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Highlights

	•We use an SVAR to estimate the effect of energy efficiency shocks on energy use.

	•We use independent component analysis to identify the SVAR.

	•We apply the model to US monthly and quarterly data.

	•The economy-wide rebound effect is around 100% in the long run.




Abstract
The size of the economy-wide rebound effect is crucial for estimating the contribution that energy efficiency improvements can make to reducing greenhouse gas emissions and for understanding the drivers of energy use. Existing estimates, which vary widely, are based on computable general equilibrium models or partial equilibrium econometric estimates. Using a structural vector autoregressive (SVAR) model, we identify the dynamic causal impact of structural shocks, including an energy efficiency shock. The identification method is based on independent component analysis. In this manner, we are able to estimate the rebound effect with a minimum of a priori assumptions. We apply the SVAR to U.S. monthly and quarterly data, finding that after four years rebound is around 100%, which implies that in the long run no energy is saved.





Introduction
Governments and international organizations are expecting energy efficiency improvements to make a major contribution to reducing greenhouse gas emissions and improving energy security (Stern, 2017). But energy savings are usually less than the improvement in energy efficiency. The size of this rebound effect is crucial for estimating the contribution that energy efficiency improvements can make to reducing greenhouse gas emissions as well as for understanding the drivers of energy use. The micro-economic direct rebound effect occurs when an energy efficiency innovation reduces the cost of providing an energy service, such as heating, lighting, or transport, and, as a result, users increase their use of the service offsetting some of the energy efficiency improvement. But there are also changes in the use of complementary and substitute goods or inputs and other flow-on effects that affect energy use across the economy known as indirect rebound effects. Together, these constitute the economy-wide rebound effect.
The size of the economy-wide rebound effect is controversial (Gillingham et al., 2016) and insufficiently researched (Turner, 2013). Existing estimates vary widely from “backfire” (also known as the “Jevons paradox”), where energy use increases following an efficiency improvement, to super-conservation, where energy use falls by more than the efficiency improvement (Stern, 2011; Saunders, 2013; Turner, 2013). Previous research uses partial equilibrium econometric models, computable general equilibrium (CGE) models, or derives the effect from theoretical partial or general equilibrium models and quantifies it using existing estimates of elasticities and other parameters. The latter two approaches depend on many a priori assumptions and the parameter values adopted, while the econometric models do not include all mechanisms that might increase or reduce the rebound and mostly do not credibly identify the rebound effect. In this paper, we develop a structural vector autoregressive (SVAR) model that is empirically identified using independent component analysis, which imposes statistical conditions on the shocks. We apply the model to U.S. data, finding that after four years the economy-wide rebound is around 100%. This finding is robust to alternative data frequencies, alternative identification schemes, and various control variables, including indices of the changes in the composition of the economy and energy supply as well as weather effects.
Turner (2013) notes that there is a lack of consensus in the rebound literature on what is meant by energy efficiency. Some authors include substitution of capital or materials for energy, such as the installation of insulation, in their definition of energy efficiency improvements (e.g. Sorrell et al., 2009) or examine the secondary changes resulting from an initial behavioral energy conserving action (van den Bergh, 2011). We focus on rebound effects due to energy-saving technological change. Therefore, we define energy efficiency improvements as those that save energy due to the adoption of more efficient cost-reducing technology and define the rebound effect as the resulting responses of economic agents that cause the actual energy savings to differ from the potential energy savings.
Most empirical research on the rebound effect focuses on the direct rebound effect (Sorrell et al., 2009) where households and firms consume more energy services in response to efficiency improvements that reduce the energy required to provide the same level of service and, therefore, its cost. Indirect rebound effects include the energy use effects of: the increase in demand for complementary energy services (and reduction in demand for substitutes; Berkhout et al., 2000); the change in the use of energy to produce other complementary or substitute goods and services (Berkhout et al., 2000); the effect of reduced energy prices due to the fall in energy demand (Borenstein, 2015); and a long-run increase in total factor productivity, which increases capital accumulation and economic growth and, as a result, energy use (Saunders, 1992). These direct and indirect effects sum to the economy-wide rebound effect. Others (e.g. Azevedo, 2014; Gillingham et al., 2016) define changes in prices and growth effects as macro effects that are distinct from indirect rebound effects.
Estimates of the size of the direct rebound effect tend to be fairly modest positive numbers (Sorrell et al., 2009). It is usually assumed that the indirect rebound is positive and that the economy-wide rebound will be larger in the long run than in the short run (Saunders, 2008). Turner (2013) argues, instead, that because the energy used to produce a dollar's worth of energy is higher than the embodied energy in most other goods, the effect of consumers shifting spending to goods other than energy will mean that the indirect rebound could be negative and the economy-wide rebound may also be negative in the long run. Borenstein (2015) presents further arguments for negative rebound.
Saunders, 1992, Saunders, 2015 developed a simple partial equilibrium model using an aggregate CES production function with factor-augmenting technical change to compute the effect of energy-augmenting technical change on energy use. Evaluating the size of the rebound from the model depends on having good estimates of the production parameters — a notoriously difficult problem (León-Ledesma et al., 2010) — and assumes that the economy has a very simple structure. Because the energy price is held constant, this is a partial equilibrium approach.
Lemoine (2019) conducts a general equilibrium analysis of the rebound effect with a large number of consumption goods sectors with heterogenous constant elasticity of substitution (CES) technologies and CES preferences with a common elasticity of substitution in consumption. Rebound is increasing in the elasticity of substitution in production between energy and labor (as found by Saunders (1992)) and the elasticity of substitution in consumption. General equilibrium effects tend to increase (decrease) rebound beyond the partial equilibrium effect in energy- (labor-) intensive sectors. Reduced (increased) energy use in the energy-intensive energy supply sector as a result of the fall (increase) in energy use elsewhere in the economy is important in reducing (magnifying) rebound when rebound is less (greater) than 100%. Both backfire and super-conservation are possible. By parameterizing the theoretical rebound effect, Lemoine estimates that economy-wide rebound due to energy efficiency innovations in all sectors in the US is 38%.
There are many CGE or other simulation model estimates of the economy-wide rebound (e.g. Turner, 2009; Barker et al., 2009; Turner and Hanley, 2011; Broberg et al., 2015; Adetutu et al., 2016; Koesler et al., 2016; Lu et al., 2017; Wei and Liu, 2017). However, Turner (2009) finds that, depending on the assumed values of the parameters in a CGE model, the rebound effect for the UK can range from negative to more than 100%. Therefore, most CGE models do not provide strong evidence on the size of the economy-wide rebound effect. Rausch and Schwerin (2018) build a small general equilibrium macro-economic model that is calibrated on U.S. annual data from 1960 to 2011. This is a putty-clay model, where once a capital vintage is chosen, no substitution between energy and capital is possible. The energy efficiency — energy services per unit energy — of energy-using capital vintages is chosen depending on capital and energy prices at the time of investment. Therefore, they do not distinguish between energy-capital substitution and energy augmenting technical change. The calibration compares observed and counterfactual scenarios with no energy efficiency improvements by holding energy and energy-using capital prices constant, finding a rebound of 102%.
Several methods have been proposed to empirically estimate the rebound effect (e.g. Adetutu et al., 2016; Shao et al., 2014; Lin and Du, 2015; Galvin, 2014; Saunders, 2013; Orea et al., 2015), but all of these are partial equilibrium methods and/or do not credibly identify a causal effect of energy efficiency changes on energy use, which is needed to claim a rebound effect (Gillingham et al., 2016).1 The best existing approach, in our opinion, is represented by Adetutu et al. (2016), who use a stochastic frontier model to estimate energy efficiency and then a dynamic panel model to estimate the effect of efficiency on energy use. Again, they control for energy prices and output resulting in a partial equilibrium estimate. They estimate that in the short run rebound is 90% while in the long run super-conservation occurs with a negative rebound of 36%. This is because their dynamic model set-up requires that if energy efficiency improvements reduce energy use in the short run, then they reduce energy use by more in the long run.
Historical research hints that the economy-wide rebound effect could be large. Both van Benthem (2015) and Csereklyei et al. (2016) find that energy intensity in developing countries today is similar to what it was in today's developed countries when they were at similar income levels. But van Benthem (2015) argues that the energy efficiency of many current products in developing countries is much better than that of comparable products in developed countries when they were at the same income level. He finds that energy savings from access to more efficient technologies have been offset by other trends, including a shift towards more energy-intensive consumption bundles and compositional changes in industry such as outsourcing. Though such studies cannot identify causal effects, they suggest that the economy-wide rebound effect is close to 100%.2
SVAR models have several advantages in the context of estimating the economy-wide rebound effect. They are small, multivariate, dynamic, time series econometric models that are estimated directly from the data, with the main aim of estimating the dynamic causal effects of structural shocks, which are economically meaningful and mutually independent exogenous forces (Ramey, 2016). These shocks are not directly observed by the econometrician, but need to be identified. The standard approach imposes a priori restrictions on the structural model. We use a data-driven approach to identify the structural model, based on general statistical assumptions, thus avoiding economic-theoretic restrictions. In this framework, it is possible to measure the response of energy use (and other variables) to an energy efficiency shock. We use this impulse response function to calculate the rebound effect.
Unlike previous econometric approaches in the economy-wide rebound literature, impulse response functions derived from SVAR models can capture general equilibrium effects, as all the variables are endogenous and can evolve in response to a shock. Moreover, SVAR models can recover the response to truly exogenous shocks addressing the credible identification issue. On the other hand, some adaptation may already occur as an energy efficiency improvement is “installed” that our empirical measure of the energy efficiency shock will miss. Therefore, our estimate of the rebound effect will be biased in a predictable way, as discussed below.
There is a quite established econometric tradition of identification methods based on atheoretical search procedures (e.g. Swanson and Granger, 1997; Bessler and Lee, 2002; Demiralp and Hoover, 2003; Moneta, 2008). This literature shows that tests of zero partial correlations among the estimated errors of the VAR model allow partial identification of the SVAR model. This specific approach, although it eschews economic-theoretic assumptions, is based on graph-theoretic conditions (Pearl, 2009; Spirtes et al., 2000), whose reliability in an economic time-series context is often hard to assess (see Hoover, 2001). Moreover, it typically makes use of the normality assumption, which can fail to hold in economic data. In this paper, we use Independent Component Analysis, a statistical identification procedure based on a quite different framework. This set of tools has been shown to be particularly powerful in the statistical identification of SVAR models (see e.g. Moneta et al., 2013; Capasso and Moneta, 2016; Gouriéroux et al., 2017; Lanne et al., 2017; Herwartz, 2018). Its key assumptions are the statistical independence of the shocks and the non-Gaussianity of the data, which can be easily checked empirically.
The next section of the paper lays out our econometric approach and empirical model, the third section discusses the data and results, and the final section provides the discussion and conclusions.



Section snippets
The SVAR Model
We use an SVAR model to determine the effect of an exogenous improvement in energy efficiency that we identify as a “technology shock” (Gali, 1999). Thinking of energy use as the equilibrium outcome of the demand and supply of energy, the major factors resulting in changes in energy use will be changes in the price of energy and in income — at the macroeconomic level, GDP. Building on Gali (1999) and Kilian (2009),3
Reduced-Form VARs
Based on the Schwert (1989) criterion, we consider a maximum of 5 lags for the quarterly data and a maximum of 6 lags for the monthly data. We use the Akaike Information Criterion (AIC), which Kilian and Lütkepohl (2017) find to be the best of the lag order selection criteria. The AIC suggests a lag length of three for both frequencies.
Identification of the shocks requires that at most one of the structural shocks is Gaussian. Since we do not observe the structural shocks, we cannot directly
Discussion and Conclusions
We have produced the first econometric general equilibrium estimate of the economy-wide rebound effect, which we think is credibly identified, using an empirically identified time-series model. Estimates of the rebound effect after 4 years are close to 100%, regardless of the method of identification, data frequency used, and control variables included, such as structure of the economy, the composition of energy supply, and heating and cooling degree days. Our estimates may differ from the true 
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We study General Electric’s new combined-cycle natural gas generator called GT11N2 M upgrade and quantify its economic benefits and the environmental implications in Ontario. We propose a structural power supply chain model involving upstream supplier General Electric and downstream power firm TransAlta at Sarnia, construct generation, service and maintenance cost functions, and calibrate different customer demand curves using actual market and firm data in the Ontario market. We solve for Stackelberg equilibrium outcomes, and quantify prices, outputs, and emissions based on efficiency rates of GT11N2 M. We consider two types of cost efficiencies implied by GT11N2 M: upstream service and maintenance cost efficiency experienced by General Electric and downstream fuel cost efficiency experienced by TransAlta. We provide new insights in the realm of technology adoption. We find in equilibrium that there exists a large variation in electricity generation over operational modes of GT11N2 M: the total generation can increase in the range of 5% (under “Lifetime” mode) to 18% (under ”Maximum Continuous Load” mode). The output variation is nonlinear and the amount of carbon emissions is largely impacted by operating modes. In particular, the total greenhouse gas emission is expected to increase by 12% in the mixed-mode. Consequently, a policy implication of this research is that clean energy adoption facilitated by GT11N2 M is expected to increase carbon emission due to the “rebound effect”.
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Final energy demand in the UK has remained relatively constant since the 1970s. However, most of the scenarios that model pathways to achieve the UK's net-zero greenhouse gas emissions by 2050 indicate that energy demand reduction (EDR) will be an important pillar of climate change mitigation. Despite this, the UK Government has no clearly defined strategy to reduce demand. This comparative analysis explores the role of EDR across twelve UK-based climate scenarios from four organisations that estimate changes in carbon emission and energy consumption from 2020 to 2050. We focus on changes in final demand across the economy, assessing the scale of ambition and the implications for the rest of the energy system in the context of net-zero. All the pathways explored achieve reductions of at least 32.8% in total final energy demand from 2020 to 2050, suggesting that this is the minimum level of demand reduction required to achieve the development and rollout of the supply side technologies necessary to decarbonise the energy system. Reductions in total final demand of up to 52% are demonstrated. We find that pathways with higher levels of EDR mitigate against technological challenges, such as scaling up renewable energy capacities, are less reliant on carbon-dioxide removal technologies and require less investment – but are characterised by higher levels of social change.
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As an important path to realizing carbon neutrality in China, digital development may also lead to the growth and rebound of energy demand. Investigation of digital rebound effect is important to evaluate whether digital development can effectively conserve energy. Thus, this paper examines the impact of digital development on electricity consumption and its heterogeneity among Chinese cities, and further evaluates the sizes of energy rebound effect triggered by digital development. The results show that, first, electricity consumption in Chinese 285 cities increases by 7%–20% due to digital development, and this positive influence tends to increase with the increase in electricity consumption. Second, in the eastern, high-income, and high-tertiary industry share regions, digital development has a greater role in promoting electricity consumption. Third, the digital development of Chinese cities induces the rebound effect of electricity consumption, and even induces the backfire effect in the early stages of digital development. Finally, the energy rebound effect tended to decrease over time, with a partial rebound in electricity consumption, and the minimum rebound effect was 22%. The results highlight the necessary attention on digital rebound effect, and the importance of low-carbon digital development.
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Independent Component Analysis (ICA) is a statistical method that linearly transforms a random vector. Under the assumption that the observed data are mixtures of non-Gaussian and independent processes, ICA is able to recover the underlying components, but with a scale and order indeterminacy. Its application to structural vector autoregressive (SVAR) models allows the researcher to recover the impact of independent structural shocks on the observed series from estimated residuals. We analyze different ICA estimators, recently proposed within the field of SVAR analysis, and compare their performance in recovering structural coefficients. Moreover, we assess the size distortions of the estimators in hypothesis testing. We conduct our analysis by focusing on non-Gaussian distributional scenarios that get gradually close to the Gaussian case. The latter is the case where ICA methods fail to recover the independent components. Although the ICA estimators that we analyze show similar pattern of performance, two of them — the fastICA algorithm and the pseudo-maximum likelihood estimator — tend to perform relatively better in terms of variability, stability across sub- and super-Gaussian settings, and size distortion. We finally present an empirical illustration using US data to identify the effects of government spending and tax cuts on economic activity, thus providing an example where ICA techniques can be used for hypothesis testing.
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Energy efficiency policies leading to energy demand reductions are a crucial component of ambitious energy transition strategies. However, rebound effects have been suggested to reduce energy demand reductions from energy efficiency improvements. Such effects have been studied extensively in the literature, but there has been less focus on the question whether (and if so, how) policy action can deliberately counter rebound effects. Also most of the existing literature focuses on households, while rebound effects also occur within industry. In order to address this knowledge gap, we build on the growing literature on policy mixes for transitions. Using a mixed methods approach combining macroeconomic modelling with qualitative stakeholder interviews and workshops, the paper investigates for Germany whether complementing an industrial energy efficiency programme with a number of other policy instruments can counter rebound effects. It assesses the economic impacts of the proposed policy mixes as well as their political acceptability. Our analysis finds that complementing a public funding scheme for industrial energy efficiency investments with other policy instruments can counteract rebounds, but faces a number of challenges in terms of acceptability. The paper argues for a more informed and honest policy and societal debate about rebound effects in order to boost problem awareness and agenda setting and to create a positive narrative around tackling rebounds. The main contribution of the paper is to show how important it is to take political factors into account in the design of policy mixes. It also showcases a mixed methods approach combining modelling with qualitative research which we see as very promising for analysing policy mixes.
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Energy efficiency programs for industry are important to reduce energy demand and GHG emissions. Rebound effects reduce intended energy savings. Against this background, various policy measures are modeled and combined for German industry to see how they can counter rebound effects. The efficiency program itself, the reinvestment requirement and carbon prices reduce energy use in industry. Higher carbon prices or energy taxes also reduce energy consumption and emissions in other sectors that are more price sensitive. Reimbursement of carbon pricing revenues via lower electricity prices can incentivize the shift towards electricity, but also towards more energy consumption. A combined set of policy measures for German industry can reduce energy use in industry by 5.2% against a baseline in 2030. The combined policy set will further reduce CO2 emissions, having only small effects on other sustainability indicators such as GDP and employment. In the future, rebound effects need to be considered in policy design. As the combined set will clearly miss the new national emission target for 2030, additional measures are needed together with a fundamental transformation of the energy system. To reach the targets of the Paris agreement, besides energy efficiency also clean energy supply, sufficiency and behavioral change are necessary.
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