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Abstract

:

Increasing demand for resources has been met with a new wave of resource efficiency policies worldwide. Such policies are, however, vulnerable to rebound effects when increased resource efficiency leads to additional resource use via behavioural and systemic responses. Yet, the implications of policy-induced rebounds are mostly unknown since most studies have focused on costless and exogenous efficiency improvements that are not linked to any specific policy intervention. After reviewing the literature, we provide guidance for the analysis of policy-induced rebounds. With regards to scope and method design, we highlight the untapped potential of life cycle assessment (to capture trade-offs between life cycle stages and environmental pressures) and macro-economic modelling (to reveal economic consequences beyond supply chain effects). We also find striking asymmetries in research efforts, leaving knowledge gaps for key resource efficiency strategies targeting, among others, materials, water, land, biodiversity, and waste. Lastly, rebound effects generally focus on a single resource, usually energy, and much is ignored about their implications in the context of resource interlinkages. A better understanding of such cross-resource rebounds is key to design and to assess the effectiveness of emerging policy paradigms such as the resource nexus and the sustainable development goals.
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1. Introduction


The increasing global demand for resources, such as energy, water, and materials, has been met with a new wave of resource efficiency policies worldwide [1]. In Europe, a reference document on resource efficiency policy is ‘The Roadmap to a Resource Efficient Europe’ (RREE) from the European Commission (EC) [2], as well the European Union (EU) action plan for the Circular Economy (CE) [3]. Both the RREE and CE identify potential measures for various resources and sectors. For example, the RREE specifically refers to increased energy and material efficiency in buildings and transport. The same roadmap, however, also highlights possible rebound effects that can lead to significant misestimates of the environmental effectiveness of policies [4]. For example, increased car travel in response to improved fuel efficiency [5] or increased water use following water efficiency measures in households and agriculture [6,7].



The rebound effect concept is based on the reinforcing relationship between resource efficiency and resource use [8,9,10], where efficiency changes are met with behavioural and systemic responses, such as consumer and market responses to price changes, which result in additional demand and resource use. Rebound effects are typically described as the % of resource savings that are offset once considering such additional resource use [11]. While the existence of rebound effects is widely accepted, there is disagreement about their magnitude. Estimates range from a moderate offsetting of environmental gains, to a complete elimination of such gains, depending on the boundaries, methods, scope, etc. adopted [11]. Here, we adopt a broad definition based on the environmental rebound effect (ERE) concept, which understands efficiency changes beyond input-output relationships and includes attention to multiple environmental pressures through a life cycle perspective [12]. The ERE can be defined as the additional demand and associated environmental burdens from behavioural and systemic responses to changes in environmental efficiency. Using the ERE, it is thus possible to study beyond ‘pure’ energy efficiency (e.g., more fuel-efficient engine) to broader resource efficiency measures (e.g., electric vehicles). Rebound effects are not only a matter of concern for academics, but also for governmental bodies and international organisations [13], and they have been even explicitly considered in policy design [14,15,16].



Despite the extensive and diverse literature dealing with the theoretical, methodological, and empirical aspects of the rebound effect [5,11,12,17,18], the study of rebound effects due to policy interventions is mostly unexplored. Barker and colleagues [19] state that rebound studies focusing on the effects of specific policies are scarce, and that such polices usually appear as components in wider cross-sectional studies. Gillingham and colleagues [20] further argue that the large majority of the literature has focused on what the authors call ‘Zero-Cost Breakthroughs’ (ZCB), while ‘Policy-Induced Improvements’ (PII) have received far less attention. ZCB are costless efficiency improvements that are not linked to any specific policy, such as an overall % increase in energy productivity that requires no capital investment, policy incentives, etc., whereas PII reflect the overall effect of a given policy. Moreover, the main body of literature has focused on the effects of efficiency improvements on direct energy use [11], disregarding other key resources, such as water, materials, and land, as well as the implications of adopting a life-cycle perspective [21]. In this vein, the EC has highlighted the importance of considering multiple environmental burdens across life cycle stages in order to holistically assess the impacts of policies, including trade-offs between resources and potential rebound effects [22]. Still, little is known about adverse rebound effects from resource efficiency policy in the broader sense.



This paper addresses two key questions: (1) what method guidance can be drawn from the literature to quantify policy-induced rebound effects; and (2) which specific resource efficiency policies are the most vulnerable to rebound effects? Addressing these questions will help to outline a complementary ‘roadmap’ regarding how to adequately quantify rebound effects and which specific policy areas and interventions deserve most attention. Ultimately, this information can help policymakers to achieve environmental targets more effectively through an adequate policy design and policy mix. This article is structured as follows: Section 2 presents a systematic review of studies that have addressed policy-induced rebound effects, focusing on valuable characteristics in terms of focus and scope. Section 3 reviews key resource efficiency policies in Europe in the context of potential rebound effects. Section 4 offers a discussion on how to address policy-induced rebound, and Section 5 concludes.




2. Rebound Effects from Policy: Lessons from Past Research


This section contains a critical review of the state-of-the-art research on policy-induced rebound effects. We carried out the review via online catalogues (Google Scholar and Web of Science) using the search criterion ‘(“rebound effect” OR “backfire” OR “rebound”) AND (“policy” OR “policies”)’. Moreover, we performed cross-citation analysis from the documents identified through the previous approach. We identified 11 studies, which quantified rebound effects from policy interventions. We present these studies in various subsections according to relevant characteristics: scope, product attributes, rebound mechanisms, and indicators. We further characterise each study in terms of the main drivers of the rebound effects analysed, with the aim of supporting a later discussion on potential vulnerabilities of resource efficiency policies. While we present reported rebound estimates in this and the following section to add context, comparison between estimates merits caution due to differences in method design, including focus, scope, and modelling frameworks: econometric, pseudo-experimental, input-output, etc. [11]. It is also worth clarifying that here, we do not focus on aspects related to the broader topic of policy impact assessment, such as time gaps, long-term effects, and cross-regional effects [23], which are nonetheless important and might also affect rebound estimations. For the review, we have excluded studies that did not address specific policies but rather overall economy-wide rebound effects, as well as those where efficiency changes were set exogenously, i.e., not linked to a specific policy or policy intervention. A summary of the review can be found in Table S1 in the supporting information.



2.1. Explicit and Consistent Scope: from Exogenous to Endogenous Technical Changes


Few studies have explicitly addressed policy-induced rebound effects [20]. Rather, the majority of rebound studies have focused on “exogenous” technical changes that occur regardless of policy intervention, and which are typically modelled as an arbitrary overall percentage improvement in energy efficiency. In contrast, some studies have explored “endogenous” technical changes that occur in response to policy, for instance the number of units sold of a new technology due to a policy intervention. When studying policy-induced rebound effects, the scope of analysis is generally consistent with that of the given policy, namely at the national or international level, and a set of associated endogenous technical changes are explicitly considered. A key benefit of such scope relates to the possibility to assess the effectiveness of a given policy when considering rebound effects, including whether specific policy targets are met.



Focusing on consumer goods and services, Wood and colleagues [24] analysed the efficacy of consumer-oriented policies in Europe via carbon footprints, with two case studies on specific diet and clothing interventions, such as shifts towards vegetarian diets and reduction of clothing demand. While such interventions did not take place, the authors built counterfactual scenarios based on expert opinions and in line with current EU policy. Such interventions were further linked to microeconomic (direct + indirect, see Table 1) rebound effects from monetary savings, with a magnitude in terms of carbon savings offset by rebound that ranged from 25% (shift to vegetarian diets) to 75% (reduction of clothing demand). In the latter case, the authors concluded that such large rebound was associated with the relatively low carbon intensity of the clothing sector with respect to the other expenditures that were increased. Freire Gonzalez [25] assessed past policy interventions by analysing the energy performance of energy efficiency policies aimed at households in Catalonia. The author calculated an economy-wide direct energy rebound effect of 35–49% from the introduction of more efficient appliances, mostly owing to notable economic savings.



With a focus on the transport sector, D’Haultfoeuille and colleagues [26] studied rebound effects from a feebate scheme introduced by the French government to promote the purchase of less polluting cars. The authors calculated an economy-wide rebound effect of ~35% in terms of CO2 emissions as a consequence of the introduction of this feebate, which arose from additional travel demand from the increased fuel efficiency. Moreover, the authors argued that the rebates were too generous, leading to notable additional expenditures by consumers and a high rebound effect. Other effects related to the increased fleet size and manufacturing scale, which were not labelled as rebound by the authors but could be considered as such, also thwarted the effectiveness of this policy. The calculated magnitude of these effects was ~120 and ~16%, respectively, and so the combined offsetting of the policy amounted to ~170%. This means that the policy would not have reduced CO2 emissions, in fact, net emissions would have risen by 70%, a case commonly known as ‘backfire effect’ [27]. With a similar focus, Hennessy and Tol [28] studied the rebound effect in terms of CO2 emissions from tax reform on new car purchases in Ireland. The results showed a direct rebound effect ranging from 37 to 61%, which stemmed from lower driving costs due to a notable shift from petrol to diesel engines.




2.2. Changes in Product Attributes: from Fixed Output to Comparable Functionality


More efficient products are often accompanied by additional features that influence their use, such as increased capacity and additional functions. According to Gillingham and colleagues [20], these features are critical to analysis of policy-induced rebound effects, as they constitute the context in which resource efficiency takes place. Additional features of resource-efficient products were assessed by Davis [29], who analysed the effects in water and energy consumption of a government-sponsored field trial in which high-efficiency domestic washing-machines were given free of charge to users. The new appliances were larger and gentler, and so more laundry could be washed in a single wash. Overall, the authors estimated that households increased volumes of laundry on average by ~6% after receiving a high-efficiency washer, including the direct effect from unitary cost reductions as well as from the possibility of washing larger loads. In a later study, Davis and colleagues [30] assessed a large-scale appliance replacement program in Mexico in which 1.5 million households received direct subsidies to replace their old refrigerators and air-conditioners with new energy-efficient models. The results were rather disappointing and were considered an ‘expensive way to reduce energy use’ (p. 26). New refrigerators caused a rebound effect of 72%, which nullified most of the predicted energy savings, whereas energy use in new air conditioners actually increased (backfire effect). The authors argued that the reasons behind such high rebound effects were the notable direct effect from economic savings as well new energy-intensive features of the new appliances. For instance, newer fridges included ice-makers, and newer air-conditioners featured lower cycle speeds for operating at night.



Aside from additional features, some authors have also suggested to include capital costs in order to account for changes in product expenditures and capital investments [31]. For example, while assessing the impact of Japanese energy saving policies, Mizobuchi [32] argued that improvements in energy efficiency should include capital costs. These capital costs would include capital investments by industries as well as energy saving products consumed by households, both in response to the restrictions of energy saving policies. Focusing on households, the authors calculated an economy-wide rebound effect in terms of CO2 emissions of 27% and 115% with and without capital costs, respectively. In other words, considering capital costs incurred by households was key in determining the magnitude of the rebound effect and its implications. Specifically, new more efficient products, such as air conditioners, water heaters, and cars, were generally more expensive than the old models, thus limiting effective income and associated emissions.



Other authors further argue that not only capital costs but the total cost of ownership, or life cycle cost (LCC), should be considered [33,34]. This would also include, for instance, end-of-life (EoL) costs such as waste treatment costs. The consideration of the LCC in rebound calculations has been included in the ERE [12], a framework in which the life cycle environmental burdens and costs can be consistently considered via life cycle assessment (LCA) and life cycle costing, respectively. Also in concordance with LCA, the ERE focuses on the ratio between environmental externalities (resources, emissions and waste) and a given functional unit or core function (e.g., travel) that is primarily demanded, rather than between physical inputs (e.g., energy use) and a fixed output (e.g., km driven), and this focus is consistent with including additional attributes. Lastly, a little researched aspect relates to ‘moral licensing’ effects associated with the perception of a product’s attributes [18,35], such as electric cars leading to additional travel and consumption due to the fact that users compensate ‘green’ with resource-intensive behaviour.




2.3. Rebound Mechanisms: from Direct to Macro-Economic Effects


Environmental policy generally brings about broad changes which can generate multiple types of rebound effects at multiple scales and at both consumption and production sides [17]. To illustrate the various mechanisms at play, Table 1 describes various potential effects in response to the introduction of a subsidy on electric vehicles by a given government with the aim of reducing the total cost of ownership (TCO) compared to conventional vehicles. The same mechanisms are applicable to other policies that ultimately introduce changes in consumption (e.g., time and socio-psychological costs) and/or production factors (e.g., capital and labour costs), for instance through energy productivity improvements and time-saving transport infrastructure. In light of such diversity of mechanisms and their potential consequences, rebound assessments that do not consider their full range may significantly misestimate the full size of the rebound effect. For instance, some studies show that the indirect effect can outperform the direct effect [34,36,37,38], while others show the importance of macro-economic effects in the overall magnitude [39,40].



The previously reviewed studies did not address macro-economic effects associated with market price, composition, and growth effects [17], which may have played a role considering the scale of the assessed policies. Macroeconomic price effects from bioenergy policies in the EU were analysed by Dandres and colleagues [41]. The authors found that, following a hypothetical introduction of biofuels, the reduction of domestic coal and lignite demand triggered a drop in prices and consequent increase in exports. This increase in exports caused a considerable rebound effect in terms of human health (45%), ecosystems (−69%), global warming (34%), and natural resources (20%). Dynamic macro-economic effects related to price changes, overall growth, investment, etc. were captured in two studies by Barker and colleagues [19,42]. The first study focused on rebound effects from energy efficiency policies and programmes in the UK, such as building regulations, appliance standards, and levies. After identifying specific technical changes in the household, business and public, and the transport sectors, the authors calculated an economy-wide macroeconomic energy rebound effect between 11% and 25%. According to the authors, key underlying reasons were the notable reductions in industrial costs and prices in energy-intensive industrial sectors as well as extra energy output being consumed by energy-intensive industries. The second study focused on voluntary climate change agreements from energy-intensive industrial sectors in the UK. Technical change was modelled through projected energy savings, including investments in energy-efficiency measures. The calculated economy-wide energy rebound effect ranged from 16 to 26% according to various scenarios. While these studies do not report fully disaggregated results by rebound mechanism (direct, indirect, and macro-economic), the results show that the combination of both indirect and macro-economic effects significantly outperformed direct effects. The authors identified the reduction in energy costs for producers as a key factor behind the overall rebound effect.




2.4. Indicators: from Direct Energy Use to Multiple Life Cycle Environmental Indicators


Rebound effects are typically expressed as an intensity variable, generally as the percentage of resource savings that are ‘taken back’ [11,43]. Moreover, they are represented in a single metric, commonly in terms of direct energy use or direct energy-related emissions. Consequently, not only is the absolute magnitude often ignored, but also the embodied impacts in the supply chains including the EoL as well as potential trade-offs between life cycle stages and environmental pressures. These aspects are key in the context of policy-induced rebound effects. The absolute magnitude allows contextualisation of the relevance of rebound effects, for instance, via cross-comparison or internal normalisation (e.g., between policies) or absolute normalisation (e.g., against a reference system such as global impacts, or against a desired state, e.g., comparing against planetary boundaries). Considering the embodied impacts of more efficient products is also key as it can shift the ‘break-even rebound threshold’ or the additional demand needed to offset environmental gains [44].



According to Font Vivanco et al. [34], the inclusion of embodied impacts can increase the rebound following two main mechanisms. Assuming that   r e b o u n d   e f f e c t =  (  1 −   a c t u a l   s a v i n g s   p o t e n t i a l   s a v i n g s    )  ∗ 100  , the first mechanism is the decrease in the potential resource savings of the improved technology, for instance through additional resource use associated with its production (e.g., additional insulation for a house with increased energy performance). The second mechanism is the decrease in the actual savings, for instance, when accounting for the indirect resource associated with additional expenditure increases. Lastly, understanding trade-offs is key to assessing the overall effect of a given policy, including environmental pressures not initially targeted [45]. All these aspects are the bread-and-butter of life cycle assessment (LCA), which is a fundamental component of the ERE. LCA can thus play a key role when calculating policy-induced rebound effects, including possible trade-offs and indicating where to act to minimize the burdens. LCA has many benefits for the study of rebound effects, for instance the consideration of the whole life cycle of products, the high technology detail, and the use of multiple environmental indicators (see Section 4.1.1), yet it suffers from limitations such as cut-off issues [46].



Regarding life cycle impacts, and consistent with the inclusion of capital costs, Mizobuchi [32] considered the life cycle or embodied CO2 emissions generated by the production, distribution, and consumption of various products related to energy saving policies. By accounting for these embodied emissions, the author could not only better assess the actual emission savings from the energy-efficient products, but also the emissions associated with additional expenditures. On the topic of environmental trade-offs, Font Vivanco and colleagues [47] also applied LCA to calculate EU-level rebound effects from various eco-innovation policies, such as those promoting diesel cars, transport sharing schemes, and high speed rail (HSR). For HSR, the authors used life cycle estimates of global warming, land use change, and abiotic depletion as indicators and found rebound magnitudes of 215, 91, and 227%, respectively. The wide range of magnitudes derives from differences in environmental performance as well as in the environmental intensity of general consumption, namely, consumption of all goods and services other than the studied product. For example, if the general consumption has a higher carbon content than that of HSR, the indirect effect, even with moderate economic savings, could easily offset any carbon reductions. This mechanism can have different implications for different impacts. The importance of such trade-offs in rebound analysis has been explored in a number of other studies [48,49,50,51], including the implications of using mid- and end-point indicators [52]. Regarding the latter, mid-point indicators (e.g., global warming potential) tell less about the actual impacts on humans and ecosystems yet are easier to trace back to their source (e.g., CO2 emissions from an exhaust), whereas end-point indicators (e.g., climate change impacts on biodiversity or human health) provide the opposite trade-off [53].





3. Resource Efficiency Policies and Rebound Effects


This section focuses on potential rebound effects from resource efficiency policies. In the previous section, we reviewed those studies that quantified policy-induced rebounds in order to provide guidance on aspects relating to scope and methods. This section rather departs from broad policy areas in relation to resource efficiency, and reviews the literature to examine whether policy interventions in such areas may be linked to rebound effects. The aim is to identify which policy areas merit attention, for instance, by being under-researched and/or by having the most potential to mitigate rebound effects. In other words, Section 2 focuses on how to quantify policy-induced rebounds, whereas this section focuses on to which policy areas attention should be drawn. It bears noting that we not only consider studies on policy-induced rebound (those identified in Section 2), but also broader quantitative and qualitative estimates for the purpose of discussion. The various mechanisms through which rebound effects can manifest in response to policy interventions are broadly described in Table 1. In the context of this study, we define a policy intervention as the implementation of a decision, such as a directive or a standard, which will ultimately lead to any sort of technical change, such as a new technology mix, a new technology, etc. We largely focus on a shortlist of policy areas and associated interventions as described in the RREE (see Annex in the RREE for a summary). Specifically, the RREE describes thirty-six policy areas according to four sectors (energy, food, buildings, and mobility) and nine resources (fossil fuels, materials and mineral, water, air, land, soils, biodiversity, marine resources, and waste). This section is structured according to three sectors: energy services and mobility, buildings, and food.



3.1. Energy Services and Mobility


Improving resource efficiency in delivering energy services is a key priority in EU policies. Some examples are energy efficiency standards in buildings and vehicles, consumer rights to obtain smart meters, and economic incentives for the uptake of second-generation biofuels. Rebound effects from increased energy efficiency in energy services are well-studied, particularly in the area of space heating and personal mobility, and, to a less degree, in freight transport, space cooling, and water heating [5,11]. Following energy efficiency improvements, such as more energy-efficient appliances and fuel-efficient vehicles, consumer-side direct and indirect effects stemming mostly from increases in effective income have been reported [11]. The average magnitude of these effects is thought to be in the range of 10–30% for energy and related emissions [17], although some studies report higher magnitudes, including backfire, when considering the life cycle of products and multiple indicators [21]. An important reason behind high rebound magnitudes is the consideration of capital costs, such as vehicle and appliance purchases, which have been reported to lead to notable indirect rebound effects [32,34].



Less studied mechanisms include macro-economic effects through market price [54], composition [55], growth effects [56] (see Table 1), or a combination of these, for example, due to energy efficiency improvements in households [19] and biofuels incentives [41] leading to price decreases. The overall magnitude of macro-economic effects is thought to be modest (10–25%), but it can vary depending on the targeted sectors (e.g., due to product and sectorial price elasticities), development levels (as energy services in developing economies are less saturated), etc. Other understudied mechanisms are psychological rebound effects through “moral-licensing” effects, for instance in hybrid car users, although current evidence is inconclusive [18,57].




3.2. Buildings


Rebound effects from energy efficiency improvements in buildings have been extensively studied, for instance due to the introduction of thermal insulation [58] or efficient boilers and lighting [37]. The identified effects range from direct to re-spending and macro-economic effects [11,42], and the average magnitude could range from 10 to 30% [5,17]. For renewable energies, some authors point to potential price effects (when these are cheaper) as well as psychological effects or “moral licensing” effects [59,60].



Re-spending and psychological rebound effects are also thought to take place in response to improvements in water and land use efficiency [61,62]. For example, notable reductions in consumers’ water bills have been reported following greywater reuse interventions [63] and the promotion of high-efficiency cloth washers [29]. Regarding land-use efficiency, according to Næss [62], more strict spatial planning regulations to reduce urban sprawl can lead to (1) increased leisure travel from economic and time savings and (2) increased vacation home ownership and use as a compensation for living in a urban environment. Material rebound effects have also been theorised in response to interventions promoting the use of recycled materials in construction. In particular, Bahn-Walkoviak et al. [64] suggest that the use of economically-favourable recycled construction materials could allow building larger buildings. Similar claims have been made for the case of using recycled materials as proposed by various eco-design instruments [65].




3.3. Food


Resource efficiency interventions in the food sector focus largely on water and land use. Water efficiency interventions are promoted in various policy initiatives, for instance through water savings in irrigation [2]. Berbel et al. [6] carried out a literature review on rebound effects of water saving measures. According to this review, various rebound mechanisms have been identified, such as irrigated acreage use expansion in response to irrigation efficiency subsidies [66], a shift to more intensive and higher value crops [67], and increased number of irrigation events [68].



Land use efficiency interventions in the food sector are sometimes linked to optimal animal protein intake. Wood and colleagues [24] found important income rebound effects following shifts to vegetarian diets in Europe. Similar results were found by Tukker and colleagues [69], who identified both income and economy-wide rebound. The latter related to “structural changes in the primary agricultural sectors, as well as changes in import and export volumes” (p. 1781), and the results showed that these outweighed income effects. Specifically, economy-wide effects related mostly to higher exports of red meat to compensate for lower domestic consumption. Another study on environmental impacts of switching to vegetarianism in Sweden, however, calculated notable income rebound effects of 96% for energy and 49% for greenhouse gas (GHG) emissions [70]. These figures lead to the thought that rebound effects for land use could also be significant due to the correlation found between land use and GHG rebounds [47].



Increasing efforts are being dedicated to preventing food waste generation along production and consumption activities, such as increasing awareness and promoting food donation. While the social benefits of such actions are undisputed, warnings have been made regarding direct and indirect rebound effects from economic savings [71,72]. Specifically, rebound effects from food waste minimisation in households have been estimated in the range of 50–60% [73,74].





4. Discussion: How to Address Rebound Effects from Resource Efficiency Policy?


In Section 2 and Section 3, we focused, respectively, on two key questions related to rebound effects from resource efficiency policy: (1) what is important to consider in terms of scope and method design when assessing the real impact of policy; and (2) which are priority policy areas in terms of potential rebound effects? In this section, we distil the key answers to these questions to discuss the most pressing issues to address rebound effects from resource efficiency policy.



4.1. Scope and Method Design


In terms of scope and method design, we note that, while all the aspects we deemed important have been approached in the literature, no single study considers them all (see Table S1 in the supporting information). This can lead to gross misestimates of the magnitude of rebound effects and, therefore, the overall impact of any given policy intervention. Among all aspects, the most underutilised are the inclusion of multiple life-cycle based environmental indicators and macro-economic effects (see Table S1 in the supporting information). Following, we address in more detail how to further integrate these aspects in policy-induced rebound assessments.



4.1.1. The Role of LCA in Policy Impact Assessment


Despite its potential role in the impact assessment of policies [45,75], LCA has been manifestly underutilised when assessing policy-induced rebound effects. Notwithstanding policies having usually a specific focus, understanding the broader implications of their implementation and the possible trade-offs associated with them is essential. At the EU-level, the Better Regulation communication [76] has been explicitly introduced in the so-called Better Regulation Toolbox, which describes LCA as an approach for improving the impact assessment of policies. Indeed, when the goal of the impact assessment is to assess the consequences of a policy, then impacts caused by various policy choices may be investigated through LCA against a baseline (or potentially multiple alternative baselines, such as various usage options for biomass other than bioenergy). Such an assessment should ideally assess impacts along the entire supply chains, at a global geographic scale, on all market sectors of the economy, and avoid burden shifting among life cycle stages in the supply chain and among impact categories.



Regarding the possibility of better assessing rebound effects with LCA, there is an evolving discussion related to the use of consequential LCA instead of attributional LCA. The former would focus on the marginal consequences of the analysed decision, whereas the later would focus on attributing environmental burdens to that decision [77]. Some authors further argue that rebound effects have no place in attributional LCA, as additional demand would be attributed to the additional functions generated [78]. In contrast, other authors argue that real-life LCA studies show that such distinction is not clear-cut [79], and that it is possible to use attributional features to assess the consequences (rebound effects) of decisions [80]. In fact, some authors argue that direct rebound effects (e.g., caused by price differences of the products or services compared) should always be taken into account in consequential LCA [81].



The decision of relying on attributional or consequential LCA may stem from the decision context, and it should be clearly reported in the goal and scope of any study. Decisions related to policies usually fall under the “situation B” identified by the International Reference Life Cycle Data System (ILCD) Handbook [82]. Situation B refers to decisions taken at meso- and macro-scales, where it could be more appropriate to build a consequential life cycle inventory model, which describes the supply chain as it is theoretically expected in consequence of the analysed decision, embedded in a dynamic technosphere that reacts to a change in the demand for different products. Situation B is thus best suited to approach market effects leading to macro-economic rebound (see Table 1).



Systematically assessing rebound effects by adopting holistic approaches such as LCA would be the ideal case for any future policy. Previous research shows how omitting life cycle stages, environmental indicators, and technology detail, can systematically misestimate the rebound’s magnitude. For example, the same economic rebound effect can vary notably across environmental indicators [34] and even across human-environment interaction levels [52]. Incomplete background systems and life cycle stages similarly lead to high uncertainty in rebound estimates [32,83]. LCA models and data can be used in various ways in the study of rebound effects [21]. For example, studies using direct resource use and/or emission coefficients can readily incorporate life-cycle environmental burdens by using pre-calculated LCA-based coefficients. Also, studies based on input-output analysis (IOA) and equilibrium models can benefit from additional technology detail by means of hybrid models where LCA data is used to (1) separately account for additional life cycle stages (e.g., use and EoL), (2) disaggregate generic sectors, or (3) expand the supply-chain system [46]. Additionally, the availability of multiple environmental extensions in life cycle inventories and characterisation factors in life cycle impact assessment models can also be applied to refine environmental extensions in IOA and equilibrium models [84,85].



Despite obvious strengths of LCA, it is also clear that challenges and research needs remain [75], especially when the assessment is not retrospective but it is meant to be applied to test policy options under future scenarios [86]. Some key challenges include data availability, the integration of macro-economic models into LCA (e.g., macro-economic modelling, see Dandres et al. [41]), and the comprehensiveness of the assessment and robustness thereof when addressing the introduction of new technologies (e.g., in prospective LCA, see [87,88]).




4.1.2. Macro-Economic Effects


Both LCA and IOA have been popular approaches to assess the environmental consequences of supply-chain effects from policy. Resource efficiency policies, however, bring about wider changes, which make the use of these methods alone insufficient. These changes can be aggregated into three broad types—market price, composition, and growth effects (see Table 1). Previous research indicates that such effects play an important role in the economy-wide rebound effect [42,89], and so ignoring these may lead to notable misestimating of the rebound’s magnitude. These effects can be assessed with the help of macro-economic tools such as the popular computable general equilibrium (CGE) models [90], which, despite their rather simplistic assumptions on optimal and rational economic behaviour [91], are well equipped to address, at least generically, both micro and macro-economic rebounds [42]. Some studies further suggest that integrating LCA and CGE modelling is a valuable undertaking, either to include dynamic effects (e.g., related to price changes) into a conventional LCA [92,93] or to include technology-specific environmental coefficients calculated via LCA into a CGE model [41,94]. LCA-CGE models have great potential to study rebound effects from policy, for example by combining a technology-rich assessment of new technologies with their associated dynamic effects related to changes in prices, productivity, etc. Despite such potential, the explicit modelling of rebound effects is an outstanding issue. Future LCA-CGE models for the study of rebound effects will have to reflect on previous approaches, namely those from Dandres et al. [41] and Barker et al. [19,42]. The study from Dandres et al. offers a good methodological basis for combining LCA with CGE, while those from Barker et al. provide an illustrative example to identify specific technical changes from policy and to endogenize these into a CGE model.





4.2. Knowledge Gaps and Research Priorities


In Section 3, we reviewed the state of knowledge of rebound effects from resource efficiency policies. This review helps us better understand which broad policy areas have been addressed in rebound studies, and which ones remain unexplored. The latter ones should be considered, along with other criteria, when designing future rebound studies. A summary of this review is shown in Figure 1, where we depict the degree of evidence currently available: extensive (rebound effects have been quantitatively assessed in various studies), moderate (rebound effects have been qualitatively addressed and/or quantitative estimates can be extrapolated), and scarce (some or no qualitative considerations). Research efforts have focused mostly on energy use and related emissions in energy services, mobility, and buildings, while some research has explicitly addressed water, land, and waste efficiency in the food sector. In any case, it merits noting that few studies have assessed rebound effects from actual policy interventions (see Section 2), but rather broader policy targets. In doing so, inferred conclusions can overlook the context in which policies are implemented, such as penetration rates, changes in prices, and public spending. The rest of the policy areas are largely unexplored, which means that detrimental rebound effects could go unnoticed. Following, we outline under-researched policy areas that merit greater attention based on the findings of studies that, while not explicitly addressing rebound effects, offer additional insights.



While material rebounds have received little attention, some examples suggest that these can be important. Material efficiency interventions are gaining momentum in EU policy, largely spurred by concepts of the circular economy. Some key strategies include environmentally-friendly material extraction, lightweighting, industrial symbiosis, and secondary material markets [2]. For example, some authors associate wider dematerialisation strategies (e.g., shift towards the digital economy) with strong rebound effects via overall economic growth [95]. The implementation of industrial symbiosis has also been linked to rebound effects in cases where new technologies are more efficient and/or fail to replace existing technologies [96]. Moreover, some authors estimate that material efficiency in building construction, including material re-use during demolition and minimising losses during construction, could decrease raw material extraction by 50%, in turn improving cost and productivity [97] and so producing production-side rebound effects [98]. Lastly, circular economy strategies, particularly those based on reuse and recycling, have been associated with rebound effects from both re-spending and failing to substitute primary production on a 1:1 basis [99,100].



Rebounds from water and land use efficiency interventions have been widely analysed for the food sector yet remain unexplored for other sectors. In this sense, it might be worthwhile to explore rebound effects from interventions to minimise the impacts of transport infrastructure on land use and land fragmentation, such as elevated and underground roads, and habitat corridors. It is also thought that fuel efficiency improvements in transport can cause land use (in addition to energy) rebound when a cheaper commute leads to increased city and household size [101]. Similarly, material rebound can be associated with land use rebound when cheaper construction materials lead to larger construction projects [64]. These and other synergies between rebound effects, sometimes called indirect cross rebound effects [51] or treated within the water-energy-land-food nexus framework [102,103,104], have rarely been explored, especially in the context of specific policy interventions.



Lastly, while soils, biodiversity, marine resources, and waste are key elements of resource efficiency policies in the RREE, very little is known about their links with rebound effects. For biodiversity, rebound effects have been described as a consequence of biodiversity policies [105], and similar principles can be explored for resource-efficiency policies. For waste, while only food waste has been approached so far, similar re-spending and psychological mechanisms can be explored for other economic sectors. For example, the promotion of biodegradable and recycled materials, such as bioplastics in packaging, could make consumers more careless about purchasing such products [106].





5. Conclusions


Rebound effects can lead to a significant misestimation of the environmental effectiveness of resource efficiency policies. To provide guidance for assessing the implications of policy-induced rebound effects, this paper carries out a literature review to address two key aspects: (1) how to design the scope and methods of any future study and (2) which policy areas are most vulnerable to rebound effects. Our review reveals that few studies have focused on policy interventions, but rather on ‘zero-cost’ measures that ignore the context in which efficiency improvements take place, such as public spending, capital costs, and new product attributes. We further identify key aspects relating to scope and method design and highlight the need of further research to focus on the role of life cycle assessment and macro-economic modelling. We also find striking asymmetries in research efforts: price and income-related rebounds have been extensively studied, whereas other mechanisms, such as time and ‘mental’ rebounds, remain largely unexplored. Rebound effects have also been extensively studied for energy and related emissions, but less so for other key resources such as materials, water, land, and waste. In addition, rebound effects are generally treated in isolation, and much is ignored about the interlinkages between resource-specific rebounds (e.g., energy and material rebound).



Our findings can guide future research on policy-induced rebound, which we believe needs to take place at the intersection between two critical dimensions: (1) alignment with emergent paradigms and associated policies, such as the nexus framework, the circular economy, and the sustainable development goals (SDGs); and (2) the expansion of the existing knowledge base. A relevant research avenue is the role of rebound effects in enhancing combined resource use through system linkages, which can be captured through emerging nexus frameworks [107], such as the water-energy-food nexus (WEFN) [108] and, more generally, the global resource nexus [109,110]. Modelling the interplay and interdependencies of the elements of the nexus is an open challenge; however, LCA could represent a pivotal method to be further expanded in this respect [111]. Indeed, LCA aims at systematically addressing resource uses, linking them to potential impacts and allowing for modelling competing uses (e.g., via system expansion), applying constraints to use, and comparing environmental profiles of different scenarios. Policy interventions based on the circular economy need also to be properly assessed in light of several warnings regarding potential rebound effects [99,112]. Lastly, it is worthwhile to explore the role of rebound effects in reaching SDGs, given that rebound can stimulate interlinkages between individual goals, such as economic growth and climate change mitigation.



We believe that our work demonstrates that further research on policy-induced rebound effects is much needed, provides guidance on scope and method design for future studies, and points to emergent policy areas where the rebound community must focus their efforts.
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Figure 1. Degree of evidence in the literature (extensive, moderate, or scarce) of rebound effects from policy interventions for policy areas defined according to targeted sectors and resources. 
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Table 1. Types of rebound mechanisms for the case of a policy promoting electric vehicles (EV). Based on Jenkins et al. [17].
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Type of Effect

	
Consumption Side

	
Production Side






	
Micro-economic

	
Direct

	
Income effect: Consumers respond to the increase in effective income by increasing the demand for EV.

	
Output effect: Producers that require EV as production factors (e.g., delivery companies) respond to the decrease in production costs by increasing the demand for EV.




	
Substitution effect: The lower driving costs make consumers prioritize driving EV over other goods and services.

	
Substitution effect: The lower driving costs make producers prioritize the demand for EV over other production factors, e.g., capital and/or labour.




	
Indirect

	
Re-spending effect: Saturation in the demand for EV cause consumers to spend the remaining effective income in other goods and services.

	
Re-investment effect: Limits to the use of EV as a production factor lead producers to investments in other production factors.




	
Macroeconomic

	
Market price effect: Aggregate increases in demand for EV at the microeconomic level can cause a decrease in EV’s market price, e.g., because of economies of scale, inducing extra demand for them from both consumers and producers.

Composition effect: Economic sectors using EV as a production factor can decrease its production costs, resulting in a decrease in the market price and subsequent increased demand for their goods and services.

Growth effect: Increases in productivity can, ceteris paribus, spur greater economic output and growth, either through sectorial reallocation of growth or overall growth via an increase in total factor productivity.
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