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Abstract: Technological efficiency improvements are most often accepted as the central
pathway toward environmental sustainability. However, rebound and backfire effects
suggest that efficiency gains may, under certain conditions, increase, and not decrease
aggregate resource use. This paper contributes to this debate by proposing a conceptual and
formal framework that links efficiency-driven rebound effects to long-term technological
development through a multi-layered mechanism. We introduce the notion of multi-layered
Jevons effects to describe how successive rounds of efficiency improvements can
cumulatively amplify resource throughput via cost reductions, price adjustments, and output
expansion. To formalize this mechanism, we develop a stylized partial-equilibrium model
with energy-augmenting technological change, demand responsiveness, and incomplete
pass-through. In it, demand elasticities, cost shares, and technological effectiveness play the
crucial roles. The model also derives explicit conditions under which efficiency
improvements lead to backfire. Beyond the sphere of economy, we advance the concept of
socioeconomic virtualization, defined as the increasing cognitive and institutional distance
between final users and the material—energetic processes underlying production and
consumption. We argue that virtualization can systematically shift key behavioural and
market parameters—such as perceived marginal costs and demand responsiveness—in ways
that increase the likelihood of rebound-dominated outcomes. We lack a universal proof of
technological unsustainability. This paper is rather intended as a perspective treatise to
identify plausible mechanisms, parameter regions, and testable hypotheses. The analysis
suggests that efficiency-oriented sustainability strategies will unlikely deliver absolute
reductions in resource use. This calls attention to the necessity of complementary binding
constraints. Finally, we outline a research agenda for empirically investigating the
interaction between technological efficiency, rebound effects, and socioeconomic
virtualization.
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1 Introduction

Technological progress is generally held as a primary driver of economic
development and human well-being; from early agricultural innovations to
successive industrial revolutions, and contemporary digital technologies [1-5].
Improvements in technical efficiency have historically enabled societies to produce
more goods and services with fewer inputs. This has led to expectations that
continued innovation can even reconcile economic growth with environmental
sustainability. This expectation underlies many policy strategies which emphasize
improvements in efficiency, substitution of technologies, and the innovation-led
“green growth” as central solutions to ecological crises [6-9].

However, this assumption, i.e. that efficiency gains translate straightforwardly into
absolute reductions in resource use, has been challenged by numerous authors.
Beginning with William Stanley Jevons’ nineteenth-century observations on coal
consumption [10], and later formalized in the Khazzoom-Brookes postulate [11-
13], scholars have repeatedly shown that efficiency improvements can lead to
rebound effects, whereby lower effective costs eventually result in increased
demand. This offsets some or all or even more of the expected resource savings [14-
17]. Empirical and modelling studies have documented those effects across energy
services, industrial sectors, and entire economies. Magnitudes of these effects range
from partial rebound to full backfire, depending on behavioural, technological, and
market conditions [18-22].

Rebound effects are not limited to direct, end-use responses. They may propagate
through indirect, economy-wide, and structural channels [15, 20, 21, 23]. There
begins the interpretation of rebound as a broader mechanism; moreover, this is
particularly relevant when efficiency is improved in economy wide core inputs, like
energy. Price changes are transmitted through supply chains up to final good
markets [24-26]. The relationship between efficiency, prices, output expansion, and
aggregate resource use depends on demand elasticities, cost shares, and the degree
of pass-through from production costs to consumer prices [24-26].

Yet macroeconomic trends suggest that large-scale effective results always tend
towards the ‘unsustainable’ direction, i.e. system complexity favours the dominance
of the rebound effect on the scales of whole economies. These trends form the
subject of debates on GDP-ecological footprint decoupling. This is nothing else but
the lack of sustained reduction in environmental cost alongside economic growth.
Relative or territorial decoupling have been observed in specific countries or
periods, but general decoupling of GDP from material and energy footprint is
limited, temporary, or contingent on structural shifts, and outsourcing through trade
[7, 8, 23, 27-29, 33, 34], i.e. ecological footprint embodied in traded goods.
Efficiency-led strategies have thus systemic limitations in delivering long-term
sustainability. Complementary constraints on throughput shall be in place to
achieve this.
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Sociocultural dimensions of resource use also interact with technological change.
Technological development often increases the mental distance between human
decision making and the physical processes underlying production and consumption
[32-35]. This is the long-term anthropological and sociological aspect.
Technologies become more complex and more sophisticated using multi-layered
interfaces, and in parallel, users and consumers lose direct sensory and cognitive
feedback about resource extraction, energy use, and environmental impact [36-45].
We refer to this as socioeconomic virtualization. This is not only digitalization in a
narrow sense, it includes a broader historical trend toward mediated, opaque, and
abstracted interactions with material reality. It has begun in prehistorical ages
already [1-4, 32, 33, 36, 38].

Virtualization systematically amplifies rebound mechanisms when it alters
behavioural and market parameters. Reduced salience of resource use, weaker
feedback signals, and greater informational asymmetries increase the response of
demand to changes in price, for example. Perceived marginal resource costs also
weaken. This all facilitates a higher pass-through of efficiency gains into
consumption expansion [46-48]. Therefore, improvements in technological
efficiency and virtualization co-evolve with resource hunger. These effects
reinforce one another over successive waves of innovation.

This background given, the present paper puts out three contributions. First, we
introduce the concept of multi-layered Jevons effects to describe how successive
rounds of efficiency improvements cumulatively increases aggregate resource
throughput via repeated cost reductions, price adjustments, and output expansion.
Second, we provide a stylized formal framework that derives the basics of explicit
conditions under which rebound in energy-augmenting technological changes lead
to backfire. This is based on demand elasticities, cost shares, technological
effectiveness, and price pass-through. Third, we propose socioeconomic
virtualization as a complementary lens for understanding why modern economies
systematically operate in parameter regions where rebound dominates.

There may be no universal proof that technological development is inherently
unsustainable. This paper is, however, intended as a perspective contribution that
identifies plausible mechanisms, bounded claims, and later, testable hypotheses
about the widely perceived unsustainable outcomes. We integrate insights from
rebound economics, production theory, and sociocultural analysis, in order to
outline a further research agenda. It should be empirically investigated how
efficiency improvements, market responses, and virtualization jointly shape long-
term sustainability outcomes (generally unfavourable so far). It is also an important
question under what — possibly widespread — conditions efficiency-oriented policies
do require binding policy constraints to achieve absolute reductions in resource use.
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2 Review: Jevons Effects and Socioeconomic
Virtualization

2.1 The Jevons Effect and Rebound Mechanisms

The Jevons paradox was articulated originally by William Stanley Jevons, in the
context of nineteenth-century coal use in England. It describes the counter-intuitive
observation that improvements in resource efficiency leads to increased, not
decreased, total consumption of that resource [10]. It started as a historical curiosity,
but subsequent theoretical and empirical work has demonstrated that this is a more
general economic mechanism. Efficiency improvements reduce the effective cost
of resource-intensive services, which in turn, stimulates demand and expanding
output [14, 16] (this is why we prefer the notation ‘Jevons effect’ over the
exceptionality-oriented ‘Jevons paradox’ [49, 50]).

In the modern literature, this is discussed under the broader concept of rebound
effect. Direct rebound refers to increased consumption of the same service whose
efficiency has improved. This is a normal response of consumers to lower prices
[14, 22]. Indirect rebound in compound situations (whole economies) captures
additional resource use arising from re-spending cost savings on other goods and
services [19, 46]. Economy-wide rebound on large, complex scales encompasses
macroeconomic adjustments, including price changes, structural shifts, and income
effects. These propagate efficiency gains throughout an economy [15, 20, 21, 23].
On each scale, when the combined magnitude of these effects exceeds the initial
efficiency improvement, total resource use increases. This situation is often referred
to as backfire [11-13].

Crucially, the magnitude of rebound and thus, the likelihood of backfire depend on
well-defined economic parameters. This is not a paradoxical or anomalous
behaviour. Demand elasticities, substitution possibilities among production inputs,
cost shares, and pass-through from production costs to output prices govern it [18,
19, 24, 26]. Jevons-type effects are not a kind of exception to otherwise benign
efficiency improvements. They necessarily emerge under plausible and empirically
observed conditions.

In the context of general technological (cultural) context, efficiency improvements
occur repeatedly over time and across sectors. Successive rounds of innovation
generates cumulative cost reductions, stimulate new applications, as well as expand
markets. Recent sustainability literature analyzes the ways that amplify resource
throughput beyond what results from isolated efficiency gains [15, 20]. This
temporal and structural accumulation motivates the notion of multi-layered rebound
or Jevons effects. The long-run impact of technological progress differs
qualitatively from its short-run, partial-equilibrium effects.
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2.2 Technological Development and Socioeconomic
Virtualization

Anthropology, sociology, science and technology literature have also examined
how technological development reshapes human relationship with the physical
world [32-35]. Beginning with early tools and agricultural practices, and up to to
industrial machinery and contemporary digital systems, technologies as multiple
inserted layers of interaction have progressively obscured the connection between
humans and the physical processes that sustain production and consumption [1-4,
36, 38].

We use the term socioeconomic virtualization to denote this long-term tendency
toward increasing mediation, abstraction, and opacity in resource use. Once again,
virtualization is not limited to digital or information technologies in a narrow sense.
It encompasses a broader historical process: technological layers separate decision-
makers and end users from direct sensory, cognitive, and institutional feedback
about resource extraction, energy flows, and environmental impact [37-45].
Examples are agriculture itself, then mechanized agriculture, and further, automated
industrial production, up to globalized supply chains and algorithmically mediated
consumption.

Reduced visibility of material and energetic inputs weaken the feedback
mechanisms that would otherwise possibly constrain consumption. Informational
asymmetries and complex interfaces lower the perceived marginal costs of
additional use [46, 47]. At the same time, moreover, technological mediation
facilitates the diffusion of efficiency gains through markets. This effectively
increases the likelihood that cost reductions end up in lower prices and expanded
demand [24-26].

As a crucial consequence, virtualization is not merely a cultural backdrop to
economic processes. It interacts directly with the parameters that govern rebound
effects. By shaping preferences, perceptions, and institutional settings,
virtualization has an influence on demand elasticities, substitution behaviour, and
price responsiveness, etc. Thereby it affects in a systematic way whether and how
efficiency improvements result in net savings or increased resource use. Rebound
effects and virtualization are not independent phenomena, but potentially co-
evolving — economic and sociocultural — aspects of technological development.

2.3 From Isolated Rebound to Multi-layered Jevons Effects

The concept of multi-layered Jevons effects is meant to collect repeated instances
of single Jevons effects settled down on top of each other in socioeconomic systems.
As a consequence, this turns technological efficiency into higher aggregate
throughput. Technological evolution, improvements in efficiency reduce costs at
multiple points in production and consumption chains. In parallel, virtualization

~134-



Acta Polytechnica Hungarica Vol. 23, No. 6, 2026

attenuates feedback and amplifies behavioural and market responses. This shifts
economies into effective parameter regions where rebound-dominated outcomes are
likely.

This perspective does not principally imply that efficiency improvements are
necessarily always counterproductive. Rather, it shows the importance of
identifying the possibly abundant conditions under which rebound effects
accumulate across layers of technological change and interact with sociocultural
dynamics. In the following section, we outline a stylized formal framework with
which we try to capture these mechanisms in a transparent manner. We derive
fundamental explicit conditions under which energy-augmenting technological
change finally leads to rebound or even backfire effects. This framework is meant
to be a basis when the multi-layered Jevons hypothesis is empirically tested; or
furthermore, when the limits of efficiency-oriented sustainability strategies are to
be assessed.

3 Methodology: a Stylized Framework for Efficiency,
Rebound, and Backfire

Here, we formalize the economic mechanism underlying multi-layered Jevons
effects. To this end, we consider a stylized partial-equilibrium framework with a
representative production sector. Output Q is produced using two inputs: an energy
or resource input E, representing natural or environmental resources, and a
composite input K, capturing all other production factors. Production technology is
assumed to have constant returns to scale, and it has a constant-elasticity-of-
substitution (CES) production function

Q = Qola (AEY + (1 — ) K°]7.

where A > 0 denotes athe energy-augmenting efficiency parameter. a € (0,1) is a
distribution parameter, and p (where p < 1, p # 0) determines the elasticity of
substitution. An increase in A corresponds to an efficiency improvement that raises
the productivity of the energy input. This does not directly affect the productivity
of the other (composite) input K.

Firms are assumed to minimize production costs for a given output level, taking
input prices pg and pg as given constants (note, however, that temporarily reduced
use of E lowers its price, making it more attractive to use, and thus further
contributing to rebound effects). Under standard regularity conditions, the unit cost
function associated with the above CES technology is

1

1 1-o0 _ s
c(pg, Pk, A) = % [a" (%E) +(1-a)pie| .
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Note that ¢ =1/(1—p). This expression shows how energy-augmenting
technological change affects production costs through reduced effective price of
energy, pg/A. Log-linearizing around an initial equilibrium yields an
approximation when changes in efficiency are small:

Aln ¢ = —s; Aln A,

__peE _ dlnc
where s = og — omE
cost-minimizing input combination. Thus far, this is the direct cost-reducing effect

of efficiency improvements [ 18, 24, 51].

denotes the share of energy in total production costs at the

3.2 Price Adjustment, Pass-through, and Output Response

Next, we connect cost reductions to market outcomes. To this end, we introduce a
reduced description of price adjustment. Let P be the output price, and then we
assume that changes in unit production costs are being transmitted to output prices
with a pass-through rate of u € (0,1]:

Aln P = uAln c.

The parameter u emobodies circumstances, like market structure, competitive
conditions, and institutional features, etc. Those all affect how strongly cost changes
get reflected in prices [51, 52]. Perfect competition with elastic supply results in u
close to one, however, empirical evidence suggests substantial variations of it across
different sectors and contexts (e.g. [52-55]).

On the demand side, we default to an isoelastic (w.r.t. price) final demand
Q(P) =B P,
where € > 0 is the (absolute value of) price elasticity of demand. Linearizing this
yields
Aln Q = —€Aln P.
Finally, we combine the cost and price relationships, and get
Aln Q = e usg Aln A.

This expression summarizes the expansion of the output channel, which is
emphasized in the rebound literature. Thus, improvements of efficiency reduce
costs, then lower prices, and last, increase demand. The magnitude of the response
is governed by demand elasticity, pass-through, and the weight of energy in
production costs [14, 24, 43].
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3.3 Aggregate Resource Use and the Backfire Condition

Total energy, or generally, resource use, is given by the product of output and unit
input requirements, naturally:

E=eqQ.

Here, e denotes the amount of energy, which is used per each unit of output, taken
at the cost-minimizing input combination. By the supposed energy-augmenting
technological change, efficiency improvements reduce energy requirements. We
introduce ¥ as the effective rate with which the energy-augmenting technology
change gets expressed in e through production:

Alne = =9 AlnA.

Note that this 9 € (0,1] and A in combination measure the extent of reductions in
physical energy use per unit of output; A being on the input side, an effective
being on the output side of production. Values of 9 below unity reflect aggregate
effects of technological details in volume production, organizational responses,
other adjustments, etc. that attenuate primary efficiency gain [18, 19].

The change in total energy (resource) use in terms of efficiency change, as a result
of all the intermediary effects discussed so far is

Aln E = (=9 + eusg) Aln A.

Rebound effect means that other effects attenuate 9, the primary effective resource
reduction. Backfire occurs when the rebound term dominates, i.e.

eusg >10.

The meaning of this result is that backfire is not a ‘paradox’ but a parameter-
dependent outcome. High demand responsiveness, substantial pass-through, and
large energy cost shares increase the likelihood that backfire occurs.

3.4 Iteration and the Logic of Multi-layered Jevons Effects

Technological development settles down into socioeconomic systems in successive
waves, not as isolated improvements. Let A, now denote the efficiency parameter
in step t. Iterative application of the single-step result gives

Aln Eyoea = X¢ Aln Ep = 3y (=9, + & ¢ SE,t) Aln A;.

In each step, & u; S > U, is the backfire condition. Naturally, in multiple-step
improvement chains, it is enough that backfire-type steps dominate the chain, and
the probability of such improvement chains is effectively high if it can be shown
that backfire is a frequent outcome of technological improvement steps. Note that
this goes in connection with the socioeconomic context of virtualization, further
increasing the likelihood of backfire-type steps. If e.g. demand elasticity or pass-
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through rise over time—as suggested nearly as a “cultural necessity” by the
literature on market expansion, globalization, and socioeconomic virtualization—,
rebound-dominated long-term outcomes become more and more frequent
[15,20,23], giving rise to an eventual general backfire effect in a wide spectrum of
(usual) circumstances.

The framework presented here is meant to be basic and stylized. It is not a general
equilibrium proof of inevitable backfire, nor does it account for all the possible
indirect (up to macroeconomic or societal) rebound strengthening effects. Rather, it
provides a transparent, rugged-down mechanism to identify the conditions under
which efficiency improvements likely increase resource throughput. This is the
motivation for empirical investigation and policy analysis that we propose in the
subsequent sections.

4 Discussion and Policy Implications

4.1 Interpreting the Model Results

The stylized framework we have developed in Section 3 clarifies the conditions
under which efficiency improvements fail to deliver effective reductions in resource
use. This points to the possible contradiction between technological progress and
sustainability, as the model highlights a tension between these two opposing forces:
reductions in unit resource requirements, and expansion of output induced by lower
costs and prices. The possibilities of net resource savings or increased throughput
depend mainly on a small set of parameters. These are demand elasticity, cost pass-
through, energy cost shares, and the overall production effectiveness with which
technological improvements reduce physical input requirements.

Rebound and backfire should be thus understood as parameter-dependent outcomes;
they are strictly not paradoxical anomalies. In economic environments
characterized by high demand responsiveness, substantial pass-through, and
significant energy or resource cost shares (note how much these may be structurally
inherent to nowadays welfare economies), efficiency improvements are prone to
lead to increased aggregate resource use. Conversely though, when demand is
relatively inelastic, pass-through is limited, or efficiency gains translate directly into
large reductions in unit input requirements, efficiency improvements generate net
savings. This perspective aligns with empirical findings about heterogeneous
rebound magnitudes across sectors, technologies, and institutional contexts [14, 18,
19-22] (the systematic ‘big picture’ remaining the important aspect, however).
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The above heterogeneity does also cover seemingly conflicting results in rebound
and decoupling literature. [7, 8, 14-23, 27-29, 34, 43-46] Observations of relative
or temporary decoupling are not inconsistent with the existence of (widespread, or
systematic) rebound effects. There can be periods or sectors in which the relevant
parameters temporarily fall below the backfire threshold. Over longer time horizons
or across successive waves of innovation, cumulative efficiency improvements
seem to interact with evolving market and behavioural conditions in such ways that
shift whole economies towards rebound-dominated (backfire-type) regimes.

4.2 Multi-layered Jevons Effects and Technological
Trajectories

Our notion of multi-layered Jevons effects emphasizes the dynamic and cumulative,
eventually dominant nature of efficiency-driven rebound. Its basis is that
technological development rarely comes in isolated improvements. It unfolds
through iterative innovations that affect multiple stages of production, distribution,
and consumption at once. Even if each efficiency gain reduces costs locally, when
such gains occur across layers and over time, their combined effect can significantly
expand overall economic activity and then resource throughput.

Then, the critical issue in this setting is not whether a single efficiency improvement
causes rebound, but the long-run trajectory of cumulative technological changes.
The latter can be systematically in parameter regions, which is prone to backfire.
Successive innovations can increase demand elasticities, they can facilitate higher
pass-through, or maintain high resource cost shares. Thus, efficiency gains translate
into even higher increments in aggregate resource use. This dynamic interpretation
is consistent with the historical accounts of industrial development. That is, major
efficiency breakthroughs have often coincided with rapid expansion of production
and consumption—connected in turn to forward leaps in welfare [11-13].

This does not imply that technological innovation is necessarily wrong, undesirable
or that efficiency improvements should be abandoned. This suggests that efficiency
alone shall not be relied upon as the sufficient condition for sustainability.
Complementary mechanisms shall be applied that explicitly or implicitly constrain
total throughput. Efficiency gains shall be saved from expansion effects at multiple
layers of economy.

4.3 Socioeconomic Virtualization as an Amplifying Mechanism

The concept of socioeconomic virtualization has been introduced in Section 2. It
provides a tool for interpreting why modern economies systematically approach or
cross the backfire threshold identified in the model. Technological systems become
more complex and mediated; thus users and decision-makers experience reduced,
indirect visibility of the material and energetic foundations of economic activity.
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This attenuation of feedback alters preferences, perceptions, and institutional
responses. This is in the background of, e.g. increasing demand responsiveness and
weakening behavioural constraints on consumption.

As the important feedback for the economic framework, virtualization can be
interpreted as an external (socioeconomic, even cultural) force that shifts key
parameters over time. Reduced salience of resource use increases demand
elasticities; complex supply chains and digital interfaces facilitate rapid diffusion
of cost reductions and higher pass-through to final prices, etc. Organizational and
technological adaptations also dampen efficiency gains as the source of reduction
in unit resource requirements. Altogether, these effects move economies into
parameter regions of rebound-dominated outcomes; even in the absence of explicit
changes in efficiency due to technology or policy.

These links remain to be empirically established, yet, virtualization as a changing
force on model parameters helps bridge the sociocultural analysis and the parallel
economic modelling. It also suggests directions for future research. These include
measurement of resource salience, informational opacity, and their relationships to
consumption behaviour, institutional systems, market responses, etc.

4.4 Implications for Sustainability Policy

Our analysis presented here brings several implications for sustainability-oriented
policy. First, policies that rely primarily on efficiency improvements will not likely
achieve absolute reductions in resource use when the relevant economic (and
behavioural) parameters keep the system near or beyond the backfire threshold. This
limits the ability of efficiency-alone policies to deliver sustainability.

Second, our framework underscores the importance of policies that directly address
total throughput. These are instruments such as resource caps, binding emission
limits, quantity-based regulations, or sufficiently stringent pricing mechanisms.
These are the policies which can alter the effective demand response and constrain
expansion effects. These are policy tools which favourably change the contextual
parameters for efficiency improvements [56-60]. Complete with them, efficiency
gains become able to contribute to sustainability; e.g. by reducing the costs of
meeting binding constraints instead of contributing to output expansion.

Third, the role of socioeconomic virtualization hints the relevance of informational
and institutional (even culturally ‘soft’) interventions. Policies shall be in place that
increase transparency of resource use, enhance feedback to consumers and firms, or
reduce informational asymmetries. This shall then influence demand
responsiveness and perceived costs, as a complement to traditional economic
instruments. Such measures are not sufficient to substitute binding constraints, but
they help moderate rebound effects on a ‘softer’ level, and thus they also support
more efficient sustainability strategies.
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Overall, technological efficiency should be understood as a conditional and context-
dependent component of sustainability policy. Its effectiveness depends by far not
only on technical details, but also on higher systematic levels, as market structures,
behavioural responses, and all the broader socioconomic, sociotechnical, and
sociocultural environments in which efficiency gains are embedded.

5 Conclusions and Outlook

This paper is intended to examine the relationship between technological efficiency
improvements and long-term sustainability. This is motivated by the persistent
tension between mainstream expectations of “green growth” and, in contradiction,
empirical evidence on rebound and backfire effects. Without a universal proof of
technological unsustainability (the question still being open), our analysis is about
integrating insights from rebound economics, production theory, and sociocultural
analysis. We try to identify plausible mechanisms, combinations thereof, and
conditions under which efficiency-oriented strategies fail to reduce system wise
aggregate resource use. We treat two principal aspects of this question.

First, we introduce the concept of multi-layered Jevons effects to capture the
cumulative nature of multiple rebound mechanisms present across successive waves
of technological change, or successive layers of a production chain or another
economical (sub-) system. We describe efficiency improvements in a stylized
production and demand framework, and try to derive basic explicit conditions under
which energy-augmenting (or other resource-augmenting) technological changes
lead to rebound or backfire effects. The derivation is based on the roles of demand
elasticity, cost pass-through, cost shares, and the overall effective reduction of
physical input requirements. These results clarify that rebound and backfire are
parameter-dependent outcomes, not paradoxical anomalies.

Second, we propose the introduction of the notion of socioeconomic virtualization
as a complementary instrument in order to understand why modern economies seem
to systematically approach or even cross the backfire threshold. This is the process
which increases the cognitive, procedural, and institutional distances between
scenes of decision making and the material-energetic (physical) foundations of
production and consumption. Thus, virtualization shifts key behavioural and market
parameters in ways that amplify economic expansion, leading to rebound, or even
backfire effects. While this linkage is largely conceptual yet, our concept which
frames virtualization in terms of its potential influence on model parameters may
serve as a bridge between economic mechanisms and sociotechnical,
socioeconomic, and sociocultural phenomena in a broader sense.

There are limitations of the present analysis which should be acknowledged. We
have given a deliberately stylized, and partial-equilibrium formal framework,
abstracting from general equilibrium feedback, distributional effects, as well as
heterogeneity across different agents and sectors. Moreover, the concept of
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socioeconomic virtualization has not yet been operationalized empirically, though
suggested by historical observations. Its effects on demand responsiveness and
market behaviour should be systematically tested yet. These limitations are not
weaknesses of the argument, they rather define a scope of a research agenda for
which this paper seeks to be the initialization.

Future research will be built on the proposal of this paper in several directions. E.g.
empirical work should estimate the key parameters governing rebound and backfire
in different situations, sectors and technological contexts. It should be also assessed
how these parameters evolve over time. The development of measurable indicators
of socioeconomic virtualization — such as resource salience, informational opacity,
or supply-chain depth — also allows researchers to get a deeper insight into whether
and how virtualization contributes to rebound or backfire effects. An extension of
our framework to general equilibrium settings and a possible incorporation of
institutional and policy constraints would further clarify under which conditions
efficiency improvements are able to contribute to absolute and effective reductions
in resource usage.

In conclusion, our analysis suggests that improvements to technological efficiency
should be cautiously understood as conditional and context-dependent components
of sustainability strategies. Efficiency plays a valuable role in reducing the costs of
complying to environmental constraint rules, but it unlikely delivers absolute
sustainability outcomes on its own, when expansion effects remain unconstrained.
Furthermore, the recognition of the multi-layered nature of rebound mechanisms
and the sociotechnical context in which efficiency gains are embedded is essential
for designing realistic and efficient sustainability policies.
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