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Executive summary
Is it possible to enjoy both economic growth and environmental sustainability? This question is 

a matter of fierce political debate between green growth and post-growth advocates. Over the 

past decade, green growth clearly dominated policy-making with policy agendas at the United 

Nations, European Union, and in numerous countries building on the assumption that decoupling 

environmental pressures from gross domestic product (GDP) could allow future economic growth 

without end. 

Considering what is at stake, a careful assessment to determine whether the scientific foundations 

behind this “decoupling hypothesis” are robust or not is needed. This report reviews the 

empirical and theoretical literature to assess the validity of this hypothesis. The conclusion is 

both overwhelmingly clear and sobering: not only is there no empirical evidence supporting the 

existence of a decoupling of economic growth from environmental pressures on anywhere near 

the scale needed to deal with environmental breakdown, but also, and perhaps more importantly, 

such decoupling appears unlikely to happen in the future. 

It is urgent to chart the consequences of these findings in terms of policy-making and prudently 

move away from the continuous pursuit of economic growth in high-consumption countries. 

More precisely, existing policy strategies aiming to increase efficiency have to be complemented 

by the pursuit of sufficiency, that is the direct downscaling of economic production in many sectors 

and parallel reduction of consumption that together will enable the good life within the planet’s 

ecological limits. In the view of the authors of this report and based on the best available scientific 

evidence, only such strategies respect the EU’s ‘precautionary principle’, the principle that when 

the stakes are high and the outcomes uncertain, one should err on the side of caution. 

The fact that decoupling on its own, i.e. without addressing the issue of economic growth, has not 

been and will not be sufficient to reduce environmental pressures to the required extent is not a 

reason to oppose decoupling (in the literal sense of separating the environmental pressures curve 

from the GDP curve) or the measures that achieve decoupling - on the contrary, without many 

such measures the situation would be far worse. It is a reason to have major concerns about 

the predominant focus of policymakers on green growth, this focus being based on the flawed 

assumption that sufficient decoupling can be achieved through increased efficiency without 

limiting economic production and consumption.
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Main findings

 > Discussing decoupling requires using a rigorous analytical framework. Depending on the indicators 

considered to account for economic activities and environmental pressures as well as the range of 

their evolution, decoupling can be characterised in different ways. It can be global or local, relative 

or absolute, territorial- or footprint-based, happen over a short or a long period of time, and last 

but not least, it should be put in perspective with relevant environmental thresholds, political 

targets and the global socio-economic context, as to assess its adequacy in magnitude taking into 

account equity considerations. 

 > The validity of the green growth discourse relies on the assumption of an absolute, permanent, 

global, large and fast enough decoupling of economic growth from all critical environmental 

pressures. The literature reviewed clearly shows that there is no empirical evidence for such 

a decoupling currently happening. This is the case for materials, energy, water, greenhouse 

gases, land, water pollutants, and biodiversity loss for which decoupling is either only relative, 

and/or observed only temporarily, and/or only locally. In most cases, decoupling is relative. When 

absolute decoupling occurs, it is observed only during rather short periods of time, concerning 

only certain resources or forms of impact, for specific locations, and with very small rates of 

mitigation. 

 > There are at least seven reasons to be sceptical about the occurrence of sufficient decoupling 

in the future. Each of them taken individually casts doubt on the possibility for sufficient 

decoupling and, thus, the feasibility of “green growth.” Considered all together, the hypothesis 

that decoupling will allow economic growth to continue without a rise in environmental 

pressures appears highly compromised, if not clearly unrealistic. 

1 Rising energy expenditures. When extracting a resource, cheaper options 

are generally used first, the extraction of remaining stocks then becoming a 

more resource- and energy-intensive process resulting in an increase in total 

environmental degradation per unit of resource extracted. 

 2 Rebound effects. Efficiency improvements are often partly or totally compensated 

by a reallocation of saved resources and money to either more of the same 

consumption (e.g. using a fuel-efficient car more often), or other impactful 

consumptions (e.g. buying plane tickets for remote holidays with the money saved 

from fuel economies). It can also generate structural changes in the economy that 

induce higher consumption (e.g. more fuel-efficient cars reinforce a car-based 

transport system at the expense of greener alternatives, such as public transport 

and cycling).  
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3 Problem shifting. Technological solutions to one environmental problem can create 

new ones and/or exacerbate others. For example, the production of private electric 

vehicles puts pressure on lithium, copper, and cobalt resources; the production of 

biofuel raises concerns about land use; while nuclear power generation produces 

nuclear risks and logistic concerns regarding nuclear waste disposal.

4 The underestimated impact of services. The service economy can only exist on 

top of the material economy, not instead of it. Services have a significant footprint 

that often adds to, rather than substitute, that of goods. 

5 Limited potential of recycling. Recycling rates are currently low and only slowly 

increasing, and recycling processes generally still require a significant amount of 

energy and virgin raw materials. Most importantly, recycling is strictly limited in its 

ability to provide resources for an expanding material economy.  

6 Insufficient and inappropriate technological change. Technological progress 

is not targeting the factors of production that matter for ecological sustainability and 

not leading to the type of innovations that reduce environmental pressures; it is not 

disruptive enough as it fails to displace other undesirable technologies; and it is not 

in itself fast enough to enable a sufficient decoupling.  

7 Cost shifting. What has been observed and termed as decoupling in some local cases 

was generally only apparent decoupling resulting mostly from an externalisation 

of environmental impact from high-consumption to low-consumption countries 

enabled by international trade. Accounting on a footprint basis reveals a much 

less optimistic picture and casts further doubt on the possibility of a consistent 

decoupling in the future.   

 > This report highlights the need for a new conceptual toolbox to inform and support the design and 

evaluation of environmental policies. Policy-makers have to acknowledge the fact that addressing 

environmental breakdown may require a direct downscaling of economic production and 

consumption in the wealthiest countries. In other words, we advocate complementing efficiency-

oriented policies with sufficiency policies, with a shift in priority and emphasis from the former 

to the latter even though both have a role to play. From this perspective, it appears urgent for 

policy-makers to pay more attention to and support the developing diversity of alternatives to 

green growth.
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Introduction
Is economic growth compatible with ecological sustainability? Almost half a century after the publication 

of the Meadows report “Limits to growth” and Sicco Mansholt’s letter to the President of the European 

Commission in 1972 in defence of a shift away from the pursuit of economic growth, the relation 

between Gross Domestic Product (GDP) and environmental pressures remains a matter of fierce 

political debate. 

The debate has two main sides. Proponents of what has been named “green growth” argue that 

technological progress and structural change will enable a decoupling of natural resources consumption 

and environmental impacts from economic growth. On the other hand, advocates of “degrowth” or 

“post-growth” argue that, because an infinite expansion of the economy is fundamentally at odds with 

a finite biosphere, the reduction of environmental pressures requires a downscaling of production and 

consumption in wealthiest countries, which is likely to result in a decrease in GDP compared to current 

levels. On one side, green growth advocates expect efficiency to enable more goods and services at a 

lower environmental cost; on the other, degrowth proponents appeal to sufficiency, arguing that less 

goods and services is the surest road to ecological sustainability. 

Today, the green growth narrative dominates most political circles. In 2001, the Organisation for 

Economic Co-operation and Development (OECD) officially adopted decoupling as a goal, which later 

came to play a key role in its strategy Towards Green Growth (2011).1 It was then followed by the European 

Commission who, in its 6th Environment Action Programme (Environment 2010: Our Future, Our Choice), 

announced its objective to “break the old link between economic growth and environmental damage” 

(EU Commission, 2001, p. 3). The commitment of “decoupling growth from resource use” was repeated 

in the EU Roadmap to a Resource-Efficient Europe (European Commission, 2011), and in the United 

Nations Environment Programme (UNEP)’s strategy on green economy (2011a, p. 18) where green 

growth was expected to “significantly reduce environmental risks and ecological scarcities.”2,3 

1  Which they defined as the “breaking of the link between ‘environmental bads’ and ‘economic goods’ ” (OECD, 2002, p. 1). 
2  “A key concept for framing the challenges we face in making the transition to a more resource-efficient economy is de-
coupling. As global economic growth bumps into planetary boundaries, decoupling the creation of economic value from 
natural resource use and environmental impacts becomes more urgent” (UNEP, 2011b, pp. 15–16, italics added).  
3  “Target 8.4: Improve progressively, through 2030, global resource efficiency in consumption and production and en-
deavour to decouple economic growth from environmental degradation, in accordance with the 10-Year Framework of 
Programmes on Sustainable Consumption and Production, with developed countries taking the lead”. 

INTRODUCTION
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Soon after, the World Bank joined the bandwagon with Inclusive Green Growth: The Pathway to 

Sustainable Development (2012).4 Since 2012, the 7th Environmental Action Programme guiding the 

European Commission’s environmental policy until 2020 Living well, within the limits of our planet 

(European Commission, 2013) calls for “an absolute decoupling of economic growth and environmental 

degradation.” And in 2015, decoupling became a specific target in the Sustainable Development Goals 

(SDGs). 

Green growth has dominated the discussion and set most of the environmental agenda based upon 

the expectation of a decoupling of economic growth and environmental pressures. A situation with 

such high stakes calls for a careful assessment to determine whether the scientific foundations behind 

the decoupling hypothesis are robust or not. This is the subject of this report, and as its title clearly 

indicates, we have found insufficient theoretical and empirical support to warrant the hopes currently 

placed in decoupling.  

The literature on decoupling is abundant. Starting in 2011, UNEP has produced a series of reports 

on the topic (UNEP, 2011b, 2014a, 2015). Searching the keywords “decoupling economic growth” on 

Scopus delivers more than 600 articles, most of them empirical. On such a controversial topic, one 

would expect wide divergence in results. Yet, as we will show in the second section of this report, 

disagreements within that literature mainly result from slight variations in the way decoupling is 

defined and measured. Once these methodological quirks are set aside, findings converge towards 

showing that there is no robust evidence justifying the idea of decoupling as a single or main policy 

strategy as it is currently promoted by green growth advocates. 

This report is organised in three sections. First, we define what decoupling means and specify the 

different forms that it can take. The main point of this section is that behind one term hides various 

different meanings or situations, some of them more desirable than others. In the second section, we 

review the empirical literature on the topic as to assess whether or not there is evidence of decoupling 

having occurred in the past. Our finding is that current scientific knowledge does not support the 

hypothesis of the type of decoupling that would be necessary to effectively address climate change 

and other environmental crises. In the third section, we discuss how likely is decoupling to occur in 

the future and find that probabilities are too thin to warrant the current central focus placed on the 

concept in policy making. In conclusion, the main claim of the report is that green growth, that is 

economic growth that is sufficiently decoupled from environmental pressures, is not possible and 

should thus not be the primary objective of environmental policy. 

4  For the World Bank (2012) inclusive green growth is “economic growth that is efficient in its use of natural resources, 
clean in that it minimizes pollution and environmental impacts, and resilient in that it accounts for natural hazards and 
the role of environmental management and natural capital in preventing physical disasters.”

INTRODUCTION
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I. What is decoupling? 

A constructive discussion requires starting with explicit definitions and clarifying several terminological 

and methodological subtleties, having to do with what type of economic and environmental indicators 

are considered and how they are statistically correlated; at which scale, magnitude, and timing 

decoupling may or may not occur; as well as for what outcomes in terms of achieving social and 

environmental targets.  

1. Relative and absolute decoupling
Generally speaking, two variables are said coupled if one is driven by the other, making them evolve in 

proportion (for instance, more of A means more of B); and they decouple when they cease to do so. When 

coupled, both the driven and driving variables move in step, which means that they evolve over time 

proportionally. Decoupling refers to a variation over time of the coefficient of proportionality, corresponding 

to a desynchronization between the two variables tends. 

This decoupling can be either relative or absolute (also called weak or strong). Relative decoupling means 

that both variables still develop into the same direction but not at the same speed (a lot of more of A 

means a little more of B) whereas absolute decoupling means that the two variables go in opposite 

directions (more of A and less of B). Assessing decoupling means estimating the loss of proportionality 

between one variable towards another (or more precisely the variable trends) over time.

Relative decoupling, for example between GDP and carbon emissions, refers to a situation where the 

emissions per unit of economic output (the coefficient of proportionality) declines but not “fast enough” 

to compensate for the simultaneous increase in output over the same period, resulting in an overall 

increase in total emissions. As a result, although the economy is relatively less impactful per unit of 

GDP compared to what it was before, the absolute volume of emissions has nonetheless increased. 

Absolute decoupling is a situation where, to stay with the same example, more GDP coincides with lower 

WHAT IS DECOUPLING?
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emissions. Relative decoupling becomes absolute decoupling when the growth rate of the economy is 

overcompensated by the growth rate of efficiency or productivity having to do with the use of natural 

resources and the generation of pollutions – a threshold sometimes referred to as the “absolute 

decoupling point” (Akizu-Gardoki et al., 2018). When decoupling is absolute, environmental pressures 

decline without a corresponding drop in economic activities, or vice versa, economic activities rise 

without an increase in environmental pressures. 

2. The driving variable: Gross Domestic Product 
In the decoupling of economic growth from environmental pressures, the first term refers to a measure 

of market activity, most often Gross Domestic Product (GDP).5 GDP is a measure of the aggregate 

market value of all the final goods and services produced in a country in a given period (often annually), 

and it is the change of that value that is called economic growth. Calculating GDP is an intricate process 

resulting from a number of conventions and involving a number of subtleties having to do with what 

to include and exclude and how to measure it. Since its creation in the 1930s, GDP has been criticised 

on many grounds. Although this is not the space to review such criticisms, one should still say that the 

primacy of this indicator reflects a narrow, potentially problematic, framing of prosperity. This being 

said, in our context, it matters to take into consideration GDP evolutions in volume or “real GDP,” that 

is to say to correct GDP from inflation. 

3. The driven variable: Resources and impacts
Environmental pressures include all the consequences an economy has on nature. Following UNEP 

(2011b), it is possible to distinguish between resource use and environmental impacts. Resource 

decoupling is a decoupling of market activity from the volume of resource used (i.e. extracted from 

the environment), for example, thanks to efficiency improvements or better recycling which both allow 

for less extraction. It means that the same or a larger output in monetary terms can be produced 

with fewer material inputs. The term “resource” here refers to “natural assets deliberately extracted 

and modified by human activity for their utility to create economic value” (UNEP, 2011b, p. 2).6 In this 

report, we will divide the natural resources used for economic activities in four categories: materials,7 

energy, water, and land (the latter two defined broadly as to include biodiversity and related ecosystem 

services). These resources can be measured using different indicators either production-based (e.g. 

domestic extraction, primary energy supply, land occupation) or consumption-based (e.g. material 

footprint, energy footprint, water footprint, or ecological footprint). 

5  There exist other ways of quantifying economic activity, such as total working time or aggregate employment. A small mi-
nority of decoupling studies focus on more encompassing indicators such as the Human Development Index (Akizu-Gardo-
ki et al., 2018); the Index of Sustainable Economic Welfare (Beça and Santos, 2014); need satisfiers and human well-being 
(O’Neill et al., 2018). In the report, however, we only focus on economic growth measured as an increase in GDP for that it 
is measured as such in the great majority of decoupling studies. 
6  The way one accounts for resources matters. For example, including unused extraction of materials (the materials and 
energy being used, displaced, or damaged in the process of extraction itself) often leads to calculated volumes a few order 
of magnitude higher than only counting the inputs to the production process itself. In the case of Chile, for example, the 
physical trade balance in the year 2003 increases from net exports of 1 million tons in terms of direct flows to net exports 
of 634 million tons if calculated including unused extraction materials (Muñoz et al., 2009). 
7  Materials can be further broken down into more detailed categories such as, for example, biomass, fossil energy carri-
ers, ores and industrial minerals, and construction minerals (Fischer-Kowalski et al., 2011, p.10)

WHAT IS DECOUPLING?
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Impact decoupling refers to a decoupling of GDP from environmental impacts, that is a decrease in 

environmental harm per unit of economic output. Environmental impacts can take various forms such 

as waste disturbing marine life or pollutants affecting human and animal health, disturbance of natural 

processes (e.g. nitrogen, phosphorus, carbon, and fresh water cycles) or biodiversity loss. There is 

usually a link between resource use and environmental impacts; for example, extracting and using 

more fossil fuels (resource) generates CO2 emissions contributing to climate change (impact). Although 

most empirical studies focus on climate change and greenhouse gas emissions, any deleterious effects 

on the biosphere can be taken into consideration as an environmental variable (e.g. light pollution 

leading to biodiversity loss, water pollution leading to eutrophication).

In this report, we will refer to overall decoupling for cases where decoupling occurs between GDP and 

all selected indicators, including both resource use and environmental impacts. And we will refer to 

partial decoupling for cases where one or more environmental indicators decouple from GDP while 

coupling remains or intensifies for other indicators. 

4. Scale: Global or local 
Decoupling can be discussed taking into consideration different geographical perimeters. Local 

decoupling refers to cases where decoupling is observed between variables relative to a restricted 

geographical perimeter (e.g. a country or a water basin), while global decoupling corresponds to 

decoupling between two variables at the planetary scale (e.g. world GDP and world greenhouse gas 

emissions).8

The relevance of using local or global indicators depends on the nature of the environmental pressure 

considered and on its causes. For instance, to study local issues, such as the eutrophication of the 

Baltic Sea, for which direct causes are located in a rather well defined geographic area, it makes sense 

to use local indicators, limited, for example, to the perimeter of the watershed. However, global issues 

like climate change generally call for global indicators, since greenhouse gases are transboundary 

pollutants and climate change is a planetary phenomenon. 

In a globalised world, the choice of the boundaries considered for the system under study matters. 

Globalisation and the expansion of international trade has led to a spatial dissociation between places 

of extraction, production, and consumption, making it more difficult to determine who is responsible 

for which impacts. In this context, production-based (also called territorial) indicators, which relate 

to geographical areas rather than to populations, cannot reflect responsibilities and are as such 

insufficient. A more comprehensive approach consists in looking at consumption-based (also called 

footprint) indicators, in which embodied impacts from production and end-of-life phases of traded 

goods and services are geographically reallocated to final consumers. Indeed, not accounting for the 

resources mobilised and for impacts generated abroad may lead to detecting apparent decoupling at 

a local level for importing countries which translocate impacting activities abroad. Reversely, territorial 

8  One could even go further and differentiate several local levels: macroeconomic (for instance taking into account the 
whole national activity), sectoral (a specific sector of the economy), and microeconomic (single company, city, household). 
In this report this will not be necessary for that the majority of empirical studies are either national, regional, or global.

WHAT IS DECOUPLING?
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approaches might underestimate decoupling in the case of exporting countries who host impacting 

activities intended for the consumption of other nations. 

5. Durability: Temporary or permanent
Just like the geographical perimeter, the time period of a decoupling study matters. Indeed, mitigating 

environmental pressures in a growing economy not only implies achieving absolute decoupling from 

GDP, but also requires maintaining such a decoupling in time as long as the economy grows. Said 

differently, continuous economic growth requires a permanent absolute decoupling between GDP and 

environmental pressures. Yet, in the same way that economic growth and environmental pressures 

can decouple at one point in time, they can also recouple later on. As empirical studies often show, 

decoupling can as well be temporary, resulting in a further increase of environmental pressures after 

a temporary relief. In the literature, this situation is depicted by an N-shaped curve and sometimes 

referred to as recoupling or “relinking” (de Bruyn and Opschoor, 1997; Jänicke et al., 1989)indicating a 

‘delinking’ of environmental pressures from economic growth in relation to rising per capita incomes. 

The likelihood of such a relationship being persistent is discussed in the context of a simple macro 

model of industrial metabolism, and the possibility of ‘relinking’ clearly emerges. Data on specific 

indicators of environmental pressures (i.e. the throughput of materials, energy and the volume of 

transport. 

Such pattern can, for instance, result from a large shift in energy sources. For example, China moving 

from coal toward oil and gas and the US increasing the portion of natural gas in their energy mix 

caused a temporary levelling of global emissions in 2015 and 2016 reported by the International Energy 

Agency (IEA). But this decoupling was short-lived: once the shift was completed and the corresponding 

decoupling potential spent, emissions recoupled with economic growth (+1.6% in 2017 and +2.7% in 

2018) (Hickel and Kallis, 2019, p.8). Another common example of temporary decoupling is the Global 

Financial Crisis of 2007-2008 which, as we will see in detail in Section 2, has momentarily pushed 

environmental pressures down. 

From an ecological sustainability perspective, the necessary type of decoupling is one that is permanent 

and not only temporary. Indeed, it makes little sense to cut resource use or emissions drastically in the 

short-term only to fall back on a path of increased biophysical intensity in the longer term. Besides, 

temporary decoupling only has a marginal effect on environmental pressures resulting from cumulative 

impacts, an effect which merely boils down to a time lag. Findings from decoupling studies should 

therefore be put in perspective with the time period considered for what may look like decoupling over 

a short period (inverted U-shape curve) might look different over a longer period (N-shape curve).

6. Magnitude: Sufficient or insufficient
A 3% rise in GDP with a 2% drop in total greenhouse gas emissions is by definition absolute decoupling, 

but so is a 3% rise in GDP with a 0.02% drop in emissions. Plain to see that the first is more desirable if 

WHAT IS DECOUPLING?
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the goal is to mitigate climate change. Our point is the following: the success of a decoupling strategy 

should be assessed in relation to specific environmental targets, and not in terms of abstract decoupling 

elasticities as often done in the literature. Once such targets have been defined, one can then speak of 

decoupling being insufficient or sufficient in achieving them – e.g. “absolute decoupling within planetary 

boundaries” for Fedrigo-Fazio et al. (2016).

Furthermore, talking about emission or resource productivity measured in emissions/resource per unit 

of GDP obscures the fact that most environmental issues are caused by cumulative, absolute impacts 

from different factors. In reality, not only does this imply that to be effective, the required decoupling 

would have to be covering both resource use and impacts, in both dimensions being absolute, global, and 

permanent, but it would also need to be sufficiently fast. Long before being exhausted, non-renewable 

resources get scarce and can create conflicts or exacerbate already existing ones. Adaptation is even 

more difficult in the case of ecosystem overload; once overwhelmed – i.e. if tipping points have been 

passed – they can collapse or transform into a different kind of system (e.g. a forest area becoming 

savannah). Both kinds of damage – exhaustion and collapse – are often irreversible on a time-scale 

relevant for humans. Even though it is difficult to measure, decoupling can be considered sufficiently 

fast if the absolute decoupling point is reached before passing irreversible thresholds of damage such 

as the nine planetary boundaries identified by Rockström et al. (2009), Steffen et al. (2015) and Steffen 

et al. (2018).9 

Climate change provides a good example of a hard deadline for absolute impact decoupling. With a 

global carbon budget estimated at 580 GtCO2 that is currently being depleted at the pace of 42 GtCO2 per 

year, this leaves less than 15 years at current rates of emissions. Reaching the net zero anthropogenic 

CO2 by 2040 necessary to limit global warming to 1.5°, which a high level of confidence requires an 

annual reduction of at least 5% of the current emissions. Following this trajectory, the budget will last 

20 years and the emissions will be zero at the end of the period – with 45% decline in global emissions 

by 2030 as an interim target (IPCC, 2018). In light of this constraint, and as we will show in Section 2, 

even the decrease of emissions achieved in the most successful national cases of absolute decoupling 

are far from being sufficient to keep global warming from passing a critical threshold. 

Urgency does not only concern impacts but also resources. The preservation of non-renewable 

resources is a matter of intra- and intergenerational equity. Each non-renewable resource used in 

one place is a resource that will not be available in another place, and each non-recyclable resource 

used today is a resource that will not be available tomorrow. As for renewable ones, the threshold of 

sustainable consumption is set by the replenishment rates of that resource (e.g. avoiding a fish stock 

being depleted to extinction or the collapse of soil structure). So when UNEP (2014a, p. 123) concludes 

their report by affirming that “absolute decoupling of economic growth from resource use is possible,” 

we want to point out that it is the magnitude and timing of that decoupling which is at stake more than 

its mere statistical existence. 

9  To be precise, one should say that the environmental pressures occurring after the decoupling point, even though de-
creasing, still matters. Enough resources or carbon budgets (or any other measure of resource and impacts) should be left 
as to be able to afford the descent from the peak with still remaining within thresholds of ecosystem stability. 
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7. Equity in the allocation of decoupling efforts
The last dimension comes on top of the previous one and is about the concept of “shared but 

differentiated responsibilities” that ever since first agreed at the 1992 United Nations Conference on 

Environment and Development (UNCED) in Rio figures in climate agreements. Decoupling needs to be 

sufficiently large in affluent countries in order to free the ecological space necessary for production and 

consumption in regions where basic needs are unmet. 

The fact that there are millions of people in the world who lack access to the means of satisfying 

their basic needs puts extra pressures on rich nations to reduce environmental pressures as much 

as possible as to give the largest possible leeway to vulnerable communities. If moving the “global 

poor” to an income level of US$ 3-8 per day will by itself consume 66% of the available 2°C global 

carbon budget (Hubacek et al., 2017), then it is imperative for affluent nations to let go of the remaining 

available climate space. Meyer-Ohlendorf et al. (2018) calculate that, if the share of carbon budget is 

derived from 2050 population numbers as to better account for equity, the current EU target for 2030 

would have to almost double, from 40% reduction of emissions to 71%. Indeed, even if the metabolic 

rates of industrial countries would remain stable at 2000 levels (which would already imply absolute 

decoupling), the catching up of the rest of the world, using current technology, would in itself quadruple 

global emissions by 2050 (Fischer-Kowalski et al., 2011, p29), which corresponds to levels considered 

catastrophic in the latest Intergovernmental Panel on Climate Change (IPCC) report (IPCC, 2018). 

And again, in a world of limited resources, the timing of the peak impact matters as the “safe operating 

space” (Steffen et al., 2015) may not be large enough for every nation to peak in a logic of “grow now, 

clean up later” (Van Alstine and Neumayer, 2010, p. 57). For example, Storm and Schröder (2018, pp. 

20–21) estimate that if China develops along the path of the production-based Environmental Kuznets 

Curve (EKC) they find for CO2 emissions, they would exhaust the entirety of the world carbon budget 

before even reaching the hypothetical turning point. Decoupling in rich countries can be considered 

large enough if it compensates for the increased ecological footprint of poorer nations while still 

managing to absolutely and permanently decouple global economic growth from environmental 

pressures at a pace that is fast enough to avoid overshooting safe environmental thresholds.10 

10  This is a moral, and not a technical, question. Our main point here is that an abstract objective of decoupling is sense-
less if not connected to concrete environmental targets, which should themselves be based on moral considerations.
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IS DECOUPLING HAPPENING?

Conclusions for Section 1
As we have shown in this section, decoupling can be defined and measured in 

different ways. Consequently, carrying a literature review on decoupling calls for 

a number of precautions. First, one should be clear about what is being decoupled 

from what, specifying the indicators chosen to account for economic activities 

and environmental pressures. In particular, one should consider whether these 

indicators are global or local and whether they reflect territorial (production-

based) or footprint (consumption-based) approaches (scale). Then it matters 

whether decoupling is studied and discussed in relative or absolute terms, and 

over a short or long period of time (durability). Last but not least, any observed 

decoupling should be put in perspective with relevant environmental thresholds 

and within a broader political context as to assess whether it manages to reach 

mitigation targets (magnitude) in a way that is deemed just (equity). Building 

on this analytical framework, the next section proposes a review of existing 

empirical literature on decoupling. 
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II. Is decoupling 
happening? 
Is decoupling occurring in reality, and if yes, what kind of decoupling is it? The objective of this section 

is to assess the validity of the decoupling hypothesis in light of existing empirical research. To do 

so, we conduct a comprehensive literature review of a number of empirical studies having tested 

the decoupling hypothesis. The discussion that follows is organised thematically, according to the 

environmental variables considered: (1) resources (materials, energy, and water) and (2) impacts 

(greenhouse gases, land, water pollutants, and biodiversity loss). In each case, we compare the results 

reported across studies assessing them with respect to the different dimensions presented in Section 

1.

Before diving into the empirical literature, it is worth telling the story of how scientists came to talk of 

decoupling in the first place. In the 1990s, several economists (Grossman and Krueger, 1995, 1991; 

Panayotou, 1993; Shafik and Bandyopadhyay, 1992) conducted empirical work that led them to believe 

that economic growth was negatively correlated with environmental pressures.11 Environmental 

impacts would first grow but then decline in an inverted bell shaped development that came to be 

referred to as an Environmental Kuznets Curve.12 This theory had strong policy implications as it meant 

that a nation could grow its way out of an ecological crisis.

This hypothesis of what UNEP (2014a, p. 5) calls a “decoupling through maturation” has inspired a 

number of studies in the following decades looking for EKCs for a selection of environment variables. 

Today, such assumption of a naturally-occurring decoupling has lost traction in both scientific and 

political scenes while it has been recognised that the structural change of economies leading to 

decoupling is strongly determined by policies (Smith et al., 2010; UNEP, 2014a). The way to study 

11  Grossman and Krueger (1991)studied air pollutants (sulphur dioxide and other particulates); Shafik and Bandyopad-
hyay (1992) focused on water pollution, municipal waste, particulates, sulphur dioxide, deforestation, and carbon emis-
sions; and Panayotou (1993) considered an array of similar environmental indicators. 
12  In 1955, Simon Kuznets elaborated the theory that in the process of expanding economic activity, inequality first in-
creased to a maximum and then decreased – thus forming an inverted U-shaped curve. 
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decoupling has thus evolved from a semi-natural phenomenon to something that can be brought into 

existence via policy intervention.  

In this perspective, we will present a review of recent empirical studies that attempted to identify 

decoupling phenomena, adding to existing literature reviews like Li et al. (2007), Koirala et al. (2011) or 

Mardani et al. (2019). Although the literature review we conduct is one of the most encompassing up 

to date, it is not systematic and exhaustive, and so the claims we make about the decoupling literature 

should be appreciated in regards to the limited pool of articles under consideration (see the full list in 

the appendix). It is also worth noting that the majority of studies have to do with developed countries 

(with notable exceptions, e.g. Wang et al., 2019), and so the claim we make about decoupling should be 

understood in that context.13 

1. Resource decoupling

Materials
When it comes to aggregate use of materials, the evidence is clear and uncontroversial. There has been 

no absolute decoupling of resource use from economic growth. In fact, the global use of resources is 

on the rise and global GDP is still tightly coupled with total resource extraction. Here and in the rest of 

this section, if not otherwise indicated, the decoupling effects are estimated on the basis of production-

based environmental variables.

Global material extraction has increased by a factor of 12 in between 1900 and 2015, with a steady 

acceleration since the beginning of the 21st century (Krausmann et al., 2018).14  In the last century, 

average resource use per capita doubled: a global inhabitant in 2005 required somewhere between 8.5 

(Behrens et al., 2007) and 9.2 tons (Krausmann et al., 2009) of resources annually, while a hundred years 

earlier this number was only 4.6 tons (UNEP, 2011b, p. 10).15 Only in the last 40 years, total material 

use at the global level has tripled (Schandl et al., 2018). The material footprint of the OECD nations as 

a whole increased by almost 50% between 1990 and 2008 in direct relationship with economic activity 

with every 10% rise in GDP being accompanied with a 6% increase in material footprint (Wiedmann et 

al., 2015).16 In the end, the material intensity of GDP per capita has increased by 60% between 1900 and 

2009 (Bithas and Kalimeris, 2018).17  

13  This is not to say that decoupling is easier in the global South. Nor do we mean that the questions at hand in this report 
are solely a concern for the global North; ecological sustainability should be a matter of concern for all. However, we as-
sume that if the global North fails to decouple, it will be hard to justify why decoupling should be expected to happen in 
low-income and technologically less advanced countries.
14  Global material extraction increased by 53% between 2002 and 2015, which means that “roughly one third of all materi-
als that have been extracted since 1900 have been mobilized between 2002 and 2015 only” (Krausmann et al., 2018, p.139).
15  Schandl et al. (2018, p.4) notes that most of this increase is recent. Indeed, average global material extraction has risen 
from 7 tones per capita in 1970 to 10 in 2010.
16  Bithas and Kalimeris (2018) confirm this dependency of the global economy on natural resources. They calculate that 
the global per capita consumption of mass resources increased by 78.7% over the last century (1900-2002); this means 
that a 4.8-fold increase in global income led to a 8.5-fold rise in mass flow. Considering biomass, fossil energy carriers, 
ores and industrial minerals, and construction minerals, Krausmann et al. (2018) calculate that global material use in-
creased by a factor of 12 over the 1900-2015 period with a marked shift from the dominance of renewable biomass 
towards mineral materials. 
17  Same result for Giljum et al. (2014): 93.4% increase in global consumption between 1980 and 2009, which becomes 
132% when extended to the year 2013 (“The Material Flow Analysis Portal,” 2015). Again, that rate picks up at the turn of 
the century: around 2.5% average increase per year over the period but 3.4% rise between 2000 and 2009 (Giljum et al., 
2014) or 3.85% between 2002 and 2013 (Materialflows.net, 2015).
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Global material footprint targets are less consensual than carbon targets, and yet an emerging consensus 

holds that material consumption needs to be capped to a yearly maximum of 50 billion tons in order 

to remain ecologically sustainable (Bringezu, 2015; Dittrich et al., 2012; Hoekstra and Wiedmann, 2014; 

UNEP, 2014b). In 2009, that number was already over the threshold at 67.6 billion tons (Giljum et al., 2014).

A surprising fact shown in all studies is that while the world economy had been gradually dematerialising 

for a long time, this trend has been reversed in the last two decades. While in the last century the use 

of materials was relatively decoupling from GDP at the global level, the trend has stalled and reverted 

since the turn of the century. For instance, Krausmann et al. (2018) show that change in material 

intensity went from a negative 0.9% per year between 1945-2002 to a positive yearly 0.4% between 

2002 and 2015. Attempting the same calculation with a different method, Bithas and Kalimeris (2018) 

find total decreases of material intensity in the range of 31.9% for 1900-1945 and 48.9% for 1950-2000, 

but only a decrease of 0.6% in between 2000 and 2009. Giljum et al. (2014) call it a re-materialisation, 

which is the opposite of decoupling, namely an increase in the material intensity of the world economy.

From the onset, it seems that rich countries achieve a faster relative decoupling than others. Yet, this 

performance wafts away when accounting for cost shifting, i.e. looking at consumption-based accounts. 

For example, Wang et al. (2018) compare consumption-based (material footprint) and production-based 

measurements (domestic material consumption) of resource use for the case of six countries, three 

from the OECD and three from emerging national economies: Brazil, Russia, India, China and South 

Africa (BRICS). Australia, Japan, India, and the US do manage to relatively decouple, but only because 

they shift their material resource supply abroad. This result is confirmed by both Bithas and Kalimeris 

(2018) who report a stagnating material intensity at the global level, and Wiedmann et al. (2015) who 

show that using material footprint instead of Domestic Material Consumption (DMC) cancels an only 

apparent relative decoupling in the US, UK, Japan, the OECD, and EU-27.

One should note that the use of certain materials do decrease along a rising GDP, even though often 

only locally – for example aluminium in the US between 1985 and 2009 (Zhang et al., 2017). But this is 

counterbalanced by either more of the same material being extracted elsewhere or other materials 

whose use rises even faster. For example, global amounts of extracted iron ore and bauxite have 

increased faster than global GDP in the 1980-2002 period (Wiedmann et al., 2015). 

Energy
The case of energy is less clear cut than the one of materials. Studies diverge on their results and 

are difficult to compare because they measure energy consumption differently and do so at different 

geographical scales. 

Looking at territorial final energy consumption in the 1971-2004 period, Luzzati and Orsini (2009) do 

not find any evidence of an Environmental Kuznets Curve, neither on a global scale nor at the level of 

individual countries. What they find instead is that the relation between GDP per capita and energy 

consumption is stable, both indicators increasing monotonically. Semeniuk (2018) uses data for 180 

countries between 1950 and 2014 and finds that primary energy intensity is constant with growth. 

However, Csereklyei et al. (2016)  find cases of only relative decoupling between primary energy 
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consumption and GDP for 99 countries over the 1970-2011 period. 

Wu et al. (2018) do find three cases of absolute decoupling (US, France, and UK) between 2005 and 

2015 using production-based approaches (they use decoupling indices which do not specify how much 

energy consumption actually decreased) and one case of relative decoupling in Germany. Wood et al. 

(2018) find a relative global decoupling trend for the period 1995-2011 between final consumption 

and GDP. However, it is more common for authors to find situations of relative decoupling, mostly at 

a regional scale: Ward et al. (2016) in Australia for final energy consumption, Kovacic et al. (2018) in 14 

EU countries (1995-2013) between energy consumption and hours of labor, Conrad and Cassar (2014) 

in Malta (1995-2012), and van Caneghem et al. (2010) in the Flemish industry (1995-2006). 

Yet, as for the case of materials, a decoupling in one region often hides a recoupling somewhere else. 

Moreau and Vuille (2018) test this hypothesis using input-output analysis for Switzerland between 2000 

and 2014. Result: the decrease in territorial final energy intensity appears to be compensated by an 

increase in the energy embodied in imports. Taking this into account, energy intensity remains roughly 

the same. In that specific study, absolute volumes increase both when measured using a territorial 

approach (+1%, which is the result of a domestic energy intensity decreasing by 44% being met by an 

increase in volume of 45%) and when using a footprint approach (+24.5%), even though the difference 

is significant. Examining the often-quoted relative decoupling of energy consumption from economic 

growth in the UK over the last 15 years, Hardt et al. (2018) show that the majority of energy intensity 

improvements is not due to better efficiency but instead to offshoring. 

The illusion is not only geographical but also sometime sectoral. Using sectoral data for 18 EU countries 

between 1995 and 2008, Naqvi and Zwickl (2017) find that even though on average, relative decoupling 

occurs in almost all sectors, no country manages to absolutely decouple final energy use and GDP in 

the economy as a whole. 

Lastly, that decoupling occurs during a certain period does not guarantee maintaining it over time. 

Analysing the Czech Republic, Hungary, Poland, and Slovakia over the 1990-2015 period, Szlavik and 

Szép, (2017) show that if absolute decoupling occurred at all, it lasted only during short periods and 

only in specific places, for example in Poland from 2011 to 2014. This ephemeral breaks in the coupling 

relation are most often explained by economic crises and political restructuring, and not by the 

continuous introduction of ever more efficient technologies and practices. 

Water
Decoupling can be observed on a variety of metrics of water “use,” including water withdrawal (also 

called abstraction), which measures the amount of water taken from a natural source (such as a lake 

or a river), and water consumption, which measures water used that will not be returned to its source, 

and thus not available for reuse.18 The UNEP recently published a report entitled Decoupling Economic 

Growth From Water Use And Water Pollution (UNEP, 2015), which argues that using territorial indicators 

of water use, many countries have achieved a relative form of decoupling (UN-Water, 2009), and so has 

18  Decoupling can also be observed between withdrawal and pollution, as well as on per-capita or total use within differ-
ent economic sectors that use water, which we will discuss in the next part on impact decoupling.
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the world as whole starting in the 1940s (UNEP, 2015, p. 12). Similar production-oriented studies show 

that the pace of decoupling significantly increased after the 1980s, with the global water intensity of 

production declining yearly by 1% from 1980 to 2000 (Dobbs et al., 2011). China is a striking example, 

with water consumption remaining constant since the 1980s alongside several decades of two-digit 

economic growth (Gleick, 2003). Some countries have even experienced absolute decoupling. This is 

the case of Australia that has reduced its total water consumption by 40% over the 2001-2009 period 

while increasing GDP by over 30% (Smith, 2011). 

As promising as these numbers look, relative decoupling of water and efficiency gains were more than 

cancelled by the expansion of economic activities, resulting in a net increase in water consumption. 

Industrialising countries or regions may indeed reduce overall water use by decreasing agricultural 

production. Yet, decreases in agricultural production in one place require increases elsewhere, and 

even water-efficient industrialisation often results in a net increase in industrial water use. Even 

efficiency gains in agriculture may in some cases generate rebound effects resulting in net increases in 

water use (Loch and Adamson, 2015; Ward and Pulido-Velazquez, 2008). 

A case study from Tianjin City (China), touted as the world’s largest Eco-City and a blueprint for 

sustainable urbanisation worldwide (Baeumler et al., 2009), is a perfect example of a relative decoupling 

that still results in an overall increase in water consumption. According to recent research by Wang 

and Li (2018), the city’s industrial water use and rapid economic growth are still tightly coupled, and 

perhaps even increasingly so. Data from 2005-2015 indicate that even though the average growth rate 

of industrial water consumption (+0.18%) was lower than GDP growth (+15.42%), periods of more rapid 

economic growth were marked by a stronger coupling with industrial water consumption.

Just like for materials, it suffices to look at global consumption to realise that gains in efficiency are 

being trumped by increases in volume. On a global level, Wada and Bierkens (2014) estimate that 

human water consumption increased more than two-fold (~250%) between 1960-2010, the bulk of 

which is attributable to the expansion of irrigated agriculture. With regards to global water withdrawal, 

the AQUASTAT database of the Food and Agriculture Organisation (2016) shows a slightly smaller 

expansion from 2,500 km3/year in 1960 to nearly 7,000 km3/year in 2010. In parts of Australia and 

California where absolute decoupling can be observed, water consumption remains at unsustainable 

levels, as evidenced by an increasing number of “anthropogenic droughts” (AghaKouchak et al., 2015; 

Ashraf et al., 2017). These should be seen as cases of insufficient decoupling. 

Another remark has to do with the water embodied in trade. Similarly to the question of embodied 

energy, most decoupling studies on water do not account for so-called “virtual water” (Allan, 1998) 

which is the water embodied in products (e.g. one kilo of beef requires around 15,000 litres of water 

over the full chain of production). Affluent countries decrease their domestic water consumption by 

importing water-intensive products from abroad, effectively shifting their water footprint and all its 

relative environmental issues onto other countries. 

Studies that account for “water footprint” (Hoekstra, 2017) find that affluent countries facing water-

scarcity tend to reduce local water consumption by importing virtual water (Oki et al., 2017). In a cross-

national study, Wang et al. (2016) confirm that the decoupling of domestic blue water use and economic 
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growth in high-income nations occurs through virtual water flows embodied in trade. The same result 

stands for Feng and Hubacek (2015) who used a multi-region input-output analysis to understand 

global virtual water flows, as well as for other studies that attempt to measure this externalisation of 

water footprint (Fulton et al., 2014, 2012; Katz, 2008). Importing water-intensive services, commodities 

and energies can create conditions of geopolitical instability. For those concerned with global water 

risk and the implications for water justice, the sacrifice of one watershed for the health of another runs 

counter to the understanding and promise of global water decoupling.

2. Impact decoupling

Greenhouse gases
The case of carbon dioxide is the most ambiguous of all and requires a detailed discussion. Most studies 

do find patterns of relative decoupling in early industrialised countries and beyond – e.g. 79 countries in 

Lonhofer and Jorgenson (2017) looking over the 1970-2009 period.19 Some studies even point to cases 

of absolute decoupling, albeit most often during short periods, only in specific locations, and often 

using production-based (territorial) indicators. This could be cases for rejoicing, but unfortunately, the 

magnitude of the decrease in emissions is negligible. Overall, the reviewed literature converges in 

saying that there has never been a global pattern of absolute decoupling of CO2 from economic growth.

But let us look into the details starting with the Environmental Kuznets Curve literature. If at all, the 

existence of an EKC for CO2 emissions can only be confirmed within single studies (Azam and Khan, 

2016). The three meta-analyses we have screened do not find any evidence for decoupling over the 

1995-2005 period.20 Out of 588 observations, Li et al. (2007) do not find a single case of absolute CO2 

decoupling over the 1995-2005 period. What they do find is an EKC for more local greenhouse gases 

(such as SO2, NOx, CO, NO2, and SOx) but at an income turning point of 37,000 US$ per capita, which 

is seven times larger than the 2000 world average GDP per capita and thus practically unattainable if 

we aim at staying under the 1.5°C global warming target. Koirala et al. (2011) mobilised around 900 

observations from 103 studies for their meta-analysis, and, fail to identify any carbon EKC. The most 

recent review in date, from Mardani et al. (2019), points in the same direction. After reviewing 175 

studies over the 1995-2017 period, they conclude: “While this [decoupling] has happened in absolute 

terms in a few countries, the main trend in most developed countries is that emissions are increasing, 

or stabilizing at a high level. One can hardly claim that there is enough empirical evidence to assume 

that there is an EKC for CO2 emission intensities.” 

Absolute decoupling can be spotted only by restricting the scope of observation, that is by narrowing 

down either the study period or the geographical perimeter. For example, Chen et al. (2018) analyse 

19  Also Conrad and Cassar (2014) for Malta (1995-2012); Jiang and Li (2017) for several short periods in the US; Marques 
et al. (2018) for Australia (1975-2016); Wu et al. (2018) in eight high-income and middle-income countries (1965-2015); and 
Wood et al. (2018) on a global scale. 
20  Regarding a methodological quality of EKC studies Galeotti et al. (2006) show that data sets have negligible impacts 
on the results. However, attention should be given to econometric misspecifications. Itkonen (2012) and Wagner (2008) 
find that a wrong application of methods often leads to omitted bias and thus to false statements – similar critics have 
previously been formulated by Stern (2004).
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the total emissions of 30 OECD countries between 2001 and 2015. What they found is that GDP increased 

by 70.6% over the period with CO2 emissions decreasing by 3.8%, with most of that drop taking place 

between 2010 and 2015. The European Environmental Agency (EEA) reports a 22% absolute carbon 

emission reduction between 1990 and 2017, an average of 49 MtCO2e per year (EEA, 2018). Madaleno 

and Moutinho (2018) find evidence for temporary absolute decoupling in the EU-15 for territorial 

emissions, but only between 1996 and 1999 (the whole study period was 1995-2014). Similarly, Roinioti 

and Koroneos (2017) found two incidences of temporary absolute decoupling, lasting one and two 

years respectively for the case of Greece in between 2003 and 2013. Cansino and Moreno (2018) find 

an absolute decoupling effect in Chile, but only for specific years of their study period (1991-2013). 

Cases of absolute decoupling are more likely to be observed looking at geographically restricted 

areas and disregarding relations and exchanges with the rest of the world. Focusing on eco-efficiency 

indicators for industries in Flanders, Van Caneghem et al. (2010) report an observed absolute decoupling 

between 1995 and 2006. The study of Azam and Khan (2016) indicates an absolute decoupling between 

territorial emissions and GDP happened in Tanzania and Guatemala using annual production-based 

time-series data from 1975-2014. Further evidence is brought forward by Lean and Smyth (2010) for 

Singapore using production-based measures between 1980 and 2006. 

Four remarks on these results. First, if there is absolute decoupling, it remains infinitesimal. For instance, 

3.8% in 14 years (Chen et al., 2018) is a meagre performance – that is a compound annual growth rate 

of -0.28% per annum, which remains 18 times too slow compared to the IPCC (2018) 1.5°C target of a 

yearly 5% decrease. The 8% decrease in emissions between 2007 and 2015 reported by the International 

Energy Agency is only a yearly abatement of 1% (IEA, 2016); and the decoupling in the EU reported by 

the EEA would need to be increased 5-fold as to meet a -95% mitigation target for 2050. Other similarly 

discouraging rates of absolute decoupling are found by Pilatowska and Wlodarczyk (2018) in Belgium, 

Denmark, France, and the UK (1960-2012). In their comparative study, the strongest effect was in 

Denmark with minus 1.8% of emissions yearly alongside a 1.16% rise in GDP. As encouraging as this 

might look, according to the IPCC (2018), it would need to be 3 times faster and occurring simultaneously 

in every single country to stay within the 1.5°C limit to global warming. All of this calls for an acceleration 

of efforts. And yet, studies point to the opposite: the speed of decoupling in high-income countries is 

decelerating (Fosten et al., 2012) as the set of easy to implement measures is increasingly depleted. This 

is also in line with current policy impact projections of the EEA (2018). 

 Second, even if decoupling can be spotted over a certain period, it is likely to disappear if one extends 

the timeframe of the study. Wang et al. (2018) do observe several periods in the US where energy-

related CO2 emissions decline alongside a growing GDP: -1.75% (2000-2001), -1.61% (2005-2006), and 

between -2 and -3.31% (2010-2012). If the study had only looked at these periods, then one would 

speak of a clear absolute decoupling. Yet, spread over a longer period (2000 to 2014 in their study), 

the decrease of emissions is still absolute but averages 0.006% per year, which is about 833 times too 

slow compared to IPCC recommendations. Besides, an important reason for the decline was the switch 

from coal to gas, a one-off measure facilitated by the temporary boom of shale oil and gas in the US, 

which cannot constitute a permanent trend. 

Third, most of these studies only take into account production-based measures. In contrast, the ones 
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that take a consumption-based perspective find considerably different results. The most recent long-

term climate strategy put forward by the European Commission states that Europe has managed to 

successfully decouple greenhouse gas emissions from economic growth in the past decades (European 

Commission, 2018).21 However, this includes only territorial emissions and not consumption-based 

emissions including emissions embedded in international trade. According to van de Lindt et al. (2017), 

while territorial emissions declined by 13% during 1990-2010, the carbon footprint in the same period 

increased by 8%. 

Likewise, Jiborn et al. (2018) show that Sweden and the UK (1995-2009) fall off the absolute decoupling 

list when carbon leakage is considered (see also results by Hardt et al., 2018 above). What remains is 

relative decoupling: a rise in GDP (2.9% per year for the UK and 3.2% for Sweden) comes with a smaller 

rise – but rise nonetheless – in emissions (1.8% per year for the UK and 1.3% for Sweden). Cohen et 

al. (2018) reach the same result for the UK and France (1990-2014); if consumption-based greenhouse 

gas emissions are accounted for on a footprint basis, absolute decoupling disappears (the exception 

is Germany due to high emission exports from the automotive industry). Same case for Singapore, for 

which Schulz, (2010) contrasts the result of Lean and Smyth (2010) showing that decoupling is only 

relative once indirect trade-related emissions are taken into account. 

Even only in terms of relative decoupling, the difference is important. Cohen et al. (2018) identify twelve 

countries in situations of relative decoupling (Brazil, Mexico, Turkey, Korea, South Africa, Indonesia, 

India, China, Canada, Japan, Australia, and the US) while considering territorial emissions, but only 

two (UK and France) while measuring greenhouse gases footprint. Storm and Schröder (2018) analyse 

data from 61 OECD countries during 1995-2011 in search for carbon Kuznets curves. What looks like 

decoupling in production-based CO2 emissions (with a turning point at US$ 56,000 annual per capita 

income) ceases to be so when accounting for imported carbon (turning point at US$ 93,000, which is 

outside of their sample). 

At last, one should take into account the Global Financial Crisis of 2007-2008 and the following 

Eurozone Crisis for their consequences on economic activity and therefore emissions. The rapid 

decrease of emissions during the crisis is of little surprise. Most studies decomposing the effects of 

different variables on CO2 emissions (energy consumption, energy intensity, carbon intensity, GDP) 

conclude that GDP is one of the biggest drivers of CO2 emissions (Cansino and Moreno, 2018; Chen et 

al., 2018; Jiang et al., 2016; Madaleno and Moutinho, 2018; Roinioti and Koroneos, 2017). The review 

of 175 studies by Mardani et al. (2019) even points at a bidirectional coupling between GDP and CO2 

emissions. Even though a recession perhaps reduces impacts in the short term (Declercq et al., 2011; 

Feng et al., 2015; Roinioti and Koroneos, 2017), it can hardly be considered a policy success in terms of 

decoupling for green growth advocates. 

To finish, let us scrutinise a specific decoupling study that was widely spread in the media. In 2016, 

the World Resource Institute (WRI) posted an entry on its website titled “The Roads to Decoupling: 21 

Countries Are Reducing Carbon Emissions While Growing GDP” (Aden, 2016). To be precise, they show

21  The Sustainable Development Goals reflection paper (European Parliament, 2019) does speak of a consumption-based 
absolute decoupling while referring to the analysis of its long-term strategies (European Commission, 2018). Besides that 
claim, however, we have found no trace of any supporting evidence in either of these documents. 
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evidence for an absolute decoupling of GDP from territorial greenhouse gas emissions between 2000 

and 2014 in the case of 21 countries. Even if one takes these results at face value, the decrease in 

emissions remains too small. Following their estimation, the fastest decoupling country is Denmark 

with a 30% cut over the period. While 30% may seem impressive, it is only a compounded 2.5% yearly 

decrease, which is half of what the IPCC recommends. The average reduction for the 21 countries is 

15% in 14 years (1.15% per year, still four times too slow for the IPCC (2018) standards of 5% reduction 

per year).

This number gets considerably lower when one considers footprint emissions. Evans and Yeo (2016) 

redo the calculation with consumption-based indicators. Three countries (Slovakia, Switzerland, and 

Ukraine) exit the list. The Danish emissions mitigation effort shrinks from 30% to 12%. While the average 

reduction for the 20 countries that achieved territorial decoupling (we have removed Uzbekistan for 

which there is no footprint data available) is of 15.75% in total over the period, the footprint decoupling 

is only 7.46% (that is 706.7 Mt of CO2 saved in 14 years) namely a compounded 0.55% yearly drop in 

emissions. And again, we should remember that these are the most successful nations in terms of 

mitigation and that the rest of the world remains on a path of increased GDP increased emissions. 

These numbers should be read carefully as the calculation of footprint emissions is only nascent 

and extremely complex (Sato, 2014). Considering non-existing data and the level of sophistication 

of current models, it is more likely to under-estimate emissions than the opposite. For example, 

emissions from aviation and shipping are systematically excluded from national accounts. In the EU28 

(plus Iceland, Norway, Switzerland), CO2 emissions from aviation alone have been estimated at 151 Mt 

in 2014; although they have only increased by 5% since 2000, they are expected to rise another 45% 

until 2035 (EASA-EEA-EUROCONTROL, 2016). Assuming a yearly 150 Mt amounts to 2100 Mt of CO2 

emitted over the 2000-2014 period, which is three times all the emissions that were saved through 

absolute decoupling in Evans and Yeo (2016) footprint recalculation of the World Resource Institute 

Study (Aden, 2016). 

Land
There are very few empirical studies that have tested the decoupling hypothesis choosing land 

measures as environmental variables. And yet, one can find ample evidence in related literature that, 

with growing income, the living space per capita is increasing, and with it the area of sealed soil. Thus, 

this section focuses on general relations between GDP and land use. 

In the literature different definitions are used to describe land use. Weinzettel et al. (2013, p.433) refer 

to it as “use of land and ocean area through international supply chains to final consumption, modelling 

agricultural, food, and forestry products”, which is measured either by land use (gha/capita) or by the 

fraction of global total footprint (%). Another measure is the Human Appropriation of Net Primary 

Production (HANPP). The last term is the total carbon produced annually by plant growth, while the 

first term accounts for harvested biomass and human-induced land use change (Krausmann et al., 

2013). Further measures are for example the ecological footprint (Bagliani et al., 2008; Borucke et al., 

2013; Caviglia-Harris et al., 2009). Other papers only refer to single variables like croplands (Sandström 

et al., 2017; Tilman et al., 2011) or forests (Kumar and Aggarwal, 2003). 
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The existing literature does not provide any indication of an absolute decoupling of economic activity 

and land use, only relative ones. Conrad and Cassar (2014) find evidence for a relative decoupling of the 

land area affected by development from GDP in Malta between 1995 and 2012. Globally, the ecological 

footprint has grown together with economic growth, showing no signs of decoupling (Bagliani et al., 

2008; Caviglia-Harris et al., 2009). Krausmann et al. (2013) find that while the human population has 

grown fourfold and economic output 17-fold, global Human Appropriation of Net Primary Production 

has only doubled, due to considerable efficiency gains between 1910 and 2005. For different measures 

and regions, these relative trends are also supported by other studies (Conrad and Cassar, 2014; 

Kastner et al., 2014; Tilman et al., 2011; Weinzettel et al., 2013), but no absolute decoupling can be 

observed.22 Let us take cropland as an example. At the global level, cropland area harvested for food 

production increased by 32% from 1963 to 2005 (Kastner et al., 2014), mostly driven by increasing 

animal calorie demand, being itself strongly influenced by per capita income (Tilman et al., 2011). 

Weinzettel et al. (2013) state that for each doubling of income, the land footprint increased by 35%. 

Not only does income correlate with land use, but it also does with the net displacement of land, which 

is why footprint indicators are of great importance to understand the relation of economic activity and 

land use. When trade is taken into account, high-income countries use more biologically productive 

land per capita than low-income countries (Weinzettel et al., 2013). EU’s land footprint was 2.5 global 

hectares (gha) per person compared to a global average of 1.2 gha per person and total biocapacity 

of 1.8 gha. For each additional US$ 10,000 income per capita, between 0.1 and 0.4 gha per person are 

displaced outside the consuming country (Weinzettel et al., 2013), this result is supported by other 

studies (Kastner et al., 2014; Yu et al., 2013). In total 60% of land is used for exports (Weinzettel et al., 

2013) whereas high-income countries are the greatest net importers. For example, 33% of total land 

use for US consumption purposes is displaced from other countries – this ratio becomes much larger 

for the EU (more than 50%) and Japan (92%) (Yu et al., 2013). An average EU citizen in 2004 led to an 

appropriation of 2.53 gha compared to a global average of 1.23 gha (Steen-Olsen et al., 2012).

Agricultural production is coupled with environmental pressures and the displacement of land via 

international trade means that ecological costs are also displaced (Lambin and Meyfroidt, 2011; Tukker 

et al., 2016; Weinzettel et al., 2013; Yu et al., 2013). The EU crop and livestock imports are a significant 

driver of global deforestation over the period 1990–2008; for example, more than 90% of Finland’s 

impacts on biodiversity occurs elsewhere via its imports (Sandström et al., 2017). The associated 

changes in land use are expected to increase greenhouse gas emissions, about one quarter of which 

already results from land use and land use changes (Tilman et al., 2011). Schreinemachers and Tipraqsa 

(2012) find that the use of pesticide, herbicide, and fungicide does not go down as countries reach 

higher incomes, and remains strongly associated with crop output. What this shows is that the relation 

of economic activity with land use also links to other environmental challenges, such as biodiversity 

loss, water scarcity, climate change and energy consumption.

22  A closer look to countries’ ecological footprint and their available biocapacity points out an interesting case of Finland, 
which ecological footprint decreased by 6,5% during 2002-2005, while the GDP increased by 9,5% in the same period, 
whilst also remaining within the limits of available biocapacity (Mattila, 2012). However, this is mainly due to wrong ac-
counting, as Mattila (2012) showed.
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Water pollutants
The aforementioned UNEP report draws on water decoupling or “dewatering” research that explicitly 

does not account for water pollution (UNEP, 2015, p. 2). While major advances have been made in 

limiting water pollution in industrial and agricultural production, the contamination of water remains 

a global issue that contributes to increasing global water pollution hotspots (Strokal et al., 2019). Most 

of the global water pollution is from the production of industrial and agricultural commodities for 

regional and global trade (Liu et al., 2017; Mekonnen and Hoekstra, 2016; Vörösmarty et al., 2015; Zhao 

et al., 2016, 2015). 

The concept of return flow, that is the difference between withdrawal and consumption, is critical 

to our understanding of water pollution. Return flow concentrates the pollution impacts of water-

dependent production. Cleaning up return flows can be achieved by advances in cleaner production 

technologies, often prompted by the creation and enforcement of environmental regulations. These 

technologies have high costs, which can prompt the movement of production to areas with fewer or 

less enforced environmental regulations related to water pollution. As noted in Schwarzenbach et al.’s 

(2010) review of global water pollution and human health, cheap production in emerging economies 

continues to be associated with high levels of water pollution. Outsourcing toxic and water-intensive 

production can lead to local, regional, and national decoupling of economic growth from impacts to 

basin-level water quality, however, on a global scale, the problems of water quality remain the same or 

are in some cases exacerbated (van Vliet et al., 2017).  

Nitrogen and phosphorus accumulation, the two main macro-nutrients needed for agricultural 

production, lead to eutrophication and dead zones in water ecosystems, which have spread 

exponentially since the 1960s (Diaz and Rosenberg, 2008). Nitrogen is also released in the atmosphere, 

wherein reactive form it has a higher greenhouse gas effect than carbon dioxide. N and P fertilizer use 

rates per unit cropland area increased by approximately 8 times and 3 times, respectively, since the 

year 1961 (Lu and Tian, 2017).  According to Lu and Tian (2017) fertilizer ratio increased by 0.8g N/g P 

per decade during 1961-2013, having human-derived implications on climate change, water quality and 

ecosystems, food security and agro-ecosystems at large. Furthermore, the recent outlook on fertilizer 

demand shows that nitrogen fertilizer demand is still growing even in the rich countries, North America 

and Europe (FAO, 2017).

Global biochemical nitrogen and phosphorus flows have transgressed their planetary boundaries 

(Steffen et al., 2015). This results mainly from the prevalent high-input agriculture and intensive 

livestock farming, which lead to atmospheric nitrogen pollution and coastal marine eutrophication and 

dead zones (Bouwman et al., 2013). Agricultural nutrient discharge is the most significant contributor 

to groundwater and surface water contamination, much larger than urban point sources (Billen et al., 

2013). A study exploring changes in nitrogen and phosphorus cycles in agriculture induced by livestock 

production over 1900-2050 period shows that anthropogenic N and P inputs have grown five-fold since 

pre-industrial times and by 2050 surpluses are expected to further increase by over 20% for N and over 

50% for P (Bouwman et al., 2013). 
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Biodiversity loss
Biodiversity is difficult to measure,23 but neither individual nor aggregated indicators of the state of 

biodiversity showed significant improvements in their rates of decline, while all pressure indicators 

showed increasing trends, with none significantly decelerating (Butchart et al., 2012). The last report 

to date by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services 

(IPBES, 2019) has shown that almost all drivers of biodiversity loss keep increasing, that the dangerous 

decline of biodiversity is unprecedented, that the species extinction rates are accelerating and that the 

current global response is insufficient. Going in the same direction, the EU 2030 outlook for ecosystem 

conditions and services and the Food and Agriculture Organisation (FAO) report worrying levels of 

species decline (EEA, 2018; FAO, 2019, p. 445). Analysing extinction rates in comparison to natural 

average background rates since 1500 AD, Ceballos et al. (2015) find that current rate vastly exceeds 

the natural average, and warn of an impending sixth mass extinction (see also Barnosky et al., 2011).

The empirical literature on EKC relationships between biodiversity and economic growth is scarce but 

consistent. The first meta-analysis used 121 observations gathered from a set of 25 studies and 11 

environmental indicators, including deforestation (Cavlovic et al., 2000). The study analysed the EKC 

relationship and estimated hypothetical income turning points using different modelling methods. For 

deforestation, which is used as a proxy of biodiversity loss,24 the income turning point was estimated 

in the range of US$ 5000-20,000  (in 1999 prices). 

Koirala et al. (2011) used almost 900 observations from 103 studies for their meta-analysis and 

disaggregated environmental quality measures into 12 different variables and did not observe any 

EKC either for deforestation or landscape/habitat degradation. Dietz and Adger (2003) do not find any 

EKC for deforestation and species richness, a result confirmed by Mills and Waite (2009). Even stronger 

is the argument by Asafu-Adjaye (2003) who finds an inverse relationship between economic growth 

and species diversity – a result confirmed by Raymond (2004) in a study of 142 countries. Mozumder 

et al. (2006) reject the EKC hypothesis for income and biodiversity risk. Using the same model, Tevie et 

al. (2011) reach the same conclusion in their study of 48 American states. Naidoo & Adamowicz (2001), 

using data from over 100 countries, investigated the link between numbers of threatened species and 

per capita income growth. After dividing species into seven taxonomic groups (plants, mammals, birds, 

amphibians, reptiles, fishes, invertebrates), they found support for absolute decoupling only for birds. 

Meanwhile, for plants, amphibians, reptiles, and invertebrates the relationship was the opposite, their 

number of threatened species increased with GDP.

23  Vačkář et al. (2012) provide a comprehensive review of different indices monitoring human impacts on biodiversity. 
One of the most known is the Living Planet Index, which shows the change in species abundance and distribution. The 
other indicators are: Red List Index measuring changes in extinction risk (collected by IUCN) Marine Trophic Index that is 
specialized for marine biodiversity, the Natural Capital Index, comprised of changes in ecosystem quantity and quality, the 
Biodiversity Intactness Index, measuring both species richness and population abundance, and Index of Biotic Integrity, 
which evaluates ecosystems in comparison to a reference state according to various human impacts (Vačkář et al., 2012). 
Another index is National Biodiversity Risk Assessment Index (Reyers et al., 2018), which is not updated regularly. 
24  One should be cautious with data inference and interpretation. For instance, per capita income does seem to correlate 
with state-protected land area, however, rather as part of various socio-economic indicators (social, economic, cultural 
and natural) than independently on its own (Dietz and Adger, 2003). In addition, protected areas do not guarantee higher 
conservation of biodiversity (Bruner et al., 2001). In some previous studies that have detected EKC (Bhattarai and Hammig, 
2001), the problem may be in how biodiversity is interpreted. Reforestation through plantations does not equal to the de-
forestation of primary rainforests with its accompanying species. Meanwhile, McPherson & Nieswiadomy (2005) identified 
an EKC for threatened bird and mammal species (using IUCN data for 113 countries in 2000), and a potential turning point 
at around US$ 10,000-15,000 (US$ 1995 PPP) in per capita income, after which the percent threatened falls. However, the 
problem with the IUCN data is that the rate of endangered species or the rate of deforestation may be low in countries 
which has already experienced much extinction or deforestation in the past (McPherson and Nieswiadomy, 2005). Hence, 
they use per cent instead of the number of species and do a range of other corrections to the dataset.
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Conclusions for Section 2
In light of the present review, we can safely conclude that there is no empirical 

evidence supporting the existence of a decoupling of the type described as 

necessary in the first section of this report – that is an absolute, global, permanent, 

and sufficiently fast and large decoupling of environmental pressures (both 

resources and impacts) from economic growth. In the end, our search for robust 

evidence was unsuccessful, coming up only with a handful of methodologically 

peculiar exceptions, most often of relative decoupling, and if absolute, mainly 

temporary and restricted in space, only for territorial indicators (that is to say 

spatially inconsistent), or having to do with specific local, short-term pollutants. 

In all cases, the reduction in environmental pressures falls short of current 

environmental policy targets. After such an extensive search, it is safe to say 

that the type of decoupling acclaimed by green growth advocates is essentially 

a statistical figment. 

Yet, even though the success of the green growth strategy is nowhere to be 

seen, this lack of empirical support does not allow to completely dismiss the 

decoupling hypothesis. The adequate decoupling of economic activity and 

environmental pressures remains theoretically possible if resource productivity 

grows sufficiently faster than GDP permanently and globally. This might happen, 

some argue, by increasing the geographical coverage of emission trading systems 

(Stiglitz et al., 2017) in combination with phasing out subsidies for fossil fuels 

(Schwanitz et al., 2014), directing investments into sustainable infrastructure 

(Guivarch and Hallegatte, 2011), and a number of other decoupling policies 

(Smith et al., 2010; UNEP, 2014a). What is at dispute is the impact of a number 

of factors, trends, and phenomena that would enable or prevent such an 

efficiency-driven decoupling from happening. Putting the decoupling hypothesis 

in perspective with the potential impact of those factors is the objective of the 

final section of this report.  
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III. Is decoupling likely to 
happen?  

Looking for evidence, we found that the type of decoupling that would be needed to effectively and 

equitably mitigate climate change and address other environmental crises is nowhere to be seen. Yet, 

lack of empirical support does not suffice to fully dismiss the possibility of decoupling, which some 

argue could well happen in the future with the right set of policy changes. The purpose of this section 

is to assess the validity of this position. Our claim is the following: adequate (i.e. absolute, permanent, 

and sufficient) decoupling is extremely unlikely to happen in the near future. We offer seven reasons 

in defence of that proposition: (1) rising energy expenditure, (2) rebound effects, (3) problem shifting, 

(4) the underestimated impact of services, (5) the limited potential of recycling, (6) insufficient and 

inappropriate technological change, and (7) cost-shifting. In what follows, we go through each of these 

reasons. 

1. Rising energy expenditure
The availability of natural resources does not only depend on their absolute quantity (how much is 

“out there”) but also on their quality and accessibility (how much effort is required to extract them). 

When extracting a resource, cheaper options are generally used first, which means that most readily 

available energy and material resources mobilised by the economy have already been exploited.25 

The extraction of remaining stocks then becomes a more complex, more technology demanding,

25  The common-sense idea that easiest and cheapest options are generally used first (the proverbial “reaping the low 
hanging fruits”) is referred to in economics as the “law of increasing marginal cost” and, when applied to resources, is 
sometimes called the “best-first principle.” Such a rule of thumbs applies widely and can be easily observed in multiple 
situations: from resource extraction to efficiency gains and pollution abatement. 
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 more socially disruptive hence generally more expensive, more resource- and energy-intensive and 

polluting process resulting in a rising total environmental degradation per unit of resource extracted. 

This is the case for low-concentration metal and mineral depots, tar sands, deep off-shore wells, stocks 

located in polar regions or near densely populated cities like shale gas near Paris. These increasing 

energetic costs26 of extraction means that more intermediate resources are necessary to extract the 

final resources required for the production of the same quantity of goods and services, leading to the 

opposite of decoupling. 

The energy expenditure argument is sometimes counteracted by those insisting that energy only plays 

a small role in economic activities. And indeed, from a monetary point of view, the energy sector often 

accounts for a small fraction of total GDP. Yet, this perspective has been challenged by several scholars 

(Ayres and Warr, 2009; Georgescu-Roegen, 1971; Giampietro et al., 2011; Hall and Klitgaard, 2012; 

Kümmel, 2011). Latest to date, Keen et al. (2019, p.41) argue that energy is not a substitute to labour or 

capital but precisely what enables these factors of production to perform useful work – “labour without 

energy is a corpse, while capital without energy is a sculpture” (Keen et al., 2019, p. 41). Here, common 

sense is perhaps more useful than economics: the average speed of a car (GDP growth) might seem to 

determine its gasoline consumption (energy use), but no one can reasonably assume that a car could 

run without it (Fizaine and Court, 2016, p. 173).

Energy
When it comes to energy resources, the efficiency of extraction can be quantified using the concept of 

EROI (or EROEI), which stands for Energy Return on Energy Invested. EROI is the ratio of the quantity 

of energy obtained from a resource to the quantity of energy that must be spent to extract it in the 

first place.27 It is a measure of net energy output; for instance, a ratio 1:1 for petroleum would mean 

that it takes a barrel of oil to extract another barrel of oil while a ratio of 10:2 would mean that the 

energy costs of extracting 10 barrels are two barrels. This concept differetiates the cost and the surplus 

of energy (e.g. an EROI of 50:1 means an energy cost of 2% for an energy surplus of 98%, while one of 

5:1 means a cost of 20% for a surplus of 80%). The lower the EROI, the higher the energy cost or energy 

expenditure. A declining EROI means that an increasing portion of energy output must be allocated to 

obtaining energy, which means an increase in resource use and impacts.  

Several authors make the empirical claim that high levels of energy expenditure are associated with 

low economic growth rates, or even that GDP cannot grow over a certain threshold of relative energy 

expenditure: 5.5% of total GDP for Murphy and Hall (2011) looking at the US between 1970-2007; 

26  It should be stressed that there is a difference between the cost and the price of a natural resource. Let us take ener-
gy as an example. Whereas the price denotes the quantity of money that a commodified form of energy commands on 
the market (e.g. 55€ for a barrel of oil, 0.2€ for one kWh of electricity), its cost (as used in this section) refers to the real 
(and not monetary) quantity of energy (e.g. litres of petroleum, cubic metres of gas, calories of food, kilowatt-hours of 
electricity, kilos of coal or biomass) that must be spent in order to extract one extra unit of energy. Another way to put 
it is that the costs of a natural resource has to do with its extraction and production whereas its price has to do with its 
consumption. Because such resource expenditures are usually priced as well, the cost and the price of a natural resource 
tend to converge in the long term. 
27  Hall et al. (2014) differentiate between four types of EROI. “Standard EROI” is the energy output divided by the sum of 
the direct and indirect energy used to generate that output. “Point of Use EROI” adds the costs associated with refining 
and transporting the fuel. “Extended EROI” considers the energy required not only to get but also to use a unit of energy. 
And finally, “societal EROI” is “the overall EROI that might be derived for all of a nation’s or society’s fuels by summing all 
gains from fuels and all costs of obtaining them.” 
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8-10% for the US and 9-11% for the broader OECD in Bashmakov (2007); and 11% for Fizaine and Court 

(2016) looking at the US over the 1850-2012 period. The logic is simple: if energy expenditures exceed 

these thresholds, it starts to act as a limiting factor on employing labour and capital. 

The EROI for fossil fuels is of special interest as it also describes how much greenhouse gas emissions 

are generated in a fossil fuel-based economy to provide one additional unit of fossil energy (ton or 

barrel) – one could even speak of the climate cost of extracting a barrel. While the carbon intensity of that 

consumption is fixed (e.g. burning one barrel of oil emits around 120 kg of carbon), a decreasing EROI 

means an increase in emissions per unit of primary energy used (the carbon emissions corresponding 

to the increasing extra energy burnt to extract that barrel adds up to the 120 kg). According to some 

estimations, the EROI for the global production of oil and gas increased from 23:1 in 1992 to 33:1 in 

1999 and declined to about 18:1 in 2005, giving credence to the theory that the efficiency gained by 

technical improvements is being trumped over time by depletion (Hall et al., 2014). Certain authors 

such as Morgan (2016) now speak of an “energy sprawl” to describe the necessary expansion of 

the infrastructure required to access energy and the growing proportion of GDP that it will absorb. 

Accounting for both fossil and renewable energy sources, Capellán-Pérez et al. (2018) find that the 

EROI of the global energy system went from 7:1 in 1995 to 6:1 in 2018.

A prime example of this process of increasing marginal costs concerns the extraction of different types 

of unconventional oils. Tar sands and oil shale deliver a mean EROI of 4:1 and 7:1 (Lambert et al., 2014). 

Shale gas is often acclaimed as an abundant alternative to oil, especially in the US (Moeller and Murphy, 

2016), but not only is drilling shale wells relatively more expensive in both energetic and financial 

terms, but the rates of decline in production tend to be significantly faster than traditional oil wells 

(Morgan, 2016, p. 63).

Another example is coal. Putting pollution issues to the side for a moment, global reserves of coal 

suggests that, in terms of volume, coal is still relatively abundant. Yet, not all forms of coal are equal in 

quality. Anthracite, which is the richest coal in terms of energy content, is increasingly scarce, pushing 

coal companies to extract bituminous and sub-bituminous coals of lesser energy density (Kerr, 2009; 

Morgan, 2016; Schindler and Zittel, 2007). 

One could argue that green growth would only run on renewable energies and so that the EROI of fossil 

fuels is irrelevant. Even though we will shortly argue that it is not, let us assume for a moment that 

a complete replacement of fossil fuels by renewables is possible materially (finding enough minerals 

and land to build the energy infrastructure) and socioeconomically (having renewable energies finding 

social acceptance and investment resources to completely replace fossil ones). Even then, according 

to Murphy and Hall (2011), the EROI of renewable energies (below 20:1) is still significantly lower 

compared to the high EROIs during the early days of fossil fuels (Hall et al., 2014). Capellán-Pérez et 

al. (2018) simulate what would happen to average EROI by 2050 should renewable energy sources 

increase from 15% to 30% (1st scenario) and from 15% to 50% (2nd scenario). In the first scenario, average 

EROI drops from currently 6:1 to 5:1; and down to 3:1 in the second scenario. If energy expenditures 

play an important role in the dynamics of economic growth, this means that renewable energies are 

fundamentally unable to propel an economy as fast as fossil fuels.  
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Materials
Similarly, and for the same kind of reasons, the rule of increasing marginal costs or the best-first 

principle applies to material extraction. A series of studies already show how the quality of ores of 

essential minerals are declining (e.g. Calvo et al., 2016). Lower ore grades mean more overburden and 

environmental damage.

The average concentration of copper in ore/mined material went from 1.8% in 1930 to 0.5% today 

(Arnsperger and Bourg, 2017, p. 87), a situation that is common to other minerals. Lower concentration 

rates for minerals means that higher volumes of materials need to be mined and displaced to extract 

the same amount of ore and with it more energy. In the first UNEP decoupling report, Fischer-Kowalski 

et al. (2011b, p. 25) estimate that, on average, the extraction of materials today requires to displace 

three times more matter than a century ago. 

This is particularly problematic when it comes to green technologies (Calvo et al., 2016; Valero et al., 

2018). Indeed, the mineral intensity of renewable energies is higher than the one for fossil fuels – 1kWh 

of renewable energy requires 10 times more metals than 1kWh of fossil energy (Arnsperger and Bourg, 

2017, p. 87). Add increasing production into this, and the following vicious circle emerges: more energy 

will be necessary to extract more minerals which are needed to build more energy infrastructure, part 

of which is needed to provide the additional energy required to extract more minerals and so on and 

so on. Renewable energies can mitigate some environmental impacts but they cannot trump resource 

scarcity. 

What is often forgotten is that this increasing resource scarcity also translated into an ever further 

expansion of the so-called commodity frontier (Moore, 2000), that is advancements into previously 

untouched pristine areas, often at the cost of indigenous communities and ecosystems’ health. Current 

examples include the extraction of tar sand in Alberta, Canada, oil in the Peruvian rain forest, or, most 

famously, in a national park in Ecuador. While these involve fossil fuels, the reach for the minerals 

required to build renewable energy infrastructure poses a similar threat to socio- and biodiversity. 

IS DECOUPLING LIKELY TO HAPPEN?

Energy and material are crucial for the functioning of an economy, and even more so for one 

that is growing. Just like a living organism, an economy requires energy and material not only to 

grow but also only to maintain its current size. All available evidence points towards increasing 

costs of extraction for both energy sources and materials. If economic growth requires more 

energy and material, and it takes increasingly more energy and material to extract energy and 

material, then rising energy expenditure acts as a limit to growth and constitutes a barrier to 

decoupling. In order to argue that decoupling is possible, one must show how to deal with the 

increasing marginal cost of energy and material extraction. 



36

2. Rebound effects
Improving resource efficiency is probably the most common argument put forward in defence of 

decoupling. However, every action that responds to savings in resources is prone to rebound effects, 

that is a difference between the projected and the realised environmental savings from an efficiency 

improvement. Such a phenomenon was hinted at already in the 18th century by Stanley Jevons in The 

Coal Question (1865, pp. 140–142): “It is wholly a confusion of ideas to suppose that the economical use 

of fuel is equivalent to a diminished consumption. […] Whatever, therefore, conduces to increase the 

efficiency of coal, and to diminish the cost of its use, directly tends to augment the value of the steam-

engine, and to enlarge the field of its operations” – hence the rebound effect often qualified as “Jevons 

Paradox” (Giampietro and Mayumi, 1998; Jevons, 1865). 

This idea that efficiency changes would rebound into more consumption gained ground in the field of 

energy economics in the context of the oil crises of the 1970s, most notably with the work of Khazzoom 

(1980) and Brookes (1990) – later referred to as the “Khazzoom-Brookes postulate” (Saunders, 1992). 

After more than 40 years of research, the literature has expanded to encompass a variety of causes 

and effects.28 In order to account for overall decoupling, the concept we find most relevant is the 

“environmental rebound effect” (originally used by Goedkoop et al., 1999, and then by others such as 

Murray, 2013; Spielmann et al., 2008; and Takahashi et al., 2004), which goes beyond energy issues to 

encompass a wider range of environmental concerns.29

Several types of rebound effects
Rebound effects come in many shades depending on whether efficiency leads to an increase of 

consumption of the same product or service (direct rebound effect), whether freed resources are 

allocated elsewhere (indirect rebound effect), or whether consumption is induced by structural changes 

in the economy as a whole (structural rebound effect). These effects, alone or together, are then either 

partial or total depending on the magnitude of their impact on resource use.  

First-order: direct rebound effects

Direct or first-order rebound effects refer to cases where the efficiency gain is reinvested as additional 

consumption of the same product or service. This is especially true for normal goods for which a 

decrease in the cost of use perceived by users translates into higher consumption. For instance, driving 

a more fuel-efficient car more often, faster, or over longer distances; the petrol that was saved in 

efficiency by the car rebounded into more usage of the car. Direct rebound effects can also occur in 

production, for example when the acquisition of a more energy-efficient machine motivates additional 

production (output effect). 

28  Here are a few examples that show the wide span of the concept: time rebound effects (Jalas, 2002), socio-psycholog-
ical or mental rebound effect (de Haan et al., 2006; Girod and de Haan, 2009; Santarius and Soland, 2018), international 
rebound effects (Bergh, 2017).
29  For a general framework for the study of environmental rebound, see Font Vivanco et al. (2016).
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Second-order: indirect rebound effects

Indirect or second-order rebound effects refer to cases where resources freed by an efficiency or 

sufficiency improvement are re-allocated to another type of consumption (re-spending effect). For 

example, driving a more fuel-efficient vehicle (efficiency) or deciding to use it less often (sobriety) could 

save money (income effect), which can then be spent on impactful products or services (e.g. a far-

away holiday trip by plane) or invested on problematic financial products (e.g. related to fossil fuel 

extraction). For producers, profits resulting from productivity gains can be reinvested into expanding 

production capacity (re-investment effect). 

What Wallenborn (2018) calls “structural rebound effect” is a good example of such indirect rebound.30 

It is structural because it has to do with economic structures such as markets, ownership, and money. 

In a globalised economy where money can be used to buy almost anything (one then speaks of general-

purpose money), all purchasing power is a potential polluting power. Even if euros are spent on green 

products, and even if the sellers of these products spend these euros in a sustainable way, at some 

point down the chain, these euros are likely to be used in a polluting manner. Even euros not spent 

will cause resource consumption and pollution when re-lent by the bank to finance new investments. 

The only way to avoid this effect would be to change the structure of the economic system itself 

(decommodification, localisation, special-purpose monies like complementary currencies, etc.). 

Third-order: economy-wide rebound effects

Efficiency in resource use can also rebound at the macro-level (economy-wide or macroeconomic 

rebound effect). For instance, efficiency gains in internal combustion engines have helped made 

private car transportation effective and affordable and resulted in a wide diffusion of this technology. 

This generalisation of private car transport has in turn driven the spatial configuration of cities and 

territories, resulting in extensive spatial configurations which now rely on, and even require, the use of 

private cars. This wide-scale modification of the system of needs now results in a dramatically higher 

energy consumption from the transport sector. In other words, more fuel-efficient cars reinforce the 

hegemony of cars at the expense of more sustainable modes of transportation like trains and bikes. 

Resource efficiency can also lead to a restructuring of the economy around nature-intensive activities 

(composition effect). For example, abandoned mining activities can be resumed after the development 

of new efficient techniques makes it economically profitable again, as it is currently the case for gold 

mining where lower grade ores (including the former overburden) are now reprocessed. 

30  In the words of Jevons’s himself writing in the The Coal Question (1865): “[…] In fact, there is hardly a single use of fuel 
in which a little care, ingenuity, or expenditure of capital may not make a considerable saving. But no one must suppose 
that coal thus saved is spared – it is only saved from one use to be employed in others, and the profits gained soon lead to 
extended employment in many new forms. The several branches of industry are closely interdependent, and the progress 
of any one leads to the progress of nearly all” (Jevons, 1865: 136 cited in Missemer, 2012, p. 99).
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Partial and total rebound

Depending on its magnitude, a rebound effect can result in either an overall decrease (partial rebound) 

or increase in resource use (total rebound, also known as overshoot or back-fire). In the first case, the 

savings are larger than the extra rebounded consumption (e.g. a heater consumes 50% less and 

rebounds in being used 1.5 times more, which means there are still 25% net savings). In the case of 

total rebound, however, the rebounded consumption is larger than the savings and savings are totally 

offset (e.g. if the money saved by using a car consuming 30% less energy per km is used to pay for a 

holiday trip by plane where it pays for much more energy than in the case of gasoline which unlike 

kerosene is heavily taxed).31 In relation to decoupling, this means that a rebound effect can either slow 

down the expected rate of decoupling (partial rebound) or reverse it altogether (total rebound). 

Empirical evidence of rebound
Indirect and structural rebound being highly complex, most empirical research focuses on direct 

rebound effects, which are easier to measure. In their review of energy use rebounds, Ackerman and 

Stanton (2013, pp. 120–121) conclude that evidence for total direct rebound effects is rare: “estimates 

of 10 to 30 percent seem common […] actual evidence of rebound effects of 100 percent or more 

appears to be non-existent.” Same conclusions for surveys conducted by Greening et al. (2000) and 

Sorrell (2007) who find a diverse range of rebounds, sometime low like in the case of lighting (up to 

15%), moderate like in the case for aviation (19%), or very high like in the case for motorised transport 

(up to 96%).32 Galvin (2014) reports a rebound for household energy conservation in the range of 0-50% 

for older EU member states between 2000 and 2011 – certain countries, notably Eastern European 

countries, as well as Finland and Denmark, show situations of total rebound. Grafton et al. (2018) show 

that higher use of efficient technology rarely reduces water consumption. Kyba et al. (2017) report a 

situation of backfire in the case of LED technology for outdoor lighting. Antal and van den Bergh (2014) 

estimate the re-spending rebound for saving energy from gasoline to range between 45 and 60% for 

large economies such as Russia, China, and India. 

Magee and Devezas (2017) examine numerous statistical sources to estimate the use of 69 different 

materials from 1960 to 2010, arguing that the Jevons paradox applies to just about every substance. 

Out of their sample, they find only 6 cases of absolute decline. Four of these materials – asbestos, 

beryllium, mercury, and thallium – have been phased out deliberately by legal restrictions because of 

toxicity issues. The other two are wool, which has declined without decreasing the global populations 

of domestic sheep or other wool-producing animals, and tellurium, a byproduct of refining copper 

whose use in solar panel manufacturing means its overall consumption is likely rising again.  

31  In the literature, and following Ehrhardt-Martinez and Laitner (2010), what we call partial and total rebound are often 
referred to as “typical rebound” and “back-fire.” The authors (ibid. 7-77) also add a third category: a “negative rebound” for 
situations where actual energy savings are higher than expected (e.g. “a family that installs a new energy-efficient water 
heater may be motivated to find other ways to save energy by taking shorter showers, washing clothes in cold water, or by 
limiting dishwasher use to full loads”; negative rebound, better example, direct causality: isolating walls reduces heating 
demand, making existing heating installations oversized. This, in turn, requires installing new and smaller boilers, which 
are more efficient, so energy demand sinks again. or on the producer side if the price of a new machine is greater than the 
saving in operating cost it allows). To avoid confusion, others prefer to speak of a “super-conservation” effect (Saunders, 
2005) or “amplifying” and “leverage” effects (Spielmann et al., 2008).
32  For all figures given, readers should be aware that the methodology used influences the results. For instance, studies 
using Life Cycle Analysis together with the concept of environmental rebound effect find a higher likelihood of backfire. 
This is the case for Font Vivanco et al. (2016) looking at electric cars.
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Empirical studies of macroeconomic rebound effects are scarcer than their micro counterparts. In 

his review of the literature, van den Bergh (2017, p. 4) concludes that “the majority of economy-wide 

studies suggest overall rebound is above 50% and possibly much higher.” In a survey of computable 

general equilibrium studies, Dimitropolous (2007) finds three cases of total rebound, three others 

above 50%, one in the range of 30-50%, and one around 15%. Even though rebound effects of the 2ndor 

3rdorder are the most determining ones, these remain the most difficult to study empirically.

The rebound effect argument minimises the plausibility of the decoupling hypothesis. Thus 

rebound effects must be taken into account while considering decoupling scenarios as they 

might make rates of resource use more or less sensitive to the introduction of resource-saving 

technologies and sufficiency-driven behavioural changes. The point is not to argue against 

those, which may still have positive overall impacts, as long as rebound effects remains limited, 

especially if anticipated by decision makers and counterbalanced with proactive policies. But 

it remains very risky to rely exclusively on sectoral and technical improvements. Rather, what 

is necessary is an in-depth and systemic consideration and anticipation of potential rebound 

effects in the design of sustainability policies.
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3. Problem shifting
An additional argument to be considered alongside rebound effects is that efforts to solve one 

environmental problem can create new ones and/or exacerbate others. In other words, decoupling of 

one environmental factor can occur at the expense of the (re-)coupling of another one. As Ward (2017) 

points out to illustrate this argument, the world decoupled GDP growth from the build-up of horse 

manure in city streets and whale oil, but only by substituting it by alternative uses of nature. In what 

follows, we consider the example of climate change mitigation and show how four different sources of 

energy often considered as solutions for green growth merely change the form that the environmental 

burden takes, often with unintended spill-over effects.      

Example 1: Renewable energy
Renewable energy is often depicted as clean and unlimited, but it is far from being free of environmental 

pressures. Renewable energies and efficiency-enhancing ICT technologies reduce carbon emissions 

but exacerbate land use (e.g. solar farms and biomass/biofuels), and water conflicts in the case of 

hydropower (Capellán-Pérez et al., 2017; Havlík et al., 2011; Scheidel and Sorman, 2012; Yang et 

al., 2012). They increase metal demand and the local conflicts associated with their extraction (Ali, 

2014; Chancerel et al., 2015; Kleijn et al., 2011; Vidal et al., 2013), and, in the case of photovoltaic 

infrastructure, generate environmental pollution and emissions of greenhouse gases (Andersen, 2013; 

Hernandez et al., 2014; Zehner, 2012). The extraction of rare earth minerals, which are essential for 
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many green technologies including windmills, causes enormous environmental damage, for example 

in China (Pitron and Védrine, 2018). 

Let us take three more examples among many. The production of batteries for electric cars puts 

pressure on the extraction of lithium, cobalt, nickel, and manganese (Bednik, 2016, p. 101; Valero et 

al., 2018). The expansion of biomass for biofuels can encroach on protected areas and lead to an 

increase of monocultures, negatively impacting biodiversity and its conservation (IPBES, 2019), a good 

example being deforestation in the Indonesian rainforest for palm-oil plantation (Koh and Wilcove, 

2008; Margono et al., 2012); and hydropower produces methane emissions when algae growth is 

catalysed by the silt trapped by the dam, sometimes generating more greenhouse gas emissions than 

a fossil-fuel-fired plant (Deemer et al., 2016).

Example 2: Nuclear energy
Nuclear energy is a good case in point. Being relatively carbon-neutral,33 it is considered the principal 

factor that allowed countries like France, Sweden, the UK and Germany to reduce their energy-related 

carbon emissions. Nuclear energy, however, requires the extraction of uranium as fuel as well as 

titanium, cobalt, tantalum, zirconium, hafnium, indium, silver, selenium, and lithium for construction 

materials (Sersiron, 2018, p. 165). A shift to nuclear power means intensifying the coupling of economic 

33  This remains a matter of controversy, as it is difficult to calculate the carbon footprint of the entire life-cycle of a nuclear 
plant, including indefinite waste storage and potential clean-up operations after accidents. 
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activity with various materials, starting with uranium.34 Mining and transporting these materials is 

itself a source of environmental pressures, for example in terms of water pollution or biodiversity 

loss through land change (Conde and Kallis, 2012). Furthermore, nuclear energy involves a different 

set of social-ecological hazards linked with the storage of toxic waste as well as the risks of nuclear 

accidents and nuclear weapon proliferation. In sum, nuclear electrification shifts the coupling from one 

impact (CO2 emissions from fossil fuel) to other impacts (e.g. biodiversity loss, water pollution, and other 

impacts related to mining and transport, toxic waste) and resource use (e.g. uranium scarcity). 

Example 3: Natural gas
The switch from coal to natural gas is a good example of shifting problems from one greenhouse gas 

to another. The World Resource Institute (2016) reports a 6% fall in measured US greenhouse gases 

emissions between 2000 and 2014, which alongside a 28% increase in GDP appears to be a temporary 

absolute decoupling. This corresponds to a large shift away from coal to natural gas (Feng et al., 2015), 

which was lauded by public authorities for its ecological benefits.35 The problem is that the extraction 

of natural gas emits methane, a gas roughly 28 times more potent at heat-trapping than CO2 over a 

century (IPCC, 2013) which easily escapes into the air before it can be captured in a pipeline. Turner et al. 

(2016) find that US methane emissions increased by more than 30% over the 2002-2014 period, which 

more than cancels the drop in CO2. Same results for Howarth et al. (2011) who show that if more than 

3% of the methane from shale-drilling operations leaked into the atmosphere, this would make shale 

gas more climate disruptive than coal (the leaks they report are in the range of 3.6 to 7.9 per cent).36 

The problem of methane leakages goes beyond the relatively new phenomenon of shale gas extraction 

and concerns convention gas operations as well, especially the ones with faulty infrastructure. 

34  If only for the case of uranium, currently identified reserves – 7.6 million tonnes commercially recoverable at less than 
260 US$/kgU in 2015 (OECD, 2016) –, would only allow 13 years of electricity production at current demand (Brown et al., 
2018, p. 840).
35  Closing President Trump’s speech justifying the withdrawal from the Paris Agreement on June 1st, 2017, Scott Pruitt, 
then the administrator of the Environmental Protection Agency, announced: “before the Paris Accord was ever signed, 
America had reduced its CO2 footprint to levels from the early 1990s. In fact, between the years 2000 and 2014, the United 
States reduced its carbon emissions by 18-plus percent.”
36  This leaking issue is not unique to fracking. It also happens because of ancient infrastructure or in the case of open 
mines where methane is not actively captured. 
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What has been shown above for greenhouse gases emissions can be repeated for various other 

environmental issues. The point is that piecemeal solutions are likely to fall short in addressing a 

complex, systematic environmental crisis with many interdependent factors at play. Substituting 

one problem like climate change for another such as biodiversity loss cannot be considered 

problem solving. In order to argue that decoupling is possible, one must show that a decoupling 

in one type of environmental pressure will not translate into significantly increasing another 

type of pressure.  
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4. The underestimated impact of services
Another hope for the decoupling of growth and environmental pressures lies in the tertiarisation of 

the economy, that is the shift from extractive industries (agriculture and mining) and manufacturing 

to services. This was already one of the explanations proposed by the scholars who first described the 

Environmental Kuznets Curve: “economic growth brings about structural change that shifts the center 

of gravity of the economy from low-polluting agriculture to high-polluting industry and eventually 

back to low-polluting services” (Panayotou et al., 2000). Indeed, the service sector as such is much 

(only considering direct consumption) less nature intensive than the primary and secondary one. 

If economic growth is mostly driven by the expansion of economic activities where the product is 

mostly information (e.g. finance, insurance, education), then raw materials and energy consumption 

as well as environmental harms can be expected to decrease We challenge the possibility for such 

dematerialisation-through-services on several grounds. 

Relative and absolute tertiarisation
For tertiarisation to contribute to decoupling, it must translate into an absolute, and not only relative, 

decrease of the volume of industrial activities. A situation where the volume of services grows without 

a corresponding and simultaneous shrinking of other sectors may indeed be called a “relative” 

tertiarisation of the economy (the share of industrial activities in the whole economy decreases while 

its volume still increases), but one that actually results in higher environmental pressures. 

With the impacts from the primary and secondary sector constant, a growing tertiary sector adds to 

the pressures, even though it lowers the average energy intensity per euro. In reality, this situation 

seems to be the rule rather than the exception.37 The development of new types of services adds-up 

to other polluting activities instead of substituting to them. Consumers buy a Netflix account with, 

and not instead, of a computer, and workers can produce services if they are nourished, transported, 

and housed, not instead of food, vehicles, and homes. Immaterial products require a material 

infrastructure. Software requires hardware, a massage parlour requires a heated room, and the 

platform on which we are writing these very words requires a computer along with all the material 

equipment and energy necessary to make the Internet run. Services cannot be generated without raw 

material extraction, energy provision, and infrastructure building, all of which are tightly coupled with 

environmental pressures. The expansion of the service sector can hardly be decoupled because it is 

part of an economy that grows as an integrated whole.

To the question “do societies with a larger service sector actually dematerialise?” Fix (2019) answers 

an unequivocal “no.” Looking at 217 countries over the 1991-2017 period, he concludes that “the 

evidence indicates that a service transition does not lead to absolute carbon dematerialisation” (ibid. 

4). Similarly, Suh (2006) calculates that in 2004 in the US, $1 spent on seemingly material-free services

37  We should also say that situations, where tertiarisation in one country occurs at the expense of (re)industrialisation in 
another, are equally problematic for that it only shifts the environmental burden somewhere else (we will treat this point 
at length in Reason 7: cost shifting).
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requires 25 cents of output from manufacturing, utility, and transportation service sectors. In Denmark, 

Jespersen (1999) finds that, if one includes all indirect uses of energy, the service sector is actually as 

energy-intense as the manufacturing one. In Spain, Alcántara and Padilla (2009) find the service sector 

responsible for the lion’s share of increases in emissions, and this because of its reliance on other, 

polluting economic activities.

Additionally, workers in the service sectors receive wages, which are used for purchasing material 

items produced in the manufacturing sectors. If the value of a dematerialised good increases, it means 

that the purchasing power of those who sell that good increases too (potential re-spending rebound) 

and that customers may work longer hours to afford it (potential re-investment rebound), both 

having resources implications. So the direct ecological intensity of a company specialised in internet 

advertisement may be relatively low, but because it provides its employee with high-salary, and 

additionally because the advertising that it produces fosters the consumption of material or energy 

intensive products and services such as cars, clothes, technological gadgets, and far-away holiday 

travels, its indirect ecological intensity is higher than it seems. 

From an environmental perspective, not all services are equally desirable and so certain forms 

of tertiarisation are more desirable than others. Services in one sector do often spill over in more 

consumption or production in another. Think of financial and marketing activities whose purpose is to 

boost sales of manufactured products and investment in extractive industries. But also IT services and 

software development, which allows for-profit enterprises to engage in planned obsolescence, or more 

generally to faster upgrades in hardware. Or also of those services that rely on material and impactful 

tools, for example being chair-lifted up a ski slope or sky-diving from a plane. In contrast, the expansion 

of yoga clubs, couple therapists, and climbing centres may be less intensive on nature, even though not 

necessarily so (see Services have a footprint too just below). 

Not much tertiarisation left to do
Tertiarisation only provides a partial decoupling, and, importantly, one that has already occurred in 

most OECD countries. In these economies, the share of services in GDP is often already high, which is 

problematic because these are precisely those countries which have the highest ecological footprint 

per capita and thus should reduce their impact the most. Countries that have already reached a high 

degree of tertiarisation (more than 70% of value-added is generated in the service sector) retain a small 

industrial part that is increasingly difficult to compress.

That is because certain sectors simply cannot be dematerialised. This is the case for agriculture, 

transport, and housing construction, which, are often in the top sectors in terms of emissions and 

used materials. Cement is a good example. Representing 5% of global greenhouse gas emissions, 

its production implies both high levels of process emissions and energy consumption, as well as an 

important amount of increasingly scarce marine sand (Rubenstein, 2012; The Pembina Institute, 2014). 

Although constructions can substitute other materials to cement, it is difficult to imagine how services 

could possibly offer adequate substitutes to most industrial production with regards to elementary 

needs such as food, shelter, or mobility (the service of having a pizza home delivered requires roads, a 
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vehicle, and, not least, a pizza made from material ingredients). Hence, dematerialisation only concerns 

a limited fraction of the global economy, leaving most of the environmental pressures unsolved. 

Services have a footprint too
Even if services are less nature-intensive than industrial goods, they still have material requirements and 

environmental repercussions, and so cannot be expected to fuel a biophysically unbounded process 

of value creation. In one of their decoupling reports, UNEP (2014a, p. 70) find a linear relation between 

expenditure in services and emissions of CO2 in the direction of more services, more emissions. 

Gadrey (2008) points to three factors explaining such correlation. Services require people to travel, 

either from provider to customer (e.g. mail delivery) or the opposite (e.g. commuting to school) which 

is made possible by material infrastructure, vehicles, and energy uses. Then they are often anchored in 

specific material spaces (university building, train station, airport, hospital, offices), whose construction, 

operation, and maintenance requires materials and energy. They also rely on material tools, which 

production and use are far from being environmentally-neutral (ICT, computers, credit card readers, 

screens and displays, cooling infrastructure in data centres). 

In terms of materials, the making of information and communication technology products such as 

computers, mobile telephones, LED screens, batteries, and solar cells require scarce metals like 

gallium, indium, cobalt, platinum, in addition to rare minerals. An expansion of services means more 

transactions using more devices, which require more minerals whose extraction involves environmental 

impacts. Not only these material requirements imply significant environmental impact (from their 

mining) but their limited availability and recyclability (Reason 5) also put absolute limits to the growth 

of material-based services. And even if it is common to observe a decline in the number of material 

products needed to manufacture equipment, these efficiency gain are being trumped by growth in 

volume of equipment and intensity of usage (Reason 2), often having to do with decreasing lifetime due 

to planned obsolescence (Reason 5).

Services require energy, not only to build the material infrastructure they rely on, but also to simply run. 

Not only for end-user equipment (laptops, smartphones, routers) but also for the infrastructure, such 

as data centres and access networks (the wiring and antennas that carry data). Malmodin et al. (2010) 

calculate that ICT used 3.9% of global electricity in 2007, accounting for 1.3% of global greenhouse 

gas emissions. Numbers are similar in other studies; for instance, the information and technologies 

sector produced 2% of global CO2 emissions in 2007 (830 MtCO2e), half of it accounting for computers 

and devices and the other half for data centres and telecoms (The Climate Group, 2008). Starting from 

Malmodin et al.’s (2010) 3.9% of global electricity used by ICT, Van Heddeghem et al. (2014) find that 

it went up to 4.6% by 2012. Forecasting to 2030, Andrae and Edler (2015) estimate that ICT could 

consume up to 51% of global electricity, contributing up to 23% of global greenhouse gas emissions.

In itself, the Internet accounts for between 1.5 and 2% of the world’s energy consumption (CEET, 

2013).  Only considering the users’ side, the 100 most visited French website require 8.3 GWh or the 

energy consumption equivalent of 3,077 households (WEA, 2014). Energy consumption resulting from 

Bitcoin emits an annual 69 mtCO2 and, if more broadly used, could alone produce enough emissions to 
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push warming above 2°C within less than three decades (Mora et al., 2018). Carr (2006) estimates the 

energy consumption of a Second Life avatar to be around 1,752 kWh per year, which he compares to a 

world average for humans of 2,436 kWh. Looking at the ecological cost of music in the US, Devine and 

Brennan (2019) discover that, even though music has become almost completely digital, it is, in terms 

of greenhouse gases, more polluting than it has ever been: from 140 million kg in 1977 to 157 in 2000 

and between 200 and 350 in 2016.

Because of the prevalence of fossil sources in the current energy mix of countries hosting data centres, 

ICT ends up with a heavy contribution in terms of emissions. The Greenpeace report “How Clean is Your 

Cloud?” (2012) finds that, for example, 39.4% of the electricity used by Facebook servers is generated 

by coal plants, while it is 49.7% for Apple. This energy consumption adds up to an already high level of 

energy demand, exacerbating the environmental impacts of the energy sector. And perhaps yes, this 

climate impact would disappear should all services run on renewable energy, but, assuming that this 

is even possible (Reason 1), then it would still generate an array of environmental issues (Reason 3). 
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The so-called “service economy” carries a heavier biophysical backpack than one would think. 

In the countries with the most urgent mitigation imperatives, the service sector has already 

been developed to its maximum without the benefits of absolutely decreasing environmental 

pressures. Services have a footprint, that even though lower than manufactured products, 

is often only added on top of the environmental pressure pile without many substitutions 

occurring. This is because the service economy can only exist on top of the material economy, 

not instead of it. Moreover, services such as advertising or financial products do sometimes 

actively foster more polluting production, which results in an overall rise in environmental 

pressures. Again, we are not arguing against services; on the contrary, it is crucial to replace jobs 

in resource-intensive sectors with more labour-intensive work. Rather, the point we make is that 

directly reducing output in the problematic sectors would be more effective than developing 

activities around them hoping that substitution would somehow occur. 
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5. Limited potential of recycling
Recycling is a common strategy advocated for decoupling often associated with the idea of a circular 

economy. The idea is that resource decoupling could be possible if all materials required for the 

production of new products were extracted from the old products that have been thrown away and 

not from nature. The traditional linear process of production would then be turned into a “closed-

loop” (Stahel and Reday-Mulvey, 1981), “zero waste” (Palmer, 2005), “cradle to cradle” (McDonough and 

Braungart, 2010) economy. Of course, closing the loop between waste and extraction via recycling is a 

sensible goal, and in theory, one would want any economy to be as circular as possible. What we are 

about to argue is that there are limits to this circularity and that these limits are quickly reached in a 

fast-growing economy. 

Recycling itself requires new materials and energy
Perpetual motion machines do not exist in reality. Even though significant gains can be expected from 

better recycling, the process of recycling itself necessitates energy and, most of the time, new materials, 

which would then also need to be recycled at some point, requiring the use of additional new material, 

and this ad infinitum (Georgescu-Roegen, e.g. 1971, p. 132, spoke of an “infinite regress”). This means 

that because of unescapable laws of nature (here the entropy law), the technically feasible recycling 

rates are always below the theoretically possible ones. On top of that, the economically justifiable rates 

are often significantly below what is technically possible for that the marginal cost tends to increase the 

more a process approaches its theoretical maximum (Reason 1). 

Since materials inevitably degrade through time (2nd law of entropy), they can only be recycled into 

the same products for a limited number of times before they have to be used to produce other 

products with lower grade requirements. Put another way, sooner or later, any recycling is necessarily 

downcycling. For instance, plastic bottles can be recycled into plastic fibre for clothing but not back 

into plastic bottles, and they can finally end up in the noise protection walls along motorways. Paper 

cellulose fibres can only endure 3 to 6 cycles, for which they need to be mixed with new fibres, and until 

they become too fragile to be used for paper before being used for cardboard and later as housing 

isolation and finally as biofuel. Just like for energy, this wearing down of materials sets absolute limits 

on how circular any economy can be. 

Giampietro (2019) proposes another way of thinking about it. In a way, nature already recycles all 

materials for free, albeit too slowly for current rates of extraction. Arguing that materials and energy 

will then be recycled within the economy, and not outside of it, comes with an energy price tag. As 

always, production requires labour, tools, and energy, except that this time, what is being produced 

is recycling services. Put another way, it is a use of primary energy and material to recycle waste, 

that is secondary energy and material. In a world where the economy is relatively small compared to 

its environment and where the flows of primary energy and materials are larger than the secondary 

flows, an economy can indeed be circular. Yet, when the scale of the second matches the ones of the 

first, circularity is compromised. As the author puts it: “what really matters in relation to the potential 

of recycling is the size of the required input flows and the waste flows generated by the economy 
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(technosphere) compared to the size of the primary sources and primary sinks made available by 

ecological processes (biosphere)” (ibid. 149). If economic growth means an increase in the size of the 

economy compared to its environment, then it means that growing economies will sooner or later 

reach the limits of circularity.  

Recycling rates are far from 100%
Of course, one can argue that this entropy argument is irrelevant to a situation where rates of recycling 

are low and that simply increasing those rates to match the pace of increase of resource use will be 

enough to achieve absolute decoupling. But here comes a practical consideration: How likely is it for 

recycling rates to increase that much? 

Let us first assume that recycling does not require extra energy and that all materials can be recycled 

perfectly. In 2005, 62Gt/yr materials have been processed, generating 41Gt of outputs, (19Gt biomass 

for feed, food and fodder, 12Gt fossil fuels, 4.5Gt mined ores) (UNEP, 2011). At the same time, only 4Gt 

of materials have been recycled. This is not surprising, since certain materials that are currently used 

cannot be recycled, such as fossil fuels and biomass burnt for energy.38 One-fifth of total resources 

used worldwide are fossil fuels, and almost half are energy carriers. The 98% of fossil fuels that are 

burnt as a source of energy along with the biomass consumed for feed, food, and fodder cannot be 

re-used or recycled. Of course, shifting to a 100% renewable energy provision would solve this problem 

(although perhaps at the cost of creating others, Reason 2), but we are still far from this situation. 

Another problem is that many modern products are too complex to be recycled. Miniaturisation can 

save material but renders the recovery of materials more difficult – and when this is technically feasible 

(which is not always the case), more costly and thus less economically interesting. Reuter et al. (2018) 

study the recyclability of one of the most modular smartphones (Fairphone 2) and find that the best 

possible recycling scenario would only recover about 30% of the materials. Most problematically, this 

is also the case for technology to harvest and store renewable energy. UNEP (2011) estimated that less 

than 1% of speciality metals are recycled.

A third point is that improvements in recycling are often more than cancelled out by rises in rates of 

replacement (sometimes fuelled by planned obsolescence). Indeed, if rates of recycling are increasing 

at a slower pace than the reduction of products’ average lifetime (i.e. the rate of product replacement), 

then resource use is set to increase. If the ability to recycle is slower than the will to produce, then 

virgin resources will have to be used. 

There is not enough waste to recycle
This last argument is a matter of basic arithmetic. Just for now, let us still assume that rates of recycling 

would increase significantly faster than their current trends (while still relaxing the assumption that 

recycling in itself requires energy and new materials). Yet, even this would in itself not be a guarantee

38  This is also the case for dispersive uses that divert materials from recycling circuits (e.g. scarce metals used in ink and 
paint pigments, additives in glass and plastic).
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 to maintain the growing economy’s throughput, since in an economy with increasing resource use, 

the amount of used material that can be recycled will always be smaller than the material needed for 

growth. As the economy keeps on expanding, more materials will be required than the ones available 

from previous periods, and so the materials available for recycling within this economy will not suffice. 

This would be like a snake trying to make a larger skin out of the scraps of its previous, smaller skin.

As shown by Grosse (2010), in an economy where material consumption increases, recycling can only 

delay resource depletion. The author takes the example of steel, the best-recycled material worldwide. 

At a current 62% recycling rate and with a yearly rise in consumption of 3.5%, recycling is only delaying 

depletion by 12 years. If we keep consumption rates steady, even increasing recycling rates to 90% 

would only add an extra seven years before depletion. 

Arnsperger and Bourg (2017, p. 73) apply the Grosse (2010) calculation to copper. They assume that 

the residence time of copper in the economy is of 40 years and that 60% of it can be recycled with 

current technologies. Out of the 6 million tons of copper used in 1975, this means that 4 million could 

have been recovered by 2015. However, consumption of copper has grown to 16 million in the last 40 

years and so, despite recycling, 12 million tons of virgin copper must still be extracted. In this case, even 

with assuming an illusory 100% recycling rate, the extraction would have more than doubled during 

the period. 

What exacerbates the limited availability of products to be recycled is the fact that a significant portion 

of all resources used ends up in infrastructure, often for quite some time. De Decker (2018) proposes 

a simple back-of-the-envelope calculation. In 2005, the world used 62Gt of natural resources: 4Gt for 

disposable products lasting less than one year and 26Gt in buildings, infrastructure, and consumer 

goods lasting more than one year. The same year, 9Gt of resources were disposed of in the process 

of production. The author concludes that the total quantity of materials available for recycling at the 

start of the second year of production is 13Gt (4Gt of disposable products + 9Gt of surplus resources), 

of which only a third could be effectively recycled. Plain to see that this number is not only short of 

what would be needed just to produce the same as in the previous year (62Gt) but even more so for a 

growing economy. 
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An infinitely growing circular economy is an arithmetical impossibility, and a contradiction in 

terms. Recycling is itself limited in its ability to provide resources for an expanding material 

economy. In the end, our point is not to question the usefulness or relevance of recycling, which 

could on the contrary play a crucial role in a non-growing economy, but merely to point to the 

fact that hopes of decoupling based on recycling are misinformed. The reality is that recycling 

rates are currently low and only slowly increasing, that recycling processes generally still require 

a significant amount of energy and virgin raw materials, and that it is mathematically impossible 

for recycling to match rates of replacement in a context of increasing consumption. 
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6. Insufficient and inappropriate 
technological change
The debate on the likeliness of future decoupling is, at its very core, a debate on the potential of 

technological innovation. Decoupling may have not occurred yet, and economic growth may seem 

biophysically constrained, either because of rising costs of extraction (Reason 1), unforeseen problem 

shifting (Reason 3), material infrastructure (Reason 4), or limited recycling (Reason 5), but the green 

growth discourse develops on the assumption that future innovations soon to come would do away 

with that. In our opinion, this hypothetical argument has several shortcomings having to do with the 

purpose, unintended consequences, and pace of technological change. Simply put, technological 

progress is (1) not targeting the factors of production that matter for ecological sustainability and not 

leading to the type of innovations that reduce environmental pressures; (2) it is not disruptive enough 

as it fails to displace other undesirable technologies; and (3) it is not in itself fast enough to enable a 

decoupling that is absolute, global, permanent, large and fast enough. Essentially we are not arguing 

against innovation in itself. Our point is that technological innovation is most often ambivalent when it 

comes to addressing environmental issues and that the potential of future technological innovations 

is most likely too limited, and in any case uncertain. Relying on the belief that technological innovation 

will bring all necessary solutions to environmental problems appears as an extremely risky and 

unreasonable bet.  

Not leading to relevant innovations 
Innovation is not in and of itself a good thing for ecological sustainability. The desirable type of 

innovation is eco-innovation or one that results “in a reduction of environmental risk, pollution and 

other negative impacts of resources use compared to relevant alternatives” (Kemp and Pearson, 

2008, p.5). But this is only one type among several. In general, firms have an incentive to innovate 

to economise on the most expensive factors of production to maximise profits. Because labour and 

capital are usually relatively more expensive than natural resources, more technological progress will 

likely continue to be directed towards labour- and capital-saving innovations, with limited benefits, if 

any, for resource productivity and a potential rise in absolute impacts due to more production. But 

decoupling will not occur if technological innovations contribute to saving labour and capital while 

leaving resource use and environmental degradation unchanged. 

Another issue is that technologies do not only solve environmental problems but also tend to create 

new ones. Assuming that resource productivity becomes a priority over labour and capital productivity, 

there is still nothing preventing technological innovations from creating more damage. For example, 

research into processes of extractions can lead to better ways to locate resources (imaging technologies 

and data analytics), to extract them (horizontal drilling, hydraulic fracturing, and automated drilling 

operations), and to transport them (Arctic shipping routes). These innovations may target resource use 

but with a result opposite to the objective of decoupling, that is more extraction. And this is not even 

considering unintended side-effects, which often accompany the development of new technologies 

(Grunwald, 2018). 
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Not disruptive enough
Another problem has to do with the replacement of harmful technologies. Indeed, it is not enough for 

new technologies to emerge (innovation), they must also come to replace the old ones in a process of 

“exnovation” (Kimberly, 1981). What is required is a “push and pull strategy” (Rockström et al., 2017): 

pushing environmentally-friendly technologies into society and pulling harmful ones, like fossil-based 

infrastructure, out of it. 

First, in reality, such a process is slow and difficult to trigger. Most polluting infrastructures (power 

plants, buildings and city structures, transport systems) require large investments, which then creates 

inertia and lock-in (Antal and van den Bergh, 2014, p. 3). Let us, for instance, consider the energy, 

buildings, and transport sectors, which account for the large majority of world energy consumption and 

greenhouse gas emissions. Initial lifetime for a nuclear or a coal power plant is about 40 years. Buildings 

can last at least as much. The average lifetime for a car is 12-15 years, and this is about what it takes for 

an innovation to spread in the vehicle fleet. The wide availability of petrol refuelling stations gives an 

infrastructural advantage to petrol-based cars, whereas this is the opposite situation for electric, gas, or 

hydrogen vehicles that would require different and new supporting infrastructures. Building a highway 

or a nuclear plant is a commitment to emit for at least as long as these infrastructures will last – Davis 

and Socolow (2014) speak of “committed emissions.”

Energy is a good case in point: using more renewable energy is not the same as using less fossil fuels. 

The history of energy use is not one of substitutions but rather of successive additions of new sources 

of energy. As new energy sources are discovered, developed, and deployed, the old sources do not 

decline, instead, total energy use grows with additional layers on the energy mix cake. York (2012) finds 

that each unit of energy use from non-fossil fuel sources displaced less than one-quarter of a unit of its 

fossil-fuel counterpart, showing empirical support for the claim that expanding renewable energies is 

far from enough to curb fossil fuel consumption. The relative part of coal in the global energy mix has 

been reduced since the advent of petroleum but this occurred in spite of absolute growth in the use of 

coal (Krausmann et al., 2009). 

Moreover, even if the decision to substitute renewables to all fossil energies was enacted, it is doubtful 

whether this process can happen fast enough – or even at all, considering material requirements 

into consideration. In a recent study, the International Renewable Energy Association (IRENA, 2018) 

estimates that a continued GDP growth compatible with a 2°C warming target would require the 

addition of 12,200 GW of solar and wind capacity by 2050. This means increasing renewable capacity 

addition rates by 2.3 to 4.6 times. Because the study assumes a parallel decrease in energy intensity 

of 2.8% per year (double the historical rate), and because it aims for the 2°C target (and not the more 

ambitious 1.5°C), one might consider that the speed of renewable energy development would need to 

be even higher. For instance, Garrett (2012) calculates that one would need to build one nuclear power 

plant per day (or equivalent in renewables) in order to decarbonise an energy demand steadily growing 

at current rates.

This pattern observed with energy, whereby new technologies supplement rather than replace existing 

ones, can be observed in many other sectors as well. Computers have not brought about the paperless 
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office because computers and papers came to complement each other (York, 2006). The rise of 

synthetic rubber, whose production was established during World War II, did not stop natural rubber 

production and consumption from increasing steadily throughout the 20th century (Cornish, 2001). 

Likewise, the explosion of synthetic fibers like polyester and nylon has not displaced natural fiber 

production. While yearly world production of synthetic fibers has grown from less than 2 Mt in 1950 to 

above 60 Mt today, the production of natural fibers has more than tripled, from under 10 to roughly 

30 Mt, with annual variations due to climatic conditions (The Fiber Year, 2016). Additional consumption 

largely surpassed substitution.  

Not fast enough
In light of the past decades of technological change, the rate of improvement that is needed for high-

income, high-footprint economies to absolutely decouple appears disproportionate in contrast to past 

and present rates of technical progress.

Let us consider the example of carbon emissions. Jackson (2016, pp. 96–100) considers several simple 

hypothetical decoupling scenarios. The first baseline scenario runs as follow: extending the trend of global 

annual per capita economic growth of 1.3% in parallel of 0.8% of expected annual population growth and 

with the average annual decline of carbon intensity of 0.6%, that has been observed since 1990, would 

result in carbon emissions growing by 1.5% per year (1.3% + 0.8% – 0.6% = 1.5). In order to achieve a 90% 

emission reduction in 2050 compared to current levels with the same GDP and demographic hypotheses, 

the emission intensity would need to decline at an average rate 8% per year until 2050 – reducing the 

average carbon content of economic output to 20 gCO2/US$, that is to say 1/26 of what it is today (497 gCO2/

US$). In comparison, the carbon intensity of the global economy fell from about 760 gCO2/US$ in 1965 to 

just under 500 g/CO2/US$ in 2015, that is to say, an annual decline of only 1%.

Many more ambitious scenarios can be imagined,39 but the message is already clear: relying only on 

technology to mitigate climate change implies extreme rates of eco-innovation improvements, which 

current trends are very far from matching, and which, to our knowledge, have never been witnessed 

in the history of our species. Such an acceleration of technological progress appears highly unlikely, 

especially when considering the following elements: 

First, global carbon intensity improvement has been slowing down since the turn of the century, from 

an average yearly 1.28% between 1960 and 2000 to 0% between 2000 and 2014 (Hickel and Kallis, 

2019, pp. 8–9). Narrowing the scope to high-income OECD countries only, where most innovations 

are developed, the improvement rate of CO2 intensity still declines from 1.91% (1970-2000) to 1.61% 

(2000-2014), which is a long way from matching appropriate levels to curb emissions to a 2°C target, 

let alone to 1.5°C.

39  Since in the aforementioned baseline scenario, the carbon budget ends up being fully used by 2025, the author calcu-
lates in a second scenario the requirement for a 95% reduction holding all else equal. The rate of improvement rises to a 
10.4% reduction in carbon intensity year on year, but the carbon budget still runs out by the end of the 2020s. To avoid 
this, a third scenario sets the target year to 2035 instead of 2050, and the necessary speed of technological change be-
comes 13% for a 90% reduction and 15% for a 95% reduction. In scenario 4, low-income countries are expected to match 
the income of the richer ones (with a 2% expansion in rich countries, it will take a rate of growth of 7.6% in poor ones for 
both levels of income to converge). Under those conditions, the carbon intensity must be less than 2 gCO2/$ to achieve a 
95% reduction, almost 1/250 of what it is today. Meeting these targets by 2035 requires a reduction of carbon intensity to 
average an annual 18%, 100 times faster than the current rate of change. 
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This empirical observation is nothing like a surprise with regards to the theory. Technological innovation 

is limited as a long-term solution to sustainability issues because it itself exhibits diminishing returns 

(Reason 1). Tracking the number of utility patents per inventor in the US over the 1970-2005 period, 

Strumsky et al. (2010)  provide evidence that the productivity of invention declines over time, including 

in the sectors such as solar and wind power as well as information technologies (which are often 

acclaimed for their innovative potentials). “Early work […] solves questions that are inexpensive but 

broadly applicable. [Then] questions that are increasingly narrow and intractable. Research grows 

increasingly complex and costly […]” (ibid. 506). Looking at total factor productivity changes from 1750 

to 2015, Bonaiuti (2018) argues that humanity has entered an overall phase of decreasing marginal 

returns to innovation. 
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To sum up, technology is no panacea. It is indeed impossible to predict what the future holds 

in terms of innovations over the long term. Yet, the point is, that reasons to be sceptical 

about the potential for technological change to foster the type of decoupling we described as 

necessary are multiple and serious. First, many technologies that could have severed part of 

the link between GDP and environmental pressures have been here for several decades now 

with only minimal effects. More importantly, all innovations do not go in the direction of more 

ecological sustainability. In a capitalist and growth-oriented economy, innovation is most often 

strongly dependent on profit-making opportunities, hence partly oriented to this aim. In such a 

context, most innovations may result in GDP increase but only a few of them might help mitigate 

environmental pressures. Future technological changes may perhaps bring some additional 

improvements, provided these are not cancelled by rebound effects (cf. Reason 2) and provided 

they do not result in problem shifting (cf. Reason 3). Past and current paces of technological 

evolutions are clearly at odds with the urgent and radical changes that the environmental 

crises call for and declining marginal rates of improvement (cf. Reason 1) give little reason for 

optimism about the future. 
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7. Cost shifting
The absolute decoupling shown in early-industrialised nations is only apparent if those countries outsource 

their biophysically-intensive production somewhere else. This leakage effect40 – also sometimes called 

“decoupling through burden shifting” (UNEP, 2014a) or “virtual decoupling” (Moreau and Vuille, 2018) can 

be either intentional or conjectural (Peters, 2008). It is intentional or direct when the geographical shift in 

production results from an obvious choice to relocate to jurisdictions with less stringent environmental 

regulations – this is referred to as the “pollution heaven hypothesis.” It is conjectural or indirect when 

the effect is attributed to a broader set of factors (e.g. differences in cost of labour, industrial capacity, 

access to resources, or technology). Based on this premise, globalisation would cause polluting activities 

to concentrate in the least regulated – most often low-income countries. Put another way, trade would 

enable the decoupling of certain regions at the expense of an intensification of environmental pressures 

elsewhere, or in other words, would allow high-consumption countries to externalise the environmental 

costs of production to low-consumption countries (one then speaks of “embodied” impacts, e.g. embodied 

emissions, embodied energy). 

Empirical evidence of environmental cost shifting
The empirical literature on the embodied environmental pressures in trade is consistent. Reviewing 

embodied carbon studies, Sato (2014) identified a large and growing volume of embodied carbon 

emissions in international trade, which accounted in 2006 for around one-fourth of global emissions. 

Looking at 113 countries, Peters et al. (2011) find that the net emission transfers via international trade 

from low-income to high-income countries has quadrupled between 1990 and 2008. 

This does not only concern emissions but also resources. In between 1997 and 2001, 16% of the global 

water footprint was embodied in global trade (Hoekstra and Chapagain, 2007). Raw material embodied 

in international trade accounted for 30% of the global material consumption increase during the 1990-

2010 period, “this effect being due to the growing contribution of less material-efficient economies 

to global production” (Plank et al., 2018, p. 19). Likewise, Schandl et al. (2018, p. 8) report that global 

material efficiency is declining because of a “large shift of economic activity from very material-efficient 

economies, such as Japan, the Republic of Korea, and Europe, to the currently much less material-

efficient economies of China, India, and Southeast Asia.” 

For example, a 2011 OECD report claimed that Germany, Canada, Italy, and Japan had achieved an 

absolute decoupling of material consumption since the 1980 (OECD, 2011). Even though, as pointed 

out by Bednik (2016, p. 107), the authors of the report pinpoint that “parts” of this decoupling is due 

to the exportation of manufacturing activities in emerging and developing countries (OECD, 2011, pp. 

15–16). The difference between the gross resource use (measured with a production approach) and

40  Because mostly focusing on carbon, this phenomenon is referred to as “carbon leakage” in the empirical literature. The 
term “leakage” depoliticises the process and so we prefer, following Kapp (1950) and the school of world-system analysis 
(most notably Hornborg, e.g. 1998) to call it a process of environmental cost shifting whereby richer nations systematically 
impose the environmental costs of their consumption onto poorer countries.
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net resource use (measured with a consumption approach) was of 27.7% for Germany and 24.7% for 

Italy in 2004, and as high as 44% for France (Laurent, 2012). 

More generally, Davis and Caldeira (2010) estimate the difference between production and consumption 

emissions to be around 30% in rich countries. When compared to the rates of supposedly absolute 

decoupling announced in certain studies, the sole factor of cost shifting is enough to explain the 

observation.41 

Why does cost shifting happen? 
What is observed empirically finds its theoretical explanation in world-system analysis and dependency 

theory (Amin, 1976; Emmanuel, 1972; Wallerstein, 1974). Building on such tradition, Hornborg (1998, p. 

38) calls this process “ecologically unequal exchange”: “a relation of exchange, even when it has been 

entered voluntarily, can generate a systematic deterioration of one party’s resources, independence, 

and development potential.” From this particular perspective, the world can be divided into core 

countries, semi-periphery countries, and periphery countries, with the former having more power to 

import wealth from and export ill to others. 

Emmanuel (1972) showed how differences in the price of labour between nations lead to a net transfer 

of embodied labour from the poorest to the richest. What is relevant for decoupling is that the same 

mechanism is at work but with material, energy, and pollutions. If it is cheaper to produce what is most 

polluting elsewhere, and as a consequence, there will be a net transfer of environmental burden from the 

global North to the global South. In decoupling terms, this would mean that core countries find themselves 

in a situation of ecological deficit with their periphery. 

Decoupling in certain regions of the world would be a “local illusion” (Hornborg, 2016, p. 115) or “geographical 

illusion” (Fischer-Kowalski and Amann, 2001)  that is enabled by a process of 

“environmental load displacement” (Muradian et al., 2001) or “cost shifting” (Kapp, 1950) from one locality 

to another or from the present to the future. Following this line of thinking, Hornborg (2001, p. 33) invites 

us to “think of the world as a system, in which one country’s environmental problems may be the flip side 

of another country’s growth.” This is especially relevant when it comes to technological change. Hornborg 

(2019, p. 15) argues that modern technology “should be understood not simply as an index of ingenuity, 

but as a social strategy of appropriation (of labour and land)” or as “a strategy of displacement (of work and 

environmental loads).” A vacuum-cleaner may save time in cleaning the house, but it does so at the expense 

of someone having to spend time and energy building the vacuum, and a lot of more people having to 

extract the materials necessary for it. 

41  In their study of embodied emissions in British imports, Druckman et al. (2008, p. 594) conclude that “any progress 
towards the UK’s carbon reduction targets (visible under a production perspective) disappears completely when viewed 
from a consumption perspective.”
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Conclusions for Section 3
In this section we have offered a number of reasons to be sceptical about 

decoupling: (1) Rising energy expenditures, (2) rebound effects, (3) problem 

shifting, (4) the underestimated impact of services, (5) the limited potential of 

recycling in a growing economy, (6) insufficient and inappropriate technological 

change, and (7) cost shifting. Each of them taken individually casts doubt on the 

possibility for decoupling and thus the feasibility of “green growth.” Considered 

all together, the decoupling hypothesis appears highly compromised, if not 

clearly unrealistic. It is urgent to draw the consequences in terms of policy 

making, and following the precautionary principle, to move away from the 

continuous pursuit of economic growth in high-consumption countries, in 

particular in the EU. Following the arguments we have discussed in this section, 

the burden of proof rests on decoupling advocates. Unless adequate and 

convincing demonstrations are brought against each and all of the above-

mentioned arguments, the concept of decoupling remains an act of pure belief 

with little relevance for policy making. 

It would be irrelevant to celebrate decoupling in one country if this one is achieved at the 

expense of coupling in another one, especially if the latter one is poorer than the former. 

There are strong theoretical reasons to believe that the few cases of local decoupling that are 

celebrated (which remain exceptions) are mostly a displacement of environmental pressures 

elsewhere, as we have shown in Section 2. If that is so, it means that ecological sustainability 

can only be achieved via a downscaling of polluting production. This reason is perhaps the most 

problematic of all. As long as individuals, firms, and nations stay engaged in cost-competition, 

there will be incentives to swipe ecological costs under the rug, with the lightening of footprints 

remaining a mere statistical trick.
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Conclusions: 
Farewell to green growth  

This report has sought to make a number of points. To begin with, scientific studies and political 

discussions about decoupling must be precise as to how they define the term (is it relative or absolute, 

dealing with resource use or impacts, global or local, and temporary or permanent?) and how it relates 

to existing environmental thresholds and political targets: Is it sufficient to achieve the target? Does it 

account for a fair distribution of burdens and benefits? 

In the second section, we have reviewed the empirical decoupling literature searching for evidence of 

the type of decoupling that would justify green growth as a political strategy. Our finding is clear: the 

decoupling literature is a haystack without a needle. Of all the studies reviewed, we have found no 

trace that would warrant the hopes currently invested into the decoupling strategy. Overall, the idea 

that green growth can effectively address the ongoing environmental crises is insufficiently supported 

by empirical foundations.

Here, it is important to note that decoupling is neither a new nor a never-tried strategy. It has been 

the main sustainability plan, at least for the OECD and the European Commission, since 2001, and a 

key feature of many member states’ environmental and industrial policies since the 1990s. Decoupling 

is not an innovative strategy but rather the continuation of what has been done in the European 

Union in the last decades. The meagre achievements of the decoupling strategy until now reported in 

Section 2 cast serious doubt as to whether prospects for the short- to medium-term future are better. 

Considering the last two decades as a trial period, one must confront the fact that decoupling has failed 

to deliver the ecological sustainability it promised
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At last, we claimed that there were several reasons to be sceptical about the occurrence of decoupling in 

the future. (1) Rising energy expenditure, (2) rebound effects, (3) problem shifting, (4) the underestimated 

impact of services, (5) limited potential of recycling, (6) insufficient and inappropriate technological 

progress, and (7) cost shifting can, each individually, and even more all together, compromise or even 

dismiss the possibility of “green growth.” The insight here is not that efficiency improvements are 

unnecessary (and in that sense, we support most of the decoupling-targeted policies advocated by 

UNEP in their 2014a report), but instead that it is theoretically and empirically unrealistic to expect 

those to absolutely, globally, and permanently delink a constantly growing economic metabolism from 

its biophysical base. Given the historical correlation of GDP and environmental pressures as well as 

the required technological improvements needed for a sufficiently large and fast reduction in resource 

use and environmental degradation, relying on decoupling alone to solve environmental problems 

appears to be an extremely risky and irresponsible bet. Framing issues of social-ecological justice with 

the concept of decoupling is like trying to cut a tree with a spoon: it is likely to be a long attempt and 

most likely to fail in the end.

As Daly (1977, p. 115) already argued 40 years ago, the bet we are facing is similar to Pascal’s Wager. 

Either we hope that somehow these seven problems will solve themselves, continue growth-as-usual 

and risk a social and environmental collapse; or we acknowledge that decoupling is likely to fail with 

irreversible consequences on the environment, and follow a precautionary principle approach, moving 

away from a risky green growth strategy and directly reducing the problematic forms of production 

and consumption today. In light of what this report shows, prudence alone warrants the abandonment 

of decoupling and green growth as a sole strategy for sustainability. 

Because extraordinary claims require extraordinary evidence, the burden of proof should fall upon 

advocates of decoupling. As we have argued in Section 3, any claim for decoupling must address a 

series of arguments. This is the challenge for any policy attempting to follow the IPCC 1.5°C mitigation 

scenario and implement the Sustainable Development Goals. So far, the green growth literature on 

the topic is either silent or unconvincing regarding any of these seven arguments we have listed in 

this report. Reflecting on these findings, our recommendation is the following: policymaker have to 

acknowledge the fact that addressing the climate and biodiversity crises (which are only two of several 

environmental crises) may require a direct downscaling of economic production and consumption in 

the wealthiest countries. In other words, we advocate a shift in priorities from efficiency to sufficiency, 

with the latter being put before the former. The decoupling strategy takes consumption levels 

as granted and relies on the hope that further economic growth will provide the means to (over)

compensate for its own environmental impacts. It is indeed an appealing approach to policymakers in 

that it requires only minimal changes in economic and social structure. However, this focus on supply 

appears counter-intuitive and now outdated. The obsession with decoupling in European politics 

shows a problematic lack of political creativity and ambition, as well as an inability from policymakers 

to imagine the economy differently than in its current form.  

The problem is that, even if decoupling could be definitely proven impossible, it will take some time for 

this to be demonstrated to the satisfaction of its proponents. As argued by Fletcher and Rammel (2017), 

decoupling acts as a distracting fantasy that warrants a (continuously more) destructive path with both 
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the promise of success and demonstration of its impossibility deferred into the future. But as decoupling 

fails to materialise, natural resources deplete and ecosystems collapse. In that sense, decoupling is not 

an opportunity but a threat. Ultimately, until GDP is actually decoupled from environmental pressures, 

any additional production will require a larger effort in reductions of resource and impact intensity to 

stay away from resource conflicts and ecological breakdown. In that sense, trying to reduce impacts 

while growing makes as little sense as trying to brake while accelerating in front of an obstacle. 

The least impactful production and consumption is the one that does not occur. In one of their 

decoupling reports, UNEP (2014a, p. 48) spends a full page describing all possible technologies to 

improve trucking fuel efficiency, from full roof deflectors, sloped hoods and aero bumpers, to curved 

windshields. Options they do not mention include simply reducing the speed of these trucks or 

substituting rail transport to freight by trucks, or even more effective, reducing the need for freight 

altogether by relocalising production and consumption. The fact that such common-sense solutions 

are not even considered in a comprehensive report focused on policy options is telling evidence of how 

dominant the unidimensional emphasis on eco-efficiency has become. 

In contrast to hydrogen cars, region-wide smart-grids, and well-functioning carbon markets, reducing 

production and consumption is not an abstract narrative. In the last two decades, movements in the 

global North (transition towns, degrowth, eco-villages, slow cities, social and solidarity economies, 

economies for the common good) have started to become organised around the concept of sufficiency, 

which could inspire a cross-cutting policy approach. What they say is that more is not always better 

and that in a climate-constrained world, enough can be plenty. As argued by many of these actors, the 

choice of sufficiency is not one of sacrifice, unemployment, rising inequality, poverty, and shrinking 

welfare States. Instead, it is the choice of a fair economy that remains within the carrying capacities 

of the biosphere or, as the EU 7th Environmental Action Programme has called it, “living well within 

the planet’s ecological limits.” Listening to these alternative options, we should reframe the debate 

altogether: what we need to decouple is not economic growth from environmental pressures but 

prosperity and the “good life” from economic growth. 

This work highlights the need for a new conceptual toolbox to inform environmental policies. In this 

perspective, it appears urgent for policymakers to pay more attention to and support the existing 

diversity of alternatives to green growth. Drawing lessons from the diversity of people and frameworks 

engaged in imagining and enacting alternative ways of life is a promising way to solve what we perceive 

as a crisis of political imagination. The success of that initiative matters for what is at stake is nothing 

short of the future of our children and grandchildren if not to say the human civilisation as such. 



60

BIBLIOGRAPHY

Ackerman, F., Stanton, E.A., 2013. Climate Econo-
mics : The State of the Art. Routledge. 
https://doi.org/10.4324/9780203066317

Aden, N., 2016. The Roads to Decoupling: 21 
Countries Are Reducing Carbon Emis-
sions While Growing GDP. World 
Resour. Inst. URL https://www.wri.
org/blog/2016/04/roads-decoupling-
21-countries-are-reducing-carbon-
emissions-while-growing-gdp (accessed 
6.4.19).

AghaKouchak, A., Feldman, D., Hoerling, M., 
Huxman, T., Lund, J., 2015. Water and 
climate: Recognize anthropogenic 
drought. Nat. News 524, 409. https://
doi.org/10.1038/524409a

Akizu-Gardoki, O., Bueno, G., Wiedmann, T., Lo-
pez-Guede, J.M., Arto, I., Hernandez, P., 
Moran, D., 2018. Decoupling between 
human development and energy con-
sumption within footprint accounts. J. 
Clean. Prod. 202, 1145–1157. https://
doi.org/10.1016/j.jclepro.2018.08.235

Alcántara, V., Padilla, E., 2009. Input–output sub-
systems and pollution: An application to 
the service sector and CO2 emissions in 
Spain. Ecol. Econ. 68, 905–914. https://
doi.org/10.1016/j.ecolecon.2008.07.010

Ali, S.H., 2014. Social and Environmental Impact 
of the Rare Earth Industries. Resources 
3, 123–134. https://doi.org/10.3390/re-
sources3010123

Allan, J.A., 1998. Virtual Water: A Strategic Re-
source Global Solutions to Regional 
Deficits. Groundwater 36, 545–546. htt-
ps://doi.org/10.1111/j.1745-6584.1998.
tb02825.x

Amin, S., 1976. Unequal Development. Monthly 
Review Press, New York.

Andersen, O., 2013. Unintended Consequences 
of Renewable Energy: Problems to be 
Solved. Springer Science & Business 
Media, London.

Andrae, A.S.G., Edler, T., 2015. On Global Elec-
tricity Usage of Communication Tech-
nology: Trends to 2030. Challenges 
6, 117–157. https://doi.org/10.3390/
challe6010117

Antal, M., van den Bergh, J.C.J.M., 2014. Re-
spending rebound: A macro-level 
assessment for OECD countries and 
emerging economies. Energy Policy 68, 
585–590. https://doi.org/10.1016/j.en-
pol.2013.11.016

Arnsperger, C., Bourg, D., 2017. Écologie 
intégrale. Pour une société 
permacirculaire. Presses Universitaires 
de France, Paris.

Asafu‐Adjaye, J., 2003. Biodiversity Loss and Eco-
nomic Growth: A Cross-Country Analy-
sis. Contemp. Econ. Policy 21, 173–185. 
https://doi.org/10.1093/cep/byg003

Ashraf, B., AghaKouchak, A., Alizadeh, A., Baygi, 
M.M., Moftakhari, H.R., Mirchi, A., An-
jileli, H., Madani, K., 2017. Quantifying 
Anthropogenic Stress on Groundwater 
Resources. Sci. Rep. 7, 12910. https://
doi.org/10.1038/s41598-017-12877-4

Ayres, R.U., Warr, B., 2009. The Economic 
Growth Engine: How Energy and Work 
Drive Material Prosperity. Edward Elgar 
Publishing, Cheltenham.

Azam, M., Khan, A.Q., 2016. Testing the Envi-
ronmental Kuznets Curve hypothesis: 
A comparative empirical study for low, 
lower middle, upper middle and high 
income countries. Renew. Sustain. 
Energy Rev. 63, 556–567. https://doi.
org/10.1016/j.rser.2016.05.052

Baeumler, A., Chen, M., Dastur, A., Zhang, Y., 
Filewood, R., Al-Jamal, K., Peterson, C., 
Randale, M., Pinnoi, N., 2009. Sino-Sin-
gapore Tianjin Eco-City (SSTEC) : a case 
study of an emerging eco-city in China 
(No. 59012). The World Bank.

Bagliani, M., Bravo, G., Dalmazzone, S., 2008. 
A consumption-based approach to 
environmental Kuznets curves using 
the ecological footprint indicator. 
Ecol. Econ. 65, 650–661. https://doi.
org/10.1016/j.ecolecon.2008.01.010

Barnosky, A.D., Matzke, N., Tomiya, S., Wogan, 
G.O.U., Swartz, B., Quental, T.B., Mars-
hall, C., McGuire, J.L., Lindsey, E.L., Mag-
uire, K.C., Mersey, B., Ferrer, E.A., 2011. 
Has the Earth’s sixth mass extinction 
already arrived? Nature 471, 51–57. 
https://doi.org/10.1038/nature09678

Bibliography



61

BIBLIOGRAPHY

Bashmakov, I., 2007. Three laws of energy 
transitions. Energy Policy 35, 3583–
3594. https://doi.org/10.1016/j.en-
pol.2006.12.023

Beça, P., Santos, R., 2014. A comparison between 
GDP and ISEW in decoupling analysis. 
Ecol. Indic. 46, 167–176. https://doi.
org/10.1016/j.ecolind.2014.06.010

Bednik, A., 2016. Extractivisme. Exploitation 
industrielle de la nature : logiques, 
consequences, résistances. Le passager 
clandestin, Neuvy-en-Champagne.

Behrens, A., Giljum, S., Kovanda, J., Niza, S., 
2007. The material basis of the glo-
bal economy: Worldwide patterns of 
natural resource extraction and their 
implications for sustainable resource 
use policies. Ecol. Econ., Special Section 
- Ecosystem Services and Agriculture 64, 
444–453. https://doi.org/10.1016/j.eco-
lecon.2007.02.034

Bhattarai, M., Hammig, M., 2001. Institutions 
and the Environmental Kuznets Curve 
for Deforestation: A Crosscountry Ana-
lysis for Latin America, Africa and Asia. 
World Dev. 29, 995–1010. https://doi.
org/10.1016/S0305-750X(01)00019-5

Billen, G., Garnier, J., Lassaletta, L., 2013. The 
nitrogen cascade from agricultural soils 
to the sea: modelling nitrogen trans-
fers at regional watershed and global 
scales. Philos. Trans. R. Soc. B Biol. Sci. 
368, 20130123. https://doi.org/10.1098/
rstb.2013.0123

Bithas, K., Kalimeris, P., 2018. Unmasking decou-
pling: Redefining the Resource Intensity 
of the Economy. Sci. Total Environ. 619–
620, 338–351. https://doi.org/10.1016/j.
scitotenv.2017.11.061

Bonaiuti, M., 2018. Are we entering the age of 
involuntary degrowth? Promethean 
technologies and declining returns of 
innovation. J. Clean. Prod., Technology 
and Degrowth 197, 1800–1809. https://
doi.org/10.1016/j.jclepro.2017.02.196

Borucke, M., Moore, D., Cranston, G., Gracey, K., 
Iha, K., Larson, J., Lazarus, E., Morales, 
J.C., Wackernagel, M., Galli, A., 2013. 
Accounting for demand and supply of 
the biosphere’s regenerative capacity: 
The National Footprint Accounts’ un-
derlying methodology and framework. 
Ecol. Indic. 24, 518–533. https://doi.
org/10.1016/j.ecolind.2012.08.005

Bouwman, A.F., Beusen, A.H.W., Griffioen, J., Van 
Groenigen, J., Hefting M., M., Oenema, 
O., Van Puijenbroek P. J. T., M., Seitzin-
ger, S., Slomp C., P., Stehfest, E., 2013. 
Global trends and uncertainties in ter-
restrial denitrification and N2O emis-
sions. Philos. Trans. R. Soc. B Biol. Sci. 
368, 20130112. https://doi.org/10.1098/
rstb.2013.0112

Bringezu, S., 2015. Possible Target Corridor for 
Sustainable Use of Global Material Re-
sources. Resources 4, 25–54. https://
doi.org/10.3390/resources4010025

Brookes, L., 1990. The greenhouse effect: the fal-
lacies in the energy efficiency solution. 
Energy Policy 18, 199–201. https://doi.
org/10.1016/0301-4215(90)90145-T

Brown, T.W., Bischof-Niemz, T., Blok, K., Breyer, 
C., Lund, H., Mathiesen, B.V., 2018. Res-
ponse to ‘Burden of proof: A compre-
hensive review of the feasibility of 100% 
renewable-electricity systems.’ Renew. 
Sustain. Energy Rev. 92, 834–847. htt-
ps://doi.org/10.1016/j.rser.2018.04.113

Bruner, A.G., Gullison, R.E., Rice, R.E., Fonseca, 
G.A.B. da, 2001. Effectiveness of Parks 
in Protecting Tropical Biodiversity. 
Science 291, 125–128. https://doi.
org/10.1126/science.291.5501.125

Butchart, S.H.M., Scharlemann, J.P.W., Evans, 
M.I., Quader, S., Aricò, S., Arinaitwe, J., 
Balman, M., Bennun, L.A., Bertzky, B., 
Besançon, C., Boucher, T.M., Brooks, 
T.M., Burfield, I.J., Burgess, N.D., Chan, 
S., Clay, R.P., Crosby, M.J., Davidson, 
N.C., Silva, N.D., Devenish, C., Dutson, 
G.C.L., Fernández, D.F.D. z, Fishpool, 
L.D.C., Fitzgerald, C., Foster, M., Heath, 
M.F., Hockings, M., Hoffmann, M., Knox, 
D., Larsen, F.W., Lamoreux, J.F., Loucks, 
C., May, I., Millett, J., Molloy, D., Mor-
ling, P., Parr, M., Ricketts, T.H., Seddon, 
N., Skolnik, B., Stuart, S.N., Upgren, A., 
Woodley, S., 2012. Protecting Impor-
tant Sites for Biodiversity Contributes 
to Meeting Global Conservation Tar-
gets. PLOS ONE 7, e32529. https://doi.
org/10.1371/journal.pone.0032529

Calvo, G., Mudd, G., Valero, Alicia, Valero, An-
tonio, 2016. Decreasing Ore Grades in 
Global Metallic Mining: A Theoretical 
Issue or a Global Reality? Resources 
5, 36. https://doi.org/10.3390/resour-
ces5040036



62

BIBLIOGRAPHY

Cansino, J.M., Moreno, R., 2018. Does forest mat-
ter regarding Chilean CO2 international 
abatement commitments? A multilevel 
decomposition approach. Carbon Ma-
nag. 9, 9–24. https://doi.org/10.1080/17
583004.2017.1409027

Capellán-Pérez, I., de Castro, C., Arto, I., 2017. As-
sessing vulnerabilities and limits in the 
transition to renewable energies: Land 
requirements under 100% solar energy 
scenarios. Renew. Sustain. Energy Rev. 
77, 760–782. https://doi.org/10.1016/j.
rser.2017.03.137

Capellán-Pérez, I., de Castro, C., Salamanca, A., 
González, L.J.M., 2018. Dynamic EROI 
of the global energy system in future 
scenarios of transition to renewable 
energies. Presented at the South-East 
European Conference on Sustainable 
Development of Energy, Water and En-
vironment Systems, Novi Sad.

Caviglia-Harris, J.L., Chambers, D., Kahn, J.R., 
2009. Taking the “U” out of Kuznets: 
A comprehensive analysis of the EKC 
and environmental degradation. Ecol. 
Econ., Participation and Evaluation for 
Sustainable River Basin Governance 68, 
1149–1159. https://doi.org/10.1016/j.
ecolecon.2008.08.006

Cavlovic, T.A., Baker, K.H., Berrens, R.P., Gawan-
de, K., 2000. A Meta-Analysis of Environ-
mental Kuznets Curve Studies. Agric. 
Resour. Econ. Rev. 29, 32–42. https://
doi.org/10.1017/S1068280500001416

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., García, 
A., Pringle, R.M., Palmer, T.M., 2015. Ac-
celerated modern human–induced spe-
cies losses: Entering the sixth mass ex-
tinction. Sci. Adv. 1, e1400253. https://
doi.org/10.1126/sciadv.1400253

CEET, 2013. Annual Report 2013. Centre for 
Energy-Efficient Telecommunications, 
Bell Labs and University of Melbourne.

Chancerel, P., Marwede, M., Nissen, N.F., Lang, 
K.-D., 2015. Estimating the quantities 
of critical metals embedded in ICT 
and consumer equipment. Resour. 
Conserv. Recycl. 98, 9–18. https://doi.
org/10.1016/j.resconrec.2015.03.003

Chen, J., Wang, P., Cui, L., Huang, S., Song, M., 
2018. Decomposition and decoupling 
analysis of CO2 emissions in OECD. 
Appl. Energy 231, 937–950. https://doi.
org/10.1016/j.apenergy.2018.09.179

Cohen, G., Jalles, J.T., Loungani, P., Marto, R., 
2018. The long-run decoupling of emis-
sions and output: Evidence from the 
largest emitters. Energy Policy 118, 
58–68. https://doi.org/10.1016/j.en-
pol.2018.03.028

Conde, M., Kallis, G., 2012. The global uranium 
rush and its Africa frontier. Effects, reac-
tions and social movements in Namibia. 
Glob. Environ. Change, Global transfor-
mations, social metabolism and the dy-
namics of socio-environmental conflicts 
22, 596–610. https://doi.org/10.1016/j.
gloenvcha.2012.03.007

Conrad, E., Cassar, L.F., 2014. Decoupling Eco-
nomic Growth and Environmental 
Degradation: Reviewing Progress to 
Date in the Small Island State of Malta. 
Sustainability 6, 6729–6750. https://doi.
org/10.3390/su6106729

Cornish, K., 2001. Biochemistry of natural rub-
ber, a vital raw material, emphasizing 
biosynthetic rate, molecular weight and 
compartmentalization, in evolutionarily 
divergent plant species. Nat. Prod. Rep. 
18, 182–189. https://doi.org/10.1039/
A902191D

Csereklyei, Z., Rubio, M., Stern, D.I., 2016. Energy 
and Economic Growth: The Stylized 
Facts. Energy J. 37, 223–255.

Daly, H.E., 1977. Steady-State Economics: The 
Economics of Biophysical Equilibrium 
and Moral Growth. W.H. Freeman, San 
Francisco.

Davis, S.J., Caldeira, K., 2010. Consumption-
based accounting of CO2 emis-
sions. Proc. Natl. Acad. Sci. 107, 
5687–5692. https://doi.org/10.1073/
pnas.0906974107

Davis, S.J., Socolow, R.H., 2014. Commitment 
accounting of CO2emissions. Envi-
ron. Res. Lett. 9, 084018. https://doi.
org/10.1088/1748-9326/9/8/084018

de Bruyn, S.M., Opschoor, J.B., 1997. Develop-
ments in the throughput-income relati-
onship: theoretical and empirical obser-
vations. Ecol. Econ. 20, 255–268. https://
doi.org/10.1016/S0921-8009(96)00086-9

De Decker, K., 2018. How Circular is the Circular 
Economy? LOW-TECH Mag. URL http://
www.lowtechmagazine.com/ (accessed 
6.29.18).



63

BIBLIOGRAPHY

de Haan, P., Mueller, M.G., Peters, A., 2006. Does 
the hybrid Toyota Prius lead to rebound 
effects? Analysis of size and number of 
cars previously owned by Swiss Prius 
buyers. Ecol. Econ. 58, 592–605. https://
doi.org/10.1016/j.ecolecon.2005.08.009

Declercq, B., Delarue, E., D’haeseleer, W., 
2011. Impact of the economic reces-
sion on the European power sector’s 
CO2 emissions. Energy Policy 39, 
1677–1686. https://doi.org/10.1016/j.
enpol.2010.12.043

Deemer, B.R., Harrison, J.A., Li, S., Beaulieu, J.J., 
DelSontro, T., Barros, N., Bezerra-Neto, 
J.F., Powers, S.M., dos Santos, M.A., 
Vonk, J.A., 2016. Greenhouse Gas Emis-
sions from Reservoir Water Surfaces: A 
New Global Synthesis. BioScience 66, 
949–964. https://doi.org/10.1093/biosci/
biw117

Devine, K., Brennan, M., 2019. Music streaming 
has a far worse carbon footprint than 
the heyday of records and CDs – new 
findings [WWW Document]. The Con-
versation. URL http://theconversation.
com/music-streaming-has-a-far-worse-
carbon-footprint-than-the-heyday-of-
records-and-cds-new-findings-114944 
(accessed 6.3.19).

Diaz, R.J., Rosenberg, R., 2008. Spreading Dead 
Zones and Consequences for Marine 
Ecosystems. Science 321, 926–929. htt-
ps://doi.org/10.1126/science.1156401

Dietz, S., Adger, W.N., 2003. Economic growth, 
biodiversity loss and conserva-
tion effort. J. Environ. Manage. 68, 
23–35. https://doi.org/10.1016/S0301-
4797(02)00231-1

Dimitropoulos, J., 2007. Energy productivity im-
provements and the rebound effect: 
An overview of the state of knowledge. 
Energy Policy 35, 6354–6363. https://
doi.org/10.1016/j.enpol.2007.07.028

Dittrich, M., Giljum, S., Lutter, S., Polzin, C., 2012. 
Green economies around the world: 
implications of resource use for deve-
lopment and the environment. SERI, 
Vienna.

Dobbs, R., Smit, S., Remes, J., Manyika, J., Rox-
burgh, C., Restrepo, A., 2011. Urban 
world: Mapping the economic power of 
cities. McKinsey Global Institute.

Druckman, A., Bradley, P., Papathanasopoulou, 
E., Jackson, T., 2008. Measuring pro-
gress towards carbon reduction in the 
UK. Ecol. Econ. 66, 594–604. https://doi.
org/10.1016/j.ecolecon.2007.10.020

EASA-EEA-EUROCONTROL, 2016. European Avia-
tion Environmental Report 2016.

EEA, 2018. Trends and Projections in Europe 
2018. Tracking Progress towards Eu-
rope’s Climate and Energy Targets (No. 
16/2018). European Environment Agen-
cy, Copenhagen.

Ehrhardt-Martinez, K., Laitner, J.A., 2010. 
Rebound, technology and people: 
mitigating the rebound effect with 
energy-resource management and peo-
ple-centered initiatives. ACEEE Summer 
Study Energy Effic. Build. 7–76.

Emmanuel, A., 1972. Unequal Exchange: A Study 
of the Imperialism of Trade. Monthly 
Press Review, New York.

EU Commission, 2001. Environment 2010: Our 
Future, Our Choice. Commun. Comm. 
Sixth Environ. Action Programme Eur. 
Community Adopt. Comm. On.

European Commission, 2018. A Clean Planet for 
All. A European Strategic Long-Term 
Vision for a Prosperous, Modern, Com-
petitive and Climate Neutral (COM No. 
773). European Comission.

European Commission, 2013. Living well, within 
the limits of our planet : 7th EAP – the 
new general Union environment action 
programme to 2020. https://doi.org/
doi:10.2779/57220

European Commission, 2011. Roadmap to a 
Resource Efficient Europe. COM(2011) 
571 final.

European Parliament, 2019. Annual strategic 
report on the implementation and de-
livery of the Sustainable Development 
Goals.

Evans, S., Yeo, S., 2016. The 35 countries cutting 
the link between economic growth and 
emissions [WWW Document]. Carbon 
Brief. URL https://www.carbonbrief.
org/the-35-countries-cutting-the-link-
between-economic-growth-and-emissi-
ons (accessed 6.10.19).

FAO, 2019. The State of the World’s Biodiversity 
for Food and Agriculture. Rome.



64

BIBLIOGRAPHY

FAO, 2017. World fertilizer trends and outlook to 
2020. FAO, Rome.

FAO, 2016. AQUASTAT [WWW Document]. URL 
http://www.fao.org/nr/water/aquastat/
water_use/index.stm.

Fedrigo-Fazio, D., Schweitzer, J.-P., Ten Brink, 
P., Mazza, L., Ratliff, A., Watkins, E., 
2016. Evidence of Absolute Decoupling 
from Real World Policy Mixes in Eu-
rope. Sustainability 8, 517. https://doi.
org/10.3390/su8060517

Feng, K., Davis, S.J., Sun, L., Hubacek, K., 2015. 
Drivers of the US CO2 emissions 1997–
2013. Nat. Commun. 6, 7714. https://
doi.org/10.1038/ncomms8714

Feng, K., Hubacek, K., 2015. A multi-region input-
output analysis of global virtual water 
flows, in: Handbook of Research Me-
thods and Applications in Environmen-
tal Studies. Edward Elgar Publishing.

Fischer-Kowalski, M., Amann, C., 2001. Be-
yond IPAT and Kuznets Curves: 
Globalization as a Vital Factor in 
Analysing the Environmental Impact 
of Socio-Economic Metabolism. Po-
pul. Environ. 23, 7–47. https://doi.
org/10.1023/A:1017560208742

Fischer‐Kowalski, M., Krausmann, F., Giljum, 
S., Lutter, S., Mayer, A., Bringezu, S., 
Moriguchi, Y., Schütz, H., Schandl, H., 
Weisz, H., 2011. Methodology and 
Indicators of Economy-wide Mate-
rial Flow Accounting. J. Ind. Ecol. 15, 
855–876. https://doi.org/10.1111/j.1530-
9290.2011.00366.x

Fix, B., 2019. Dematerialization Through Servi-
ces: Evaluating the Evidence. Biophys. 
Econ. Resour. Qual. 4, 6. https://doi.
org/10.1007/s41247-019-0054-y

Fizaine, F., Court, V., 2016. Energy expenditure, 
economic growth, and the minimum 
EROI of society. Energy Policy 95, 
172–186. https://doi.org/10.1016/j.en-
pol.2016.04.039

Fletcher, R., Rammelt, C., 2017. Decoupling: A 
Key Fantasy of the Post-2015 Sustaina-
ble Development Agenda. Globalizati-
ons 14, 450–467. https://doi.org/10.108
0/14747731.2016.1263077

Font Vivanco, D., McDowall, W., Freire-González, 
J., Kemp, R., van der Voet, E., 2016. 
The foundations of the environmental 
rebound effect and its contribution to-
wards a general framework. Ecol. Econ. 
125, 60–69. https://doi.org/10.1016/j.
ecolecon.2016.02.006

Fosten, J., Morley, B., Taylor, T., 2012. Dynamic 
misspecification in the environmental 
Kuznets curve: Evidence from CO2 
and SO2 emissions in the United King-
dom. Ecol. Econ. 76, 25–33. https://doi.
org/10.1016/j.ecolecon.2012.01.023

Fulton, J., Cooley, H., Gleick, P.H., 2014. Water 
Footprint Outcomes and Policy Rele-
vance Change with Scale Considered: 
Evidence from California. Water Resour. 
Manag. 28, 3637–3649. https://doi.
org/10.1007/s11269-014-0692-1

Fulton, J., Cooley, H., Gleick, P.H., 2012. Califor-
nia’s Water Footprint. Pacific Institute 
for Studies in Development, Environ-
ment, and Security, Oakland CA.

Gadrey, J., 2008. Les services ne sont pas “la” 
solution à la crise écologique. Presen-
ted at the First international conference 
on Economic De-Growth for Ecological 
Sutainability and Social Equity, Paris.

Galeotti, M., Lanza, A., Pauli, F., 2006. Reasses-
sing the environmental Kuznets curve 
for CO2 emissions: A robustness exerci-
se. Ecol. Econ. 57, 152–163. https://doi.
org/10.1016/j.ecolecon.2005.03.031

Galvin, R., 2014. Estimating broad-brush re-
bound effects for household energy 
consumption in the EU 28 countries 
and Norway: some policy implications 
of Odyssee data. Energy Policy 73, 
323–332. https://doi.org/10.1016/j.en-
pol.2014.02.033

Garrett, T.J., 2012. No way out? The double-bind 
in seeking global prosperity alongside 
mitigated climate change. Earth Syst. 
Dyn. 3, 1–17. https://doi.org/10.5194/
esd-3-1-2012

Georgescu-Roegen, N., 1971. The Entropy Law 
and the Economic Process. Harvard Uni-
versity Press, Cambridge. Mass.

Giampietro, M., 2019. On the Circular Bioeco-
nomy and Decoupling: Implications for 
Sustainable Growth. Ecol. Econ. 162, 
143–156. https://doi.org/10.1016/j.eco-
lecon.2019.05.001

Giampietro, M., Mayumi, K., 1998. Another 
View of Development, Ecological De-
gradation, and North-South Trade. 
Rev. Soc. Econ. 56, 20–36. https://doi.
org/10.1080/00346769800000002

Giampietro, M., Mayumi, K., Sorman, A.H., 2011. 
The Metabolic Pattern of Societies: 
Where Economists Fall Short. Rou-
tledge, London; New York.



65

BIBLIOGRAPHY

Giljum, S., Dittrich, M., Lieber, M., Lutter, S., 
2014. Global Patterns of Material Flows 
and their Socio-Economic and Environ-
mental Implications: A MFA Study on 
All Countries World-Wide from 1980 to 
2009. Resources 3, 319–339. https://doi.
org/10.3390/resources3010319

Girod, B., de Haan, P., 2009. GHG reduction 
potential of changes in consumption 
patterns and higher quality levels: 
Evidence from Swiss household con-
sumption survey. Energy Policy 37, 
5650–5661. https://doi.org/10.1016/j.
enpol.2009.08.026

Gleick, P.H., 2003. Global Freshwater Resources: 
Soft-Path Solutions for the 21st Centu-
ry. Science 302, 1524–1528. https://doi.
org/10.1126/science.1089967

Goedkoop, M., Van Halen, C., te Riele, H., Rom-
mens, P., 1999. Product service sys-
tems, ecological and economic basics. 
Ministry of Housing, Spatial Planning 
and the Environment, Communications 
Directorate.

Grafton, R.Q., Williams, J., Perry, C.J., Molle, F., 
Ringler, C., Steduto, P., Udall, B., Whee-
ler, S.A., Wang, Y., Garrick, D., Allen, 
R.G., 2018. The paradox of irrigation ef-
ficiency. Science 361, 748–750. https://
doi.org/10.1126/science.aat9314

Greening, L.A., Greene, D.L., Difiglio, C., 2000. 
Energy efficiency and consumption 
— the rebound effect — a survey. 
Energy Policy 28, 389–401. https://doi.
org/10.1016/S0301-4215(00)00021-5

Greenpeace, 2012. How Clean is Your Air. Am-
sterdam.

Grosse, F., 2010. Is recycling “part of the solu-
tion”? The role of recycling in an ex-
panding society and a world of finite 
resources. SAPIENS Surv. Perspect. Inte-
grating Environ. Soc.

Grossman, G.M., Krueger, A.B., 1995. Econo-
mic Growth and the Environment. 
Q. J. Econ. 110, 353–377. https://doi.
org/10.2307/2118443

Grossman, G.M., Krueger, A.B., 1991. Environ-
mental Impacts of a North American 
Free Trade Agreement (Working Paper 
No. 3914). National Bureau of Econo-
mic Research. https://doi.org/10.3386/
w3914

Grunwald, A., 2018. Diverging pathways to 
overcoming the environmental crisis: 
a critique of eco-modernism from a 
technology assessment perspective. J. 
Clean. Prod. 197, 1854–1862. https://
doi.org/10.1016/j.jclepro.2016.07.212

Guivarch, C., Hallegatte, S., 2011. Existing in-
frastructure and the 2°C target. Clim. 
Change 109, 801–805. https://doi.
org/10.1007/s10584-011-0268-5

Hall, C.A., Klitgaard, K., A., 2012. Energy and the 
wealth of nations: understanding the 
biophysical economy. Springer Science 
& Business Media, New York.

Hall, C.A.S., Lambert, J.G., Balogh, S.B., 2014. 
EROI of different fuels and the impli-
cations for society. Energy Policy 64, 
141–152. https://doi.org/10.1016/j.en-
pol.2013.05.049

Hardt, L., Owen, A., Brockway, P., Heun, M.K., 
Barrett, J., Taylor, P.G., Foxon, T.J., 2018. 
Untangling the drivers of energy re-
duction in the UK productive sectors: 
Efficiency or offshoring? Appl. Energy 
223, 124–133. https://doi.org/10.1016/j.
apenergy.2018.03.127

Havlík, P., Schneider, U.A., Schmid, E., Böttcher, 
H., Fritz, S., Skalský, R., Aoki, K., Cara, 
S.D., Kindermann, G., Kraxner, F., Leduc, 
S., McCallum, I., Mosnier, A., Sauer, T., 
Obersteiner, M., 2011. Global land-
use implications of first and second 
generation biofuel targets. Energy 
Policy, Sustainability of biofuels 39, 
5690–5702. https://doi.org/10.1016/j.
enpol.2010.03.030

Hernandez, R.R., Easter, S.B., Murphy-Mariscal, 
M.L., Maestre, F.T., Tavassoli, M., Allen, 
E.B., Barrows, C.W., Belnap, J., Ochoa-
Hueso, R., Ravi, S., Allen, M.F., 2014. En-
vironmental impacts of utility-scale so-
lar energy. Renew. Sustain. Energy Rev. 
29, 766–779. https://doi.org/10.1016/j.
rser.2013.08.041

Hickel, J., Kallis, G., 2019. Is Green Growth Pos-
sible? New Polit. Econ. 0, 1–18. https://
doi.org/10.1080/13563467.2019.1598
964

Hoekstra, A.Y., 2017. Water Footprint Assess-
ment: Evolvement of a New Research 
Field. Water Resour. Manag. 31, 3061–
3081. https://doi.org/10.1007/s11269-
017-1618-5



66

BIBLIOGRAPHY

Hoekstra, A.Y., Chapagain, A.K., 2007. The 
water footprints of Morocco and the 
Netherlands: Global water use as a 
result of domestic consumption of agri-
cultural commodities. Ecol. Econ. 64, 
143–151. https://doi.org/10.1016/j.eco-
lecon.2007.02.023

Hoekstra, A.Y., Wiedmann, T.O., 2014. Huma-
nity’s unsustainable environmental foo-
tprint. Science 344, 1114–1117. https://
doi.org/10.1126/science.1248365

Hornborg, A., 2019. Colonialism in the Anthropo-
cene: the political ecology of the money-
energy-technology complex. J. Hum. 
Rights Environ. 10, 7–21.

Hornborg, A., 2016. Global Magic - Technologies 
of Appropriation from Ancient Rome to 
Wall Street. Palgrave Macmillan Ltd.

Hornborg, A., 1998. Towards an ecological the-
ory of unequal exchange: articulating 
world system theory and ecological eco-
nomics. Ecol. Econ. 25, 127–136. https://
doi.org/10.1016/S0921-8009(97)00100-6

Howarth, R.W., Santoro, R., Ingraffea, A., 2011. 
Methane and the greenhouse-gas foot-
print of natural gas from shale formati-
ons. Clim. Change 106, 679. https://doi.
org/10.1007/s10584-011-0061-5

Hubacek, K., Baiocchi, G., Feng, K., Muñoz Cas-
tillo, R., Sun, L., Xue, J., 2017. Global 
carbon inequality. Energy Ecol. Environ. 
2, 361–369. https://doi.org/10.1007/
s40974-017-0072-9

IEA, 2016. Recent Trends in the OECD: Energy 
and CO 2  Emissions. IEA.

IEA, 2015. Decoupling of global emissions 
and economic growth confirmed. 
International Energy Agency – News 
(online). Available at: https://www.iea.
org/newsroom/news/2016/march/
decoupling-of-global-emissions-and-
economic-growth-confirmed.html.

IPBES, 2019. Global assessment report on bio-
diversity and ecosystem services of 
the Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem 
Services. IPBES, Bonn.

IPCC, 2018. Global warming of 1.5°C.

IPCC, 2013. Climate Change 2013: The Physical 
Science Basis. Cambridge University 
Press, New York.

IRENA, 2018. Global energy transformation: a 
roadmap to 2050. International Rene-
wable Energy Agency, Abu Dhabi.

Itkonen, J.V.A., 2012. Problems estimating the 
carbon Kuznets curve. Energy, Sustai-
nable Energy and Environmental Pro-
tection 2010 39, 274–280. https://doi.
org/10.1016/j.energy.2012.01.018

Jackson, T., 2016. Prosperity without Growth : 
Foundations for the Economy of 
Tomorrow. Routledge. https://doi.
org/10.4324/9781315677453

Jalas, M., 2002. A time use perspective on the 
materials intensity of consumption. 
Ecol. Econ. 41, 109–123. https://doi.
org/10.1016/S0921-8009(02)00018-6

Jänicke, M., Mönch, H., Ranneberg, T., Simonis, 
U.E., 1989. Economic structure and 
environmental impacts: East-west com-
parisons. Environmentalist 9, 171–183. 
https://doi.org/10.1007/BF02240467

Jespersen, J., 1999. Reconciling environ-
ment and employment by switching 
from goods to services? A review 
of danish experience. Eur. Environ. 
9, 17–23. https://doi.org/10.1002/
(SICI)1099-0976(199901/02)9:1<17::AID-
EET180>3.0.CO;2-J

Jevons, S.W., 1865. The Coal Question; An In-
quiry concerning the Progress of the 
Nation, and the Probable Exhaustion 
of our Coalmines. Macmillan and Co., 
London.

Jiang, X.-T., Dong, J.-F., Wang, X.-M., Li, R.-R., 
2016. The Multilevel Index Decompo-
sition of Energy-Related Carbon Emis-
sion and Its Decoupling with Economic 
Growth in USA. Sustainability 8, 857. 
https://doi.org/10.3390/su8090857

Jiang, X.-T., Li, R., 2017. Decoupling and Decom-
position Analysis of Carbon Emissions 
from Electric Output in the United 
States. Sustainability 9, 886. https://doi.
org/10.3390/su9060886

Jiborn, M., Kander, A., Kulionis, V., Nielsen, 
H., Moran, D.D., 2018. Decoupling 
or delusion? Measuring emissions 
displacement in foreign trade. Glob. 
Environ. Change 49, 27–34. https://doi.
org/10.1016/j.gloenvcha.2017.12.006

Kapp, K.W., 1950. Social Costs of Private Enter-
prise. Harvard University Press, Cam-
bridge MA.



67

BIBLIOGRAPHY

Kastner, T., Schaffartzik, A., Eisenmenger, N., Erb, 
K.-H., Haberl, H., Krausmann, F., 2014. 
Cropland area embodied in internati-
onal trade: Contradictory results from 
different approaches. Ecol. Econ. 104, 
140–144. https://doi.org/10.1016/j.eco-
lecon.2013.12.003

Katz, D.L., 2008. Water, Economic Growth, and 
Conflict: Three Studies. Universtiy of 
Michigan, Michigan.

Keen, S., Ayres, R.U., Standish, R., 2019. A Note 
on the Role of Energy in Production. 
Ecol. Econ. 157, 40–46. https://doi.
org/10.1016/j.ecolecon.2018.11.002

Kemp, R., Pearson, P., 2008. Final report MEI 
project about measuring eco-innovati-
on. Maastricht University, Maastricht.

Kerr, R.A., 2009. How Much Coal Remains? Sci-
ence 323, 1420–1421.

Khazzoom, J.D., 1980. Economic Implications 
of Mandated Efficiency in Standards 
for Household Appliances. Energy J. 1, 
21–40.

Kimberly, J.R., 1981. Managerial Innovation, in: 
Handbook of Organizational Design. 
Elsevier, Amsterdam.

Kleijn, R., van der Voet, E., Kramer, G.J., van Oers, 
L., van der Giesen, C., 2011. Metal requi-
rements of low-carbon power genera-
tion. Energy 36, 5640–5648. https://doi.
org/10.1016/j.energy.2011.07.003

Koh, L.P., Wilcove, D.S., 2008. Is oil palm agricul-
ture really destroying tropical biodiver-
sity? Conserv. Lett. 1, 60–64. https://doi.
org/10.1111/j.1755-263X.2008.00011.x

Koirala, B.S., Li, H., Berrens, R.P., 2011. Further 
Investigation of Environmental Kuznets 
Curve Studies Using Meta-Analysis. J. 
Ecol. Econ. Stat. 22, 13–32.

Kovacic, Z., Spanò, M., Piano, S.L., Sorman, A.H., 
2018. Finance, energy and the decou-
pling: an empirical study. J. Evol. Econ. 
28, 565–590. https://doi.org/10.1007/
s00191-017-0514-8

Krausmann, F., Erb, K.-H., Gingrich, S., Haberl, 
H., Bondeau, A., Gaube, V., Lauk, C., 
Plutzar, C., Searchinger, T.D., 2013. 
Global human appropriation of net 
primary production doubled in the 
20th century. Proc. Natl. Acad. Sci. 110, 
10324–10329. https://doi.org/10.1073/
pnas.1211349110

Krausmann, F., Gingrich, S., Eisenmenger, N., 
Erb, K., Haberl, H., Fridolin, K., Gingrich, 
S., Eisenmenger, N., Erb, K., Haberl, H., 
2009. Growth in global materials use, 
GDP and population during the 20th 
century. Ecol. Econ. 2696–2705.

Krausmann, F., Lauk, C., Haas, W., Wiedenho-
fer, D., 2018. From resource extraction 
to outflows of wastes and emissions: 
The socioeconomic metabolism of the 
global economy, 1900–2015. Glob. En-
viron. Change 52, 131–140. https://doi.
org/10.1016/j.gloenvcha.2018.07.003

Kumar, P., Aggarwal, S.C., 2003. The Environ-
mental Kuznets Curve for Changing 
Land Use: Empirical Evidence from Ma-
jor States of India (SSRN Scholarly Paper 
No. ID 991080). Social Science Research 
Network, Rochester, NY.

Kümmel, R., 2011. The Second Law of Econo-
mics: Energy, Entropy, and the Origins 
of Wealth. Springer Science & Business 
Media, New York.

Kyba, C.C.M., Kuester, T., Miguel, A.S. de, Baugh, 
K., Jechow, A., Hölker, F., Bennie, J., 
Elvidge, C.D., Gaston, K.J., Guanter, L., 
2017. Artificially lit surface of Earth at 
night increasing in radiance and ex-
tent. Sci. Adv. 3, e1701528. https://doi.
org/10.1126/sciadv.1701528

Lambert, J.G., Hall, C.A.S., Balogh, S., Gupta, 
A., Arnold, M., 2014. Energy, EROI 
and quality of life. Energy Policy 64, 
153–167. https://doi.org/10.1016/j.en-
pol.2013.07.001

Lambin, E.F., Meyfroidt, P., 2011. Global land use 
change, economic globalization, and 
the looming land scarcity. Proc. Natl. 
Acad. Sci. 108, 3465–3472. https://doi.
org/10.1073/pnas.1100480108

Laurent, É., 2012. Faut-il décourager le décou-
plage ? Rev. OFCE n° 120, 235–257.

Lean, H.H., Smyth, R., 2010. CO2 emissions, 
electricity consumption and output in 
ASEAN. Appl. Energy 87, 1858–1864. 
https://doi.org/10.1016/j.apener-
gy.2010.02.003

Li, H., Berrens, R., Grijalva, T., 2007. Economic 
growth and environmental quality: a 
meta-analysis of environmental Kuznets 
curve studies. Econ. Bull. 17, 1–11.



68

BIBLIOGRAPHY

Liu, J., Yang, H., Gosling, S.N., Kummu, M., Flörke, 
M., Pfister, S., Hanasaki, N., Wada, Y., 
Zhang, X., Zheng, C., Alcamo, J., Oki, 
T., 2017. Water scarcity assessments 
in the past, present, and future. Ea-
rths Future 5, 545–559. https://doi.
org/10.1002/2016EF000518

Loch, A., Adamson, D., 2015. Drought and the 
rebound effect: a Murray–Darling Basin 
example. Nat. Hazards 79, 1429–1449. 
https://doi.org/10.1007/s11069-015-
1705-y

Longhofer, W., Jorgenson, A., 2017. Decoupling 
reconsidered: Does world society in-
tegration influence the relationship 
between the environment and eco-
nomic development? Soc. Sci. Res. 65, 
17–29. https://doi.org/10.1016/j.ssre-
search.2017.02.002

Lu, C., Tian, H., 2017. Global nitrogen and phosp-
horus fertilizer use for agriculture pro-
duction in the past half century: shifted 
hot spots and nutrient imbalance. 
Earth Syst. Sci. Data 9, 181. https://doi.
org/10.5194/essd-9-181-2017

Luzzati, T., Orsini, M., 2009. Investigating the 
energy-environmental Kuznets curve. 
Energy, WESC 2006 34, 291–300. https://
doi.org/10.1016/j.energy.2008.07.006

Madaleno, M., Moutinho, V., 2018. Effects de-
composition: separation of carbon 
emissions decoupling and decoupling 
effort in aggregated EU-15. Environ. 
Dev. Sustain. 20, 181–198. https://doi.
org/10.1007/s10668-018-0238-4

Magee, C.L., Devezas, T.C., 2017. A simple ex-
tension of dematerialization theory: 
Incorporation of technical progress and 
the rebound effect. Technol. Forecast. 
Soc. Change 117, 196–205. https://doi.
org/10.1016/j.techfore.2016.12.001

Malmodin, J., Moberg, Å., Lundén, D., Finnveden, 
G., Lövehagen, N., 2010. Greenhouse 
Gas Emissions and Operational Elec-
tricity Use in the ICT and Entertain-
ment & Media Sectors. J. Ind. Ecol. 14, 
770–790. https://doi.org/10.1111/j.1530-
9290.2010.00278.x

Mardani, A., Streimikiene, D., Cavallaro, F., Loga-
nathan, N., Khoshnoudi, M., 2019. Car-
bon dioxide (CO2) emissions and econo-
mic growth: A systematic review of two 
decades of research from 1995 to 2017. 
Sci. Total Environ. 649, 31–49. https://
doi.org/10.1016/j.scitotenv.2018.08.229

Margono, B.A., Turubanova, S., Zhuravleva, I., 
Potapov, P., Tyukavina, A., Baccini, A., 
Goetz, S., Hansen, M.C., 2012. Mapping 
and monitoring deforestation and fo-
rest degradation in Sumatra (Indonesia) 
using Landsat time series data sets 
from 1990 to 2010. Environ. Res. Lett. 7, 
034010. https://doi.org/10.1088/1748-
9326/7/3/034010

Marques, A.C., Fuinhas, J.A., Leal, P.A., 2018. The 
impact of economic growth on CO2 
emissions in Australia: the environmen-
tal Kuznets curve and the decoupling 
index. Environ. Sci. Pollut. Res. 25, 
27283–27296. https://doi.org/10.1007/
s11356-018-2768-6

Mattila, T., 2012. Any sustainable decoupling in 
the Finnish economy? A comparison of 
the pathways and sensitivities of GDP 
and ecological footprint 2002–2005. 
Ecol. Indic., The State of the Art in Ecolo-
gical Footprint: Theory and Applications 
16, 128–134. https://doi.org/10.1016/j.
ecolind.2011.03.010

McDonough, W., Braungart, M., 2010. Cradle to 
Cradle: Remaking the Way We Make 
Things. Farrar, Straus and Giroux.

McPherson, M.A., Nieswiadomy, M.L., 2005. En-
vironmental Kuznets curve: threatened 
species and spatial effects. Ecol. Econ. 
55, 395–407. https://doi.org/10.1016/j.
ecolecon.2004.12.004

Mekonnen, M.M., Hoekstra, A.Y., 2016. Four 
billion people facing severe water scar-
city. Sci. Adv. 2, e1500323. https://doi.
org/10.1126/sciadv.1500323

Meyer-Ohlendorf N., VoB P., Velten E., Görlach 
B., 2018. EU Greenhouse Gas Emission 
Budget: Implications for EU Climate 
Policies (online). Available at: https://
www.ecologic.eu/sites/files/publica-
tion/2018/2120_eu_emission_budgets_
ecologic_report20180124_final.pdf. [Ac-
cessed 21 June 2019].

Mills, J.H., Waite, T.A., 2009. Economic pros-
perity, biodiversity conservation, and 
the environmental Kuznets curve. 
Ecol. Econ., Methodological Advance-
ments in the Footprint Analysis 68, 
2087–2095. https://doi.org/10.1016/j.
ecolecon.2009.01.017

Missemer, A., 2012. William Stanley Jevons’ 
The Coal Question (1865), beyond 
the rebound effect. Ecol. Econ. 82, 
97–103. https://doi.org/10.1016/j.eco-
lecon.2012.07.010



69

BIBLIOGRAPHY

Moeller, D., Murphy, D., 2016. Net Energy Analy-
sis of Gas Production from the Marcel-
lus Shale. Biophys. Econ. Resour. Qual. 
1, 5. https://doi.org/10.1007/s41247-
016-0006-8

Moore, J.W., 2000. Sugar and the Expansion 
of the Early Modern World-Economy: 
Commodity Frontiers, Ecological Trans-
formation, and Industrialization. Rev. 
Fernand Braudel Cent. 23, 409–433.

Mora, C., Rollins, R.L., Taladay, K., Kantar, M.B., 
Chock, M.K., Shimada, M., Franklin, 
E.C., 2018. Bitcoin emissions alone 
could push global warming above 2°C. 
Nat. Clim. Change 8, 931. https://doi.
org/10.1038/s41558-018-0321-8

Moreau, V., Vuille, F., 2018. Decoupling energy 
use and economic growth: Counter 
evidence from structural effects and 
embodied energy in trade. Appl. Energy 
215, 54–62. https://doi.org/10.1016/j.
apenergy.2018.01.044

Morgan, T., 2016. Life After Growth (2nd): How 
the global economy really works - and 
why 200 years of growth are over. Har-
riman House Limited, Petersfield.

Mozumder, P., Berrens, R.P., Bohara, A.K., 2006. 
Is There an Environmental Kuznets 
Curve for the Risk of Biodiversity Loss? 
J. Dev. Areas 39, 175–190.

Muñoz, P., Giljum, S., Roca, J., 2009. The Raw Ma-
terial Equivalents of International Trade. 
J. Ind. Ecol. 13, 881–897. https://doi.
org/10.1111/j.1530-9290.2009.00154.x

Muradian, R., O’Connor, M., Martinez-Alier, J., 
2001. Embodied Pollution in Trade: Es-
timating the “Environmental Load Dis-
placement” of Industrialised Countries 
(SSRN Scholarly Paper No. ID 278809). 
Social Science Research Network, Ro-
chester, NY.

Murphy, D.J., Hall, C.A.S., 2011. Energy return 
on investment, peak oil, and the end of 
economic growth: EROI, peak oil, and 
the end of economic growth. Ann. N. 
Y. Acad. Sci. 1219, 52–72. https://doi.
org/10.1111/j.1749-6632.2010.05940.x

Murray, C.K., 2013. What if consumers decided 
to all ‘go green’? Environmental re-
bound effects from consumption deci-
sions. Energy Policy, Decades of Diesel 
54, 240–256. https://doi.org/10.1016/j.
enpol.2012.11.025

Naidoo, R., Adamowicz, W.L., 2001. Effects of 
Economic Prosperity on Numbers of 
Threatened Species. Conserv. Biol. 15, 
1021–1029. https://doi.org/10.1046/
j.1523-1739.2001.0150041021.x

Naqvi, A., Zwickl, K., 2017. Fifty shades of green: 
Revisiting decoupling by economic sec-
tors and air pollutants. Ecol. Econ. 133, 
111–126. https://doi.org/10.1016/j.eco-
lecon.2016.09.017

OECD, 2016. Uranium, 2016. Resources, Produc-
tion and Demand (No. 7301), NEA. Nu-
clear Energy Agency and International 
Atomic Energy Agency.

OECD 2011. Resource Productivity in the G8 and 
the OECD. Available at: https://www.
oecd.org/env/waste/47944428.pdf.

OECD, 2011. Towards Green Growth.

OECD, 2002. Indicators to measure decoupling of 
environmental pressure from economic 
growth [WWW Document]. URL https://
www.oecd-ilibrary.org/environment/
decoupling-the-environmental-impacts-
of-transport-from-economic-growth/
decoupling-indicators_9789264027138-
6-en (accessed 6.14.19).

Oki, T., Yano, S., Hanasaki, N., 2017. Economic 
aspects of virtual water trade. Envi-
ron. Res. Lett. 12, 044002. https://doi.
org/10.1088/1748-9326/aa625f

O’Neill, D.W., Fanning, A.L., Lamb, W.F., Steinber-
ger, J.K., 2018. A good life for all within 
planetary boundaries. Nat. Sustain. 1, 
88. https://doi.org/10.1038/s41893-018-
0021-4

Palmer, P., 2005. Getting to Zero Waste. Univer-
sal recycling as a practical alternative to 
endless attempts to “clean up pollution.” 
Purple Sky Press, Portland.

Panayotou, T., 1993. Empirical tests and policy 
analysis of environmental degradation 
at different stages of economic deve-
lopment (No. 992927783402676), ILO 
Working Papers. International Labour 
Organization.

Panayotou, T., Peterson, A., Sachs, J.D., 2000. Is 
the Environmental Kuznets Curve Driven 
by Structural Change? What Extended 
Time Series May Imply for Developing 
Countries. https://doi.org/10.7916/
D8CV4QJF



70

BIBLIOGRAPHY

Peters, G., 2008. Reassessing Carbon Leakage 
12.

Peters, G.P., Minx, J.C., Weber, C.C., Edenhofer, 
O., 2011. Growth in emission transfers 
via international trade from 1990 to 
2008. PNAS 108, 8903–8908.

Piłatowska, M., Włodarczyk, A., 2018. Decoupling 
Economic Growth From Carbon Dioxide 
Emissions in the EU Countries. Mon-
tenegrin J. Econ. 14, 7–26. https://doi.
org/10.14254/1800-5845/2018.14-1.1

Pitron, G., Védrine, H., 2018. La guerre des mé-
taux rares : La face cachée de la tran-
sition énergétique et numérique. Liens 
qui libèrent, Paris.

Plank, B., Eisenmenger, N., Schaffartzik, A., Wie-
denhofer, D., 2018. International Trade 
Drives Global Resource Use: A Struc-
tural Decomposition Analysis of Raw 
Material Consumption from 1990–2010. 
Environ. Sci. Technol. 52, 4190–4198. 
https://doi.org/10.1021/acs.est.7b06133

Raymond, L., 2004. Economic Growth as En-
vironmental Policy? Reconsidering 
the Environmental Kuznets Curve. J. 
Public Policy 24, 327–348. https://doi.
org/10.1017/S0143814X04000145

Reuter, M., Schaik, A., Ballester, M., 2018. Limits 
of the Circular Economy: Fairphone Mo-
dular Design Pushing the Limits. World 
Metall. - ERZMETALL 71.

Reyers, B., Folke, C., Moore, M.-L., Biggs, R., 
Galaz, V., 2018. Social-Ecological Sys-
tems Insights for Navigating the Dy-
namics of the Anthropocene. Annu. 
Rev. Environ. Resour. 43, 267–289. 
https://doi.org/10.1146/annurev-envi-
ron-110615-085349

Rockström, J., Gaffney, O., Rogelj, J., Meinshau-
sen, M., Nakicenovic, N., Schellnhuber, 
H.J., 2017. A roadmap for rapid decar-
bonization. Science 355, 1269–1271. htt-
ps://doi.org/10.1126/science.aah3443

Rockström, J., Steffen, W., Noone, K., Pers-
son, Å., Chapin Iii, F.S., Lambin, E.F., 
Lenton, T.M., Scheffer, M., Folke, C., 
Schellnhuber, H.J., Nykvist, B., de 
Wit, C.A., Hughes, T., van der Leeuw, 
S., Rodhe, H., Sörlin, S., Snyder, P.K., 
Costanza, R., Svedin, U., Falkenmark, 
M., Karlberg, L., Corell, R.W., Fabry, V.J., 
Hansen, J., Walker, B., Liverman, D., 
Richardson, K., Crutzen, P., Foley, J.A., 
2009. A safe operating space for huma-
nity. Nature 461, 472–475. https://doi.
org/10.1038/461472a

Roinioti, A., Koroneos, C., 2017. The decompo-
sition of CO2 emissions from energy 
use in Greece before and during the 
economic crisis and their decoupling 
from economic growth. Renew. Sustain. 
Energy Rev. 76, 448–459. https://doi.
org/10.1016/j.rser.2017.03.026

Rubenstein, M., 2012. Emissions from the Ce-
ment Industry. State Planet. URL htt-
ps://blogs.ei.columbia.edu/2012/05/09/
emissions-from-the-cement-industry/ 
(accessed 6.3.19).

Sandström, V., Kauppi, P.E., Scherer, L., Kastner, 
T., 2017. Linking country level food 
supply to global land and water use 
and biodiversity impacts: The case 
of Finland. Sci. Total Environ. 575, 
33–40. https://doi.org/10.1016/j.scito-
tenv.2016.10.002

Santarius, T., Soland, M., 2018. How Technolo-
gical Efficiency Improvements Change 
Consumer Preferences: Towards a Psy-
chological Theory of Rebound Effects. 
Ecol. Econ. 146, 414–424. https://doi.
org/10.1016/j.ecolecon.2017.12.009

Sato, M., 2014. Embodied Carbon in Trade: A 
Survey of the Empirical Literature. J. 
Econ. Surv. 28, 831–861. https://doi.
org/10.1111/joes.12027

Saunders, H.D., 2005. A Calculator for Energy 
Consumption Changes Arising from 
New Technologies 5, 35.

Saunders, H.D., 1992. The Khazzoom-Brookes 
Postulate and Neoclassical Growth. 
Energy J. 13, 131–148.

Schandl, H., Fischer‐Kowalski, M., West, J., Giljum, 
S., Dittrich, M., Eisenmenger, N., Gesch-
ke, A., Lieber, M., Wieland, H., Schaf-
fartzik, A., Krausmann, F., Gierlinger, 
S., Hosking, K., Lenzen, M., Tanikawa, 
H., Miatto, A., Fishman, T., 2018. Global 
Material Flows and Resource Producti-
vity: Forty Years of Evidence. J. Ind. Ecol. 
22, 827–838. https://doi.org/10.1111/
jiec.12626

Scheidel, A., Sorman, A.H., 2012. Energy transiti-
ons and the global land rush: Ultimate 
drivers and persistent consequences. 
Glob. Environ. Change, Global transfor-
mations, social metabolism and the dy-
namics of socio-environmental conflicts 
22, 588–595. https://doi.org/10.1016/j.
gloenvcha.2011.12.005



71

BIBLIOGRAPHY

Schindler, J., Zittel, W., 2007. Alternative World 
Energy Outlook 2006, in: Goswami, D.Y. 
(Ed.), Advances in Solar Energy. Ame-
rican Solar Energy Society, Earthscan, 
London, pp. 1–44.

Schreinemachers, P., Tipraqsa, P., 2012. Agri-
cultural pesticides and land use in-
tensification in high, middle and low 
income countries. Food Policy 37, 
616–626. https://doi.org/10.1016/j.food-
pol.2012.06.003

Schulz, N.B., 2010. Delving into the carbon foot-
prints of Singapore—comparing direct 
and indirect greenhouse gas emissions 
of a small and open economic system. 
Energy Policy, Special Section on Car-
bon Emissions and Carbon Manage-
ment in Cities with Regular Papers 38, 
4848–4855. https://doi.org/10.1016/j.
enpol.2009.08.066

Schwanitz, V.J., Piontek, F., Bertram, C., Luderer, 
G., 2014. Long-term climate policy impli-
cations of phasing out fossil fuel subsi-
dies. Energy Policy 67, 882–894. https://
doi.org/10.1016/j.enpol.2013.12.015

Schwarzenbach, R.P., Egli, T., Hofstetter, T.B., von 
Gunten, U., Wehrli, B., 2010. Global Wa-
ter Pollution and Human Health. Annu. 
Rev. Environ. Resour. 35, 109–136. 
https://doi.org/10.1146/annurev-envi-
ron-100809-125342

Semeniuk, G., 2018. Energy in Economic Growth: 
Is Faster Growth Greener? SOAS Dep. 
Econ. Work. Pap. Univ. Lond.

Sersiron, N., 2018. Dette et extractivisme: La ré-
sistible ascension d’un duo destructeur. 
Les Éditions Utopia.

Shafik, N., Bandyopadhyay, S., 1992. Economic 
Growth and Environmental Quality: 
Time-series and Cross-country Evi-
dence. World Bank Publications.

Smith, M., 2011. Water Efficiency and Opportu-
nities Best Practice Guides. ANU Fenner 
School of Environmental and Society/ 
Commonwealth Department of Sustai-
nability, Environment, Water, Popula-
tion and Communities., Canberra.

Smith, M.H., Hargroves, K. “Charlie”, Desha, C., 
2010. Cents and Sustainability : Secu-
ring Our Common Future by Decoupling 
Economic Growth from Environmen-
tal Pressures. Earthscan/Routledge, 
London.

Sorrell, S., 2007. Global oil depletion: an assess-
ment of the evidence for a near-term 
peak in global oil production. UKERC, 
London.

Spielmann, M., de Haan, P., Scholz, R.W., 2008. 
Environmental rebound effects of 
high-speed transport technologies: a 
case study of climate change rebound 
effects of a future underground mag-
lev train system. J. Clean. Prod. 16, 
1388–1398. https://doi.org/10.1016/j.
jclepro.2007.08.001

Stahel, W.R., Reday-Mulvey, G., 1981. Jobs for to-
morrow : the potential for substituting 
manpower for energy, 1st ed. ed. New 
York : Vantage Press.

Steen-Olsen, K., Weinzettel, J., Cranston, G., Er-
cin, A.E., Hertwich, E.G., 2012. Carbon, 
Land, and Water Footprint Accounts 
for the European Union: Consumption, 
Production, and Displacements through 
International Trade. Environ. Sci. 
Technol. 46, 10883–10891. https://doi.
org/10.1021/es301949t

Steffen, W., Richardson, K., Rockström, J., Cor-
nell, S.E., Fetzer, I., Bennett, E.M., Biggs, 
R., Carpenter, S.R., Vries, W. de, Wit, 
C.A. de, Folke, C., Gerten, D., Heinke, J., 
Mace, G.M., Persson, L.M., Ramanathan, 
V., Reyers, B., Sörlin, S., 2015. Planetary 
boundaries: Guiding human develop-
ment on a changing planet. Science 
347, 1259855. https://doi.org/10.1126/
science.1259855

Steffen, W., Rockström, J., Richardson, K., Len-
ton, T.M., Folke, C., Liverman, D., Sum-
merhayes, C.P., Barnosky, A.D., Cornell, 
S.E., Crucifix, M., Donges, J.F., Fetzer, 
I., Lade, S.J., Scheffer, M., Winkelmann, 
R., Schellnhuber, H.J., 2018. Trajec-
tories of the Earth System in the An-
thropocene. Proc. Natl. Acad. Sci. 115, 
8252–8259. https://doi.org/10.1073/
pnas.1810141115

Stern, D.I., 2004. The Rise and Fall of the En-
vironmental Kuznets Curve. World 
Dev. 32, 1419–1439. https://doi.
org/10.1016/j.worlddev.2004.03.004

Stiglitz, J.E., Stern, N., Duan, M., Edenhofer, O., 
Giraud, G., Heal, G., Lèbre la Rovere, 
E., Morris, A., Moyer, E., Pangestu, M., 
Shukla, P., Sokona, Y., Winkler, H., 2017. 
Report of the High-Level Commission 
on Carbon Prices. Carbon Pricing Lea-
dership Coalition.



72

BIBLIOGRAPHY

Storm, S., Schröder, E., 2018. Economic Growth 
and Carbon Emissions: The Road to 
‘Hothouse Earth’ is Paved with Good 
Intentions (SSRN Scholarly Paper No. ID 
3306271). Social Science Research Net-
work, Rochester, NY.

Strokal, M., Spanier, J.E., Kroeze, C., Koelmans, 
A.A., Flörke, M., Franssen, W., Hofstra, 
N., Langan, S., Tang, T., van Vliet, M.T., 
Wada, Y., Wang, M., van Wijnen, J., Wil-
liams, R., 2019. Global multi-pollutant 
modelling of water quality: scientific 
challenges and future directions. 
Curr. Opin. Environ. Sustain., Envi-
ronmental Change Assessment 36, 
116–125. https://doi.org/10.1016/j.co-
sust.2018.11.004

Strumsky, D., Lobo, J., Tainter, J.A., 2010. Com-
plexity and the productivity of innova-
tion. Syst. Res. Behav. Sci. 27, 496–509. 
https://doi.org/10.1002/sres.1057

Suh, S., 2006. Are Services Better for Climate 
Change? Environ. Sci. Technol. 40, 
6555–6560. https://doi.org/10.1021/
es0609351

Szlavik, J., Szép, T.S., 2017. Delinking of Energy 
Consumption and Economic Growth in 
the Visegard Group. Geogr. Tech. 12, 
139–49.

Takahashi, K.I., Tatemichi, H., Tanaka, T., Nishi, 
S., Kunioka, T., 2004. Environmental im-
pact of information and communication 
technologies including rebound effects, 
in: IEEE International Symposium on 
Electronics and the Environment, 2004. 
Conference Record. 2004. Presented 
at the IEEE International Symposium 
on Electronics and the Environment, 
2004. Conference Record. 2004, 
pp. 13–16. https://doi.org/10.1109/
ISEE.2004.1299680

Tevie, J., Grimsrud, K.M., Berrens, R.P., 2011. Tes-
ting the Environmental Kuznets Curve 
Hypothesis for Biodiversity Risk in the 
US: A Spatial Econometric Approach. 
Sustainability 3, 2182–2199. https://doi.
org/10.3390/su3112182

The Fiber Year, 2016. The Fiber Year 2016. World 
Survey on Textiles and Nonwovens (No. 
Issue 16). Speicher, Switzerland.

The Material Flow Analysis Portal [WWW Do-
cument], 2015. . Materialflows. URL 
http://www.materialflows.net (accessed 
5.23.19).

The Pembina Institute, 2014. Alternative Fuel 
Use in Cement Manufacturing: Impli-
cations, opportunities and barriers in 
Ontario. Pembina Institute.

Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. 
Global food demand and the sustaina-
ble intensification of agriculture. Proc. 
Natl. Acad. Sci. 108, 20260–20264. htt-
ps://doi.org/10.1073/pnas.1116437108

Tukker, A., Bulavskaya, T., Giljum, S., de Koning, 
A., Lutter, S., Simas, M., Stadler, K., 
Wood, R., 2016. Environmental and 
resource footprints in a global context: 
Europe’s structural deficit in resource 
endowments. Glob. Environ. Change 
40, 171–181. https://doi.org/10.1016/j.
gloenvcha.2016.07.002

Turner, A.J., Jacob, D.J., Benmergui, J., Wofsy, S.C., 
Maasakkers, J.D., Butz, A., Hasekamp, 
O., Biraud, S.C., 2016. A large increase 
in U.S. methane emissions over the 
past decade inferred from satellite data 
and surface observations. Geophys. 
Res. Lett. 43, 2218–2224. https://doi.
org/10.1002/2016GL067987

UNEP, 2015. Options for decoupling economic 
growth from water use and water pollu-
tion. Report of the International Resour-
ce Panel Working Group on Sustainable 
Water Management.

UNEP, 2014a. Decoupling 2: technologies, op-
portunities and policy options. A Report 
of the Working Group on Decoupling to 
the International Resource Panel. UNEP.

UNEP, 2014b. Managing and conserving the na-
tural resource base for sustained eco-
nomic and social development. UNEP, 
Nairobi.

UNEP, 2011a. Towards a Green Economy: Pa-
thways to Sustainable Development 
and Poverty Eradication .:. Sustainable 
Development Knowledge Platform.

UNEP, 2011b. Decoupling Natural Resource Use 
and Environmental Impacts from Eco-
nomic Growth. UNEP/Earthprint.

UNEP, 2011c. Recycling Rates of Metals - A 
Status Report. Working Group on the 
Global Metal Flows to the International 
Resource Panel.

UN-Water, 2009. Water in a Changing World. 
Earthscan.



73

APPENDIX

Vačkář, D., ten Brink, B., Loh, J., Baillie, J.E.M., 
Reyers, B., 2012. Review of multispecies 
indices for monitoring human impacts 
on biodiversity. Ecol. Indic., Indicators of 
environmental sustainability: From con-
cept to applications 17, 58–67. https://
doi.org/10.1016/j.ecolind.2011.04.024

Valero, Alicia, Valero, Antonio, Calvo, G., Ortego, 
A., 2018. Material bottlenecks in the 
future development of green techno-
logies. Renew. Sustain. Energy Rev. 
93, 178–200. https://doi.org/10.1016/j.
rser.2018.05.041

Van Alstine, J., Neumayer, E., 2010. The environ-
mental Kuznets curve, in: Handbook on 
Trade and the Environment. Edward 
Elgar Publishing.

Van Caneghem, J., Block, C., Van Hooste, H., 
Vandecasteele, C., 2010. Eco-efficiency 
trends of the Flemish industry: decou-
pling of environmental impact from 
economic growth. J. Clean. Prod. 18, 
1349–1357. https://doi.org/10.1016/j.
jclepro.2010.05.019

van de Lindt, M., Emmert, S., Tukker, A., Anger-
Kraavi, A., Neuhof, K., Blachowicz, A., 
Derwent, H., Carr, A., Canzi, G., Craw-
ford-Brown, D., 2017. Report: Carbon-
CAP Findings. Clim. Strateg. URL https://
climatestrategies.org/publication/car-
bon-cap-final-report/ (accessed 6.15.19).

van den Bergh, J.C.J.M. van den, 2017. Rebound 
policy in the Paris Agreement: instru-
ment comparison and climate-club re-
venue offsets. Clim. Policy 17, 801–813. 
https://doi.org/10.1080/14693062.2016
.1169499

Van Heddeghem, W., Lambert, S., Lannoo, B., 
Colle, D., Pickavet, M., Demeester, P., 
2014. Trends in worldwide ICT electricity 
consumption from 2007 to 2012. Com-
put. Commun., Green Networking 50, 
64–76. https://doi.org/10.1016/j.com-
com.2014.02.008

van Vliet, M.T., Flörke, M., Wada, Y., 2017. Qua-
lity matters for water scarcity. Nat Ge-
osci 10, 800. https://doi.org/10.1038/
ngeo3047

Vidal, O., Goffé, B., Arndt, N., 2013. Metals for a 
low-carbon society. Nat. Geosci. 6, 894–
896. https://doi.org/10.1038/ngeo1993

Vörösmarty, C.J., Hoekstra, A.Y., Bunn, S.E., Con-
way, D., Gupta, J., 2015. Fresh water 
goes global. Science 349, 478–479. htt-
ps://doi.org/10.1126/science.aac6009

Wada, Y., Bierkens, M.F.P., 2014. Sustainability 
of global water use: past reconstruction 
and future projections. Environ. Res. Lett. 
9, 104003. https://doi.org/10.1088/1748-
9326/9/10/104003

Wagner, M., 2008. The carbon Kuznets curve: 
A cloudy picture emitted by bad eco-
nometrics? Resour. Energy Econ. 30, 
388–408. https://doi.org/10.1016/j.rese-
neeco.2007.11.001

Wallenborn, G., 2018. Rebounds Are Structural 
Effects of Infrastructures and Mar-
kets. Front. Energy Res. 6. https://doi.
org/10.3389/fenrg.2018.00099

Wallerstein, I., 1974. The Modern World-System 
I: Capitalist Agriculture and the Origins 
of the European World-Economy in the 
Sixteenth Century. Academic Press, New 
York.

Wang, H., Zhao, S., Wei, Y., Yue, Q., Du, T., 2018. 
Measuring the Decoupling Progress in 
Developed and Developing Countries. 
Presented at the 8th International Con-
ference on Management and Computer 
Science (ICMCS 2018), Atlantis Press. 
https://doi.org/icmcs-18.2018.77

Wang, Q., Jiang, R., Zhan, L., 2019. Is decoupling 
economic growth from fuel consump-
tion possible in developing countries? 
– A comparison of China and India. J. 
Clean. Prod. 229, 806–817. https://doi.
org/10.1016/j.jclepro.2019.04.403

Wang, R., Hertwich, E., Zimmerman, J.B., 2016. 
(Virtual) Water Flows Uphill toward Mo-
ney. Env. Sci Technol 50, 12320–12330. 
https://doi.org/10.1021/acs.est.6b03343

Wang, S., Li, R., 2018. Toward the Coordinated 
Sustainable Development of Urban Wa-
ter Resource Use and Economic Growth: 
An Empirical Analysis of Tianjin City, 
China. Sustainability 10, 1323. https://doi.
org/10.3390/su10051323

Ward, F.A., Pulido-Velazquez, M., 2008. Water 
conservation in irrigation can increase 
water use. Proc. Natl. Acad. Sci. 105, 
18215–18220. https://doi.org/10.1073/
pnas.0805554105

Ward, J.D., Sutton, P.C., Werner, A.D., Costanza, 
R., Mohr, S.H., Simmons, C.T., 2016. Is 
Decoupling GDP Growth from Environ-
mental Impact Possible? PLOS ONE 11, 
e0164733. https://doi.org/10.1371/jour-
nal.pone.0164733



74

BIBLIOGRAPHY=

Appendix: Summary of empirical literature

WEA, 2014. Etude Web Energy Archive: La Con-
sommation Énergétique Des Sites Web, 
Côté Utilisateur [WWW Document]. 
Green Code Lab. URL https://www.
greencodelab.org/vie-du-green-code-
lab/etude-web-energy-archive-la-con-
sommation-energetique-des-sites-web-
cote-utilisateur/ (accessed 11.15.18).

Weinzettel, J., Hertwich, E.G., Peters, G.P., Steen-
Olsen, K., Galli, A., 2013. Affluence 
drives the global displacement of land 
use. Glob. Environ. Change 23, 433–438. 
https://doi.org/10.1016/j.gloenv-
cha.2012.12.010

Wiedmann, T.O., Schandl, H., Lenzen, M., Moran, 
D., Suh, S., West, J., Kanemoto, K., 2015. 
The material footprint of nations. Proc. 
Natl. Acad. Sci. 112, 6271–6276. https://
doi.org/10.1073/pnas.1220362110

Wood, R., Stadler, K., Simas, M., Bulavskaya, T., 
Giljum, S., Lutter, S., Tukker, A., 2018. 
Growth in Environmental Footprints 
and Environmental Impacts Embodied 
in Trade: Resource Efficiency Indicators 
from EXIOBASE3. J. Ind. Ecol. 22, 553–
564. https://doi.org/10.1111/jiec.12735

World Bank, 2012. Inclusive Green Growth: 
The Pathway to Sustainable Develop-
ment. The World Bank. https://doi.
org/10.1596/978-0-8213-9551-6

Wu, Y., Zhu, Q., Zhu, B., 2018. Comparisons 
of decoupling trends of global eco-
nomic growth and energy consump-
tion between developed and deve-
loping countries. Energy Policy 116, 
30–38. https://doi.org/10.1016/j.en-
pol.2018.01.047

Yang, Y., Bae, J., Kim, J., Suh, S., 2012. Replacing 
Gasoline with Corn Ethanol Results in 
Significant Environmental Problem-
Shifting. Environ. Sci. Technol. 46, 
3671–3678. https://doi.org/10.1021/
es203641p

York, R., 2012. Do alternative energy sources 
displace fossil fuels? Nat. Clim. Change 
2, 441–443. https://doi.org/10.1038/
nclimate1451

York, R., 2006. Ecological Paradoxes: William 
Stanley Jevons and the Paperless Office. 
Hum. Ecol. Rev. 13, 143–147.

Yu, Y., Feng, K., Hubacek, K., 2013. Tele-con-
necting local consumption to global 
land use. Glob. Environ. Change 23, 
1178–1186. https://doi.org/10.1016/j.
gloenvcha.2013.04.006

Zehner, O., 2012. Green Illusions: The Dirty Se-
crets of Clean Energy and the Future 
of Environmentalism. University of Ne-
braska Press, Lincoln.

Zhang, C., Chen, W.-Q., Liu, G., Zhu, D.-J., 2017. 
Economic Growth and the Evolu-
tion of Material Cycles: An Analytical 
Framework Integrating Material Flow 
and Stock Indicators. Ecol. Econ. 140, 
265–274. https://doi.org/10.1016/j.eco-
lecon.2017.04.021

Zhao, X., Liu, J., Liu, Q., Tillotson, M.R., Guan, 
D., Hubacek, K., 2015. Physical and vir-
tual water transfers for regional water 
stress alleviation in China. Proc. Natl. 
Acad. Sci. 112, 1031–1035. https://doi.
org/10.1073/pnas.1404130112

Zhao, X., Liu, J., Yang, H., Duarte, R., Tillotson, 
M.R., Hubacek, K., 2016. Burden shifting 
of water quantity and quality stress 
from megacity Shanghai: BURDEN 
SHIFTING OF WATER STRESS FROM 
MEGACITY SHANGHAI. Water Re-
sour. Res. 52, 6916–6927. https://doi.
org/10.1002/2016WR018595



75

APPENDIX

Va
ria

bl
e 

  A
ut

ho
r(s

) 

  Y
ea

r 

  N
ot

 a
n 

ex
pl

ici
t d

ec
ou

pl
in

g 
st

ud
y 

  C
on

su
m

pt
io

n 
(c

) o
r 

  P
ro

du
ct

io
n 

(p
)-b

as
ed

 

  P
er

io
d 

  S
ca

le
 

  M
ag

ni
tu

de
 

  P
er

m
an

en
ce

 

M
at

er
ia

ls                             Behrens et al.  2007   - 1980-2002 Global relative permanent 

Bithas and 
Kalimeris 

2018   p 1900-1945, 
1950-2000 

Global relative temporary 

      - 1951-2009   no - 

Fischer-Kowalski 
and Amann 

2001   c 1975-1996 National relative temporary 

Krausmann et al. 2018   p 1945-2002 Global relative permanent 

      - 2002-2015 Global no temporary 

Wang et al.  2018   c 1995-2013 Australia, Japan, US, India relative permanent 

Wiedmann et al. 2015   c 1990-2008 Global no - 

Bringezu 2015   c 2000-2050 Global no - 

Zhang et al. 2017   - 1985-2009 US (flow indicators) absolute permanent 

      - 2000-2009 US (stock indicator) relative permanent 

Krausmann et al. 2009   p 1900-2005 Global relative (material 
intensity) 

permanent 

Gilijum et al. 2014 x - 1997-2007 Global: Africa, Asia, Europe, 
Latin America, Oceania 

- - 

Jollands et al. 2004 x - 1994/95-
1997/98 

National: Austria, Germany, 
Japan, Netherlands, UK, US 

- - 

West and Schandl 2013 x cp 1970-2008 - - - 

En
er

gy
             Kovacic et al. 2018   p 1995-2013 14 EU countries (EU15 

excluding Luxembourg) 
relative permanent 

Luzzati and Orsini 2009   p 1971-2004 Global no - 

Moreau and Vuille 2018   cp 2000-2014 Switzerland relative permanent 

Szlavik and 
Sebestyen Szep 

2017   - 1990-2015 Poland, Czech Republic, 
Slovakia, Hungary 

both temporary 

Wu et al. 2018   p 1965-1975 Brazil, Germany, France, UK, 
US 

relative both 

      p 1976-1985 China, France, Germany, 
India, UK 

relative both 

      p   US absolute temporary 

        p 1986-1995 Brazil, China, France, 
Germany, UK, US 

relative both 

        p 1996-2005 China, France, Germany, 
India, Russia, UK, US 

relative permanent 

        p 2006-2015 Brazil, China, Germany, India, 
Russia 

relative - 

        p   France, UK, US absolute - 

  Feng et al.  2015   c 2007-2013 US relative both 

  Cserklyei 2014   - 1971-2010 Multiregional, 99 countries relative temporary 

  Semienuk 
 
 
  

2018   - 1950-2014 Global no - 

GH
G                   

 G
HG

                                       Cansino and 
Moreno 

2018   p 2012-2013 Chile relative temporary 

      - 1990–1991, 
1999–2001, 
2002–2003, 
2004–2006, 
2008–2010, 
2012–2013 

  absolute temporary 

Chen et al. 2018   cp 2001-2015 30 OECD countries absolute permanent 
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Cohen et al. 2018   p 1990-2014 Brazil, Mexico, Turkey, Korea, 
South Africa, Indonesia, India, 
China, Canada, Japan, 
Australia, US 

relative permanent 

      p   Italy, Russia, Ukraine, France, 
Germany, UK 

absolute permanent 

      c 1990-2014 Mexico, Korea, South Africa, 
Indonesia, India, China, 
Canada, Japan, USA, Ukraine, 
France, UK 

relative permanent 

      c   Germany, Russia absolute permanent 

Jiang and Li 2017   p 1991-1993, 
1995-1998, 
1999-2001, 
2002-2003, 
2004-2005, 
2006-2007, 
2009-2010, 
2012-2013 

US no temporary 

      p all other years in 
the study period 
(1990-2014) 

  relative temporary 

Jiborn et al. 2018   cp 1995-2009 Sweden, UK relative permanent 

Liddle and Messinis 2017   p 1870-2010 Australia, Canada, Ireland, 
Italy, Norway 

relative permanent 

      p 1981/1981/1980
-2010 

Belgium, Netherlands, US absolute permanent 

      p 1968/1980/1968
/1972-2010 

Denmark, France, 
Switzerland, UK 

absolute permanent 

Longhofer and 
Jorgenson 

2017   p 1970-2009 Australia, Brazil, Canada, 
Denmark, Finland, France, 
Greece, Hungary, Ireland, 
Italy, Japan, Netherlands, 
Norway, Portugal, South 
Africa, Spain, Sweden, UK, US 

relative permanent 

Madaleno and 
Moutinho 

2018   p 2000-2008, 
2010-2013 

EU-15 relative temporary 

      p 1996-1999 EU-15 absolute temporary 

Marques et al.  2018   p 1965–1975 Australia no - 

      p 1975-2016   relative permanent 

Pilatowska and 
Wlodarczyk 

2017   cp 1990-2012 Denmark, Sweden, Austria 
(since 2005), Belgium, France 
(since 2005), Germany 

absolute permanent 

      p 2010-2012 Finland, Netherlands relative permanent 

Roinioti and 
Koroneos 

2017   p 2003-2007, 
2009-2010 

Greece  relative temporary 

      p 2005-2006, 
2007-2009 

  absolute temporary 

Wang et al.  2018   P 2000-2001, 
2006-2007,2011-
2013 

China relative temporary 

      P 2000-2001, 
2005-2006, 
2010-2012 

US absolute temporary 

      P 2000-2014   absolute permanent  

      p 2001-2005, 
2012-2014 

  relative temporary 

Azomahou et al. 2006   p 1960-1996 Global (100 countries) no - 

Bassetti 2012   p 1970-2006 Global (126 countries) no - 

Fosten et al. 2012   p 1751-2007 UK absolute permanent  

      p 1850-2002 UK absolute permanent  

  
 G

HG
                               Bertinelli and Strobl 2004   - 1950-1990 Global (122 countries (CO2) 

and 108 countries (sulfur) 
no - 

Jiang et al.  2016   - 2005-2006, 
2010-11, 2011-
12 

US absolute  temporary 

Itkonen 2012   -     no - 

Knight and Schor 2014   - 1991-2008 29 high-income countries no - 
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Lean and Smyth 2009   p 1980-2006 ASEAN countries: Indonesia, 
Malaysia, Philippines, 
Singapore and Thailand 

absolute permanent  

Lin et al.  2016   - 1980-2011 Kenya, Nigeria, Egypt, South 
Africa, DR Congo 

no - 

Huang et al. 2007   p 1990-2003 Annex II and EIT absolute - 

Azam and Khan 2016   p 1975-2014 China and US no - 

Azam and Khan 2016   p 1975-2014 Tanzania and Guatemala absolute temporary 

Tapio 2005   - 1990-2001 EU15 countries absolute temporary 

      - 1990-2001 National: UK, Sweden and 
Finland 

relative temporary 

Wagner 2006   - 1986-1998 Global no - 

Akbostanci et al.  2009   p 1968-2003 Turkey no - 

Schröder and Storm 2018   c 1995-2011 61 countries no   

      p 1995-2011 61 countries relative temporary 

Finel and Tapio 2012   c 1975-2005, 
special focus on 
2000-2005 

national (137 countries) relative and 
absolute 

temporary 

Wu et al. 2018   p 1965-2015 Brazil, China, France, 
Germany, India, UK, US, 
Russia 

relative permanent 
(except for 
India and 
Brazil) 

Po
llu

ta
nt

s       Chang et al.  2018   p 1992-2014 Japan absolute permanent 

Selden and Song 1994   p 1973-75, 1979-
84 

Global absolute temporary 

Stern and Common 2001   p 1960-1990 Regional; OECD countries absolute - 

Diaz and Rosenberg 2008 x - 2008 Global - - 

  Bouwman et al. 2012 x - 1900-2000 
scenarios for the 
period 2000-
2050 

Global - - 

  Billen et al. 2013 x cp 1951-2005 Global 
 
  

- - 

W
as

te
   Jaligot and Chenal 2018   cp 1996-2015 Canton of Vaud in 

Switzerland 
no - 

Tsiamis et al. 
 
  

2018   c 1998-2013 US 
 
  

relative permanent 

Bi
od

iv
er

sit
y                 Mills and Waite  2009   p 1972-1992 National no - 

Asafu-Adjaye 2003   c 1990-1999 Global no - 

Raymond 2004   c 2002 National (140 nations) no - 

Mozumder et al.  2006   - 1998 National no - 

Dietz and Anger 2003   - 1950-1991 and 
1999 

Global (141 countries) no - 

Tevie et al.  2011   - 2007 US (48 states) no - 

Naidoo and 
Adamowicz 

2001   - 1999 Global absolute only for 
birds 

temporary 

Koirala et al. 2011   cp 1992-2009 Global no - 

Ceballos et al.  2015 x - 1500-2015 Global - - 

  Butchart et al. 2012 x - 1988-2008 Global - - 

Ec
ol

og
ica

l F
oo

tp
rin

t   Caviglia-Harris et al. 2009   p 1961-2000 Global no - 

Szigeti et al. 
 
 
 
 
 
 
 
 
  

2017   c 1999 - 2009 
(data only 
collected for the 
two years, not in 
between) 

Global both - 
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En
er

gy
, W

at
er

, L
an

d,
 (A

ir)
  

En
er

gy
, P

ol
lu

ta
nt

s 
En

er
gy

, W
at

er
, (

Ai
r) 

Po
llu

ta
nt

s, 
W

as
te

, G
HG

   Conrad and Cassar 2014   p 1995-2012 Malta relative temporary 

Naqvi and Zwickl 2017   p 1995-2008 18 EU countries both both  

Van Caneghem et 
al. 

2010   p 1995-2006 Flanders (climate change, 
acidification, photo-oxidant 
formation, human toxicity, 
freshwater aquatic 
ecotoxicity and 
eutrophication) 

absolute permanent 

      p 1995-2006 Flanders (industrial waste 
generation, energy 
consumption)  

relative permanent 

En
er

gy
, 

M
at

er
ia ls   Ward et al. 2016   p 2015-2050 Australia relative temporary 

Schandl et al.  
 
  

2016   cp 1990-2010 Global relative   

GH
G,

 
En

er
gy

, 
M

at
er

ia
ls,

 
W

at
er

, 
La

nd
  Wood et al.  2018   cp 1995-2011 Global absolute (land 

use) 
permanent 

W
at

er
     Wang et al.  2016   c 2007 Global (110 countries) relative 

(domestic blue 
water use)  

permanent 

Richey et al. 2015 x cp 2013 Global - - 

Loch and Adamson 2015 x cp 2011 Local (Australia’s Murray–
Darling Basin) 

- - 

  Wada and Bierkens 2014 x - 1960-2010 Global - - 

  Oki, Yano, and 
Hansaki 

2017 x cp 2017 Global - - 

  Strokal et al. 2019 x - 2010 Regional (sub-basins of 
Europe, North America, 
South Asia) 

- - 

  Zhao et al. 2015 x cp 2007-2030 Regional: China     

  Hoekstra and 
Mekonnen 

2016 x c 1996-2005 Regional (UK) - - 

  
  Ashaf et al. 2017 x - 1997-2001, 

1998-2007, 
2000-2006 

Regional (North America, 
Europe and the Middle East) 

- - 

Kiguchi 2015 x c 2015 and 
scenarios for 
2070 

Global - - 

La
nd

 u
se

                         Krausmann et al. 2013   p 1910-2005 Global relative permanent 

Bagliani 2008   - 2008 Global no - 

Tilman et al. 2011   cp 1961-2007 Global relative 
(cropland) 

- 

Kumar and 
Aggarwal 

2003   p 1963-64 to 1995-
96 

Regional  relative (crop 
area) 

temporary 

Kastner 2014   cp 1986-2009 Global (200 nations) relative 
(cropland) 

- 

Lambin and 
Meyfroidt 

2010 x - 1961-2010 Regional (China, Costa Rica, El 
Salvador, Vietnam) 

- - 

Weinzettel et al. 2013 x - 2004 global - - 

Sandström 2017 x cp 1986-2011 Regional (Finnland) - - 

Yu, Feng, Hubacek 2013 x c 2007 Global (Australia, Brazil, 
Indonsia, India, Russian 
Federation, United Kingdom, 
Germany, Japan, China, US) 

- - 

Steen-Olsen et al. 2012 x - 2004 regional (member states of 
the EU) 

- - 

Tukker et al 2016 x - 2007 Global (43 countries) - - 

Schreinemachers et 
al. 

2012 x - 1990-2009 Global (except China) - - 

Borucke et al. 2013 x - 2004 Global (200 countries) - - 
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