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The concept of the rebound effect is important in understanding the limits to how much technological efficiency improvements can reduce energy and resource consumption. However, due to the concept's focus on efficiency, it neglects other environmental implications of technological change. We use the term “induction effect” to grasp additional important mechanisms stemming from new technologies. We define an induction effect as an increase in the level of energy or resource consumption that was caused or enabled by the emergence of “new options” arising from technological change. Our investigation of three cases of new technologies - online consumption, smart homes, and pace of life - shows how including both rebound and induction effects into the analysis helps in understanding the relationship between technological change and energy and resource consumption. Integrating induction effects into the analysis underpins the importance of sufficiency as a strategy for sustainability and helps to develop comprehensive policy measures.
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1. Introduction

There is consensus in science that the increase in global environmental throughput needs to come to a halt and eventually decline if further transgression of planetary boundaries are to be avoided (Steffen et al., 2015; Rockström et al., 2023). One of the key challenges is to achieve sufficient absolute decoupling of economic activity, i.e., economic growth, from natural resource use and emissions (Parrique et al., 2019; Wiedenhofer et al., 2020). Prominent hope for such decoupling is placed in technological change in order to improve environmental efficiencies and realize circular economy patterns. Currently, particular hope is placed in the potential of digital technologies, including artificial intelligence, to further advance environmentally sound technological change (Lange et al., 2020; Kaack et al., 2022).

However, albeit continuous technological change, including widespread digitalization, key indicators of global resource use and emissions have still increased during the past years and decades (IPCC., 2021; Wolf et al., 2022). There is no evidence for sufficient absolute decoupling (Haberl et al., 2020). One of the reasons discussed in the literature are so-called rebound effects (Herring and Sorrell, 2009; Santarius et al., 2016). Rebound effects are unintended side effects from technological efficiency improvements that spur growth in demand or supply, which cancels out parts or all of the technological savings potential. The argument is that the efficiency improvements of new technologies are partly or even entirely countervailed by additional consumption and/or production of goods and services, shifts in the composition of goods and services, changes in the production methods applied, and behavioral changes of consumers, among others (Lange et al., 2021). Sufficiency is discussed as an effective strategy to prevent rebound effects because it ultimately aims to reduce the resource demands and emissions of individual consumers, organizations, and companies by trying to satisfy needs with less production and consumption (Herring, 2009; Best et al., 2022).

In this article, we develop the concept of the “induction effect” to grasp important mechanisms stemming from introducing new technologies. Efficiency improvements are not the only implication of technological change, and opinion is currently divided on the extent to which mechanisms stemming from efficiency improvements, or rather other mechanisms happening in the wake of technological change, can explain the failure in sufficient absolute decoupling.

We argue that – next to efficiency improvements - new technologies often introduce “new options” regarding production methods, product usage and changed behavior of individuals and firms. These inductions help explain another part of the increase in demand, which has so far countervailed reducing environmental throughput. Introducing the concept of the induction effect further underpins the role of sufficiency in achieving environmental sustainability. We show that sufficiency is an appropriate response not only to ever-increasing efficiencies (to rebound effects) but also to the continuous rise of new options (to induction effects).

The term induction effect has been used occasionally in the literature on the environmental impacts of new technologies, in particular regarding digital technologies (Hilty, 2008; Rattle, 2010). However, as we show in the literature review of this article, the term has never been clearly defined, nor has anyone developed a clear concept of the mechanisms leading to the effect. The first aim of this article, hence, is to develop a definition of the induction effect and of induction mechanisms. Given the body of literature that has used the term so far, and based on observations from our own empirical research on environmental effects of digitalization for absolute decoupling in three consumption domains, we do this by focusing on induction effects from digital technologies.

The second aim of this article is to highlight the relationship of the induction effect to the rebound effect and thereby improve the demarcation of rebound mechanisms from other mechanisms. More specifically, we start the analysis of this article by revisiting definitions of rebound effects and describing various rebound mechanisms arising from digitalization and then, detecting additional induction effects that we empirically observed. This leads us to set the induction effect as a phenomenon of technological change that functions complementary to the rebound effect. This clear definition and conceptualization of the induction effect contributes to rebound research, as it helps disentangle the energy and resource consumption debate on what is a rebound and what is not and helps sharpen the definition and understanding of mechanisms generating rebound effects. And it contributes to sufficiency research, as it helps specify the conditions of frugal consumption, including potential countervailing mechanisms.

Given these two aims, the article is structured as follows. In Section 2, we present our methodological approach before analyzing the literature on the rebound effect in Section 3. We point out that, within different strands of this literature, a debate is evident on whether the concept of the rebound effect should focus narrowly on mechanisms directly following efficiency improvements, or also include mechanisms beyond efficiency. In Section 4, we then introduce the concept of the induction effect. We analyze the few existing references to it in the literature, discuss its relation to the rebound effect and eventually, provide a clear definition of the induction effect. In Section 5, we underscore our conceptual work by use of empirical examples. We discuss environmental implications of digital technologies in three cases – online consumption, smart homes, and pace of life – to show how induction effects emerge, and how rebound and induction mechanisms are to be distinguished. We find that including both effects helps achieve a more comprehensive analysis of the environmental implications of technological change. In the discussion in Section 6, we develop a typology of different induction mechanisms and point out how considering the induction effect helps to improve the analytical basis for sufficiency-oriented policies. We conclude this article with a brief conclusion.



2. Method

This article is an outcome of the interdisciplinary research group “Digitalization and Sustainability.” We are a group of six researchers who have investigated the relationship between digital technologies and sustainability over a phase of 6 years. We have worked on the relationship between the rebound effect and technologies, using empirical investigations and conceptual and theoretical analyses. In our work, we experienced the strengths but also the limitations of the concept of the rebound effect in understanding how technologies spur energy and resource consumption.

The method of this article combines conceptual work with empirical work in three cases. It follows a two step approach. In the first step of the approach, we combine an analysis of the literature on rebound effects with a nascent stream of literature on induction effects to develop a clear definition of the induction effect and inductions mechanisms that provides a complementary concept to the rebound effect and rebound mechanisms.

In the second step, we put the usefulness of this definition to a test by use of three cases: online-consumption, smart homes and pace of life. The authors of this article have conducted empirical investigations on the sustainability implications of technological change in these three cases. The insights from these empirical investigations are used to indicate rebound and induction mechanisms for these three cases and develop a typology of induction mechanisms.



3. The rebound effect

The literature on the rebound effect and rebound mechanisms contains a controversial debate about which effects of technological change should be considered rebound effects and which are other effects of technology on the environment (Turner, 2013; Madlener and Turner, 2016). The modern debate on the rebound effect has a long tradition, reaching back to the 1970s. The literature started with a focus on economic mechanisms (covered in Sub-section 3.1). It then broadened in various directions. Two important extensions were to take psychological aspects into account (Sub-section 3.2) and to include rebound mechanisms stemming from time efficiency improvements (Sub-section 3.3). We conclude with discussion on what we consider is a rebound effect and what is not (Sub-section 3.4).


3.1. Economic rebound effects

We follow Lange et al. (2021) in differentiating between rebound effects and rebound mechanisms: “A rebound effect relates to the quantitative size of a (measurable) impact on energy consumption while a rebound mechanism is a qualitative relation, e.g., a cause-and-effect chain from an energy efficiency improvement to energy consumption” (p. 1). Rebound effects are often divided into direct and indirect rebound effects. Direct effects stem from mechanisms that raise the demand for the goods or services that experienced an efficiency improvement. Indirect effects relate to increases in the consumption of other goods and services. In Sorrell (2007), the sum of the direct and indirect effects makes up the economy-wide effect. Another classification is into rebound effects and mechanisms at the micro, meso, and macro level (Santarius, 2016). In Lange et al. (2021), microeconomic mechanisms refer to those in households and firms, mesoeconomic ones to those in markets and business sectors, macroeconomic ones to mechanisms on the country level. They added a fourth level of global mechanisms between at least two countries.

Most of the rebound mechanisms listed in relevant publications are related to energy efficiency improvements. The literature has indicated numerous such rebound mechanisms (van den Bergh, 2011). Lange et al. (2021) list 18 rebound mechanisms, limiting the list to mechanisms relating to economics. For example, for household appliances, the income mechanism describes how people use money saved by energy efficiency improvements to buy more of the same good or service or others. The substitution mechanism refers to how the consumer is using more of the good or service that experienced the energy efficiency improvement because it becomes relatively cheaper than other goods and services. On the firm side, money saved from energy efficiency improvements can be used to expand production. These initial mechanisms at the household or firm level work their way through the economy, via various additional mechanisms. For example, when many firms experience energy efficiency improvements, this can lead to lower prices of the goods or services they supply, leading to more sales, or higher energy efficiency can lead to lower demand for energy, lowering the price of energy, which in turn induces additional energy consumption elsewhere in the economy.

The debate on what is considered to be a rebound effect or a rebound mechanism and what is not is controversial (Gillingham et al., 2013; Turner, 2013). The central question is whether only such mechanisms that directly and causally follow from an efficiency improvement should be considered rebound mechanisms, or also any associated mechanisms. The literature contains diverse understandings about “the extent to which energy efficiency improvements should be considered independently of any associated improvements in the productivity of labor and capital” (Sorrell and Dimitropoulos, 2007, p. 131). New technologies often go hand-in-hand with energy efficiency improvements, increased labor, capital productivity, or the ability to produce new products. For instance, Holm and Englund (2009) used the term “gross rebound effect” to include such broad effects when comparing energy intensity of GDP and demand at the macro-economic level.



3.2. Psychological rebound effects

Although the study of rebound effects and mechanisms commenced in the domain of energy economics, rebound research has been extended to other disciplines for more than a decade (Santarius et al., 2016). These studies have resulted in additional rebound mechanisms being identified at the consumer level. A systematic categorization and ordering of interdisciplinary rebound mechanisms are still lacking (Font Vivanco et al., 2022), yet a review on indirect rebound effects at the consumer level contributed insights on psychological mechanisms (Reimers et al., 2021).

Psychological rebound effects - also called “motivational rebound effects” (Santarius and Soland, 2018) or “mental rebound effects” (Girod and de Haan, 2009) rest on the assumption that energy efficiency improvements do not only have a “price content” (Khazzoom, 1980; Girod and de Haan, 2009) but may also have symbolic and behavioral content (Santarius, 2015). Santarius and Soland (2018, p. 415) define a psychological rebound effect as “an increase in energy service demand due to a change in consumer preferences that can be attributed to an increase in technological energy efficiency.” Reimers et al. (2021) delimit psychological mechanisms from economic mechanisms in rebound effects: whereas the economic mechanism describes income and substitution mechanisms that do not require active reflection of one's moral goals, psychological mechanisms include psychological rationalization processes reflecting on the morality or sustainability of one's own behavior.

One such mechanism is referred to as moral licensing: the purchase or use of a more efficient technology is perceived as a good deed that licenses increased preferences for the purchase or use of that technology, or of other technologies. For example, a person that bought a very efficient car or electric vehicle might feel that driving it more than the previous conventional car is morally legitimate. This licensing mechanism is also described under the terms of mental accounting (Hahnel et al., 2020) or negative spillover effects (Truelove et al., 2014; Nilsson et al., 2017).

Additionally, the diffusion of responsibility is a psychological rebound mechanism (Santarius and Soland, 2018). Due to the purchase or use of efficient technologies, consumers may perceive that the responsibility for protecting the environment diffuses to other agents, such as to the engineers, policy makers, or other consumers as potential adopters of those efficient technologies. This diffusion of responsibility, in turn, can give way to a more intensive use of that technology. Another psychological mechanism can stem from consumers' perception that behavioral costs, i.e., the monetary, social, or emotional consequences of using an inefficient technology, shrink when that technology becomes more efficient. Accordingly, taking a ride with a very efficient car or an electric car simply to get bread rolls at the next corner might be perceived as less costly and less frowned upon by neighbors, and may feel better compared to doing so with a dirty combustion engine.

However, it can be controversially debated what part of that demand increase stems from the technological efficiency improvement, i.e., the reduction of behavioral costs, and is therefore to be considered a rebound effect. There may be other (psychological) explanatory mechanisms, for instance, additional rides might be triggered simply by the new design of the car (a “feel good factor”) or by additional functionalities such as driver assistance (new consumption options).



3.3. Time rebound effects

A further distinct research strain investigates time rebound effects. These rebound effects rest on the assumption that technological efficiency improvements may also bring about changes in the time available for consumption. Hence, compared to economic and psychological rebound effects, the input factor considered is not energy or resources, but time.

The aspect of time was introduced by Binswanger (2001) and Jalas (2002). Building on those foundations, Brenčič and Young (2009), Druckman et al. (2012), and Buhl and Acosta (2016) analyze how time efficiency improvements impact energy service demand. For instance, Buhl and Acosta (2016) show that time gains are reinvested in resource-intensive leisure activities and hobbies such as various sports activities or eating out. With a broader scope, Buhl (2016) and Geiger et al. (2021) discuss how time efficiency improvements impact the general pace of life. In that sense, a time rebound effect can be defined as an increase of actions per unit of time that has been caused or at least enabled by an improvement in time efficiency (Santarius and Bergener, 2020).

Four time rebound mechanisms have been identified [see Bergener and Santarius (2021)]. These mechanisms build on explanatory factors found in sociological theories of social acceleration - which is the global phenomenon of an increase in the number of actions per unit of time (Rosa, 2013). First, technologies may be applied to multitasking, i.e. to doing several things at the same time. For instance, media technologies from radio over TV to today's video streaming can be done in parallel to cleaning the house or meeting friends. Second, technologies can be applied to perform activities faster. For instance, the invention of the washing machine most likely led to large rebound effects (backfire) due not only to reductions in energy demand and costs but also to savings in time (see also Davis et al., 2012). Third, technologies can be used to productively fill transfer and waiting times. For instance, the smartphone can be used to do job-related work while being in the bus or metro. And fourth, technologies can be used to replace time-intensive activities with time-saving ones. For instance, time efficiency gains achieved by taking the plane instead of the car or train may result in more trips overall.

However, as with the other two group of rebound effects, the debate continues on whether those four basic mechanisms necessarily all rest on time efficiency improvements and should therefore be considered as rebound mechanisms. If an efficiency improvement is generally understood as optimizing an input-output-ratio, then filling waiting times or multitasking might not result from needing less time to complete an action (i.e. time efficiency) but rather from using time more flexibly to perform such actions. Moreover, media technologies in particular open up new options for flexible time use, such as communicating asynchronously with other people or shopping or watching videos and news anytime, anywhere, rather than complying to infrastructures such as opening hours or a set TV program.



3.4. What is a rebound and what is not?

Within the debate on rebound effects and mechanisms, two aspects should be noted. First, the borders of argumentation between economic, psychological, and time rebound mechanisms and effects are blurred. For instance, with reference to Becker (1965), time can be considered an input factor in (household) production functions that is interlinked with, if not substitutable by other inputs such as capital (Jalas, 2002). And Frick (2022) points to the psychological construct of “behavioral costs,” which include not only financial expenses but also the perception of physical, mental, and temporal effort to perform a given behavior (Verhallen and Pieters, 1984).

Second, hotly contested is whether aspects such as time rebound mechanisms should actually be regarded as part of the rebound debate or the term “rebound” should be restricted to energy and resource efficiency improvements. This debate is closely related to the question of whether additional energy consumption due to labor productivity increases, which accompany new technologies that increase energy efficiency, should be counted as part of the rebound effect (Sorrell and Dimitropoulos, 2007).

The important aspect for this article is that there are controversial debates on what to include as the rebound effect. Some scholars keep a narrower focus to clearly define the rebound effect as the increase in energy and resource consumption directly related to efficiency improvements. Others, however, take a wider definition, probably to grasp more of the relevant mechanisms stemming from new technologies. We propose to follow the first option - to restrict the rebound effect to mechanisms stemming from efficiency improvements.

Following a definition of the rebound effect that is limited to mechanisms from increases in efficiency facilitates analytical clarity. But with such a narrower definition, several mechanisms that are important in explaining the limitations of technological change to improve environmental sustainability, are left out. We introduce the term induction in addition to the term rebound in order to achieve a clear and restricted understanding of the rebound effect while at the same time taking into account the major impacts of technological change on energy and resource demand. The next section develops the concept of the induction effect.




4. The induction effect

The induction effect has been used occasionally in the literature on the environmental impacts of new technologies, in particular regarding digital technologies. The term is often not clearly defined, and its relation to the rebound effects is described differently across articles. In the following, we analyze existing use of the term and descriptions of its relation to rebound effects. We then argue for a definition of the induction effect that focuses on new options brought about by technologies and that sets the induction effect as a phenomenon complementary to the rebound effect.


4.1. Origins of the induction effect

Early descriptions of the induction effect mainly give examples, while not clearly defining the term. Hilty (2008) is the first to describe the induction effect as increased demand for existing products and goods due to the introduction of digital technologies. As an example, he cites the introduction of (efficient) printers, which resulted in an increase in paper consumption: “[...] today's PC and printer technology enables the user to print out hundreds of pages with just a few mouse clicks” (Hilty, 2008, p. 38). He puts forward a second example regarding more traffic arising from the introduction of digital technologies: “People who get to know each other via the Internet may want to meet some day in person” (Hilty, 2008, p. 133). While Hilty does not clearly define the induction effect, Mickoleit (2010) does provide a definition, referring to an example similar to that of Hilty: “Induction effects can occur if ICT products help to increase demand for other products, e.g., efficient printers may stimulate demand for paper” (p. 9). This definition is broad and does not explain the mechanism behind the induction effect.

Rattle (2010) developed a categorization with two additional effects next to the induction effect. He defines induction effects as “greater use of an existing product, process, or activity” (chapter 6). As an example, he cites “a satellite dish resulting in an increased availability of content [that] might induce increased television viewing” (chapter 6). This description follows the same logic as that of the direct rebound effect, as the use of a technologically changed good or service is increased. Rattle also introduces two further effects: the supplementation effect and the creation effect. In contrast to induction effects, supplementation effects stem from new products related to information and communication technologies (ICT) that complement existing products or services, for example, “a printer [...] would supplement a computer or Internet access, providing an outlet for their increased use” (Chapter 6). Rattle hence distinguishes between the induction effect and the supplementation effect in terms of the product whose consumption is enhanced (an existing product vs. a, for the consumer, new ICT-based product). This distinction is similar to that between the direct and the indirect rebound effect (see Sub-section 2.1). The third effect he identifies is the creation effect, which results from new ICT products being applied in new fields created by ICT. Recent examples of the creation effect include machine learning as an application of artificial intelligence, or cryptocurrencies as an application of blockchain technology. Hence, this third category focuses on the application of a certain product type (ICT products) in the rest of the economy and is therefore only helpful when focusing on the specific set of ICT technologies.

Røpke (2012) gives a first idea of what the mechanism might be that defines an induction effect - convenience and making things easier. She argues that “ICT application stimulates increased use of a product or service” (p. 1634) and provides possible explanations of how the additional demand for other goods and services arises, namely that technologies improve convenience and make it easier for people to consume. Our definition builds on a similar understanding.



4.2. Relation between rebound and induction effects

The relationship between rebound and induction effects is (often implicitly) displayed differently. Several authors argue that the induction effect is a more general response to technological change than the rebound effect. According to Gossart (2015), the difference between rebound and induction effects lies in the different underlying mechanisms of “pure energy efficiency improvements [i.e. drivers of rebound effects] and technological changes that include energy efficiency improvements [i.e. drivers of induction effects]” (p. 5). Røpke (2012) also describes the induction effect as “more general than the rebound effect” (p. 1634).

In contrast, Rattle (2010) and Aebischer and Hilty (2014) see the induction effect as part of the rebound effect. For Rattle (2010), the rebound effect encompasses all three effects (induction effect, supplementation effect, creation effect) as described above. Aebischer and Hilty (2014) see the induction effect taking place on the micro level, while the rebound effect occurs on the macro level. These understandings of Rattle as well as Hilty and Aebischer are however both unsatisfactory. Rattle's understanding includes the possibility that all mechanisms stemming from technological change could be regarded as rebound effects. Hilty's and Aebischer's view contradicts the literature on the rebound effect, as rebound mechanisms have long been understood to (also) occur at the micro level (Khazzoom, 1980, 1987) and work their way through the economy (Lange et al., 2021).



4.3. Definition of the induction effect

We propose using an understanding of the concept “induction effect” that can be combined with the concept “rebound effect.” This understanding necessitates that the two effects originate from different types of mechanisms and that one can distinguish and delimit their impact on energy and resource heuristically.

We follow the main line of reasoning in the rebound literature that any rebound mechanism rests on the explanatory factor of changing input-output-ratios; rebound mechanisms stem from technologically facilitated efficiency improvements. As already described, there are controversial debates on whether the rebound effect should be understood in relation to only energy and resource efficiency or also to other efficiencies, such as time, effort, or other types of inputs. We show that, even when a broad understanding is applied, many important impacts of technological change on increased energy or resource consumption cannot be captured by the concept of the rebound effect. And, thus, including the induction effect is expedient.

In contrast to rebound mechanisms, induction mechanisms stem from new options. Several authors highlight the importance of new options leading to consumption increases while not calling the result the induction effect. Walnum and Andrae (2016) argue that, with the introduction of cloud computing, “new consumption (and production) options [emphasis added] that were not available earlier” (p. 237) appeared, ultimately leading to increased energy consumption (the authors do not call this phenomenon the induction effect). This mechanism of increased choice of options leading to increases in electricity consumption is also described by Røpke et al. (2010): “[...] the introduction of the internet [...] opened up a whole new range of possibilities. With the development of laptops, other mobile devices and mobile access to the internet, the number of applications is escalating” (p. 1767).

Several authors have used similar understandings of the induction effect referring to options: Hilty (2008), for example, describes how ICT infrastructure induces “[...] globalization of markets and distributed forms of production [...]” (p. 38). Following this logic, the creation effect described by Rattle (2010) as “a new niche or application for a new ICT product” can also be designated as an induction effect. This can be seen, for example, in the wide range of new application options in various areas such as the home, in production or in the transport sector that have arisen as a result of the introduction of machine to machine communication. Pohl et al. (2019), following Walnum and Andrae (2016), similarly define the induction effect as” changes in user behavior that can be attributed to an increased choice of options” (p. 700).

We build on such understandings and suggest a definition that may serve as a guideline to further investigate the induction effect and related mechanisms both in production and consumption: An induction effect refers to an increase in the level of energy or resource consumption that was caused or enabled by the emergence of new options arising from technological change.

Our understanding of the induction effect is based on investigations on three cases, which we conducted over 6 years. These studies and our results are described in the next section.




5. Three cases

We have investigated the relationship between technological change and energy and resource consumption for three cases: online consumption, smart homes and the pace of life. We found that efficiency improvements and the rebound effect were limited in their ability to explain the effects we observed. We ascertain that including the aspect of new options and the induction effect allows a much wider range of mechanisms to be considered and, thereby, improves understanding the interplay between technological change and energy and resource consumption.


5.1. Online consumption

Online shopping is becoming increasingly popular. For instance, more than 75% of the population in France, Germany, and Finland ordered or bought goods or services over the internet in 2021, and this share reached at least 80% in Luxembourg, Sweden, Ireland, the Netherlands, and 91% in Denmark (Eurostat, 2022).

Improving the sustainability record of the online/e-commerce sector is a complex process. Most of the sector's CO2 emissions originate from the last mile, shipping, and from returns and the increase in packaging waste, whereas warehouses and distribution centers usually only contribute a small part to the total greenhouse gas emissions of online purchases (Zimmermann et al., 2020). Whether e-commerce is indeed more efficient than in-store commerce depends on a number of factors: the means of transport used to get the product from the seller to the customer (e.g., last-mile delivery), the ICT infrastructures of online shops, the size of shopping baskets, the share of return rates, and the type and quantity of packaging (Zimmermann et al., 2020). Of these factors, transport is the most decisive in any comparison of greenhouse gas emissions from e-commerce or in-store shopping, i.e. whether transport associated with online shopping actually replaces transport for in-store shopping or comes on top. The e-commerce sector's hopes to win in this comparison mainly revolve around the sector's capacity to lower environmental impact by optimizing the shipping process.

In our research (see Box 1), we have found that several mechanisms are involved in how online consumption leads to overall more consumption and, thereby, to more energy and resource use. E-commerce allows users to purchase almost any product or service, from anywhere in the world, at any time. Online shopping means that opening hours, choice restrictions, or product characteristics such as size and weight are no longer a barrier to consumption. This breadth of choice increases the efficiency of purchase behavior (Voropanova, 2015), but it also increases the number of product options and opens up new possibilities for purchasing. Accordingly, some of the associated mechanisms are rebound and some are induction mechanisms.


Box 1. Our studies on online consumption.

In a cross-sectional three-study design, we measured self-reported consumption levels of clothing (N = 883), digital devices (N = 860), and leisure travel (N = 976), purchase intentions and perceived behavioral efficiency gains of online-shopping (Frick and Matthies, 2020). Moderation analyses tested whether purchase intentions and efficiency gains predicted higher consumption levels: Online shopping was perceived to have lower behavioral costs than in-store purchasing, except in searches for transport alternatives (e.g., bus, train). Perceived behavioral efficiency gains of online shopping were not linked to higher clothing consumption levels, but they were linked to higher consumption levels in case of digital devices and travels.

Frick et al. (2020): Another study based on the same sample examined how perception of consumption-promoting online content influences individual consumption levels of clothing, digital devices, and leisure air travel, as mediated by individual aspiration levels and personal and social norms. Structural equation modeling confirmed relationships between perceived consumption-promoting online content and consumption levels, fully mediated through aspiration levels. Sufficiency-promoting online content is associated with higher social and personal norms for sufficiency, but neither of the latter are linked to aspiration or consumption levels.




5.1.1. Rebound mechanisms

On the rebound mechanism side, the fear is that online environments make consumption so effortless that they stimulate excessive and unsustainable consumption. For most people, the behavioral costs of online shopping are perceived to be lower than behavioral costs of shopping in-store (Frick and Matthies, 2020). In some cases, the decrease of behavioral costs is also linked to higher consumption levels (Frick and Matthies, 2020). Decreased behavioral costs for shopping online may also lead to more purchases in other areas. For example, even if e-commerce decreased the number of shopping trips [although research by Buldeo Rai (2021) suggests that these trips do not decrease], other passenger trips may increase due to additional time for alternative activities (Smidfelt Rosqvist and Hiselius, 2016). Such decreases in behavioral costs can be covered by the concept of the rebound effect, as they relate to changes in the ratio between effort/time/money and the good or service purchased.



5.1.2. Induction mechanisms

In addition to the rebound mechanisms, online consumption also involves various induction mechanisms. Digital consumption options provide consumers with a wider product collection. New consumer worlds and sales platforms appear, many of which offer almost unlimited product catalogs. If such larger product catalogs lead to more consumption, an induction effect has arisen, an effect due to new options - in this case, the option to buy products that were not available before.

Another mechanism is related to the increasing use of mobile phones for shopping. Mobile phones allow consumers to buy at any time and from anywhere (Lange and Santarius, 2020; Li et al., 2020). In an empirical study, individuals changing from a stationary to a mobile device increased their online shopping level and frequency (Wang et al., 2015). As online purchasing in the middle of the night or while waiting for a bus is a new consumption option, this option can be considered an induction effect. However, this example shows that it is sometimes ambiguous whether a phenomenon is due to efficiency - and hence a rebound - or new options - and hence an induction effect. Does shopping at any time make the shopping process more efficient or is it a new option? In this case, we argue for the new option because the central aspect is not to save time but to consume at a moment in which consumption would otherwise not have been an option.

Further, online marketing strategies can increase consumption levels and accelerate consumption cycles. Retailers are increasingly making use of online marketing. In 2021, 455.30 billion US dollars were spent on digital advertising, 61% of total media advertising spending (Cramer-Flood, 2021), leading to a ubiquity of commercialized messages and high daily exposure to advertising for the average internet user. As a result, not only online sales but also over-the-counter retail sales of clothing were positively linked to online advertising expenditures, bringing greater returns than traditional advertising (Dinner et al., 2014). Additionally, authors of the present article showed in Frick et al. (2020) and Frick et al. (2022) that perceiving online advertising was correlated with individuals' consumption desires and actual consumption levels. The impacts of online advertising by online retailers on increased consumption levels are induction mechanisms, as the internet offers new marketing options that attempt to increase consumption desires and levels.

An increasingly important reason why online marketing may be extremely potent in increasing consumption is personalization, enabled by new data analytics: Advertising can be personalized by showing certain groups of people advertising that fits their sociodemographic and/or psychometric profile, or advertising from retailers located in a viewer's geographic vicinity. It can also be personalized by retargeting (advertising products or shops people recently visited online), a method shown to receive more clicks than non-personalized banner ads (Bleier and Eisenbeiss, 2015). Accordingly, evidence has shown that the perception of personalized advertising is associated with an increased desire to buy (Frick et al., 2022). Personalization is considered to be an induction mechanism as it has arisen from new options to target commercials.

Another increasingly important mechanism is influencer marketing, which is only possible due to social media: The influencers with the strongest reach on social media channels mainly advertise fashion trends, status consumption, and luxurious lifestyles, while sustainable products, ideas, or lifestyles are hardly discussed (Werg et al., 2021). Not surprisingly, this new type of marketing has been shown to stimulate purchase intentions (Jiménez-Castillo and Sánchez-Fernández, 2019). These examples show that new technologies have not only increased the amount of money being spent on commercials but also changed the quality of advertising, leading to more consumption. In addition to the personalization of advertising and influencer marketing, digital advertising strategies such as search engine optimization (SEO), big data, and tracking can also encourage impulsive buying, another main cause of excessive consumption (Zafar et al., 2021).

Overall, the case of online consumption shows that including aspects of additional options and, hence, induction mechanisms allows a much larger set of mechanisms to be incorporated in empirical investigations. The induction mechanisms we encountered - a wider product collection, consumption at any time from anywhere, and various new online marketing possibilities - deliver key explanations for how online consumption can lead to more energy and resource demand.




5.2. Smart homes

The second case regarding the relationship between rebound effects, inductions effects, and energy consumption is smart homes. Smart homes contain a variety of networked devices in the home, such as radiator thermostats, windows sensors, smart plugs, smart TV, voice command devices, cameras, smart washing machines, and many more (Berry et al., 2007).

The question of how smart homes may contribute to reducing energy and resource consumption in the house has been discussed in various research disciplines (Marikyan et al., 2019; Sovacool and Furszyfer Del Rio, 2020). The results are ambiguous in terms of absolute energy and resource savings (van Dam et al., 2013; Tirado Herrero et al., 2018). This ambiguity arises from the idea of the automated and connected smart home serving several purposes at the same time, e.g., the potential technical approach to lowering households' energy demands (Balta-Ozkan et al., 2014) and related greenhouse gas emissions (Sintov and Schultz, 2017; Riekstin et al., 2020) while also providing consumer needs such as comfort and convenience (Strengers et al., 2020). Our research shows that smart home users in Germany do not prioritize the overarching goal of environmental and climate protection (Quitzow and Rohde, 2021). This finding is related to our findings that, to justify the appropriateness of smart home technologies, politicians highlight the environmental benefits while the smart home industry emphasizes notions of comfort, convenience, and control (Rohde and Santarius, 2023). And a social media discourse analysis shows that, while critical actors dominate the public online discourse, they do not focus on environmental aspects but rather on issues such as surveillance, privacy and data protection, and cyber security (Rohde et al., under review).

The hope related to smart homes is - as for online consumption - one of efficiency. Most importantly, smart home systems have the potential to save energy by optimizing energy-consuming processes through sensors and intelligent (learning) algorithms (van Dam et al., 2013; Habibi, 2017). These smart applications include regulation of room temperature, e.g., by smart thermostats or smart window control; lighting control depending on room occupancy, e.g., by occupancy based lighting or smart lighting; recommendations for energy savings through visual feedback, e.g., home energy monitoring. Furthermore, the optimization of overall energy consumption by combining different smart home technologies in the smart home is expected to contribute to energy savings (IEA 4E., 2018). Smart home research has found an average heating energy reduction of 4% with smart heating control (Rehm et al., 2018). While some users in the field test achieved energy savings of up to 30%, others had an increase in energy demand of more than 25% (Rehm et al., 2018). Other results from agent-based modeling showed smart energy feedback information could help users reduce their electricity consumption by up to 2% (Walzberg et al., 2017).

In empirical studies (see Box 2), we found that several mechanisms can potentially diminish the energy savings from smart homes. From an environmental perspective, the drivers include the energy and resources from producing smart home technologies (Pohl et al., 2021). From a socio-technical perspective, they include changing lifestyle expectations on comfort, convenience or cleanliness, and related changes in user behavior (Tirado Herrero et al., 2018; Nicholls et al., 2020) due to digital technologies in the home. These mechanisms can again be captured to be either rebound or induction mechanisms.


Box 2. Our studies on smart homes.

We conducted an interdisciplinary smart home study, which integrated concepts and methods from the fields of environmental assessment, environmental psychology, sociology, and science and technology studies. Our empirical insights are based on a quantitative survey with smart home owners in Germany with a smart heating system (N = 375), 12 user interviews, and a life cycle assessment that accounted for differences in user behavior. In addition, we conducted a twitter data analysis and a document analysis (Frick and Nguyen, 2021; Pohl et al., 2021; Rohde and Santarius, 2023).

Major findings are that the energy consumption due to the production and use of smart heating would necessitate at least a 6% reduction in energy consumption in heating in order for it to be environmentally beneficial. But smart home households purchase and use additional smart devices so that the reduction in energy consumption from heating would have to be even bigger. The quantitative survey shows that aspects such as safety, making everyday life easier, practical operation, convenience and financial savings are important motives for using smart home systems (Frick and Nguyen, 2021), which is one explanation for the large number of smart home devices that do not aim to reduce energy demand but to increase controllability and comfort (Strengers et al., 2020; Quitzow and Rohde, 2021). The findings show that four smart home user groups can be identified: enthusiasts, pragmatists, energy savers, and skeptics (Frick and Nguyen, 2021). Through a combination of quantitative network analysis and qualitative content analysis, we were able to reveal five discourse coalitions that form around certain storylines, namely “Threat”,” Hackable”, “Useless”, “Fixable”, and “Opportunity”. It became evident that the most influential actors in the German online discourse were taking a critical stance toward the smart home (Rohde et al., under review).




5.2.1. Rebound mechanisms

If smart homes lead to savings in heating energy, people also save on money. This saving can be linked to a rebound mechanism: the income mechanism. People can use the saved money either on heating more or on consuming other goods and services.

The fear that the use of smart homes may lead to people making rooms warmer, or may increase the number of heated rooms in the household, can also be grounded on a psychological rebound mechanism, e.g., on moral licensing or diffusion of responsibility: As smart heating is supposedly energy saving, people might be inclined to heat more, as they think to have done their contribution by buying an automated heating already. And indeed, qualitative results of authors of this article suggest psychological rebound effects, such as pre-heating rooms or turning on heating in rooms that respondents said they would otherwise not heat (Rohde and Santarius, 2023).

However, a quantitative smart home survey did not reveal these rebound effects. It did not reveal any significant differences in heating behavior, with an average room temperature of 19.43 °C for the smart home sample and 19.45 °C for the control group (Pohl et al., 2021). Smart homes did not seem to entice users to increase room temperature.



5.2.2. Induction mechanisms

Instead, a major effect on the environmental impact of smart homes stems from the use of additional smart home devices, new options that do not contribute to energy savings in the home but instead provide other smart home services, such as comfort, security, or control. Based on our definition, these are induction mechanisms, as the application of these devices is due to new technological options not previously available. In our online survey, we found that smart home users with smart heating have, on average, eight additional smart home components, such as smoke detectors, humidity sensors, or cameras (Pohl et al., 2021). We estimated how much heating energy needs to be saved to offset the additional energy consumption due to additional devices in a smart home. The results showed that smart heating can only contribute to overall savings of greenhouse gas emissions and primary energy demand when the associated devices can help save at least 6% of a household's annual heating energy. Hence, the potential overall energy savings due to smart heating are significantly reduced by the environmental impact of producing and operating additional smart home devices that serve other goals.

These induction mechanisms can be rooted in raising expectations and new consumer needs, such as energy-intensive ideas of cleanliness and wellbeing that exacerbate householder anxiety about cleanliness and increase energy consumption (Shove, 2003; Nicholls and Strengers, 2019). Research found that robotic vacuums, for example, could act as a “gateway” appliance to the adoption of other automated home cleaning appliances introduced to the smart home market (Nicholls and Strengers, 2019). With the increasing availability of automated devices in the home (such as shutters, light switches, windows), smart home devices may supplement rather than substitute “manual” household appliances (Nicholls and Strengers, 2019) and thus raise energy demand.

The smart home case shows - as did the online consumption case - that including induction mechanisms helps explain the relation between technological change and energy and resource demand. Indeed, the most important aspect that increases energy and resource demand - i.e., additional smart home devices - cannot be explained by efficiency increases alone but only by taking into account how technologies provide new consumption options.




5.3. Pace of life

Technologies can be time-savers. For instance, digital technologies can save time by providing services that might otherwise involve time-consuming journeys – obvious examples being online shopping vs. in-store shopping (see above), or replacing a trip to the cinema by video streaming at home. However, despite the introduction of new technologies, including digital ones, the pace of social life is accelerating (Levine and Norenzayan, 1999). An acceleration of the pace of life is understood as an increasing number of activities performed during a given day (Rosa, 2013). Does a higher “degree of digitalization” (e.g., more digital devices, an intensive use of apps, longer hours on the internet, etc.) lead to a faster pace of life - and thereby also increase energy and resource consumption?

Interestingly, debates around the speeding up of the pace of life have revealed a paradox, i.e., a counter-intuitive driver of social acceleration: “time-saving technology” (Wajcman, 2015). For instance, the introduction of the railroad in the nineteenth century has been identified as a driving force that greatly sped up the pace of life - although the railroad had started out as a time-saving endeavor in comparison to previous modes of transportation, such as walking, horses, carriages, or sailing ships (Schivelbusch, 2014). Against this background, it is interesting to investigate whether it is actually technologies' time-saving nature that increases the pace of life, in other words, whether time rebound mechanisms are a driving force of social acceleration. If this is the case, time-saving technologies are also likely to increase energy and resource consumption, as social acceleration includes more activities per given time frame. In our research (see Box 3) we found not only time rebound mechanisms but also inductions mechanisms.


Box 3. Our studies on the pace of life.

To empirically investigate the relation between digital technologies and the pace of life, we conducted a representative online survey (n = 1,393) in 2019 in Germany (Santarius and Bergener, 2020; Bergener and Santarius, 2021). For the independent variable, we focused on information and communication technologies (ICT), assuming that many ICT applications either intend to or, de facto, serve to “save time.”

Our study finds that any time efficiency improvements arising from applying ICT lead to spending the “saved time” in additional activities. The “degree of digitalization” among participants clearly correlated with the overall number of activities reported, and it was moderated by the time-saving nature of those technologies. Specifically, our data shows that individuals have a denser schedule partially because they use digital technology to (i) eliminate breaks, (ii) engage in increased multitasking, and (iii) replace time-intensive with time-saving activities. Note that our results suggest that time rebound mechanisms are not the only reason, and maybe not the main reason, for the phenomenon of an accelerated pace of life.




5.3.1. Rebound mechanisms

The application of digital technologies allows individuals to save time and thereby to conduct additional activities that are accompanied by some type of energy and resource consumption. This mechanism can be defined as a time rebound mechanism. In our empirical study, we do not find evidence for what may be called “direct time rebound effects,” i.e., that the time-saving nature of digital technologies is a causal predictor of longer hours spent on digital devices, or on the internet (Santarius and Bergener, 2020). Yet our analysis suggests an empirical proof of what may be called an “indirect time rebound effect,” i.e., that the time-saving nature of digital technologies is a causal predictor of more overall activities being performed during a day.



5.3.2. Induction mechanisms

Another mechanism at play in the process of digital technologies leading to a faster pace of life is asynchronicity, which is due to several new options for time use. For instance, email, short message sending, and other forms of social media engagement allow quick and asynchronous interpersonal communication; e-commerce allows shopping irrespective of opening hours; and streaming TV allows news and movies to be watched at times different to those of the official broadcasting program. Hassan (2003) argues that time in the light of the internet should be conceptualized as “digitally compressed clock time” that enables “connected asynchronicity.”

Digital technologies bring about new options for asynchronous time use in two manners: First, activities can be performed whenever an individual wants; they become time-independent, e.g., shopping, communicating with friends, or watching news/movies becomes possible at nighttime. And second, individuals can more easily perform activities in parallel, which means they can improve on multitasking; e.g., shopping, communicating with friends, or watching news/movies all become possible at the same time. Note that such tendency toward multitasking is not a sole feature of digital technologies but could already be observed with the rise of previous media technologies, e.g., watching TV while doing the dishes or meeting friends etc. However, digital technologies, and in particular applications based on mobile internet, have both qualitatively and quantitatively increased the multitasking circumstances and fields of application.

In a similar manner, new options for time use arising from digital technologies enable forms of fragmentation. For instance, the act of shopping can be split into several phases, as each phase of the “consumer journey” (researching information, considering product alternatives, the actual purchasing, retention, etc.) can be conducted separately. Likewise, an interpersonal communication to discuss an issue, which may have taken 10 min face-to-face or via the phone, can be split into multiple short messages over an undefined period of time. Again, digital technologies open up two new options for fragmentation with regard to time use. First, they allow for instantaneity as certain “parts” of previously one activity can be conducted quicker and anytime. As Southerton (2020) states, the constant connectivity and instantaneity of the network society offer new opportunities and freedoms for individuals to form their own network-based times of interaction. Second, fragmentation of time use again allows multitasking to be improved as it allows activities to be squeezed into down times, waiting times, or transfer times. For example, one can research a product on the way to work, check on price alternatives on the way home, and conclude the online purchase later in the evening while watching TV.

To sum up, digital technologies bring about new options that allow for both asynchronicity and fragmentation in time use and, hence, allow individuals to increase the number of activities performed in a given day. Yet note that such an acceleration of the pace of life, as well as fragmenting activities or doing them in parallel to other activities, may also lead to feelings of time stress, as well as to alienation. These mechanisms may generate countervailing mechanisms, including a deceleration of the pace of life. More severe impacts of an overwhelming number of options may lead to depression or even burn-out, again decelerating rather than accelerating the pace of life (Rosa, 2013).

Accordingly, as far as a faster pace of life is concerned, increasing time-efficiency and time rebound effects are not the only outcomes of digital technologies. New options due to using digital technologies can lead to induction effects, e.g., by way of asynchronous and fragmented behavior, which also leads to more activities per day. In turn, it can be argued (but yet remains to be empirically investigated) that more activities per day may entail more energy and resource consumption.





6. Discussion

The literature on the rebound effect has faced a serious trade-off. In some instances, the rebound effect is conceptualized relatively narrowly so that it can be clearly defined, a definition that places technological efficiency improvements as the premise of any rebound mechanism. But in that definition, important aspects of how technological change increases energy and resource consumption are left unconsidered. Alternatively, the rebound effect is defined broadly, with any development related to technologies' impacts on energy and resource demand efficiency being part of the rebound effect. In that definition, the concept of the rebound effect becomes fuzzy and of little use in the analysis of underlying mechanisms, their empirical investigation, and related policy recommendations on how to reduce the magnitude of rebound effects.

To solve this trade-off, we propose using the concept of the induction effect in order to keep a meaningful definition of the rebound effect while at the same capturing important mechanisms relating to technological change and energy and resource consumption. We suggest placing the emergence of new options as the premise of any induction mechanism. A specific technological change can either include both - efficiency improvements and new options - or only one of these two aspects and thereby also lead to either only one or both of the effects - rebound and induction.

The case studies described in the previous section indicate that a combined analysis of rebound mechanisms and induction mechanisms allows many more technology-related impacts on energy and resource demand to be captured. In fact, in the three cases, induction mechanisms appear to be more important than rebound mechanisms. For the e-commerce case, it remains unclear whether rebound mechanisms take place as the literature is ambiguous on whether online consumption actually increases efficiency. In contrast, induction mechanisms such as a wider product collection, being able to consume at any time and from anywhere, or the consumption-stimulating nature of online marketing clearly tend to raise consumption levels. For the smart home case, energy and resource consumption is increased most by additional digital household devices - which open up new options for action and consumption that would not be available if the home was not smart; in contrast, the empirical evidence on rebound mechanisms related to smart homes is inconclusive. For social acceleration, the increasing pace of life, both time rebound mechanisms and induction mechanisms, such as multitasking or conducting activities at times in the day that were formerly impossible, play important roles.

The case studies also indicate that there are different types of induction mechanisms. We propose differentiating induction mechanisms on two dimensions. First, the dimension related to what the new options are used for: whether they are used to buy, sell or do more of the same (quantity mechanisms - see Table 1) or to buy or sell new products or services or to do new activities (novelty mechanisms). Second, we differentiate whether these mechanisms take place on the production side or the consumption side; with a view to policy recommendations, this may allow to better identify which actors cause these mechanisms, e.g., firms or households/individuals. Table 1 gives an overview of the examples stemming from the cases discussed and some additional examples from digital technologies.


TABLE 1 The induction effect: quantity and novelty mechanisms.

[image: Table 1]

By way of these differentiations, we do not claim to provide an exhaustive collection of induction mechanisms. Rather we intend to spark further debate and scientific analysis on the phenomenon of the induction effect and anticipate that additional induction mechanisms will be identified in the future.

Taking induction mechanisms into account further strengthens the argument that sufficiency is needed, rather than focusing solely on efficiency. The reason is that induction mechanisms lead to more (quantity) and new (novelty) types of production and consumption, which may cause additional energy and resource consumption. The concept of sufficiency is well equipped for responding to both mechanisms as sufficiency takes a holistic view of how to live and produce within environmental limits while satisfying human needs. Implicit in this view is that neither efficiency gains nor new technological options should be used for generating additional consumption desires or activities, which may increase energy and resource use.

Including induction mechanisms also changes the analysis of necessary policy responses. A common policy recommendation from the rebound literature is that the savings from efficiency improvements need to be “taxed away or otherwise removed from further economic circulation” (Wackernagel and Rees, 1997). The idea is that, when the prices of energy and resources increase at the same speed as energy and resource efficiency improvements, the costs for firms and households stay the same and rebound effects can be prevented (von Weizsäcker et al., 2009).

If the induction effect is taken into account, it does not suffice to increase the price of energy and resources in line with efficiency improvements, as this response does not prevent firms from using new technological options to persuade consumers to buy more or from inventing new products that will be bought. Neither would it prevent households from using new options to conduct more or new activities. More appropriate in the induction case would be to think about politically inducing a reduction in the number of options. For instance, as digitalization in the transport sector has enlarged the number of options of how to get from one place to the other, e.g., by way of new forms of ride sharing, free-floating bike sharing or car sharing, e-scooters etc., politicians may find it easier to introduce legislation that reduces the number of options to use the private car, e.g., by way of restraining parking areas or establishing pedestrian zones. Or, for social acceleration, as digital tools now make it possible to work and be reachable anywhere and at any time, some firms have introduced policies that do not deliver emails outside working hours and restrict or prevent the reachability of employees via mobile phones after hours.

On the macroeconomic level, including induction effects into the analysis strengthens the argument for certain sufficiency-oriented policies. According to Callmer and Bradley (2021), a sufficiency orientation in policies for Global North economies and societies could be implemented through a policy of limits, a policy of less, a policy of slower and closer, and a policy of wellbeing. A concrete measure at the macroeconomic level is a reduction in working hours and thus also income (assuming that increases in hourly wages do not entirely compensate for the reduced working hours). Such reductions in income restrict the abilities of households to buy and conduct new options that go along with consumption. Hence, working hours reductions are a reasonable response to induction mechanisms. However, while reduced working hours may lead to a reduction in overall spending, it may not achieve a proportional reduction in energy use and emissions due to the associated changes in spending patterns. This is because households with more time and less money may allocate their financial and time resources differently (Sorrell et al., 2020). A shift toward more energy intensive activities can be addressed by increasing the price of such activities.

Therefore, a combination of policies geared toward addressing efficiency improvements (e.g., increasing prices of energy and resource consumption) and addressing new options (e.g., reduced average working hours) seems most effective in gearing the effects of technological change toward environmental sustainability.



7. Conclusion

The debate on efficiency, economic growth, environmental sustainability, and the rebound effect today is more timely than ever. The concept of the rebound effect is important in understanding the limitations of efficiency improvements to reduce energy and resource consumption. However, it leaves out important mechanisms via which technological change increases such consumption. Technological change brings with it several mechanisms that arise from the emergence of continuously new options, leading to additional production and consumption. We term the additional energy and resource consumption related to such mechanisms the induction effect.

Including the induction effect facilitates a better understanding of the relation between technological change and environmental sustainability. It broadens the view on necessary steps to reconcile technologies and the environment. It underpins the argument for sufficiency measures and opens up new debates on relevant policies. In this manner, the concept of the induction effect is one step to improving our conceptual toolkit on how to achieve sustainability.
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