭ͘ This lower expansion would itself reduce energy use 

and therefore rebound. However, more important is the change in relative prices, with energy prices 

falling by 3.41% at the lowest level of price flexibility as against 3.93% at the highest. The 

ĐŽŵďŝŶĂƚŝŽŶ ŽĨ ŽƵƚƉƵƚ ĂŶĚ ƐƵďƐƚŝƚƵƚŝŽŶ ĞĨĨĞĐƚƐ ŵĞĂŶƐ ƚŚĂƚ ǁŚĞƌĞ ʄ с Ϭ͘ϭ͕ ďŽƚŚ ŝŶƚĞƌŵĞĚŝĂƚĞ ĂŶĚ 

total energy savings are now greater in the short run than in the long run. 

The bottom two rows in Table 1 show the absolute long-run rebound values in the final column. 

However, in the data columns 1 to 10, they report the percentage point difference between the 

short- and corresponding long-run rebound value. Therefore, for example, in column 6 the short-run 

intermediate rebound figure is 0.5 percentage points higher than the long-run figure. The absolute 

short-run intermediate rebound is therefore 46.8% (46.3% +0.5 %) where ʄ с Ϭ͘6. The advantage of 

presenting the short-run rebound information in this way is that where the values go from positive 

ƚŽ ŶĞŐĂƚŝǀĞ ĂƐ ƚŚĞ ĚĞŐƌĞĞ ŽĨ ƉƌŝĐĞ ƐƚŝĐŬŝŶĞƐƐ ŝŶĐƌĞĂƐĞƐ͕ ƚŚŝƐ ŝŶĚŝĐĂƚĞƐ ƚŚĞ ʄ ǀĂůƵĞ ǁŚĞƌĞ ƚŚĞ ƐŚŽƌƚ-run 

rebound value falls below the corresponding long-run figure. As can be seen from Table 1, this 

ŽĐĐƵƌƐ ǁŚĞƌĞ ʄ с Ϭ͘ϰ ĨŽƌ ƚŚĞ ŝŶƚĞƌŵĞĚŝĂƚĞ ĞŶĞƌŐǇ ƵƐĞ ƌĞďŽƵŶĚ ĂŶĚ ʄ с Ϭ͘Ϯ for total rebound.  

5.3 Evolution of the energy use 

It is interesting to explore the entire time path of rebound effects, rather than simply compare short 

and long run values. Figure 2 plots the economy wide rebound effects for a range of values of ʄ.  

Consider, first, the case of perfect price flexibility. Rebound declines gradually from its short-run 
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level of 80.4% to its long run level of 73.4%. Over time, capacity in the energy sector falls and this 

limits the extent of the fall in the energy price. This operates quite rapidly initially so that, for 

example, the period 2 price of energy is -3.65% below the initial level, as compared to -3.93% in 

period 1. On the other hand, the price of non-energy commodities continues to fall as capacity in 

energy using sectors expands. These relative price movements reduce the incentive for substitution 

towards energy. 

 

The changes in capacity are reflected in the changes in the rate of return on capital over time, which 

are shown in Figure 3 for the case where ʄ = 1. Note that in period 1, sectors in the energy supply 

chain, namely mining and quarrying, other mining, crude petroleum, electricity transmission and 

distribution, and gas all have rates of return below the initial value. In all other sectors there has 

been an increase. Overtime, these rates return smoothly towards their initial values. This is brought 

about through a gradual expansion in the non-energy sectors, combined with a contraction of in 

capacity in the energy sectors. In aggregate economic activity is increasing. In the case of perfect 

price flexibility the negative substitution effects continue to dominate any expansionary effects, so 

over time the total rebound falls monotonically and approaches the long-run values from above.  
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Where the value of ʄ is at the other extreme and takes the value 0.1 we observe very small 

adjustments in the price of energy after period 1, together with a slighter greater percentage point 

reduction in non-energy prices. We therefore observe a gradually increasing rebound value as 

capacity constraints are reduced in non-energy sectors. However, the variation over time is here 

very limited, with the total energy rebound value only changing one percentage point over the 

whole time path.  The comparison between short- and long-run sectoral prices and outputs for 

values of ʄ equal to 0.1 and 1.0 are shown in Figures 4 and 5. 
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For all degrees of price stickiness between these two extremes a very similar time path of the total 

energy use rebound is apparent.  There is an initial fall in the rebound value below its period 1 level, 
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this leads to a minimum between periods 3 and 8 and then a very gradual increase to the long-run 

value.  

The pattern of change for intermediate energy use rebound in the non-energy sectors, apparent 

from Figure 6, is broadly similar to that for the system-wide rebound, although the level of rebound 

is significantly lower, as we have already noted.  

 

An important factor is that the elasticity of substitution between energy and non-energy goods in 

consumption is set at a higher level than in production. This means that energy use in consumption 

falls continuously over the whole adjustment period, as the substitution effects of the changes in 

relative prices dominate any income effects. However, in production positive output effects 

dominate over time so that the rebound values for intermediate energy use all reach a minimum 

before period 5 and then start to increase.  

6. Conclusions 

Whilst traditional neoclassical CGE models typically impose perfect price and wage flexibility, there 

are theoretical arguments and empirical support for a degree of price stickiness in energy markets 

and wage inflexibility in labour markets. Allan et al (2007) and Turner (2009) each found evidence in 

of short-run rebound effects that exceed their long-run value, contrary to the theoretical findings of 

Wei (2007) and Saunders (2008). This was attributed by Turner (2009) to induced price reductions in 

the energy supply sectors increasing rebound in the short run and subsequent disinvestment in 
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these industries limiting rebound in the longer term. In this paper we systematically explore, for the 

first time in a CGE context, the impact of price stickiness and real wage inflexibility on the time paths 

of rebound effects. The shock that we introduce is an increase in energy efficiency in all production 

sectors. 

Our main results are as follows. First, the scale of rebound effects is generally invariant to the degree 

of real wage inflexibility, where this is defined in terms of the speed of adjustment to the real wage, 

as given by a standard wage curve. Our empirical analysis therefore focuses on the impact of energy 

price stickiness under a flexible real wage curve specification. 

Second, where the energy price is perfectly flexible, then short-run rebound effects � both for 

intermediate and total energy use - exceed their long-run values, confirming earlier findings. 

However, we also establish that this result depends critically on the degree of energy price flexibility. 

The presence of energy price stickiness can overturn this result, reducing the short-run rebound 

effects so that they become smaller than the long-run effects.  

Third, focussing only on the size of short- and long-run rebound effects omits potentially important 

detail on the full adjustment paths of energy use. The scale of rebound effects exhibits systematic 

changes over time that caution against the unguarded use of any estimate of rebound at a particular 

point in time to inform appropriate energy policy responses. Furthermore, our analysis suggests that 

very short run measures of rebound are likely to be unreliable indicators of ultimate impacts. 

Fourth, our analysis makes it clear that system-wide rebound effects incorporate essential 

macroeconomic phenomena that microeconomic studies alone are unable to capture.  Rebound 

effects depend on a range of macroeconomic influences, including the degree of energy price 

stickiness and the complex interaction of transactors, including the energy and non-energy sectors 

and household demand. Of course, microeconomic studies can provide valuable evidence that may 

be used to inform appropriate model simulations in a systematic micro-to-macro approach. 

There are a number of possible extensions to our analysis including exploring: its importance for the 

efficiency of energy use in consumption, the main focus of current energy policies; its application to 

targeted sectoral energy efficiency changes; alternative characterisations of wage and price 

inflexibility, including drawing more explicitly on models of imperfect competition (and alternative 

labour market closures); the impact of the government budget constraint, since our simulations 

imply expanded tax revenues which are not recycled; systematic sensitivity to key substitution and 

demand elasticities. 
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We end on a cautionary note. While an understanding of the scale and determinants of rebound 

effects is important from a policy perspective,  energy efficiency policies should be assessed within a 

wider framework such as the �multiple benefits of energy efficiency� approach proposed by the 

International Energy Agency (IEA, 2014), rather than focussing exclusively on the scale of energy 

(and emission) savings. In the present case, the stimulus to production energy efficiency generates a 

permanent and significant increase in economic activity, which governments would typically value 

even though this results in smaller energy savings than would otherwise be realised. 
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Appendix A 

Table A.1. List of production sectors in the UK- ENVI model, corresponding sectors in the 2010 UK 

IO tables, Standard Industrial Classification (SIC) codes. 

 

Sector name  SIC 

Agriculture, forestry and fishing                    01-03.2 

Mining and quarrying                         05 

Crude petroleum and natural gas  + coal      06-08 

Other Mining and mining services             09 

FŽŽĚ ;ĂŶĚ ƚŽďĂĐĐŽͿ                           10.1-10.9,12 

Drink                                        11.01-11.07 

Textile, leather, wood                       13-16 

Paper and printing                           17-18 

Coke and refined petroleum products          19-20B 

Chemicals and pharmaceuticals                20.3-21 

Rubber, cement, glass                        22-23other 

Iron, steel and metal                        24.1-25 

Electrical manufacturing                     26-28 

Manufacture of motor vehicles, trailers  etc. 29 

Transport equipment and other manufacturing   30-33 

Electricity, transmission and distribution    35.1 

Gas distribution                             35.2-35-3 

Water treatment and supply and sewerage      36-37 

Waste management and remediation            38-39 

Construction-Buildings                       41-43 

Wholesale and retail trade                  45-47 

Land and transport                          49.1-49.2 

Other transport                             49.3-51 

Transport support                           52-53 

Accommodation and food and services         55-56,58 

Communication                               59-63 

Services                                    64-82,97 

Education health and defence                84-88 

Recreational                                90-94 

Other private services                      95,97 
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Appendix B. The mathematical presentation of the UK-ENVI model 

 

Prices  

௜,௧ܯܲ =  തതതതത௜ (B.1)ܯܲ

௜,௧ܧܲ =  തതതത݅ (B.2)ܧܲ

ܲܳ௜,௧ =
ܴܲ௜,௧ ή ܴ௜,௧ + ௜,௧ܯܲ ή ௜,௧ܴ௜,௧ܯ + ௜,௧ܯ  (B.3) 

ܫܲ ௝ܴ,௧ =
σ ܸܴ௜,௝,௧௜ ή ܲ ௝ܴ,௧ +σ ௜,௝,௧௜ܫܸ ή തതത௝σܫܲ ௜,௝,௧௜ܴܫܸ  (B.4) 

ܲ ௝ܻ,௧ ή ௝ܻ,௧ = ܲ ௝ܺ,௧ ή ௝ܺ,௧ െ෍ܲܳ௝,௧௜ ή ܸ ௜ܸ,௝,௧ െ ܤܫ ௜ܶ,௧ (B.5) 

௧ܭܥܷ = ܲ݇௧ ή ݎ) +  (B.6) (ߜ

ܲܿ௧ଵିఙ೎ = ෍ߜ௝௙௝ ή ܲܳ௝,௧ଵିఙ೎  (B.7) 

ܲ݃௧ଵିఙ೒ = ෍ߜ௝௚௝ ή ܲܳ௝,௧ଵିఙ೒ (B.8) 

௧ܧܰܲ =
σ ܲܳ௭,௧ ή തܸ௭௭σ ܲܳ௭ ή തܸ௭௭  (B.9) 

כ௧ܧܲ =
σ ܲܳா,௧ ή തܸாாσ ܲܳா ή തܸாா  (B.10) 

௧ܧܲ = כݐܧܲߣ + (1 െ  ௧ିଵ (B.11)ܧܲ(ߣ

௧௕ݓ =
௧ݓ

(1 + ߬௧) (B.12) 

݈݊ ቆ ௧ቇ݅݌௧௕ܿݓ = ߮ െ 0.068  (B.13) (ݐݑ)݈݊

ݎ ௝݇,௧ = ܲ ௝ܻ,௧ ή ௝௞ߜ ή ௒దೕܣ ή ቆ ௝ܻ,௧ܭ௝,௧ቇଵିదೕ (B.14)  
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ܲ݇௧ =
σ ܲܳ௝,௧ ή σ ௜,௝௜௝ܯܭ σ σ ௜,௝௝௜ܯܭ  (B.15)  

Production technology  

௜ܺ,௧ = ௜௑ܣ ή ൤ߜ௜௒ ή ௜ܻ,௧ఘ೔೉ + ൫1െ ௜௏൯ߜ ή ௜ܸ,௧ఘ೔೉൨ ଵఘ೔೉ (B.16)  

௝ܻ,௧ = ቆܣ௑ఘೕ೉ ή ௝௒ߜ ή ܲܳ௝,௧ܲ ௝ܻ,௧ ቇ ଵଵିఘೕ೉ ή ௝ܺ,௧ (B.17)  

௝ܸ,௧ = ቆܣ௑ఘೕ೉൫1െ ௝௏൯ߜ ή ܲܳ௝,௧ܲݒ௝,௧ቇ ଵଵିఘೕ೉ ή ௝ܺ,௧ (B.18)  

௝ܸ,௧ = ௏ܣ ή ൤ߜ௜௏ ή ௜,௧ఘ೔ೇܧ + ൫1െ ௜௏൯ߜ ή ௜,௧ఘ೔ೇ൨ܧܰ ଵఘ೔ೇ  (B.19)  

௝,௧ܧ௝,௧ܰܧ = ቈቆ ௝௏ߜ
(1െ (௝௏ߜ

ቇ ή ൬ܲܰܧ௧ܲܧ௧ ൰቉ ଵଵିఘ೔ೇ
 (B.20)  

ܸ ௭ܸ,௝,௧ = ቆܣ௭ఘೕ೥൫1െ ௝ாே൯ߜ ή ௧ܲܳ௭,௧ቇܧܰܲ ଵଵିఘೕೋ ή   ௝,௧ (B.21)ܧܰ

ܸ ாܸ,௝,௧ = ቆܣாఘೕಶ൫ߜ௝ாே൯ ή ௧ܲܳா,௧ቇܧܲ ଵଵିఘೕಶ ή   ௝,௧ (B.22)ܧ

௜ܻ,௧ = ௒ܣ ή ൤ߜ௜௞ ή ௜,௧ఘ೔ೊܭ + ௜௟ߜ ή ௜,௧ఘ೔ೊ൨ܮ ଵఘ೔ೊ (B.23)  

௝,௧ܮ = ൬ܣ௒ఘೕೊ ή ௝௟ߜ ή ܲ ௝ܻ,௧ݓ௧ ൰ ଵଵିఘೕೊ ή ௝ܻ,௧ (B.24)  

Trade  

ܸ ௜ܸ,௝,௧ = ௜,௝௩௩ߛ ή ൤ߜ௜,௝௩௠ܸܯ௜,௧ఘ೔ಲ +   ௜,௧ఘ೔ಲ൨ ଵఘ೔ಲ (B.25)ܴܫ௜,௝௩௜௥ܸߜ 

௜,௝,௧ܴܫ௜,௝,௧ܸܯܸ = ቈቆߜ௜,௝௩௠ߜ௜,௝௩௜௥ቇ ή ቆܴܲܫ௜,௧ܲܯ௜,௧ቇ቉ ଵଵିఘ೔ಲ
 (B.26)  

௜,௝,௧ܴܫܸ = ௜,௝௩௜௥ߛ ή ൤ߜ௜,௝௩௜ܸܫ௜,௧ఘ೔ಲ ௜,௝௩௥ܸܴ௜,௧ఘ೔ಲ൨ ଵఘ೔ಲߜ +  (B.27)  
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ܸܴ௜,௝,௧ܸܫ௜,௝,௧ = ቈቆߜ௜,௝௩௥ߜ௜,௝௩௜ቇ ή ቆܲܫ௜,௧ܴܲ௜,௧ቇ቉ ଵଵିఘ೔ಲ
 (B.28)  

௜,௧ܧ = ത௜ܧ ή ቆܲܧ௜,௧ܲܳ௜,௧ቇఙ೔ೣ  (B.29)  

National Demand 

ܴ௜,௧ = ෍ܸܴ௜,௝,௧ + ෍ܴܳܪ௜,௛,௧ + ܸܴܳ௜,௧ + ௜,௧௛௝ܴܩܳ  
(B.30)  

Total absorption equation 

௜ܺ,௧ + ௜,௧ܯ = ෍ܸ ௜ܸ,௝,௧ + ෍ܳܪ௜,௛,௧ + ܳ ௜ܸ,௧ + ௜,௧௛௝ܩܳ +   ௜,௧ (B.31)ܧ

Households and other Domestic Institutions  

௧ܪܻ = ή ܮܪܵ ܮ ௧ܻ + ή ܭܪܵ ܭ  ௧ܻ (B.32)  

௧ܥ  = ௧ܪܻ െ ܵ௧ (B.33)  

ܮ ௧ܻ = (1 െ ߬௧)ܮ௧௦ (1െ ௧ݓ(௧ݑ + ݎܶ ௧݂ (B.34)  

ܭ                       ௧ܻ = ȫ௧ (B.35)  

ݎܶ ௧݂ = ܲܿ௧ ή   തതതതത (B.36)݂ݎܶ 

ܵ௧ = ݏ݌݉ ή [(1െ ߬௧)ܮ௧௦ (1െ ௧ݓ(௧ݑ + ݎܶ ௧݂] (B.37)  

ȫ௧ = ෍݇ݎ௜,௧ܭ௜,௧௜  
(B.38)  

௘௡,௧ܪܳ = ௘௡ܪ ή ௧ܧ௧ܲܫܲܥ ή   ௧ (B.39)ܥ

௡௘,௧ܪܳ = ௡௘ܪ ή ௧ܧ௧ܲܰܫܲܥ ή   ௧ (B.40)ܥ
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௜,௧ܪܳ = ௜௙ߛ ή ൤ߜ௜௛௜௥ ή ௜,௧ఘ೔ಲܴܫܪܳ + ௜௛௠ߜ ή ௜,௧ఘ೔ಲܯܪܳ  ൨ ଵఘ೔ಲ  (B.41)  

௜,௧ܯܪ௜,௧ܴܳܫܪܳ = ቈቆߜ௜௛௜௥ߜ௜௛௠ቇ ή ቆܲܯ௜,௧ܴܲܫ௜,௧ቇ቉ ଵଵିఘ೔ಲ
 (B.42)  

௜,௧ܴܫܪܳ = ௜௙௜௥ߛ ή ൤ߜ௜௛௥ ή ௜,௧ఘ೔ಲܴܪܳ + ௜௛௜ߜ ή ௜,௧ఘ೔ಲܫܪܳ  ൨ ଵఘ೔ಲ (B.43)  

௜,௧ܫܪ௜,௧ܴܳܪܳ = ቈቆߜ௜௛௥ߜ௜௛௜ቇ ή ቆܲܫ௜,௧ܴܲ௜,௧ቇ቉ ଵଵିఘ೔ಲ
 (B.44)  

Government  

തതതത௧ܦܨ = ܺܧܩ ௧ܲ  െ ܩ ௧ܻ  (B.45)  

ܩ ௧ܻ = ቌ݀௚ ή෍݇ݎ௜,௧ ή ௜,௧௜ܭ + ෍ܤܫ ௜ܶ,௧௜ + ߬௧ ή෍ܮ௝,௧௝ ή ௧ݓ   + തതതതܧܨ ή   ௧ቍ (B.46)ߝ

ܺܧܩ ௧ܲ = ௧ܩ ή ܲ݃௧ + ෍ തതതതതതௗ௡௚௜௡௦,௧ܩܴܶ ήௗ௡௚௜௡௦   ௧ (B.47)ܫܲܥ

௜,௧ܩܳ = ௜௚ߜ ή   (B.48) ݐܩ

௜,௧ܴܩܳ = ௜,௧ܯܩܳ  ;௜,௧ܩܳ = 0 (B.49)  

Investment Demand  

ܳ ௜ܸ,௧ = ෍ܯܭ௜,௝௝ ή   ௝,௧ (B.50)ܬ

ܳ ௜ܸ,௧ = ௜௩ߛ ή ൤ߜ௜௤௩௠ ή ௜,௧ఘ೔ಲܯܸܳ + ௜௤௩௜௥ߜ ή ௜,௧ఘ೔ಲܴܫܸܳ  ൨ ଵఘ೔ಲ (B.51)  

௜,௧ܴܫ௜,௧ܸܳܯܸܳ = ൥൭ߜ௜௤௩௠ߜ௜௤௩௜௥൱ ή ቆܴܲܫ௜,௧ܲܯ௜,௧ቇ൩
ଵଵିఘ೔ಲ

 (B.52)  

௜,௧ܴܫܸܳ = ௜௩௜௥ߛ ή ൤ߜ௜௤௩௜ ή ௜,௧ఘ೔ಲܫܸܳ + ௜௤௩௥ߜ ή ܸܴܳ௜,௧ఘ೔ಲ  ൨ ଵఘ೔ಲ  (B.53)  
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ܸܴܳ௜,௧ܸܳܫ௜,௧ = ൥൭ߜ௜௤௩௥ߜ௜௤௩௜൱ ή ቆܲܫ௜,௧ܴܲ௜,௧ቇ൩
ଵଵିఘ೔ಲ

 (B.54)  

Time path of investment  

௜,௧ܫ = ݒ ή ൫ܭ ௜ܵ,௧כ െܭ ௜ܵ,௧ିଵ൯+ ߜ ή ܭ ௜ܵ,௧ (B.55) 

ܭ ௜ܵ,௧כ = ቆܣ௞ఘೕೊ ή ௝௞ߜ ή ܲ ௝ܻ,௧݇ݎ௜,௧ቇ ଵଵିఘೕೊ ή ௝ܻ,௧ (B.56)  

Factors accumulation  

ܭ ௜ܵ,௧ାଵ = (1െ (ߜ ή ܭ ௜ܵ,௧ +  ௜,௧ (B.57)ܫ

௜,௧ܭ = ܭ ௜ܵ,௧ (B.58) 

௧ܵܮ ή (1 െ (௧ݑ = ෍ܮ௝,௧௝  (B.59) 

Indirect taxes and subsidies  

ܤܫ ௜ܶ,௧ = ௜ݔܽݐܾ ή ௜ܺ,௧ ή ܲܳ௜,௧ (B.60) 

Total demand for import and current account  

௜,௧ܯ = ෍ܸܫ௜,௝,௧ +௝ ෍ܸܯ௜,௝,௧ +௝ ෍ܳܯܪ௜,௛,௧௛ + ௜,௧ܯܩܳ + ௜,௧ܫܸܳ +  ௜,௧ (B.61)ܯܸܳ

௧ܤܶ = ෍ܯ௜,௧௜ ή ௜,௧ܯܲ െ෍ܧ௜,௧ ή ௜,௧௜ܧܲ + ߝ ή ቌ ෍ തതതതതതതௗ௡௚௜௡௦ௗ௡௚௜௡௦ܯܧܴ +  തതതതቍ (B.62)ܧܨ 

Steady State conditions  

ߜ ή ܭ ௜ܵ,் =  ௜,் (B.63)ܫ
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ܴ௜,்௞ = ݎ)்,௜ߣ +  (B.64) (ߜ

 

In order to produce short-run results, we have that  ܭ ௜ܵ,௧ୀଵ = ܭ ௜ܵ,௧ୀ଴ (B.65) 

ୀଵܵܮ =  ௧ୀ଴ (B.66)ܵܮ

  

 

 

 

 

 

 

 

Glossary 

 

i,j   (i=j)                   the set of goods or industries 

ins                                 the set of institutions 

dins (ؿ  the set of domestic institutions          (ݏ݊݅

dngins (ؿ  the set of non-government institutions           (ݏ݊݅݀

h(ؿ  the set of households                        (ݏ݊݅݃݊݀

en (ؿ ݅)   the set of energy sectors {Coal, Ele, Gas and Oil}  

ne (ؿ ݅)   the set of non-energy sectors 

 

Prices  ܲ ௜ܻ,௧ value added price ܴܲ௜,௧ national price ܲܳ௜,௧ output price ܴܲܫ௜,௧ commodity price (national+ REU) ܲܫ௜,௧ price of REU commodities  ܲܧ௧ Energy price index ܲܰܧ௧ Non-energy price index ݇ݎ௜,௧ rate of return to capital 
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 exchange rate [fixed] ߝ ௜,௧ shadow price of capital ܲܿ௧ aggregate consumption price ܲ݃௧ aggregate price of Government consumption goodsߣ ௧ user cost of capitalܭܥܷ ௧௕ after tax wage ܲ݇௧ capital good priceݓ ௧ unified nominal wageݓ

  

Endogenous variables  

௜ܺ,௧ total output ܴ௜,௧ national supply ܯ௜,௧ total import ܧ௜,௧ total export  

௜ܻ,௧ value added ܮ௜,௧ labour demand ܭ௜,௧ physical capital demand ܭ ௜ܵ,௧ capital stock ܮ ௜ܵ,௧ labour supply ܸ ௜ܸ,௝,௧ total intermediate inputs in i and j 

௜ܸ,௧ Total intermediate inputs in i  ܸܴ௜,௝,௧ national intermediate inputs ܸܯ௜,௝,௧ ROW intermediate inputs ܸܴܫ௜,௝,௧ Aggregate intermediate inputs (ROW+REU) ܸܫ௜,௝,௧ ROI intermediate inputs ܺܧܩ ௜ܲ,௧ aggregate government expenditure  ܳܩ௜,௧ total government expenditure by sector i ܴܳܩ௜,௧ national government expenditure ܤܫ ௜ܶ,௧ Indirect business taxes ܳܯܩ௜,௧ Government import expenditure ܥ௛,௧ aggregated household consumption ܳܪ௜,௧ total households consumption in sector i   ܴܳܪ௜,௧ national consumption in sector i  ܴܳܫܪ௜,௧ national+REU consumption in sector i  
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ܮ ௧ Household incomeܪܻ  ௜,௧ import consumption in sector iܯܪܳ ௜ܻ,௧ Labour income ܭ ௜ܻ,௧ Capital income ܵܮܪ Households share of labour income ܵܭܪ Households share of capital income ܳ ௜ܸ,௧ total investment by sector of origin i ܸܴܳ௜,௧ national investment by sector of origin i ܸܳܯ௜,௧ ROW investment demand ܸܴܳܫ௜,௧ national investment (national+REU) ܸܳܫ௜,௧ ROI investment demand ܫ௝,௧ investment by sector of destination j ܬ௝,௧ investment by destination j with adjustment cost ݑ௧ national unemployment rate ܴ௜,௧௞  marginal net revenue of capital ܵ௧ domestic non-government saving ܶݎ ௧݂ households net transfer ܴܶܵܨௗ௡௚௜௡௦,ௗ௡௚௜௡௦௣,௧ transfer among dngins ܴܶܩതതതതതതௗ௡௚௜௡௦,௧ Government�s transfer to dngins ܺܣܶܪ௧ total household tax ܶܤ௧ current account balance 

  

Exogenous variables  ܴܯܧതതതതതതത௧ remittance for dngins ܧܨതതതത௧ remittance for the Government ܣܵܩ ௧ܸ government saving ݎ interest rate 

  

Elasticities  ߪ constant elasticity of marginal utility  ߩ௜௑ elasticity parameter between intermediate inputs and value added ߩ௜௒ elasticity parameter between capital and labour ߩ௜஺ in Armington function ߪ௜௫ of export with respect to term of trade ߪ௜௘ Substitution between energy and non-energy in Household consumption 
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 ௜௢ Substitution elasticity between Coal and Oil in Household consumptionߪ ௜௚ Substitution elasticity between CO and EG in Household consumptionߪ

  

Parameters  ܽ௜,௝௏  Input-output coefficients for i used in j 

௝ܽ௒ share of value added on production ߜ௝௒,௏ shares in CES output function in sector j ߜ௝௞,௟ shares in value added function in sector j ߜ௜,௝௩௜௥,௩௠,௩௥,௩௜ shares parameters in CES function for intermediate goods ߜ௜,௝௤௩௜௥,௤௩௠,௤௩௥,௤௩௜ shares parameters in CES function for investment goods ߜ௜,௛ா,௖௢,௖௟ shares parameters in CES function for households consumption  ߜ௜,௛௛௥,௛௠ shares parameters in CES function for households consumption  ߜ௜௚௥,௚௠ shares parameters in CES function for government consumption  

 rate of depreciation ߜ rate of saving in institutions dngins ߬ rate of income tax ݏ݌݉ ௜,௝ physical capital matrixܯܭ ௜ rate of business taxݔܽݐܾ  ௜௚ shift parameter in CES function for government consumptionߛ ௜௙ shift parameter in CES function for households consumption goodsߛ ௜,௝௩௩,௩௜௥ shift parameter in CES functions for intermediate goodsߛ  

v Adjustment parameter in investment function ߣ Adjustment parameter in price function ܪ௘௡  Share of household energy consumption ܪ௡௘  Share of household non-energy consumption 
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