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Summary

We focus on three questions: one, what have been the quantitative dynamics and the main
drivers of the global use of natural resources (energy and materials) in the past century?
Two, how will these trends continue over the next decades, and what would be more
sustainable scenarios? In other words, what is the size of the challenge? Three: how can
policy interventions into resource use be argued and justified? For the first question, we
come up with empirical answers, based upon secondary analysis from recently compiled
centennial databases on global primary resource extraction. We interpret our findings of a
roughly tenfold increase in human use of energy and materials in terms of an ongoing
major transformation from an agrarian, biomass-based to an industrial, fossil fuels based
social metabolism. This framework also supports the scenarios created under question two:
two thirds of the world population currently only at the beginning or in early stages of this
transformation must be expected to undergo the very same changes boosting global
resource demands, unless novel forms of structural change occur. Such changes then are
presupposed in the additional scenarios that follow contraction and convergence
assumptions to explore more sustainable futures. Part three explores potential justifications
for policies aiming at reduced resource use: by type of resource, we discuss resource
scarcity, limited absorption capacities for wastes and emissions (in particular in relation to
mitigating climate change), efficient and equitable supply of services to people and to
economies. Key insight emerging from our analyses is the intimate interlinkage between
resource use levels of energy and materials, based upon technologies, infrastructures and
cultural patterns, and, last not least, upon thermodynamics. Thus major change needs to be
systemic change, a new, further industrial transformation?

1. Introduction

Material and energy resources are essential for economic activity, even though most
economic theory treats physical resources as abstractions that appear like manna from
heaven as needed in production and conveniently disappear when products are
“consumed”. However the laws of physics do not permit such casual appearance and
disappearance. Extraction presupposes a source and consumption presupposes a sink. In a
human society, neither materials nor energy are created or destroyed. What changes is the
utility and/or the quality of the materials and energy (Georgescu-Roegen 1971).
Nevertheless, resources have been treated as if they were unlimited, corresponding to the
“cowboy economy” vision of Boulding (1966). But as we enter the era of “space-ship
earth,” the endless frontier vision of resource availability is no longer tenable. In the
“cowboy economy” waste disposal was generally free and harmless (with the notable
exception of diseases caused by human and animal waste disposal). Today, in “space-ship
earth” physical products cause harm long after the end of their useful lives, even, or
possibly especially, in the form of that inert and harmless gas carbon dioxide. It follows,
both from the perspective of scarcity and the actuality of pollution, that it is increasingly
important to improve resource productivity and to stabilize or even reduce society’s overall
resource demand.

This maxim is winning increasing political recognition. While the European Commission

has set up a “Thematic strategy on the sustainable use of natural resources” in 2005, Japan
had already in 1998 carved out its “3R — reduce, reuse, recycle!” policy, some of which
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reflects itself in China’s Five Year plan of 2006. Similarly, Germany decided on a National
Strategy for Sustainable Development (2002), aiming at a doubling of resource
productivity by 2020. In 2007, UNEP set up an International Panel on Sustainable
Resource Management and will soon publish reports on “Decoupling” and on “Metals
use”. Part of the materials in this article originates from the work of the authors for this
panel. We focus on three questions: one, what have been the quantitative dynamics of the
global use of natural resources (energy and materials) in the past century, and what were its
main drivers? Two, how will these trends continue over the next decades, and what would
be more sustainable scenarios? In other words, what is the size of the challenge? Three:
how can policy interventions into resource use be argued and justified?

In a first section we will quantitatively demonstrate, on a very aggregate level, the global
rise of human resource use during the 20" century, for all materials and for energy
carriers. We will argue that the explosive rise of human resource use has been triggered by
transformative change linking new energy sources, new demographic patterns and a new
economic organization (the latter transcending our focus). This transformative change has
been gradually spreading globally, thereby determining also future trajectories of resource
use. In a next chapter we discuss scenarios of future resource use under different
assumptions. Based upon country-level knowledge of underlying dynamics of demography
and resource use, we create a business-as-usual scenario for 2050. In relation to this, we
generate two “contraction and convergence”-scenarios that would lead to somewhat lower
(and therefore more "sustainable™) outcomes in terms of primary resource use. Such
scenarios of moderation in resource use cannot be expected from market dynamics alone,
S0 we assume, but needs to be achieved by policy intervention (Jackson 2009). Thus in the
third part of our paper we open a discussion on the potential legitimacy of policy
interventions into resource consumption, and the arguments that deserve consideration.

2. Levels and trends in global resource use during the 20™ century

The past century was characterized by an unprecedented growth in human resource
extraction and consumption (McNeill 2000) and concomitant transformations of the earth
system (Turner et al. 1990). This was linked to a world wide ongoing industrial
transformation, the transition from an agrarian to an industrial socio-metabolic regime
(Krausmann et al. 2008b). At the core of this process was the transition of the
socioeconomic energy system which began in Great Britain in the 18" century and during
the subsequent century affected the industrializing nations in Europe and North America.
The controlled solar energy system of the agrarian regime, tapping into renewable energy
flows (biomass), was rapidly replaced by a fossil fuel based energy system exploiting large
stocks which allowed for much higher power density. With the shift from land based and
limited biomass flows towards abundant stocks of fossils, the major limitations for
physical and economic growth constraining the agrarian regime were abolished (Fischer-
Kowalski and Haberl 2007; Gribler 1998; Krausmann et al. 2008a). The energy transition
triggered far reaching changes of the overall size and structure of materials use in the
industrialized countries. It was associated with a major demographic transition from high
birth and death rates, across a phase of very high population growth, to the very low birth
rates and high life expectancy enjoyed by current industrialized countries.

! As the details of the new data on which our analysis draws have been published elsewhere (Krausmann et
al. 2009), we will stay very brief here and just sketch major trends.
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As a result, the resource use, or metabolism, of the industrializing nations multiplied. In
early periods of the industrial transformation, resource use increase was driven primarily
by population growth, later this gave way to growth driven by a surge in per capita
resource use. Large parts of the world population were, however, hardly affected by this
metabolic transition. Countries of the global South often served as agrarian hinterland for
the industrial core and were kept in that state by colonial practices. The metabolic profile
of many countries in the so called developing world at the turn of the 21% century
resembles rather that of the historic agrarian regime than that of the industrial one®.
Material and energy use per capita in general, and, in particular, the consumption rates of
key resources like fossil fuels, steel or electricity, are low, while the share of renewable
biomass in DMC is very high (see Table 1). The metabolic transition thus has to be
considered an ongoing process. It spurred growth and changes in the composition of global
material and energy use in the past and is likely to drive major changes in the future.

Table 1: Metabolic profiles of (historic European) agrarian societies and of selected developing and
industrial nations in the year 2000

Historic India China Ghana Brazil Germany USA
agrarian* 2000 2000 2000 2000 2000 2000

Energy use (DEC) per capita** [Gllcaplyr]  40-70 37 55 38 139 225 440

Material use (DMC) per capita*** [t/cap/yr] 3-6 6 7 5 16 20 28
Electricity use per capita [GJlcaplyr] 0 2 4 1 8 25 52
Steel consumption per capita [t/caplyr] 0 26 108 8 113 510 462
Biomass (share of DEC) [%] >05% 64% 42% 84% 73% 17% 19%
Agricultural population [%] >80% 54% 67% 56% 16% 3% 2%

*These are typical values for advanced European agrarian socio-metabolic regimes.

**DEC, domestic energy consumption, is defined as all primary energy input into the society per year (minus
exports). In contrast to TPES (total primary energy supply) as it is used in international energy statistics,
DEC is a more comprehensive measure and includes food and feed (Haberl 2001).

***DMC, domestic material consumption, is defined as all annual material input into the society minus
exports (Eurostat 2007).

Sources: Own calculations based on: SocialEcology dataset version 1.0 (Krausmann et al. 2008a) (DMC and
DEC, share of biomass in DEC), FAO (2006a) (agricultural population), IEA (2007a) (electricity), USGS
(2008) (steel).

At the global scale, the metabolic transition resulted in a multiplication of material
extraction and primary energy supply (see figures 1 and 2). In 1900, when the coal based
period of industrialisation had reached its peak in Western industrialized countries and coal
had by and large replaced fuel wood as the principal technical energy carrier, fossil fuels
accounted for almost 50% of global primary energy supply. With respect to materials,
renewable biomass still made up three quarters of the overall resource input into
socioeconomic processes. During the 20™ century this changed rapidly. Within one
hundred years, global primary energy supply and annual material extraction increased by
roughly one order of magnitude, and economic output (GDP) by a factor 20. At the
beginning of the 21% century, 440 EJ of primary energy and almost 60 Gt of materials
(biomass, fossil fuels, ores & industrial minerals, and construction minerals) were used by
human society each year (Krausmann et al. 2009). The share of biofuels in energy supply
declined to 10% and mineral materials accounted for two thirds of the total material input.

2 It has to be emphasized, however, that the metabolic profile tells only one part of the story: even a small
level of modern energy use (electricity, fuels) makes a huge difference in the way people live.

4



The transition of the global patterns of resource use was by no means a steady process.
After a period in the first half of the 20" century, when material and energy use was rising
at a slow pace and was driven primarily by population growth, the dynamic of change
markedly sped up after World War I1. Rapid growth in that phase was closely linked to the
shift towards petroleum and electricity and corresponding technologies, declining energy
prices and the establishment of a society of mass production and consumption. This period,
which has been termed “the great acceleration” (Steffen et al. 2007), saw a surge in
metabolic rates (resource consumption per capita). Global averages of material and energy
use per person doubled, a process dominated by development in the industrial world. After
the first oil price shock at the beginning of the 1970s, global metabolic rates stagnated,
both with energy and materials, despite rising incomes. Material use stabilized globally at
about 8 tons / person, and commercial primary energy use more or less stabilized at 60
GJ/person. At the global level, this indicates relative decoupling of economic growth from
resource use. However, in the period 2000-2005 global material and energy metabolism
regained momentum and re-coupled with economic growth. This appears to result mainly
from the increasing economic weight of fast-growing China and other emerging
industrializing countries. The 2008/09 economic crisis should certainly have had an impact
upon those trends, but data are not yet available.

Figure 13: Global resource extraction 1900-2005 (raw materials extraction and total primary energy
supply)
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Sources: Material flows based on data provided in Krausmann et al. (2009).

® On the global level, resource extraction (DE) is equivalent to resource use (DMC), as all trade flows net out.
Total primary energy supply (TPES) only refers to so called technical energy. Food and feed, the primary
energy sources for human and animal labour, are excluded (see Haberl, 2001).
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Figure 2: Global metabolic rates and global GDP/capita 1900-2005
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For individual countries as well as at the global averages, we can observe that in the long
run the economy (measured in terms of GDP) grows faster than resource use. As a
consequence, resource productivity (economic output gained per unit of material/energy
use) has increased tremendously in the past century. Industrial countries featured increases
in energy and material productivity of 150-250%. At the global level as well, resource
productivity increased steadily during the last century, material productivity by 170% and
energy productivity doubled.

3. Scenarios of future global resource use

In the past century it was mainly the highly industrialized countries (in Europe, North
America and in a few Asian countries) that contributed most to the dynamic rise of global
resource consumption. However, at present the newly industrialized and the developing
countries play an increasing role. The two relevant factors are population and rising
metabolic rates. Metabolic rates vary between countries by a factor of ten or more,
depending on development status and population density as well as on climate and other
factors. The global average per capita metabolic rate is somewhere between 8.0 tons
(Behrens et al. 2007; Krausmann et al. 2009; Krausmann et al. 2009), and 10 tons
(Krausmann et al. 2008a) of annual material use. However, the average metabolic rate for
the industrialized countries (which make up only one fifth of the world population) is twice
the global average and four or five times that of the poorest developing countries. Per
capita income is strongly correlated with resource consumption, with a goodness-of-fit R2
factor of 0.64, indicating that the variation in income explains 64% of the variation in
material use per capita (see Figure 3). The regression represented in figure 3 is performed

* We define is the size of the overall annual material (e.g. DMC) or primary energy input (e.g. TPES) of a
socio-economic system (according to established standards of MEFA analysis) as metabolic scale. The
metabolic rate is the metabolic scale of a socio-economic system divided by its population number (annual
material or energy use per capita). It represents the biophysical burden associated to an average individual



on logged quantities: in part due to the range of two orders of magnitude in the variables,
but also to account for non-linear behaviour. Indeed, material use is not exactly
proportional to income, it is economically inelastic: it increases with income, but at a
slower rate than income, with no indication of the high income turnover hypothesized by
the so-called environmental Kuznets curve (Grossman and Krueger 1995). This means that
when a country’s income rises, a corresponding rise in resource consumption is to be
expected.

Figure 3: Metabolic rates worldwide in the year 2000, by income level
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Source: DMC per capita for the year 2000° (175 countries) (SocialEcology global material
flow dataset version 2b; (Steinberger et al. 2010); GDP per capita in constant USD of the
year 2000 (The World Bank Group 2007).

Apart from income (and/or development status), population density seems to play a major
role. At one extreme, the low density industrialized countries, most prominently the United
States of America, Canada and Australia, are characterized by resource consumption rates
between 25 and 40 tons per capita per year, which is twice or more the European or
Japanese average. At the other extreme, the metabolic rates of the almost two thirds of the
world population living in densely populated developing countries amount to only 5-6 tons
of resources per capita per year (see figure 4).

5 Calculation based on IEA (2007b; 2007c); USGS (2008); FAO (2006a), UN (2004).
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Figure 4: Metabolic rates worldwide in the year 2000, by the development status and population
density of countries
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Source: Calculated on the basis of the SocialEcology global material flow data set 1.0 (Krausmann et al.
2008a). For simplicity, from the altogether 175 countries, the heterogeneous cluster of 41 developing
countries with low density from the Old World (representing 13% of the world population and including
some of the major oil exporters, but also some of the poorest and most arid countries in the world) has been
left out. Classification by UN for development status (industrialized vs. all others) and for population density
(High = >50 people / km2).

Other factors remaining the same, and irrespective of development status, it seems likely
that densely populated areas and regions need a lower input of physical resources per
capita. This holds particularly for the use of biomass, but to a lesser degree also for the
other components. The difference in the use of biomass (see figure 4) may be attributed to
two reasons. On the one hand, bulky grains, roots, fruits, vegetables and animal feeds are
produced in less populated areas, and only the refined (and in sum lighter) products such as
meat, dairy products, beans, sugar and tea or coffee are exported to urbanized regions. On
the other hand, world regions with a traditionally high population density tend to be
culturally adapted to a more vegetarian diet, whereas livestock (associated with large
biomass flows) tends to be raised in low density regions.



Similarly, particularly among industrialized countries, there is a density related difference
in the per capita use of fossil fuels. In densely populated areas, there is less need for
transport fuels (as has often been demonstrated for cities, see (Newman and Kenworthy
1991), and the supply of heat for housing can be provided more efficiently, e.g. by district
heating. Industrial facilities with a particularly high energy demand (such as mines,
smelters and electric power plants), on the other hand, tend to be located in sparsely
populated areas.

That per capita use of metal ores tends to be higher in low density areas is probably due to
the fact that they are rather mined in low density countries, though other factors may also
be involved. Finally, the per capita use of construction minerals follows a similar pattern:
in high density areas space is understandably more valuable; whence saving space (and
therefore construction material) and using infrastructure more intensively and thus more
efficiently, is characteristic of dense areas.

For future scenarios, it therefore seems justified to assume a continuation of the current
patterns: namely, that densely populated regions and countries require only about half the
metabolic rate (annual resource use per capita) for the same standard of living as sparsely
populated areas.

Based upon these considerations, the following three scenarios for the year 2050 have been
constructed and may be compared to the baseline of the year 2000°. The first represents
one vision of "business as usual”, and the two others are increasingly stringent versions of
the "contraction & convergence" ideas put forward in the climate debate (GCI 2003).

Forced future scenarios for 2050

All scenarios assume a population change according to UN projections (medium variant),
calculated country by country. They assume the ratios of metabolic rates between high and
low density countries to remain stable, and they assume that the composition by material
components remains the same.

Scenario 1: Business as usual
Freeze (industrial countries) and catching up (developing countries)

Industrial countries maintain their metabolic rates of the year 2000 (freeze), developing
countries catch up by 2050 to the same rates (catching up). For developing countries, this
implies something more than a doubling of their metabolic rates which, in combination
with projected population growth, boosts their material demand. This scenario complies
well with the projections on material use derived from economic models (Lutz and Giljum
2009) and trends observed in the past decades (“business as usual”): For industrialized
countries, metabolic rates have remained fairly stable since the mid 1970’s (Bringezu and
Schitz 2001; Eurostat 2002; Rogich et al. 2008; Weisz et al. 2006), while in many
developing countries steep increases were observed (Giljum 2002; Gonzalez-Martinez and
Schandl 2008; Russi et al. 2008; Xiaogiu Chen and Lijia Qiao 2001)

® We have used the year 2000 as a baseline, as it best reflects a metabolic equilibrium that had dominated the
25 preceding years (see Figure 3) and was mainly shaped by the trends in the industrialized countries. In the
years since, a new phase of growth can be observed that we chose to capture in the scenario part of our
analysis, as according to more detailed data it is already due to a “catching up”-process by major developing
countries (such as China or several Latin American countries).
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By 2050, this scenario results in a global metabolic scale of 140 billion tons annually, and
an average global metabolic rate of 16 tons / cap. In relation to the year 2000, this would
imply more than a tripling of annual global resource extraction, and establish global
metabolic rates that correspond to the present European average. Average per capita
carbon emissions would triple to 3.2 tons/cap and global emissions would more than
quadruple to 28.8 GtClyr.

This scenario represents an extremely unsustainable future in terms of both resource use
and emissions, exceeding all possible measures of environmental limits. Its emissions are
higher than the highest scenarios in the IPCC SRES (Nakicenovic and Swart 2000), but
since the IPCC scenarios have already been outpaced by the evolution since 2000
(Raupach et al. 2007), it might in fact be closer to the real business-as-usual.

Scenario 2: Moderate contraction and convergence
Reduction by Factor 2 (industrial countries) and catching up (developing countries)

In this scenario, industrial countries reduce their metabolic rates by a factor of 2, while
developing countries catch up to these reduced rates by the year 2050. This scenario
presupposes substantial structural change, amounting to a new pattern of industrial
production and consumption. So far, despite technical efficiency gains in various domains,
there are very few industrial countries whose metabolic rates have declined. On the other
hand, such metabolic rates correspond roughly to the conditions in Spain or Greece in the
early 1970s — a situation many people still remember as comfortable. Given the resource
efficiency gains that occurred meanwhile, living by these rates today would be much more
comfortable. For developing countries, this scenario implies an increase of metabolic rates
by a factor 1.2 t01.3 (depending upon density).

By 2050, this scenario amounts to a global metabolic scale of 70 billion tons, which means
about 40% more annual resource extraction than in the year 2000. The average global
metabolic rate would stay roughly the same as in 2000, at 8 tons / cap. The average CO,
emissions per capita would increase by almost 50% to 1.6 tons per capita, and global
emissions would more than double to 14.4 GtC.

Taken as a whole, this would be a scenario of friendly moderation: while overall
constraints (e.g. food supply) are not transgressed in a severe way beyond what they are
now’, developing countries have the chance for a rising share in global resources, and for
some absolute increase in resource use, while industrial countries have to cut on their
overconsumption. Its carbon emissions correspond to the middle of the range of IPCC
SRES climate scenarios.

Scenario 3: Tough contraction and convergence
Freeze global resource consumption at the 2000 level, and converge (industrial &
developing countries)

In this scenario, the level of global consumption of primary resources in 2050 is limited to
equal the global resource consumption of the year 2000; industrial and developing
countries converge in their metabolic rates. This scenario requires the industrialized
countries to reduce their metabolic rate by factor 3-5, and also even requires 10-20%

" If we think in terms of global footprint, already present resource consumption exceeds earth’s carrying
capacity, let alone another increase of 40%.
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reductions in metabolic rate on the part of the countries that were classified as
“developing” in the year 2000.

By 2050, this scenario amounts to a global metabolic scale of 50 billion tons (the same as
in the year 2000) and allows for an average global metabolic rate of only 6 tons /cap
(equal, for example to that of India in the year 2000). The average per capita carbon
emissions would be reduced by roughly 40% to 0.75 tons/cap — global emissions obviously
would remain constant at the 2000 level of 6.7 GtClyr.

Taken as a whole, this would be a scenario of tough restraint. Even in this scenario the
global ecological footprint of the human population on earth would exceed global
biocapacity (unless substantial efficiency gains and reductions in carbon emissions would
make it drop), but the pressure on the environment, despite a larger world population,
would be roughly the same as it is now. The carbon emissions correspond approximately to
the lowest range of scenario B1 of the IPCC SRES, but are still 20% above the roughly 5.5
GtClyr advocated by the Global Commons Institute for contraction and convergence in
emissions (GCI 2003).

Figure 5: Development of material metabolic scale and rate 1900 to 2005 and projections of three
forced future scenarios for 2050
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Sources: Krausmann et al. 2009 (development of metabolic scale and rate 1900-2005) and
own calculations (see text).

The implications of these scenarios are far reaching. The “freeze and catching up” scenario
(scenario 1: BAU) implies almost tripling global annual resource extraction and
consumption by 2050, as developing countries catch up with the resource consumption
patterns of the industrialized countries (see also Lutz and Giljum 2009). In more detail, this
means globally more than doubling biomass use, while almost quadrupling fossil fuel use,
tripling annual metals use (ores) and the use of construction minerals. This scenario would
place an equivalent burden on the planet as if the human population tripled by the year
2050 to 18 billion people, while maintaining the resource consumption patterns of the year
2000. Moreover, this increase would, to a very large extent, take place in countries that
were classified as developing countries with a very high population density in the year
2000, such as China and India. Thus, the burden of resource flows per unit area would in

11




2050 be substantially above the European or Japanese levels of today. This BAU scenario
is incompatible with IPCC’s climate protection targets, even if highly improbable carbon-
capture-and-storage (CCS) rates on top of very high rates of (non-biomass-based)
renewable energy supplies are assumed.

Scenario 2 (moderate contraction and convergence), although assuming substantial
structural change of the dominant industrial production and consumption patterns, still
implies a roughly 40% increase in annual global resource use. Practically all of that
increase would occur in the countries classified as “developing” in the year 2000. Such a
fast increase in resource consumption would render the existing policies of “circular
economy” (OECD 2008) very difficult, if only because the potentially re-usable wastes are
— and will always be - very much smaller than the required inputs. For the industrialized
countries, achieving a factor 2 reduction of metabolic rates would imply resource
productivity gains of 1-2% annually (which is within the range of the productivity gains of
the past two decades), net of any income-based rebound effects (Greening et al. 2000).
More realistically, it would require much higher innovation rates and productivity
(efficiency) gains.® In either case, this scenario would require substantial economic
structural change.

Scenario 3 (tough contraction and convergence), by definition, does not raise global
resource consumption above the 2000 levels; thus it would be most compatible with the
existing (if unknown) limits to the earth’s resource base, and best adjusted for as much
circularity in economies as technically feasible. However, it would be quite restrictive in
terms of other goals such as reducing poverty and providing for material comfort.

What these scenario calculations demonstrate is that there exist strong drivers for a
continued upward trend of annual resource extraction, pertaining to practically all
resources — from biomass to fossil fuels to minerals and metals. Not only ever more
resources, also ever more diverse resources, across the whole spectre of chemical
substances (UNEP 2010), are being extracted and put into use. Such increases of multiple
resources also defeat the traditional hopes for mechanisms of substitution: if there is rising
consumption of all resources, there is nothing to switch to if we run out of some of them.
If, on the contrary, growth in natural resource extraction should be contained, quite drastic
reductions in metabolic rates in industrial and newly industrializing countries will be
required.

Should this be left to market forces, or does this mean to risk that next generations will be
deprived of their life chances? What would be justifications to bring resource use into the
policy arena, and how could this be argued? This is the subject of the next section.

® One should be aware that achieving a substantial reduction of resource use on an economy-wide per capita
level is much more difficult than achieving substantial resource productivity gains within certain areas of
production. For an overall “Factor 2”-reduction of metabolic rate, much larger resource productivity gains
have to be achieved in some areas (cf. Weizsécker et al. 1997) “factor 4” or Schmidt-Bleeks “factor
10”,(Hinterberger and Schmidt-Bleek 1999), while, for example, food supply can only be reduced by a much
smaller margin.
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4. Setting sustainability targets for resource use

What are reasonable policy targets for sustainable resource use and decoupling? Such
targets need to be related both conceptually, and ethically, to the meaning of long-term
sustainability. Secondly, they need the potential to be defined and broken down to various
levels, globally, nationally, and possibly on the level of economic sectors, firms and
products. Otherwise, they would not be practical.

Conceptually, some principles can be derived from the definition of sustainability — in
particular the principle of intergenerational equity. At the same time, international fairness
is the necessary political precondition to arrive at global agreements. The most important
of these principles that are incorporated implicitly or explicitly in the relevant literature,
are the following:

e The capacity of the earth to sustain humans, to produce resources and to absorb
residues is not infinite. Even if capacity limits in each case are largely unknown,
and even if a potential of learning, of substitution and of capacity expansion is
assumed, humanity may soon come to a point where it exceeds that capacity (cf.
Meadows et al. 1972; 1992). By some measures, such as the ecological footprint,
the capacity of the earth to support human civilization has already been exceeded
(cf. Hails et al. 2008). In any case, the earth may now not be too far from such a
point.

e In order for global agreements to be conceivable, the benefits of resource use —
including the planetary waste absorptive capacity - need to be distributed more
equitably in the future than in past or present. There must be room for development
of those in need, and there must be a converging trajectory in the future.

These two principles have been incorporated under the heading “equity and precaution”
into the UN climate convention (UNFCCC) decided upon in Rio de Janeiro in 1992.
Improving the lot of the poorest is the basis of the UN Millennium Development Goals. In
the following paragraphs, we discuss policy targets based on these principles when applied
to resource use, from four perspectives: (1) the perspective of limitations to the resource
base, (2) the perspective of limitations to absorption capacities of the earth’s ecosystems,
(3) the perspective of efficient and equitable resource supply for people, and (4) the
perspective of efficient and equitable resource supply for economies.

4.1 Policy targets with reference to extraction rates from a limited resource base.

In principle, any policy target that refers to a possibly limited resource base needs to be
argued on a global level, and has to relate to quantities of global primary resource
extraction. By means of world trade, resources can be and are being exchanged across
world regions. Equity considerations with respect to the amount of extracted resources do
not apply across different countries and regions: resources need to be extracted where they
can be found. This refers particularly to resources with localized geological deposits (e.g.
copper, petroleum, phosphates), while for more ubiquitous resources (biomass, silica, iron,
aluminium) other criteria may be also relevant. These other criteria are particularly
important when concerning resources of daily need, such as food and water. For such
resources, local and regional security of supply and affordability also come into play.
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Equity considerations concerning resource extraction must apply, though, with regard to
future generations. The higher the resource extraction from exhaustible stocks today, the
less there will be for future extraction (this holds even if stocks are very difficult to
quantify). The earlier sustainability discourse used to draw a distinction between “non-
renewable resources” which ought to be extracted as little as possible in order to save them
for future generations, and “renewable resources”, which should be extracted only at rates
not exceeding their regeneration rates (Daly 1990). While these may be wise principles,
they have long been overtaken by reality. Depending on definition, one third to half of the
over 50 billion tons of primary resources extracted each year globally is “non-renewable”,
with this fraction rising (fossil fuels, ores and industrial minerals, and parts of construction
minerals, cf. Figure 1a). For a number of these resources, concerns about imminent
scarcity have been articulated, and increasing efforts required for their extraction are
reported (Gordon et al. 2006; Mudd 2009; Norgate 2009)

At the same time, “renewable resources” like biomass or many bulk minerals used for
construction are also extracted in very high and increasing quantities, and there exist no
clear standards as to their global regeneration rates. Thus the partial substitution of non-
renewables with renewable resources as a strategy may be possible, but a general target of
withdrawing from the use of non-renewables is not advocated by anyone and appears
unrealistic.

If we discuss global resource extraction by the major clusters of resources, we see the
following: Out of the roughly 50 billion metric tons of materials extracted each year, about
one fifth (20%) consists of fossil fuels (coal, petroleum, natural gas). It is very clear that
there is a scarcity issue. Both “peak oil” and “peak gas” are apparently due to occur in the
near future, while global demand (particularly in developing countries) is rapidly rising. At
the same time, fossil fuel extraction and use (in particular also the use of coal which is less
scarce) needs to be dealt with under the header of climate change (see section 4.2) down
below).

Another 30% of global resource extraction consists of biomass, a renewable energy carrier.
Global biomass demand is bound to increase significantly during the coming decades due
to population growth and income related changes in diet, and the substitution of biomass
for fossils (Erb et al. 2009). The relation between biomass and scarcity is complex and
there is currently a heated debate as to what the limits on biomass extraction are or ought
to be: supplying sufficient biomass for a growing population and changing dietary patterns
relate to scarcity of land (competing with wilderness/biodiversity), of water and of energy,
and with the threat of soil depletion. The significance of these scarcity issues varies from
region to region and over time (due, among other things, to climate change). There is
concern that the growing demand of biomass for the provision of food, fibre and fuel will
increase the pressure on the few remaining pristine ecosystems as well as increase land use
intensity on the managed areas. An aggregate measure for society’s pressures on terrestrial
ecosystems is the Human Appropriation of Net Primary production (HANPP). It depicts
both the expansion and intensification of land use and biomass extraction by indicating the
distance between the amount of natural primary production of plants (serving as nutritional
base for all heterotrophic organisms), and the amounts remaining in ecosystems after
biomass is extracted or prevented by human activity. It has been argued that there are
strong causal relations between HANPP and biodiversity loss (Haberl et al. 2007b).
Currently, human appropriation of NPP amounts to 25-30% globally (Haberl et al. 2007a;
Rojstaczer et al. 2001; Vitousek et al. 1986) but in some world regions (e.g. India, the
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Philippines) it is already as high as 70% or more. Clearly, HANPP can never exceed 100%
globally — but anything close to 100% would mean the end of all wildlife. HANPP would
lend itself as an adequate “scarcity indicator” for formulating political targets for biomass
extraction/prevention, in particular in the context of strategies that aim at allocating large
amounts of biomass for energy generation.

A small fraction, roughly 10%, of global resources extracted consists of metal ores and
industrial minerals — a mixed bag of the very scarce and precious elements or gems down
to the ubiquitous. For some of these materials scarcity issues play a major role, but the
scarcity constraints cannot easily be translated into policy targets. One classical argument
that applies here is reference to recycling. By accumulating previously extracted primary
resources in our infrastructure and our waste deposits, we create potential new sources for
extraction (cf. (Brunner 2004). This argument, though, does not apply to all minerals.
Recycling is particularly difficult for the often precious “spice” metals (used in very small
but crucial quantities, for example in electronic equipment (Hilty 2008) or minerals which
are used in a dissipative way such as phosphorous in fertilizers. Additionally, the recycling
of dispersed materials requires significant amounts of energy. More generally speaking, as
long as overall resource use is continuously rising, remains from the past will always run
short of demand. We cannot “recycle ourselves into sustainability” (Hashimoto et al. 2007;
UNEP 2010).

Finally, the largest fraction (about 40%) of extracted resources consists of construction
minerals. Sand, gravel and stone, and limestone for cement production, may be considered
effectively unlimited, if not precisely renewable resources, and do not present a scarcity
challenge, except at the regional scale in some localities (EEA 2008; Habert et al. 2010)-
and thus do not offer themselves for being targeted under this perspective.

A major advantage of choosing global primary resource extraction as a reference point
for policy targets is measurability and clear spatial assignment. However, the overall
amount of resources extracted does not lend itself easily for targeting, as standards of
scarcity and resource preservation strongly vary by type of resource. We are not aware of
any one policy case in which decisions were taken to preserve some fraction of known
resource reserves for future generations.’

4.2 Policy targets with reference to the limited capacity of the Earth of absorbing
wastes and providing ecosystem services

In principle, any policy with reference to limited absorption capacities has to refer to
resource use, and both on a global and on regional and local levels. During past decades,
the major focus of what was considered “environmental impacts” has been on the side of
wastes and emissions as a consequence of resource use, rather than on the input side.
Indeed, most policies have targeted this side of the equation. How can more general policy
targets for sustainable resource management be formulated from such a perspective?

The most far-reaching effort along these lines was made by the IPCC: In effect, the IPCC
said that to protect the global climate, CO, emissions from anthropogenic sources must be

% Actually, South Korea has saved its own coal reserves for the time of reunification with North Korea (now
it imports coal). That might count as an intergenerational restraint.
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curtailed. As long as there is no powerful technology for carbon capture and storage (CCS)
in place, this implies reducing the combustion of fossil fuels, and limiting Portland cement
production. In the absence of CCS, one ton of fossil fuel use corresponds to roughly three
tons of CO, emissions. One ton of limestone burned for cement production corresponds to
roughly 0.5 tons of CO, emissions. If global climate change is to be kept below a
dangerous threshold, an atmospheric CO, concentration above 450 ppm needs to be
avoided and annual fossil fuel combustion must be reduced from the current levels of 10
billion tons of fossil fuels globally, or about 1.7 tons per capita (corresponding to 5 tons of
CO,) roughly by a factor 4. Similar reductions would be required for cement production.
Thus, climate considerations legitimize a target of reducing fossil fuel use and the use of
(certain) construction materials to much lower levels than today. How this correspondence
can be established, must be elaborated in more detail.

Climate considerations also apply to certain aspects of biomass use. As has been shown
recently (Canadell et al. 2007; Crutzen et al. 2007), IPCC’s assumed *“carbon-neutrality” of
biomass use does not hold in all, or even many cases. For instance, it is very clear that
cutting primary tropical rainforests not only removes aboveground carbon storage capacity,
but also leads to the release of substantial amounts of soil organic carbon. More generally,
the substitution of forest cover by cultivated land leads to net emissions of CO; to the
atmosphere (Houghton 2003). Thus, insofar as the increase of biomass use implies an
extension of agricultural land, it also has negative climate implications.

Similarly, the increase in grazing animal livestock leads to an increase in greenhouse gas
emissions in the form of methane from bacterial action in the stomachs of ruminants.
Methane is 21 times more effective than CO,, per unit mass, in trapping heat. The
contribution of the livestock sector to global greenhouse gas emissions (18%, measured in
CO; equivalents) is larger than that of transport (FAO 2006b). From this perspective, one
might even consider a policy target of global stabilization of livestock numbers, as these
numbers both drive deforestation and greenhouse gas emissions. (McMichael et al. 2007;
see also Voet et al. 2005).

As far as the use of metal ores and industrial minerals is concerned, some of them (e.g.
arsenic, lead, cadmium, mercury) are among the most dangerous toxic wastes industrial
societies need to deal with. There, again, it is very hard to formulate general targets except
at the level of specific elements or industrially produced compounds. There are huge
differences in environmental impact between the various substances and chemical
compounds which are in use. But, the scarce metals are most often mined and used in
conjunction with one another. Thus, it does make sense to have very specific policy targets
limiting specific types of uses of certain resources (e.g. lead in gasoline or paint). But a
sustainable resource management perspective can probably best be directed at the recovery
and recycling (and avoidance of dissipative uses) of dangerous materials. If policy targets
were formulated, not relative to waste output (i.e., recovery rates), but rather relative to
primary resource input (perhaps by limiting the virgin fraction of materials use), this would
also have beneficial implications in curbing raw material extraction (see considerations
above).

Finally, how should the use of construction materials be treated within this perspective?
Major environmental impacts of the use of construction materials include land-use
associated with resource extraction and construction activities (e.g. the paving of farmland
or the destruction of habitats), the GHG emissions associated with the production of
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Portland cement, and fossil fuel use in quarrying and transport of large quantities of
construction materials. In addition, and maybe most importantly, the use of construction
materials creates legacies for future resource use as their maintenance and operation
directly and indirectly influences the use of energy, materials and water (EEA 2008). The
main considerations to guide policy in this domain should therefore be functional, i.e. to
encourage future savings. But the lifetime resource use associated with the built
environment is not directly related to the amount of construction materials used, but
primarily to urban design and architecture.

In general, the use of construction materials per se is closely linked to fossil fuel use
(Steinberger et al. 2010). If the use of fossil fuels is constrained, the use of construction
materials will, at least to some degree, be constrained, too. Thus, from the perspective of
end-of-life and use-related environmental consequences of resource use, policy targets
formulated from a climate protection angle will have some bearing on sustainable resource
management.'® These implications ought to be elaborated in more detail. For some selected
resources, policy targets of recovery and recycling may best be formulated as minimal
proportion of recycled materials in certain production processes. For example, it might be
reasonable to require that concrete for certain applications should incorporate a minimum
percentage of recycled construction minerals and slag or fly ash recovered from coal-
burning power plants.

In all cases, orienting policy targets at the environmental impacts of resource use will
always face certain ambiguities that are hard, if not impossible, to overcome:

e System boundaries are much harder to define. While the point of extraction of a
raw material, and the amounts extracted, can often be clearly identified and
monitored, the full life cycle of resources extends over many functions and many
areas and countries. The spatial and temporal distance between cause and effect
may in some cases be very large.

e The selection of which environmental impacts to consider and how to quantify
them will always remain somewhat arbitrary and subject to historically varying
concerns.

4.3 Policy targets from the angle of an efficient and equitable supply of services to
people

In principle, any policy with reference to efficient resource supply to people has to relate
per capita resource use (as an input) to some desired outcome per capita, such as
(healthy) life expectancy, opportunity for education, sufficient and healthy nutrition or a
certain level of material comfort (housing, water and electricity supply etc.). Basically, this
is about resource productivity in the sense of providing a maximum benefit for people at
the expense of a minimum of resources. The relation between primary energy supply of
countries and the level of HDI achieved is such that an increase in primary energy supply
(measured as GJ TPES) from very little to 100 GJ/cap/yr increases the Human
Development Index (HDI) from minimum up to above 0.8 (which is the threshold value for

10 A major concern here, though, has to be that competing sustainability goals related to fossil fuel use and
biomass use are taken into consideration when strategies to meet the climate related emission targets are
formulated!
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“high human development”), while further increases do not generate significant
improvements. Thus, this function implies an extreme reduction of returns upon resource
investment in the higher ranges. Beyond this already well known result (Suarez 1995),
Steinberger and Roberts (2009) have demonstrated that in the past three decades the
amount of energy needed for a threshold of 0.8 HDI has decreased by 50%. As could be
expected, this relation is almost identical for carbon emissions and HDI, and similar results
can be seen with material consumption data.

Figure 6: The changing relation between per capita energy use (Total Primary Energy Supply) and the
Human Development Index for the years 1975, 1990 and 2005

1 T T T T T T T T T T

0.9+

=
o
T

=
-
T

0.6

2005 data

Human Development Index (HDI)

054" " 2005: regression -
" 1990: data

— ——1940: regression

el e « 1975 data i

1975 regression

pald= " I I I I I 1 I 1 I
a 50 100 140 200 240 300 340 400 450 a00
Primary Energy (GJ per capita)

(adapted from (Steinberger and Roberts 2009)

The main implication of this result is that human needs can well be met at lower and lower
resource use levels, and thus that reductions in resource use do not have to come at a cost
of lower living standards, if their implementation is done correctly. For instance, an
equitable society will be able to provide its population with decent basic services, such as
food, water and shelter, at lower levels than an inequitable society where an elite consumes
a large share of the resources.

The food system can serve as an example for the potential to increase resource use
efficiency: A number of recent studies have analysed the wastefulness of the human food
system in industrial countries. It has been shown that currently up to 40% of all produced
food is not used but thrown away (Griffin et al. 2009; Hall et al. 2009; Lackner 2008): A
large fraction of this waste is up to private households that buy more than they can eat, to
restaurants that serve too large portions, to retailers that calculate their storage too
generously, and to producers. While some of this waste is obviously inevitable, there sure
IS some savings potential. Considerable potential for reduction is related to the fact that
people in industrial countries eat (or drink) in excess of their metabolic needs — food
overconsumption can be estimated to roughly 1/6 of the food consumed, and contributes to
adverse health outcomes and obesity. Finally, a reduction of the animal based food share
(meat and other animal based products) could lead to another reduction, both of biomass
use and even more so of environmental impact (McMichael et al. 2007; Smil 2002).
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The latter two opportunities for savings could be exploited via a synergistic effort between
health and environmental policies. In effect, one quarter to one third of resource use in
food production could be saved, without necessarily appearing in (economic) resource
productivity statistics. Nevertheless, to achieve the benefit of feeding one person (more
healthily than before), less resources would be required — it would be a “double dividend”
in that an increase of resource productivity in a broader sense would also be achieved.
Such an achievement would take a certain time, of course, as the change of cultural habits
is involved — but as the example of smoking bans has shown, success is possible. Other
examples to increase resource productivity (service per unit of primary resource input) are
strategies increasing recycling rates (Japan Ministry of the Environment 2008); policies
aiming at energy/heat efficient housing units or increasing passengers per car or mileage
per fuel input.

As analyses have shown (Fischer-Kowalski and Haberl 2007; see Krausmann et al. 2008a)
metabolic rates in given contexts tend to be rather stable, unless structural change occurs.
There is good reason for this: the use of various resources is strongly interlinked,
especially mineral resources (Steinberger et al. 2010). The use of various materials
depends on the use of others, and requires specific amounts of energy and water, based
upon technologies and infrastructure. Moreover, a certain material standard of living
becomes habitual within societies. As technical efficiency and incomes rise, they
seemingly balance each other out to maintain a relatively constant metabolic rate. As a
consequence, under structurally stable conditions, the total amount of resource use of a
country strongly corresponds to population numbers.

In terms of absolute resource consumption, there is a trade-off between population
dynamics and metabolic rates: there is an equivalent environmental impact if the
population grows (while metabolic rates remain the same) or if population stays stable but
metabolic rates rise. This is highly relevant in developing countries facing structural
change. For instance, China has been fairly successful in curbing population growth, but is
now confronted with rapidly rising metabolic rates. The impact on the environment is
equivalent to further population growth. Thus, focusing on metabolic rates implies
addressing consumption and lifestyles.

An advantage of basing policy targets on population numbers and metabolic rates is
reasonably good measurability and fairly reliable projections over longer time spans. What
is difficult to determine and to agree upon is the outcomes that should be referred to (such
as life expectancy, HDI, or other indicators for quality of life). This could be alleviated by
a multi-criteria approach (Munda 1995).

4.4 Policy targets for efficient and equitable resource supply to economies

In principle, any policy for an economic system (whether a nation, a region, sector, a firm
or a production process) needs to refer to overall resource inputs and relate them to
economic output, usually value-added. The goal then would be to raise economic
resource productivity, which means to achieve a higher value added per unit resources
used. Technological progress can and does raise resource productivity. But for larger
systems under conditions of economic growth and stable (or even declining) resource
prices usually rebound effects occur that (out)balance those productivity gains — thus the
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resource use of the larger system, despite resource productivity gains, remains the same or
even rises. (Alcott 2005; Ayres et al. 2007; Binswanger 2001; Holm and Englund 2009;
see: Jevon' s paradox: Polimeni and Alcott 2008).

Another inherent problem in measuring and comparing (economic) resource productivity
was already spelled out in the seminal work of Ayres and Kneese (1969) While the
economic value of a product, or a commodity, due to labour input increases in the life
cycle from raw material extraction to consumption, and finally disappears or even turns
negative after consumption, when disposed as waste, its material mass is highest in the
phase of extraction (if all materials that will ever be incorporated in the final commodity
are counted, the so-called raw material equivalents, RME), this mass is gradually
decreased through the stages of production, with the final commodity weighing no more
than, say, ten percent of all the materials that had been mobilized to produce it, with the
remaining ninety percent having occurred as extraction and production wastes before
consumption. In the last stage, waste after consumption, the mass of the product does not,
like its value, “disappear”, but remains constant.*

If an indicator like resource productivity relates the value of a product to its weight, there
is bound to be a bias depending on the phase in life cycle: in the early phases of resource
extraction, resource productivity (that is: economic value per unit of mass) systematically
is lower than in the late phases. It is, therefore, difficult and often inconclusive to compare
resource productivities between different systems (such as economic sectors, firms, or even
countries) that have a different position on the life cycle axis. Even with comparisons for
the same system across time, this problem may occur: If a country, for example, gives up
resource extraction or production in some areas in favour of importing manufactured
products and specializing in services, its resource productivity is likely to increase — while
the resource productivity of the larger system, that is, this country plus the countries it
imports from, may remain unchanged or even decline (if the exporting countries have a
less advanced technology than the importing country).

1 This paradox can be illustrated for a very common commodity, a passenger car with the mass of 1 ton. At
the beginning of the life cycle (or rather: of all the life cycles that converge in a car), there is a large amount
of iron, copper and aluminium ore, ores of spice metals that will go into the car’s electronics; there will be a
fibre harvest to end up in upholstering; there will be timber and recycling paper to go into all the paperwork
associated with the car; there will be silica sands for all the glass, and finally there will be crude petroleum to
be transformed into plastics, lubricants, and oils, as well as for providing energy in the extraction, production
and transportation processes. Most of this will be gradually removed, burned and transformed into wastes
much before the car reaches its climax value at the point of sale. During the consumption phase, then, the car
will maintain its weight but gradually loose its value, until this, finally, becomes zero, while the weight still
is one ton. It is pretty evident then, that resource productivity, as the quotient of value/mass, will be lowest
for the systems of resource extraction and highest for the systems where the car is only sold (and maybe
occasionally repaired). A direct comparison of the resource productivity of the two systems tells more about
the amount of labour invested up to the respective phase in the life cycle, than about the technological
efficiency of the respective system.
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Figure 7: Trends in material productivity 1980 to 2005 of selected countries
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Figure 7 illustrates, for a number of large economies, the huge gap (factor 10 or more) in
resource productivity between fully developed and newly industrializing economies. This
has much less to do with lacking technological efficiency than with the bias due to
different positions in the extraction-consumption cycle and the also with the size of the
GDP. Across 175 countries (for the year 2000), Steinberger et al. (2010) found a very
strong correlation between income (GDP/cap/yr) and the material resource productivity
indicator GDP/DMC, with a goodness-of-fit R? of 0.84.

Despite these precautions, using economic material productivity as a basis for political
targets makes sense, particularly if this is one among other targets (as it is, for example, in
the Japanese “3R: reduce, reuse, recycle” policy, (Krausmann et al. 2009). Increases in
productivity are a precondition for saving resources without reducing the standard of living
of people. The big challenge is to have substantial productivity increases but small rebound
effects, or else savings are (over)compensated by growth of consumption: effectively, to
push economic productivity beyond the business-as-usual levels. Economic resource
productivity can be reliably measured on various system levels. It cannot always be so
easily interpreted, though.
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5. Conclusions

Carbon emissions cannot be separated from the rest of the physical infrastructure of the
economy, and are in many ways linked to other types of resource use. The transition from a
biomass based to a fossil fuel based economy allowed industrial societies to mobilize and
handle a huge amount of resources. This transition is still ongoing, and countries with very
large populations have entered that track, some of them only fairly recently. In
combination with global population growth still ongoing, this would, according to a
business-as-usual scenario, lead to a tripling of global primary resource extraction,
including a quadrupling of fossil fuel extraction, by the year 2050.

For these reasons, it cannot be assumed that emission and resource use targets can be set
independently: they necessarily have implications for each other. In fact, we would argue
that a low carbon society is per necessity a low overall resource use society.”” Such a
society could be using the latest and most efficient technologies to produce the highest
level of benefits and services from these resources, and living standards worldwide may
even improve, but the current pattern of industrial development would certainly have to be
altered. As a policy measure, rationing of resource inputs into the economy might be a
necessary step towards truly curbing carbon emissions. From our discussion of the
potential justifications for such policy measures, there arises a fairly diverse picture.
Scarcity considerations — pertaining to ethical sustainability issues concerning future
generations — can arguably be applied only to some resources, most prominently petroleum
and natural gas, to a number of minerals (e.g. phosphorus) and metals, and to biomass
(with reference to declining biodiversity and soil depletion). They suffer from the fact that
carrying capacity and reserves tend to be ill defined.

Considerations referring to the environmental impact of resource use often suffer from
weak knowledge on the interrelation of resources use and impact during the full life cycle.
The strongest case here is made by climate impacts, as CO, emissions necessarily arise
from fossil fuel use unless CCS is successfully implemented. The third line of argument
claims as criteria that resources should be optimally used to satisfy human needs and
wellbeing. It became apparent that not only for energy, but also for material use it holds
that, at the lower levels, a small increase already provides substantial benefits of human
life chances, while in higher scale levels additional resource use does not make so much of
a difference. Finally, targeting resource use with the goal of gaining maximum income
with as few resources as possible (in effect boosting resource productivity beyond
economic growth rates) was demonstrated as potentially useful or even indispensable but
tricky in terms of the interpretation of indicators. Finally, we conclude that the challenge of
make-do with the Earth’s resources in the face of a still rising world population and
substantially rising demand per capita is so great that it will not be met by incremental
means. It requires (and will, if not voluntarily dealt with, enforce) another socio-economic
transformation of at least the same scale as the industrial revolution.

12 This conclusion is in line with a recent attempt at modelling the potential to achieve a 50% cut in global
industrial carbon emissions by 2050 (Allwood et al. 2010)
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