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Abstract

Current human activity is degrading the environment and depleting
biotic and abiotic resources at unheard-of rates, inducing global environ-
mental change and jeopardising the development of humankind. The
structure of human activity determines which resources are extracted,
how they are transformed and where and how they are emitted back
to the environment. Thus, the structure of human activity ultimately
determines the human–Earth System interaction and human-induced
environmental degradation. Also, the physical structure of human
activity can be used as a proxy for its technological structure and,
hence, can be used to inform technological change.

This paper suggests some operational principles for a sustainable
human-induced material flow structure and management. A sustainable
structure fulfilling current world material demands is estimated and
the main research gaps to inform a transition towards such structure
are identified.

It is found that the current bioeconomy and circular economy
strategies miss key components to inform the transition towards a
materially sustainable economy. In particular, a more detailed hierarchy
of recycling is missing (a sustainable structure should be based on the

∗This is a working paper in its initial state (references are still missing and ideas
are to be further developed)... in any case, comments and criticisms are most welcome!
(aleix@ige.unicamp.br).
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functional recycling of metals and minerals); and indicators informing
the level of coupling (i.e. symbiosis) between human-induced material
flows and the biogeochemical cycles of the Earth System are missing.

More worryingly, the most appropriate analytical framework to
analyse the physical structure of the economic system — the Physi-
cal Input-Output Table framework — is still in its infancy, both in
analytical terms and data compilation.

Finally, it is noted that the current understanding of the systemic
effects of cycling and recycling is poor. So, it is still unknown is the
most appropriate cyclic structure to transition towards a sustainable
structure.
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“The ideal cannot be undermined simply by pointing out
that it cannot be achieved at present.”

Beitz (1979, pg. 156)

1 Introduction
The physical structure of human activity determines which resources are
extracted, how they are transformed and where and how they are released or
emitted back to the environment. Thus, it is the structure of human activity
that ultimately determines the human–Earth System interaction and human-
induced environmental degradation. Consequently, the key to exploring
whether it is possible for humans to continue their activity without exceeding
the carrying capacity of the Earth System is to focus on the structure of
human activity.

The current structure of human activity is linear: it extracts biotic and
abiotic resources, transforms them into goods, uses them, and disposes the
used goods back into the environment. Boulding (1966) already recognised
this feature of the economic system and named it as the “Cowboy Economy”.
He also imagined an ideal economy whereby resources would be recycled
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within the economy and through the environment without degrading it. He
named it the “Spaceship Economy” but he did not formalise such structure,
or relate it to quantitative macroeconomic models that capture systemic
properties.

At that time, environmental sciences’ strategy was to address environmen-
tal degradation in a linear way, whereby environmental issues were typically
tackled with end-of-pipe (EoP) solutions (Foray and Grübler, 1996). These
solutions are cheaper and easier to develop and implement, since only minor
changes are introduced in the activity at the emission point (e.g. to filter
emissions before releasing them instead of changing the feedstock and process
technology), and the existing institutions and system structure favour this
type of technological development (Kemp and Soete, 1992; Nemet, 2009).
However, an EoP approach only shifts the issue, since pollutants are redirected
somewhere else causing less harm (e.g. sulphur from flue gases are filtered and
landfilled); and the overall resource efficiency is low, since many materials
used during production are later discarded or released as emissions.

However, such approach has been shifting to a more dynamic one, where
systemic technological change might improve economic and material efficiency
performance (Foray and Grübler, 1996; Porter and Van der Linde, 1995). Such
type of technological change is based on the principles developed within the
Industrial Ecology field, such as Pollution Prevention, Cleaner Production and
EcoDesign (Júnior and Demajorovic, 2013). Accordingly, current technical
reports aiming to mitigate environmental degradation and resource depletion
call for a shift towards different technologies (IEA, 2011; IPCC, 2014), implying
a change in the physical structure of the economic system.

Different technologies require different feedstocks, which are transformed
and released differently, altering the original physical structure of the eco-
nomic system. Thus, characterising and linking the structural features of the
economic system to its environmental impacts and identifying them is vital
to inform a transition towards a different economic and technological regime
or structure. Current technical reports have focussed on the environmental
impacts caused by the different sectors of economic activity and the drivers
inducing them, such as population, affluence and technology (Steffen et al.,
2005; IEA and OECD, 2004; IPCC, 2007; IEA, 2011; IPCC, 2014), but they
have not explicitly studied how the physical structure of the economic system
affects its environmental performance.

However, identifying the relevant structural features for environmental
sustainability from examining the current (unsustainable) structure is not
appropriate, precisely because the current structure does not entail the
required structural features for sustainability. Therefore, this paper aims
to estimate a sustainable material structure based on generic sustainable

4



material management principles and, then, identify the structural features
for sustainability and the research gaps to analyse these structural features.

To do that, section 2 explains the current context of human-induced
material flows. Then, the material flow management principles for a materi-
ally sustainable economy are laid in section 3. In section 4.2, a materially
sustainable structure following the principles from section 3 is estimated
using the baseline data built in section 4.1.1. Finally, the different aspects of
the materially sustainable economy are discussed in section 5 together with
the research gaps to guide the technological transition towards a sustainable
structure. The main conclusions are presented in section 6.

2 Humankind material consumption
The world total material consumption has increased four fold while population
has increased double fold (Krausmann et al., 2009), thus the average material
affluence of world citizens has doubled. Figure 1 shows that this increase
took place mostly after the second world war and that the type of materials
societies use has evolve. In 1900, 80%of materials used was biomass but at
the end of the century its share was shrunken to 33% while the share of
construction materials increased to 42% and of fossil fuels and other mineral
to 25%.

SERI (2009) found that the consumption of world material flows showed
heavy disparities between countries. In particular, in 2000, Europeans used
directly and indirectly about 43 kg/day (i.e. 15.7 t/cap/year) and north-
americans around 88 kg/day (i.e. 32.1 t/cap/year) while people from Asia and
Africa use about 15 kg/day (i.e. 5.5 t/cap/year).

However, the key issue is to know the amount of materials required to
fulfil societal basic needs and achieve a high degree of development. This
can be answered by plotting each country domestic material consumption
(DMC)1 against the Human Development Index (HDI), as in figure 2. The
distribution of the sample follows a logistic form and, thus, achieving a high
HDI of 0.8 requires 12.2 t/cap/year. This is number is relieving compared to
the DMC of some countries which is require about four times more materials
to achieve the same HDI. However, if the countries below 12.2 t/cap/year were
to achieve this annual consumption, the world material consumption would
increase by 64%. The environmental impacts associated to human activity
would increase accordingly if the same way of production and consumption
is used. Since the carrying capacity of the Earth System has already been

1 Domestic material consumption (DMC) corresponds all materials used within a
country’s boundaries, including imports and excluding exports.
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Figure 1: Materials use by material types in the period 1900 to 2005 in
gigatons per year (Krausmann et al., 2009, fig. 1a).

surpassed in many aspects (Rockstrom et al., 2009), a different way to carry
on human activity must be found.

3 Material flow management principles for a
materially sustainable economy

3.1 Theoretical principles for a materially sustainable
economy

Since this is an exercise to imagine what an ideal material structure would
look like, the strongest definition of sustainability is used.This implies that
human activity should not degrade the environment nor deplete exhaustible
resources. From this simple understanding of how should human activity be
carried, four main material flow management principles arise:

1. Avoid the extraction of new raw exhaustible resources. This includes
fossil fuels, all minerals and metals.

2. Isolate resources that cause environmental degradation within the econ-
omy. Since emitting back previously confined exhaustible resources
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Figure 2: Domestic Material Consumption of 165 countries against their HDI
in 2000. Data for DMC from Steinberger et al. (2010) and for HDI from UN
(2015).

would alter current biogeochemical cycles, these materials cannot leave
the economic system.

3. Maximise the use of renewable resources within the economy to reduce the
environmental load (optional, depending on the environmental footprint
of economies). Even if some materials are non-exhaustible and, thus,
can potentially be renewed by the Earth System, the fact of extracting
these materials and emitting them back to the environmental cause
an environmental load. Since the current footprint of human-induced
material flows already exceeds the carrying capacity of the Earth System,
economies should avoid extracting and emitting material as much as
possible.

4. Integrate human-induced material flows with the Earth System one (i.e.
the local and global biogeochemical cycles) to avoid environmental degra-
dation. By coupling human-induced and Earth System material flows,
it is understood that human-induced material flows will be absorbed by
the natural cycles without causing environmental degradation.

The key idea is that if a material cannot comply to one of the principles,
it should be substituted by another one that can.
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However, this principles are abstract regarding how materials should be
managed. Therefore, the theoretical principles are turned into operational
principles in the next section.

3.2 Operational principles for a materially sustainable
economy

The three operational principles stem from the theoretical principles.
Avoiding extracting exhaustible resources implies that only biomass raw

resources can be extracted. Since confined resources (i.e. fossil fuels, metals
and minerals) cannot be sustainably extracted due to scarcity issues, only
non-exhaustible resources can be used, such as biomass and solar radiation.
However, exhaustible resources can be extracted if used to build stock-in-use
and are later isolated within the economic system, as explained next.

Isolating materials within the economic system can be operationalised by
recycling material within the economic system: functionally for exhaustible
resources and as effectively as possible for renewable resources. In order to
confine exhaustible resources within the economic system, these resources
should be undergo functional recycling, i.e. recycling materials so that they
regain their original properties (Graedel et al., 2011a). This is achievable for
most metals and minerals and implies that metals and minerals can be recycled
infinitely without losing their properties2 (Graedel et al., 2011a). In order to
maximise the use of renewable materials within the economy, recycling should
also be applied since recycling reduces the amount of new raw materials.
However, the recycling process usually degrades renewable materials (e.g.
paper). Therefore, recycling cannot confine renewable materials within the
economy, but it reduces the amount of raw renewable materials required (and
the corresponding emissions generated), reducing the ecological footprint of
economic activity. In other words, recycling of renewable resources acts as a
buffer, since renewable material flows will ultimately be emitted back to the
environment.

Integrating the economic system within the Earth System implies coupling
human-induced material flows with the corresponding biogeochemical cycles3.
To avoid further environmental degradation and guarantee that renewable

2 Dissipative losses reduce the effectiveness of functional recycling. This phenomenon is
unavoidable but can be minimised; it is discussed below.

3 The biogeochemical cycles (BGCC) are the natural cycles whereby materials are
mobilised and transformed by the Earth System (e.g. carbon is transformed in different
compounds through its cycle: carbon dioxide in the atmosphere, cellulose when photosyn-
thesised by plants, other sugars and chemical compounds when absorbed and transformed
by ruminants, etc.)
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materials are regenerated by the Earth System, the economy has to extract or
release renewable material without disrupting current biogeochemical cycles,
which is the most generic approach to avoid environmental degradation. This
does not mean preserving the environment as it is, but managing the economy
and the biogeochemical cycles in a holistic, symbiotic manner.

To sum up, only renewable materials (i.e. biomass) can follow the integra-
tion principle (recycling is optional but recommended), exhaustible materials
(i.e. metals and mineral) can only follow functional recycling, and exhaustible
materials that cannot undergo through functional recycling should not be
used.

3.3 Further considerations

Economies accumulate materials within themselves, as stock-in-use (e.g. ve-
hicles, machinery, buildings, and other infrastructure). Depending on social
needs, the stock-in-use can increase or remain constant. As noted in section 2,
many societies will need to increase their material consumption to achieve
higher HDI. This societies need to create and further develop their infras-
tructure and, thus, increase their stock-in-use, requiring increased material
consumption to build it. However, other societies which already have a high
HDI have already built much of its infrastructure and, thus, the stock-in-use
does not need to increase. Consequently, their material requirements might
decline since they can build new stock-in-use by recycling materials from the
same stock-in-use, i.e. no new raw materials need to be extracted, except to
compensate for dissipative losses.

Dissipative losses are unavoidable, but can be minimised. Some material
applications are inherently dissipative: e.g. zinc used as galvanising material,
which corrodes and dissipates, protecting the underlying iron; or fertilisers
and other chemicals whose use requires their dissipation in the environment.
In this case, it is required to change the type of material: e.g. use different
materials, either cutting the dissipation (e.g. materials resistant to corrosion)
or use renewable materials instead of exhaustible materials (e.g. fertilisers
and chemicals derived from biomass).

Similarly, functional losses due to recycling, including functional recycling,
are unavoidable but can be minimised. Several metals already undergo
recycling rates above 90% (Graedel et al., 2011a). Improved technologies and
waste management practices can further increase this limit.

Energy-related material flows constitute 20% of current material consump-
tion; thus, powering humankind sustainably is still a great challenge. Several
studies have already demonstrated the feasibility of satisfying energy demand
by using renewable energy systems only, both at world level (Jacobson and
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Delucchi, 2011) and at country level (MacKay, 2009; Dale and Ong, 2014). In
this paper, it is assumed that a materially sustainable global structure would
be powered by the world energy structure devised by Jacobson and Delucchi
(2011).

4 Application to current worldwide material flow
consumption

In this subsection, the operational principles are applied to the current world-
wide use of natural resources and the corresponding materially sustainable
structure is estimated. The aims are to illustrate how a materially sustainable
structure looks like and identify the research and policy gaps to guide a
transition towards such ideal state.

4.1 The current structure

This section estimates the structure of human-induced material flows in 2005.

4.1.1 The aggregated baseline

Data is based on Krausmann et al. (2009), who compiled the global human-
induced material flows in four main categories: biomass, fossil fuel carriers,
metals, minerals for industry and minerals for construction (c.f. table 1). Over-
burden materials, i.e. the material mobilised to extract useful materials (e.g.
soil displacement from mining and construction activities) is not accounted
because they can surpass and mask the mobilisation and transformation of
the materials used within the economic system.

4.1.2 Functional disaggregation of the material flows

However, the material categories suggested by Krausmann et al. (2009) are
aggregated according to their the chemical composition of the materials.
Since transitioning towards a materially sustainable economy might involve
material substitution, the materials need to be disaggregated according to
their function. Table 2 presents the main functions associated to the main
material categories. The estimation of the amount of material allocated to
each function can be found in appendix A.1; the estimations are based on
back-of-the-envelope calculations because 1) finer calculations would not be
accurate given the global approach and 2) this exercise aims to highlight
the main features of a materially sustainable structure, not to provide a
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Material Quantity [Mt]

Biomass 19 061
Primary crops 6747.6
Crop residues 4403.1
Roughage 5756.4
Wood 2153

Fossil energy carriers 11 846
Coal (incl. peat) 5757.2
Petroleum 3885.5
Natural gas 2203.4

Metal ores (metal content only) 961
Iron 816.9
Copper 15.4
Alumina 63.4
All other metal ores 65.3

Tailings (metal ores) 3521
Industrial minerals 1154
Construction minerals 22 931

Cement-related 17 037.7
Asphalt-related 2063.8
All other 3829.5

Total 59 474

Table 1: Global material consumption in 2005, adapted from Krausmann
et al. (2009, table 1)

detailed roadmap on how to reach it. The resulting amounts of materials are
summarised in the results section, in the first column of table 3.

4.1.3 Estimating the recycling structure

The recycling rates for the main recycling industries — i.e. metals, paper,
glass, plastic, construction and demolition waste, and energy recovery from
waste (IPTS, 1996; WRAP, 2010) — are estimated using several industrial
reports and material flow analyses; see appendix A.2 for a detailed explanation
on each flow. In most cases, the recycling structure of industrialised countries
is used as a proxy for the global structure, over-estimating the recycling
structure. The recycled flows are listed in the results section, under the
recycling end-of-life treatment of table 3.
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Material category Material function

Primary crops
Food
Liquid energy carrier (e.g. bioethanol or
biodiesel)
Industrial (e.g. rubber, cotton, biopolymers from
sugar cane, organic oils)

Wood
Solid energy carrier (e.g. wood/coal)
Industrial (e.g. wood-pulp for paper and card-
board)
Structural (for furniture and construction)

Petroleum

Liquid energy carrier (e.g. gasoline, diesel)
Heating
Electricity
Industrial (e.g. polymers, lubricants, pharmaceu-
ticals, cosmetics)

Natural gas
Liquid energy carrier (e.g. gasoline, diesel)
Heating
Electricity

Coal (incl. peat) Solid energy carrier
Industrial (e.g. coke for iron production)

Industrial minerals
Fertilisers
Glass
Other

Metal ores Metals

Construction minerals Construction

Table 2: Functional disaggregation of the main material flow categories

4.1.4 Results

The global material flow structure disaggregated by material function is
summarised in table 3.
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Production-consumption flows End-of-life treatment Material management

Material Extract. SiU addi-
tion

Waste &
emissions

Emitted Funct. Recycl. Recycl. Recycl. Recycl. Total re-
cycling

Net stock
addition

External
(Extract. &
emis.)

Primary crops (liquid fuel) 280.2 0 280.2 280.2 0 0 0 0 0 0 0
Primary crops (industry) 42.9 0 42.9 33.5 0 0 9.4 0 9.4 0 0
Primary crops (food) 6424.5 0 6424.5 6424.5 0 0 0 0 0 0 0
Crop residues 4403.1 0 4403.1 3302.3 0 0 1100.8 0 1100.8 0 0
Roughage 5756.4 0 5756.4 5756.4 0 0 0 0 0 0 0
Wood (energy) 1997 0 1997 1997 0 0 0 0 0 0 0
Wood (industry) 410.9 0 410.9 246.5 0 164.4 0 0 164.4 0 0
Wood (structural) 1456.3 1456.3 1038.9 245.1 0 445.2 348.6 0 793.8 1211.2 0

Total biomass 20 771.3 1456.3 20 353.9 18 285.5 0 609.6 1458.8 0 2068.4 1211.2 0

Petroleum (liquid fuel) 3259.9 0 3259.9 3259.9 0 0 0 0 0 0 0
Petroleum (plastics) 230 138 106.5 56.4 0 19.2 30.9 0 50.1 173.6 0
Petroleum (other chemicals) 395.9 0 395.9 395.9 0 0 0 0 0 0 0
Coal and peat (electricity) 5642.1 0 5642.1 5642.1 0 0 0 0 0 0 0
Coal (coke) 115.1 0 115.1 115.1 0 0 0 0 0 0 0
Natural gas (heating) 1612.9 0 1612.9 1612.9 0 0 0 0 0 0 0
Natural gas (electricity) 588.3 0 588.3 588.3 0 0 0 0 0 0 0
Natural gas (liquid fuel) 2.2 0 2.2 2.2 0 0 0 0 0 0 0

Total hydrocarbons 11 846.4 138 11 722.9 11 672.8 0 19.2 30.9 0 50.1 173.6 0

Metal ores (iron) 816.9 1404.9 838.4 226.6 632.2 0 0 0 632.2 590.3 0
Metal ores (aluminium) 63.4 43.3 26.5 17.1 9.4 0 0 0 9.4 46.3 0
Metal ores (copper) 15.4 15.6 5.7 3 2.7 0 0 0 2.7 12.4 0
Metal ores (others) 65.3 44.6 27.3 17.6 9.7 0 0 0 9.7 47.7 0
Tailings 3521 0 3521 3521 0 0 0 0 0 0 0

Total metals 4482 1508.5 4419 3785.3 653.9 0 0 0 653.9 696.7 0

Industrial minerals (fertilisers) 600.5 0 600.5 600.5 0 0 0 0 0 0 0
Industrial minerals (glass) 47.2 2 45.2 17 1.3 23.4 0 3.5 28.2 30.2 0
Industrial minerals (other) 506.3 0 506.3 506.3 0 0 0 0 0 0 0

Total industrial minerals 1154 2 1152 1123.8 1.3 23.4 0 3.5 28.2 30.2 0

Construction minerals (cement, others) 20 867.2 20 867.2 13 402.2 4422.7 7237.2 1742.3 0 0 8979.5 16 444.5 0
Construction minerals (asphalt) 2063.8 2063.8 837.4 276.3 418.7 134 0 0 552.7 1787.5 0

Total construction minerals 22 931 22 931 14 239.5 4699 7655.9 1876.3 0 0 9532.1 18 232 0

Total (biomass) 20 771.3 1456.3 20 353.9 18 285.5 0 609.6 1458.8 0 2068.4 1211.2 0
Total (others) 40 413.4 24 579.5 31 533.4 21 281 8311.1 1918.9 30.9 3.5 10 264.4 19 132.4 0

Total (all sources) 61 184.7 26 035.8 51 887.3 39 566.5 8311.1 2528.5 1489.7 3.5 12 332.7 20 343.6 0

Table 3: Estimated structure of Human Ecology in 2005 in Mt (without overburden). Data sources: see section 4.1
and appendix A
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Table 3 confirms that the human-induced material flows structure is mostly
linear since 76.3% of total waste and emissions are linearly emitted back to
the environment. The rest (23.7%) is recycled.

Human-induced material flows are dominated by exhaustible resource
mobilisation and transformation, either as economic inputs (66.1% of total
inputs) or as economic emissions (60.8% of outputs). Thus, the current
structure is far from a being materially sustainable since most of materials
extracted and emitted to the environment were mined from confined sources
and, consequently, unbalance systematically the BGCCs when emitted to the
environment. For the current structure to become materially sustainable, all
these flows should be either confined within the economic system through
functional recycling or substituted by materials which can be coupled to the
BGCC (i.e. biomass).

This exercise has calculated the amount of materials extracted, used and
emitted back to the environment by humankind, but it does not aim to assess
the environmental degradation induced by these nor whether these material
flows are coupled with the relevant BGCC. The point is that it is currently
unknown how much biomass extraction and associated emissions is coupled
to the BGCC, which is one of the operational principles for a materially
sustainable economy. This constitutes an upmost limitation to assess whether
human-induced material flows are inducing environmental degradation.

To provide a visual cue of the human-induced material flow structure,
figure 3 represents the current material flow structure aggregated by material
type: the upper part of the figure represents the biomass extracted, use and
emission and the lower part of the figure represents the extraction of the
other materials (fossil fuels, minerals and metals). The figure is colour coded:
green means that the material flow complies to the operational principles of
a materially sustainable structure, yellow means it is unknown whether it
complies, and red means that it does not comply to the sustainability criteria.

4.2 A possible materially sustainable structure of human-
induced material flows

The previous section estimated the global human-induced material flow struc-
ture. This section aims to cover the material needs revealed by the current
structure with sustainable material flows.

According to the previous section, the current structure uses many material
flows related to: hydrocarbons, metals, industrial minerals and construction
minerals; 57% of their total flows do not match the sustainable operational
principles presented in section 3. Thus, so a technological transition of the
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Figure 3: Estimated structure of human-induced material flows in 2005 in Gt
(without overburden). Vertical axis: in Gt; horizontal axis: no units: only
to show whether the flows are extracted or emitted back to Earth System,
or added to the stock-in-use or recycled within the economic system. Colour
code: green: flows comply to the operational principles (OP), yellow: it is
unknown whether flows comply to the OP and red: flows do not comply to
the OP. Sources: see section 4.1.

production-consumption structure is required to reshape the material flow
structure to comply to the sustainable operational principles. Section 4.2.1
suggests possible solutions to substitute current unsustainable material flows
and section 4.2.2 suggests possible scenarios of increased recycling rates.
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These sections do not aim to provide a detailed roadmap of how to
implement each technology but to identify possible technological solutions to
transition towards a materially sustainable economy.

4.2.1 Substitution of unsustainable material flows

Substitution of fossil fuels for energy purposes Fossil fuels for energy
purposes are completely substituted by a renewable energy system based
exclusively based on water, wind and solar power, described in Jacobson and
Delucchi (2011). This might not be achievable in the short term due to the
dependency on liquid energy carriers for transportation and lock-in of existing
power-plant. Mixed energy systems (e.g. including the production of biofuels)
can be envisaged as a transition towards a system exclusively based on water,
wind and solar energy.

Substitution of fossil fuels for material purposes The use of fossil
fuels for material purposes is associated mainly with petroleum, of which
230 Gt are converted into plastic precursors and 359.5 Gt are used for other
material purposes (e.g. lubricants, solvents, cosmetics, pharmaceutical, etc.).
The main characteristic of hydrocarbons is that they are composed of long
chains of carbon and hydrogen atoms (a.k.a. polymers) in a concentrated
and stable solution.

In particular, recent developments in the biofuel industry have led to the
commercial production of material biopolymers from sugar cane; in particular
by producing farnesene instead of ethanol, a precursor for cosmetics, perfumes,
detergents, industrial lubricants and transportation fuels such as diesel and
jet fuel. Additionally, second-generation4 biofuel technologies might expand
this application to other energy crops and even conventional crop residues.
In particular, by using conventional alcohol chemistry or 2nd generation
biofuel technologies, Brazil commercially produces advanced fuels, cosmetics,
lubricants, PE and PVC from sugar cane since 2010 (Arruda, 2011).

The ratio of tons of sugar cane to ton of sugar is on average 10.4%
(AgCenter, 2012). Natural sugars as sucrose have on average 49% carbon and
hydrogen content compared to refined hydrocarbons (Villela Filho et al., 2011,
table 1) which have in turn a similar C and H content to raw petroleum (Hyne,
2001). The use of fossil hydrocarbons for other purposes (i.e. non-plastic)

4 First generation biofuels rely on the natural fermentation process of concentrated
sugars extracted from dedicated energy crops. Second generation biofuels use yeast and
enzymes to hydrolyse the other components of the crops to produce the fuel, enabling to
convert parts of the biomass that were previously discarded (e.g. the lignin fraction) into
fuel.
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are also assumed to be provided by energy crops which can also produce
lubricants (natural oils), cosmetics and other chemicals (solvents, adhesives,
etc.). The same conversion coefficients based on the carbon and hydrogen
content of the fossil fuels and energy crops are used.

It is assumed that bioplastics, either thermoplastics or thermosets are
100% recycled. It is assumed a proportion of 80% thermoplastics and 20%
thermosets in plastic production, and a recovery rate of 90% given that the
combined material and energy recovery from post-consumer plastics of nine
European countries currently exceeds 90% (Plastics Europe, 2012, fig. 12).
The recycled proportion of biopolymers is calculated accordingly to each type
of bioplastic. Due to increased recycling, the corresponding reduction in raw
resources is also computed.

Substitution of mineral fertiliser by organic fertilisers Management
of fertiliser is an issue in both industrialised and industrialising countries;
in the former excessive use of fertilisers lead to BGCC unbalances (due to
eutrophication and release to the atmosphere) while in the latter, lack of
fertiliser use leads to nutrient depletion, soil degradation and erosion (Mosier
et al., 2004, chap. 5).

Several readily available technologies could manage biomass nutrient flows
to achieve a closed loop structure in nutrient cycling. The nutrients contained
in food either end up in human excreta or as food waste. The nutrients of the
former can be reused as fertilisers either after composting of the excreta (as
done in rural areas (Phuc et al., 2006)) or recovered from the sewage system,
even in the presence of pollutant materials (Benedikt Nowak et al., 2010). In
particular, Magid et al. (2006); Sutton et al. (2011, chap. 12) estimated that
88% of nutrients from urban waste waters could be recycled in Europe. Food
waste in the MSW stream can also be treated (e.g. by anaerobic digestion or
aerobic composting) to recover the nutrients recovered and reused as fertiliser
(but the anaerobic digestion is preferred since it also avoids associated GHG
emissions (UNEP, 2010)). The use of biomass for industrial purposes also
assumes the use of technologies for nutrient cycling as the ones already used in
the energy crop case. So, a 85% recovery rate of the nutrients related to food
and industrial biomass extraction is assumed and, thus, inorganic fertilisers
are only needed to cover the 15% of the dissipated biomass nutrients.

Substitution of industrial minerals for other purposes The other
industrial minerals are used as main component or additive in: paints and
coatings, paper, rubber, adhesives and sealants, plastics, pharmaceuticals,
agricultural pesticides and ceramics and glass (Ciullo, 1996); their use is
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inherently dissipative (e.g. paints, adhesives, pharmaceuticals and pesticides)
or linked to the use of the products they are embedded into (e.g. paper,
rubber and plastics).

Some of these uses can be totally avoided either by modifying the design of
the final product or by using other materials. E.g. mineral pesticides can be
avoided by using other agricultural methods such as using organic pesticides
and switching from intensive mono-cultures to multi-cultures (Pretty, 2005);
also, paints are used to protects surfaces from corrosion: by using better
materials (e.g. corrosion-resistant metals), the use of protective paints would
not be necessary. Minerals are also used in paints and paper as pigments
where organic ones could be used instead.

Industrial minerals are mostly used as fillers in material applications
(paints and plastics) (Pretty, 2005); although sometimes improving some
characteristics of the resulting material, they could be substituted by the
same proportion of the main component of the material. This implies that
a decrease in industrial mineral would imply an equivalent increase in the
substrate material for paint and plastics.

It is assumed that on average 60% of minerals embedded in products
are used as fillers and could be substituted by the use of the equivalent
substrate material. Assuming that 80% of industrial minerals are used
for material purposes (excluding glass) and 20% for dissipative purposes,
48% less industrial mineral would be required, the difference being provided
by biopolymers. Using the same weight conversion between biomass and
biopolymers used in section 4.2.1, 4768.9 Mt extra would need to be produced.
However, in this case, since the materials would contain a new recyclable
fraction, the corresponding recycling rates of this material flow would reduce
its raw resource requirements. Assuming a 90% recovery rate as argued in
the corresponding plastic and paper sections, only 476.8 Mt are required from
raw biomass.

4.2.2 Increased recycling rates

Functional recycling of industrial minerals for glass production
Current best recycling practices enable glass functional recycling with recovery
rates higher than 90% (Biffaward, 2002). So a 90% recovery rate for functional
recycling is assumed.

Functional recycling of metals Several metals have achieved recovery
rates above 90% (Graedel et al., 2011a). The recovery of metals has two
main difficulties, one associated to the waste management system and another
associated to the product design. Current waste management systems are not
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selective enough to recover the metal fraction from the waste streams which
end up landfilled, but this issue can be solved by developing a sound selective
collection system. Recovering metals from specific products is relatively
complicated due to the material mix, which includes several different metals
along with other materials, such as WEEE; in this case, the recovery rates
can be improved by using enhanced recovery technologies but specially by
improved product design. Currently, it is possible to predict recycling rates and
their associated environmental and economic impacts based on the material
content of the product (van Schaik and Reuter, 2010); thus, products could
be designed for high recycling performance, e.g. by using a limited amount of
metals which are easily recovered. Assuming such technological developments,
an average 90% recovery rate for all metals is assumed, lowering the raw
resource requirements and tailings (the generation of tailings is assumed to
be proportional to the total production of metal ore).

Functional recycling of construction materials Some European coun-
tries have recovery rates higher than 90% in construction and demolition
waste (ETC/SCP, 2009, fig. 4.4). Such recycling rates can be achieved by
devising appropriate waste management and recycling infrastructure, induced
by appropriate regulation of the construction sector. Thus, 90% of recovery
rate for functional recycling is assumed for both cement and asphalt related
minerals.

4.2.3 Sustainable management of biomass-related materials

The main difference between current use of biomass and a sustainable use
mainly lies on the management of the biomass nutrients (e.g. nitrogen and
phosphorus) because nutrients are the material flows that are usually disrupt
natural BGCC — depleting soils on the extraction side and eutrophicating
water streams on the emission side (Mosier et al., 2004). Thus, a managed
cycling of nutrients would solve both issues. To do that, different technologies
for nutrient cycling adapted to different biomass streams are considered.

Ash content is a good proxy for the inorganic content of organic matter.
The average ash content of irrigated wheat (18%) (Monneveux et al., 2004) is
used as a proxy for the nutrient weight equivalent of biomass. The recycled
nutrients are considered to be functionally recycled since they enable to create
a material with the identical original properties, although it degrades during
the consumption process.

Recalling the assumption to substitute mineral fertiliser by organic fer-
tiliser, it is assumed that 85% of the nutrients embedded in food products
are recovered.
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Nutrients from energy biomass, both from crops and wood, are easily
recovered: all nutrients are present in the ashes of the solid biomass combustion
and nutrients from liquid fuels are separated from the fuel itself during
production and used in combination with irrigation techniques to recover
them as fertilisers (CGEE, 2012). Thus, a 100% recovery rate of its nutrient
content is assumed for energy biomass.

Waste biomass derived from products (e.g. cotton and rubber) are related
to the waste management technologies. The municipal and industrial waste
management associated to these waste streams is assumed to be of 90%.

Also, even if not necessarily recycled through an industrial process, the
nutrients from roughage and crop residues are assumed to be reused as
fertilisers (on top of the 25% crop residue energy recovery).

The industrial wood (paper) recovery rates is assumed to be 90% and its
nutrients are assumed to be fully recovered.

Structural wood is not considered for nutrient recovery since it is usually
chemically treated with heavy metals.

4.2.4 Assumption on material flow management

It is assumed that the extraction and the emission of biomass-related material
flows are coupled to the relevant BGCC. In other words, the human-induced
material flow management needs to consider both the material flows induced
by the economic system and the material flows from the Earth System simul-
taneously. As described in the previous sections, much of this management
is done by managing the dissipation of nutrients. Technologies for nutrient
management include: precision agriculture practices, organic fertiliser cycling,
and waste water treatment plants.

4.2.5 Results

These assumptions enable to sketch a first order approximation of how a
materially sustainable structure might look like, provided in table 4 and
visually presented in figure 4. The colour code of the figure is green for
material flows matching the sustainable operational principles and red for
unsustainable material flows.
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Production-consumption flows Output treatment Material management

Material Extract. SiU addi-
tion

Waste &
emissions

Emitted Funct. Recycl. Recycl. Recycl. Recycl. Total re-
cycling

Net stock
addition

External
(Extract. &
emis.)

Primary crops (liquid fuel) 280.2 0 280.2 228.9 51.3 0 0 0 51.3 0 509.1
Primary crops (industry) 42.9 0 42.9 34.3 8.6 0 9.4 0 18 0 77.2
Primary crops (food) 6424.5 0 6424.5 5267.2 1157.3 0 0 0 1157.3 0 11 691.7
Crop residues 4403.1 0 4403.1 3609.6 793.5 0 1100.8 0 1894.2 0 8012.7
Roughage 5756.4 0 5756.4 4719.3 1037.1 0 0 0 1037.1 0 10 475.7
Wood (energy) 1997 0 1997 1636.6 360.4 0 0 0 360.4 0 3633.6
Wood (industry) 205.5 0 410.9 41.1 0 369.8 0 0 369.8 0 246.6
Wood (structural) 1456.3 1456.3 1038.9 103.9 0 503.5 394.2 0 897.7 1352.4 1560.2
Primary crops (plastics) 3615.6 138 3446.3 2749.3 677.8 19.2 0 0 697 169.3 6364.9
Primary crops (other chemicals) 7768.8 0 7768.8 6441.7 1327.1 0 0 0 1327.1 1327.1 14 210.5
Primary crops (filler substitution) 476.9 0 4768.9 476.9 4292 0 0 0 4292 0 953.8

Total biomass 32 427.2 1594.3 36 338 25 308.9 9705.1 892.4 1504.4 0 12 102 2848.8 57 736.1

Hydrocarbons (energy) 0 0 0 0 0 0 0 0 0 0 0
Hydrocarbons (material purposes) 0 0 0 0 0 0 0 0 0 0 0

Total hydrocarbons 0 0 0 0 0 0 0 0 0 0 0

Metal ores (iron) 674.1 1404.9 838.4 83.8 754.6 0 0 0 754.6 590.3 758
Metal ores (aluminium) 48.9 43.3 26.5 2.7 23.9 0 0 0 23.9 46.3 51.6
Metal ores (copper) 13 15.6 5.7 0.6 5.2 0 0 0 5.2 12.4 13.6
Metal ores (others) 50.4 44.6 27.3 2.7 24.6 0 0 0 24.6 47.7 53.1
Tailings 2881.5 0 2881.5 2881.5 0 0 0 0 0 0 5762.9

Total metals 3667.9 1508.5 3779.4 2971.3 808.2 0 0 0 808.2 696.7 6639.2

Industrial minerals (fertilisers) 90.1 0 90.1 90.1 0 0 0 0 0 0 180.2
Industrial minerals (glass) 34.7 2 45.2 4.5 40.7 0 0 0 40.7 30.2 39.2
Industrial minerals (other, dissipative) 263.3 0 263.3 263.3 0 0 0 0 0 0 526.6

Total industrial minerals 388.1 2 398.6 357.9 40.7 0 0 0 40.7 30.2 745.9

Construction minerals (cement, others) 16 720.8 20 867.2 13 402.2 1340.2 12 062 0 0 0 12 062 15 380.6 18 061
Construction minerals (asphalt) 1871.2 2063.8 837.4 83.7 753.6 0 0 0 753.6 1787.5 1954.9

Total construction minerals 18 592 22 931 14 239.5 1424 12 815.6 0 0 0 12 815.6 17 168.1 20 016

Total (biomass) 32 427.2 1594.3 36 338 25 308.9 9705.1 892.4 1504.4 0 12 102 2848.8 57 736.1
Total (others) 22 648 24 441.5 18 417.5 4753.1 13 664.4 0 0 0 13 664.4 17 894.9 27 401.1

Total (all) 55 075.2 26 035.8 54 755.5 30 061.9 23 369.6 892.4 1504.4 0 25 766.4 20 743.7 85 137.1

Table 4: A possible materially sustainable structure for 2005 in Mt (without overburden). Data sources: see section 4.2
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Figure 4: A possible materially sustainable structure matching 2005 material
needs in Gt (without overburden). Vertical axis: in Gt; horizontal axis: only
to show whether the material flows are extracted or emitted to the Earth
System, or used and recycled within the economic system. Colour code: green:
flows complying to the operational principles (OP), red: flows not complying
to the OP (i.e. unsustainable). Data sources: see section 4.2.
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According to table 4 and figure 4, a transition towards a materially
sustainable economy implies a radical change in the human-induced material
flow structure.

The resource extraction from confined sources (i.e. fossil fuels, minerals and
metals) is reduced by 44% compared to current extraction levels but biomass
resource extraction increases 56%, inverting the current confined/biomass
extraction ratio. The reduction in the extraction of confined resources is
mainly due to the substitution of hydrocarbon and industrial minerals by
biomass. Thus, a materially sustainable economy would be heavily based
on biomass — even if in this example, where biomass has not been used to
create biofuels, but mostly food and biomaterials.

Another interesting feature is that the human-induced mobilisation and
transformation of material increases within the economic system but its
environmental load decreases. Resource extraction is lowered by 10% and
although the total waste generated increases by 5.5%, emissions are reduced
by 76% compared to the current level. This is possible through the increase
of recycling of material flows within the economic system, which increases by
209%. The increase in recycling is particularly due to biomass nutrients cycling
and construction minerals functional recycling, accounting correspondingly
for 37.7% and 49.7% of the total recycling of materials. Thus, recycling is a
key component of a materially sustainable economy.

5 Discussion

5.1 Further considerations

The materially sustainable structure was derived from applying material
flow management principles (c.f. section3) to the current material needs.
Therefore, the materially sustainable structure concept is independent from
the technologies that lead to such structure. In other words, reaching a
sustainable material flow structure does not require any specific technological
development nor technological trajectory; several technological trajectories
can lead to the same sustainable structure (e.g. different combinations of
recycling technologies and waste management systems might lead to the same
overall recovery rates).

The sustainable structure calculated in this paper is not unique because
there is room for different transmaterialisation (i.e. material substitution)
possibilities: e.g. substituting biopolymers derived from energy crops (e.g.
bioplastic bags) for conventional biomass (e.g. cardboard bags), or substitute
structural materials such as metals by structural materials such as wood. In
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that case, the structure of the different human-induced material flows would
differ from the one calculated in section 4.2. However, as long as the human-
induced material flows comply to the sustainable operational principles, the
structure would also be sustainable.

The calculations for the materially sustainable structure considers the
material to build the current infrastructure at current rates (e.g. conventional
power-plants) but do not consider the material requirements to build the
“sustainable infrastructure” (e.g. to build the new renewable energy system or
new goods (e.g. electric cars). Thus, when choosing a specific technological
trajectory, it should be checked in detail whether the chosen technology could
be constrained by resource availability (e.g. as it might be the case for solar
PV panels (Andersson and Jacobsson, 2000)).

5.2 Lessons from the estimated materially sustainable
structure

According to the results in section 4.2.5, the materially sustainable structure
corresponding to current material demand is heavily based on biomass and
recycling. Thus, such structure is aligned simultaneously with the concepts
of circular and bio-based economy.

5.2.1 Which type of bio-based economy?

Regarding the bio-based aspect, biomass extraction should increase about
50%. The main issue related to biomass expansion is the potential increased
land requirements. However, improved agricultural techniques such as double
cropping combined with biomass treatments increasing their biochemistry
yield would reduce considerable the extra land use requirements (Dale and
Ong, 2014).

A bio-based economy or bioeconomy is expected to require new high-
technological developments, specially related to second-generation biofuels
and chemistry. However, as discussed in section 5.1, there is no set tech-
nological trajectory to achieve a materially sustainable structure as long as
the sustainable principles are fulfilled. This opens a window to explore new
low-technologies, i.e. technologies newly adapted to the production of biomass
and biochemistry that are do not require the same technological and scientific
knowledge as high-techs require. This is specially interesting for developing
countries which could use low-techs such as first-generation biofuels to satisfy
their energy and material demands. Even if first-generation biofuels are not
as efficient as second-generation in terms of biomass use, this is not a problem
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in term of material flows as long as the extraction and emission of biomass is
done in balance with the relevant BGCC.

Thus, the materially sustainable structure estimated in this paper differs
from the concept of bioeconomy in that it does not focus on specific high-
technology as most bioeconomy reports do (OECD, 2009; White house, 2012;
Golden and Handfield, 2014). In this paper, the main assumptions underlying
the material sustainability of humankind was defined in terms of material
flows, not technologies. Thus, at least part of the technologies that will help
bringing about a materially sustainable structure will be old technologies
or low-technologies (e.g. substitute oil-derived plastic bags by conventional
recycled paper bags). Thus, a bio-based economy can be based on both
high-techs and low-techs.

Another key aspect of a materially sustainable mankind is to understand
how human-induced material flows affect the natural biogeochemical cycles
(BGCC). Only when the BGCCs will be fully understood, it will be possible
to know the effects of human-induced material flows on the environment and
manage human-material flows accordingly. Earth System scientists understand
the principles of the BGCCs’ functioning (Butcher, 1992). However, as
demonstrated by the research on climate change, the interactions between
different BGCC are complex and their interrelationships are not yet fully
understood. The concept of bioeconomy usually focusses on new technological
options and overlooks this aspect.

5.2.2 Which type of circular economy?

The circular economy concept has been adopted by several countries under
different names. E.g. Japan’s Sound Circular Economy (Ministry of the
Environment, 2003, 2008), the EU 3R economy (IEEP et al., 2010) and
Scotland’s Zero Waste Plan (Scottish Government, 2010) all share the idea
to develop a strong waste management system strongly based on recycling.
However, they all relate to the same 3R principles, i.e. Reduce, Re-use and
Recycle, with the aim to increase the resource efficiency of the economy, i.e.
use less primary resources to product the same amount of final goods (and
reduce the corresponding emissions). In that sense, the circular economy
concept is similar to the material sustainable structure found in this paper
because recycling is used as a means to reduce the environmental load (or
footprint) that economy have on the environment.

However, despite using recycling as the main feature, the definition of
recycling remains loose in the waste management directive of some countries
(as in the definition for the European Union5 (European Parliament, 2008))

5 Article 3 of Directive 2008/98/EC (European Parliament, 2008) defines recycling as
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and in the circular economy reports (usually different recycling targets are
defined for different waste streams but the type and systemic effects of
recycling are not discussed, as in (IEEP et al., 2010; WRAP, 2010)) . Recycling
has a loose definition because it does includes several recycling processes which
might have different systemic effects. However, different types of recycling
exist: functional recycling maintains the original properties of the material
(Graedel et al., 2011a), but recycling in general does not (e.g. recycled paper
is of lower quality than new paper).

However, the materially sustainable structure derived from the principles
established in section 3 differs from the circular economy concept because the
operational principles are much more specific regarding recycling. On the one
hand, recycling is used in general to lower the resource requirements of the
economic system, but on the other functional recycling is specifically used to
confined some materials within the economic system.

Also, it has been demonstrated that some types cycling (the (re)cycling
processes that occur before final goods are produced) do lower the resource
efficiency of the overall economic system (Altimiras-Martin, 2015). Thus, the
emphasis that the circular economy concept has on any type of recycling
should be re-assessed. In particular, a recycling taxonomy and hierarchy
should be developed.

5.2.3 How sustainable can actually be a materially sustainable
structure?

The main hindrance to achieve a fully sustainable structure is the need to
increase the stock-in-use of the system (e.g. cars, buildings, infrastructure)
because increasing the stock-in-use requires the extraction of new raw resources
(e.g. metals and construction minerals). Thus, societies which still need to
grow materially will not be able to achieve a fully sustainable structure while
advanced societies that have already build their stock-in-use, will only need
to maintain it.

Dissipative losses, which are inevitable in many material uses including
recycling, will also need to be compensated, hindering the sustainability of
the system since new raw resources will need to be extracted. The amount
of these losses will depend on the infrastructure deployed and technologies
used, e.g. very high recycling rates are already achieved for some metals while
other have very low recycling rates (Graedel et al., 2011a). Thus, although

“any recovery operation by which waste materials are reprocessed into products, materials
or substances whether for the original or other purposes. It includes the reprocessing of
organic material but does not include energy recovery and the reprocessing into materials
that are to be used as fuels or for backfilling operations” .

26



dissipative losses can be minimised and achieve high degrees of recycling
and functional recycling, the sustainable structure will never reach a 100%
recycling rate.

Another aspect that challenges the material sustainability of humankind
is the increasing population. The sustainable structure estimated in this
paper corresponds to the material demand of 6.46 bi people, while the
population is expected to surpass 9 bi people by 2050. If the same material
affluence is assumed, this implies an increase of 50% in human-induced
material flows, increasing in turn the environmental load on the Earth System.
Thus, recycling material intensively within the economies and coupling human-
induced material flows to the corresponding BGCC might not be enough
to reach a materially sustainable structure. In this sense, it is required to
explore other solutions to lower the environmental load, such as improving
the resource efficiency of the economic system by other means than recycling.
Recent studies of the physical structure of the economy have shown that the
resource efficiency of the economic system can be potentially improved by
modifying how sectors are interlinked (Altimiras-Martin, 2015).

To sum up, the estimation of a sustainable material structure from sustain-
able operational principles constitutes the stepping stone to understand the
fundamental features of materially sustainable societies. Several differences
have been identified compared to the current material flow management strate-
gies (i.e. circular and bioeconomy concepts). However, this type of analysis
is limited by the aggregation level of the data available on human-induced
material flows. In particular, the internal physical structure of the economic
system is unknown and, thus, it is impossible to relate the environmental
impacts caused by the material flows to the economic sectors inducing those
material flows; it is also impossible to assess the degree of (re)cycling nor
analyse the structure to improve its resource efficiency.

5.3 Using the disaggregated physical structure of economies
to inform technological change to transition towards
a materially sustainable structure

The human-induced material flows data used in this research is based on
Krausmann et al. (2009), which provides the domestic material consumption
per country. This measure is derived from the Economy-Wide Material
Flow Accounting (EW-MFA) system, originally developed by Eurostat and
European Commission (2001) and further developed by OECD (2008). The
issue with EW-MFA is that is represents aggregated data per country. This is
a great shortcoming because the internal physical structure of the economic
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system is unavailable, only the external structure based on the aggregated
material flows domestically extracted, imported or exported is available. Thus,
the material flows cannot be associated to any particular sector nor can the
environmental impacts associated to these material flows.

The linkages between production and consumption processes imply that
the technologies used in the production-consumption structure shape the
structure of material flows, constituting the techno-structure. Products follow
specific material paths (e.g. they are disposed into landfills (linear) or are
recycled (circular6)) because they are produced in a specific manner, i.e.
with technologies requiring a specific combination of materials and ease of
disassembly, shaping the way in which they are used, disposed and eventually
recycled. In other words, technologies shape the structure of material flows
within the economic system not only by themselves but by how they are
linked to each other. So, modifying the physical structure of the economy,
i.e. modifying the material flows constituting the physical structure, requires
technological change within sectors and/or developing new sectors with new
technologies: e.g., change the production technologies of current electronic
devices so that they can be fully recycled and create the recycling industry
able to manage the new recyclable waste stream. Thus, the techno-structure
and physical structure are tightly linked, the techno-structure determining
the physical structure.

Scientific reports suggest that technological change and improved process
efficiencies might lower the human-induced environmental impacts by reduc-
ing resource extraction and emission generation (IPCC, 2007; IEA, 2011).
However, the trends of resource extraction revealed by figure 1 and consequent
emissions generation due to the linear production-consumption structure im-
plies that such efforts will not necessarily have the intended effect. In fact,
several fold gains in resource efficiency and technological progress had already
been achieved during this last century and yet the resource consumption
doubled per capita.

According to Evolutionary Theory, by using specific combinations of policy
instruments, technological evolution might be “guided” (Menanteau et al.,
2003; Buen, 2006; Nemet, 2009; Furtado et al., 2011; Olmos et al., 2012), but
this requires a technological road map to induce technological change in the
desired direction (Taylor, 2008). The issue becomes then: towards which
technological structure should the economic system be guided? So, ideally,
to guide technological change, a sustainable technological structure of the
economic system should be characterised beforehand or, at least, the structural

6 Recycling implies a cyclic structure but its flows might ultimately be linear, since
most recycling processes degrade the material flow, preventing further recycling.
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features that are to be improved to reduce systemically the environmental
impact associated to human-induced material flows.

However, from an environmental perspective, it is not the technological
structure that matters but the physical structure that the technological
structure determines, because what affects the environment is the type and
quantity of material flows that are extracted from the environment and
released back to it. So, in fact, a technological transition towards a more
environmentally sustainable economic system relies on the analysis of the
underlying material flows of the economic system, i.e. of its physical structure.
Thus, the physical structure of the economic system should be the focus of
the study and used to inform technological developments. For example, if
the analysis of the physical structure indicates that a specific material flow
should be recycled, e.g. to increase the resource efficiency of the system as a
whole, the associated technological changes can be identified and incentivise
the recycling sector and associated technologies with the relevant policy
mixes. Similarly, if a material flow is to be mitigated either because its
direct environmental impacts or indirect systemic effects, the production
technologies related to that material flow can be identified and altered to
reduce the need of that material flow. To achieve this, some material flows
can be banned (as CFCs and asbestos in the past) or the related technological
structure can be improved to reduce the use of that materials (e.g. energy
efficiency or waste management policies).

5.4 Gaps to guide (techno)structural change

The search for the relevant (physical) structural features to achieve environ-
mental sustainability by mitigating environmental degradation systemically
has two different aspects.

First, it is required to characterise the structure itself, i.e. to find the
representation or modelling framework that allows the researcher to analyse
the system at the relevant level of analysis. Human-induced environmental
degradation is fundamentally due to human-induced material flows disturb
the natural biogeochemical cycles (BGCCs) (Butcher, 1992; IPCC, 2014).
Consequently, the analysis needs to be at material level (i.e. in physical units)
to link directly environmental degradation to the specific (physical) human
activity that is inducing it. Thus, only accounting and modelling frameworks
and indicators for human-induced material flows should be used to identify
the modelling or accounting framework to be used for analysis.

Second, the key structural features (or ideal structure) to mitigate en-
vironmental degradation are to be identified. As discussed in section 5.2,
the key internal structural feature of a materially sustainable economy is
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(re)cycling, i.e. not only recycling processes but cycling processes which have
a direct impact on the resource efficiency of the economy as a whole. Thus,
the level and type of systemic (re)cycling should be monitored. In particular,
indicators quantifying the amount of (re)cycling within the economy should
be available. And, indicators quantifying the systemic effects of (re)cycling
on the resource efficiency of the economic system should be used.

The problem associated to the first aspect is that the main frameworks
tracing human-induced material flows within the economic system are either
too aggregated (such as the EW-MFA) or are too disaggregated (such as
the LCA). Therefore, there is no appropriate framework widely available to
quantify the required indicators.

The only framework that is compatible with the System of Environmental
and Economic Accounts and is able to provide disaggregated information on
the physical structure of the economic system is the Physical Input-Output
Framework. Physical Input-Output Tables (PIOTs) had been compiled
since the 90s for some countries (Germany, Denmark and Holland), but the
analytical methods had not been clearly defined until very recently (Altimiras-
Martin, 2014).

Currently, the main issue is that statistical offices do not provide data
on physical flows for input-output analysis; current guidelines for environ-
mental accounting does not require it (UN et al., 2003). However, the latest
recommendations for compiling the system of economic and environmental
accounts constitutes a complete overhaul of environmental accounting and
uses the physical input-output framework as the backbone method to compile
the environmental accounts (UN et al., 2014). So, at least, statistical offices
might start compiling the data eventually. The only solution is then to build
the physical input-output tables on an ad-hoc basis, as it has been done
previously (Statistisches Bundesamt, 2001; Pedersen, 1998; Nebbia, 2000;
Statistics Austria and SERI, 2011).

The issue associated to the second aspect is that, despite the panoply
of recycling indicators (Bailey et al., 2004, 2008), the systemic impacts of
(re)cycling are poorly understood. In fact, only recently, the total systemic
resources and emissions associated to the level of cycling have been quanti-
fied and the theoretical relationship between the structural components of
(re)cycling and their associated resources and emissions have been identified,
but only for pre-consumer cycling7 (Altimiras-Martin, 2015). Thus, the un-
derstanding of how cycling affects the system performance (e.g. the resource
efficiency of the economy) is incipient.

7 Pre-consumer cycling correspond to all recycling and cycling processes happening
before final goods are produced.
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Finally, one of the operational principles of a materially sustainable struc-
ture is to couple human-induced material flows to the relevant biogeochemical
cycles. However, environmental indicators usually quantify the effect of a
material flows on an environmental impact category (e.g. acidification, eu-
trophication, climate change, etc.). In other words, current environmental
indicators quantify whether a particular material flow is disrupting given
geochemical cycle, but do not provide information on how well this material
flow is being absorbed by the Earth System as a whole nor whether this
material flow can be coupled to the Earth System in a symbiotic manner.
Thus, currently, indicators of the level of coupling are unavailable.

6 Conclusion
The main findings is that the structure of a materially sustainable entails
some ideas from the concepts of bioeconomy and circular economy but differs
in some key aspects, which hinder the sustainability of the current concepts
of bioeconomy and circular economy.

In particular, the concept of circular economy is too vague since it is only
based on the 3R hierarchy. In fact, a more detailed hierarchy of recycling
and cycling processes should be developed to avoid incentivising (re)cycling
processes which lower the resource efficiency of the economic system (Altimiras-
Martin, 2015).

Also, the mainstream concept of bioeconomy omits the key point of a
sustainable bio-based economy, which is to couple of human-material flows
with the relevant biogeochemical cycles of the Earth System. Mainstream
concept of bioeconomy focusses almost exclusively on new (bio)technologies
to generate biopower, biofuels and biomaterials. However, the key point
for a sustainable material structure which is strongly based on biomass (c.f.
section 4.2) is not the type of technology used but how the material flows are
extracted, transformed and released to the environment.

Therefore, deriving a sustainable material structure from overarching ma-
terial sustainability principles (c.f. section 3) helped identifying key structural
features overlooked by previous attempts to develop sustainable economic
structures.

The gaps preventing to inform the transition towards a materially sustain-
able structure were identified. Three related issues exists:

1. The main issue is the only analytical framework appropriate to analyse
the structure of the economic system— the Physical Input-Output Table
(PIOT) framework — is still in its infancy. The analytical methods were
only developed recently (Altimiras-Martin, 2015) and the statistical
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offices do not provide the data yet (although the latest recommendation
for the System of Environmental and Economic accounts are based on
the (PIOT) framework (UN et al., 2014)).

2. A consequence of missing a framework for structural analysis is that
the systemic effects of recycling and cycling are poorly understood.
Only recently, the full characterisation of part of cycling within the
economic system was characterised (Altimiras-Martin, 2015). It was
demonstrated that pre-consumer cycling lowers the resource efficiency
of the economic system, so not all types of (re)recycling are equally
beneficial. Further studies are required to fully understand the role of
(re)cycling in a sustainable material structure.

3. It was identified that indicators quantifying the degree of coupling
(i.e. symbiosis) between the human-induced material flows and the
biogeochemical cycles (BGCC) are missing; only indicators providing
information on specific environmental categories are available. Ideally,
coupling indicators should be developed in a manner compatible with
the Physical Input-Output framework to be able to assess the systemic
effects of (re)cycling and their impact of the degree of coupling with
the BGCC.
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Appendices

Towards characterising a materially sustainable
structure for the (bio)economy: defining its

operational principles and identifying research gaps to
guide its technological transition

Aleix Altimiras-Martin

May 2016

A Data and detailed assumptions to estimate
the current structure of human-induced ma-
terial flows

A.1 Assumptions for functional disaggregation of mate-
rial flows

The aggregated material flows presented in table 1 are disaggregated us-
ing the suggested functional classification from table 2 using the following
assumptions.

Primary crops (liquid energy carrier) Brazil and the USA accounted
for 93% of world production in 2002 (IEA and OECD, 2004, pg. 241) so
the same proportion is used to extrapolate the global production. Brazil
produces bioethanol from sugar cane, of which 52% of total production
was dedicated for biofuel production in 2005 (Zuurbier and Vooren,
2008, pg. 103); according to FAO (2013), Brazil produced 422 956 646 t
in 2005, so 219.93 Mt were used for ethanol. The USA produced ethanol
from 40.7 Mt of maize in 2005 (Earth Policy Insitute, 2009), which
combined with the Brazilian production add up to 260.6 Mt, making
an extrapolated total of 280.2 Mt.

The production and consumption of the biofuels is assumed to be totally
linear.

Primary crops (industrial) According to FAO (2013), the world produced
in 2005, 18 435 970 t of natural rubber and 24 480 909.8 t of cotton
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lint. Other industrial uses of crops are negligible (e.g. fine oils and
biopolymer synthesis). The production-consumption of both materials is
mostly linear: currently, textiles are mixed with synthetic fibres, turning
them unsuitable for recycling so textiles are landfilled or incinerated
(Allwood et al., 2006); 94% of the rubber production is thermoset8; 51%
is used to make tires and assumed to be recycled as energy recovery
(Rader et al., 1995); the rest is assumed to be landfilled (linear disposal).
So, 9.4 Mt are recycled and the remainder linearly disposed (33.5 Mt).

Primary crops (food) is calculated from the remainder, i.e. 6424.5 Mt.
They are assumed to be consumed by human and linearly emitted to the
environment (e.g. through sewage effluent or disposed into landfills).

Crop residues It is assumed 25% can potentially be used for energy recovery
(Hoogwijk et al., 2003).

Roughage Roughage is partially transformed into animals or animal prod-
ucts which are used for human consumption and partially directly
restored to the environment. In both cases, the are assumed to be
linearly restored to the environment.

Wood (solid energy carrier) Global wood fuel production in 2005 (in-
cluding wood for charcoal) was 1 849 124 036 m3 (FAO, 2013). Using an
average conversion coefficient of under-bark wood of 1.08 t/m3 (Forestry
Commission, 1997), the global wood-fuel production was 1997 Mt. Wood
fuel is assumed to be linearly used.

Wood (industry) In 2005, global wood production for pulp was 380 485 689 m3

(FAO, 2013), i.e. 410.9 Mt using the above conversion coefficient. Con-
sidering paper as a non-durable and an average global recovery rate
for 2005 about 40% (van Beukering and Bouman, 2001), the amount
of recycled paper is 164.4 Mt (all paper is considered recycled to make
paper of lower quality) and paper linearly disposed is 246.5 Mt.

Wood (structural) In 2005 and using the previous conversion coefficient,
the amount of wood produced for construction, furniture and other
structural purposes (i.e. particleboard, fibreboard and saw-logs and
veneer logs) was 1456.3 Mt (FAO, 2013). Wood as structural material

8 Synthetic and natural polymers such as plastic and rubber can either be thermoset or
thermoplastic: the former, once shaped cannot be reused without degrading its properties,
the thermoplastics can in ideal recycling situations recover its initial properties — thus,
they can potentially be functionally recycled but in practice they are recycled loosing
material properties.
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is assumed to be added to the stock-in-use since it is used for durable
goods; see the construction material waste below for recycling rates of
structural wood.

Petroleum In 2005, the average USA refinery yield corrected with the
weighted allocation of losses was 83.9% of liquid fuels and 16.1% for
material use (EIA, 2013c); it is used as a proxy for the allocation of
global petroleum production. Thus, 3259.9 Mt of petroleum were used
for liquid fuel production and 625.9 Mt for material purposes (chemicals
and plastics). The use of fuel is linear, the use of plastics is considered
below, the remainder of chemicals (e.g. paints, lubricants, cosmetics,
etc) is assumed to be dissipative, i.e. linear.

Coal (incl. peat) Using the USA allocation of coal between electricity
generation (including CHP) (98%) and coke use (2%) (EIA, 2013a)
as a proxy for world usage: 5642.1 Mt of coal are used for electricity
generation and 115.1 Mt for coking purposes. Fuel use is linear.

Natural gas Total amount of natural gas produced is allocated according to
the USA end-use proportion in 2005, as follows: 73.2% for heating pur-
poses, 26.7% for electricity generation and 0.1% for vehicle energy (EIA,
2013b), resulting in 1612.9 Mt, 588.3 Mt and 2.2 Mt correspondingly.
Fuel use is linear.

Industrial minerals (fertilisers) In 2005, the global fertiliser production
was 96383705 t of N-equivalent, 43026667 t of P205-equivalent and
31524574 t in K20-equivalent (FAO, 2013). Using conversion coefficients:
2.08 tgross-weight/tK20-equivalent (USGS, 2005c), 4.01 for N-eq (USGS, 2005a)
and 3.45 for P205-eq (USGS, 2005b), adding to 600.5 Mt. 50% of the
nutrients are directly dissipated into the environment and 50% absorbed
by crops (Smil, 1999); since food consumption has been assumed to be
linear, their inorganic nutrient fraction is also released linearly to the
environment.

Industrial minerals (glass) In 2005, global world production of silica was
118 Mt tonnes and 30% of silica was used for solid glass manufacturing
in the USA (USGS, 2005d); used as a proxy for world usage of silica.
Since glass contains 75% in weight of silica on average, 47.2 Mt of glass
were produced. Glass recycling is discussed below.

Industrial minerals (other) The remainder of industrial minerals account
add up to 506.3 Mt, since they are not included in the main recycling
categories discussed below, they are assumed to be linearly used.
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Construction minerals Cement-related and other materials are merged in
the same category and are all assumed to be added to the stock-in-use;
see demolition rates below for their corresponding waste and recycling
rates.

A.2 Assumptions to estimate recycled material flows

Regarding metals recycling, Graedel et al. (2011b) reviews an average End-of-
Life Recycling Rate (EoL-RR, which includes new and old scrap) of 71.75%
for iron, 48% for copper and 57.3% for aluminium. Metal recycling is assumed
to be functional (Chen and Shi, 2011); the landfilled metals, although still
recoverable by “waste mining” practices (Ayres, 1999), are consequence of the
linear structure and thus treated as a linear flow.

The copper structure suggested by Spatari et al. (2002, fig. 5) is used as
proxy for the world management of copper: the copper input (i.e. domestic
ore and imported concentrate, blister and cathode; adding to 2.470 Mt) is
scaled to the world production given by Krausmann et al. (2009). Then, the
copper added to the stock-in-use is 15.59 Mt, 5.74 Mt of copper waste were
generated of which 2.74 M were recycled and 2.99 Mt landfilled.

Similarly, the USA’s iron structure (Müller et al., 2006) is also used as
proxy for the world usage of iron: the world production (816.9 Mt) is scaled
to the system input (domestic production plus all imports: 72.1 Mt); all iron
production is assumed to be added to the stock-in-use. Then, the iron added
to the stock-in-use is 1404.93 Mt and 838.43 Mt emitted as waste of which
632.16 Mt is functionally recycled and 226.6 Mt landfilled.

The same method is applied to the USA’s aluminium structure Chen and
Graedel (2012)9. The world aluminium added to the stock-in-use is 43.34 Mt
and 27.30 Mt generated as waste, of which 9.38 Mt are functionally recycled
and 17.12 Mt are landfilled.

The average recovery rate of the remainder of metals is greater than 50%
(Klee and Graedel, 2004; Graedel et al., 2011b), thus it is assumed that they
have a structure similar to that of aluminium. Thus, 44.64 Mt are added to
the stock-in-use, 9.66 Mt are functionally recycled and 17.64 Mt are landfilled.

In 2005, 230 Mt of plastic were produced worldwide, Plastics Europe (2007).
In Europe in 2005, 40% of plastic is embedded or packaged in consumable
goods (i.e. short-lived) and 60% is embedded in long service life; 47.5 Mt
raw material was required by the industry, of which 40% ends up as waste

9 The structure represents the cumulative use of aluminium between 1900 and 2009,
the proportions are still valid although the recovery rate is under-estimated due to the
inclusion of the old recycling technologies.
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(19 Mt). However, 22 Mt of plastic waste are reported, implying flow from
the stock-in-use to waste of 3 Mt; 53% of waste plastics are landfilled, 29%
recovered as energy and 18% recycled. Thus, 28.5 Mt of plastic were added
to the stock-in-use. The statistics for Europe are used as a proxy for the
worldwide use, so 138 Mt were added to the stock-in-use and 92 Mt became
waste complemented with an additional disposal from the stock-in-use of
14.5 Mt, so 106.5 Mt were sent to the waste management system where
56.4 Mt were landfilled (linearly disposed), 30.9 Mt recovered as energy and
19.2 Mt mechanically recycled.

Since there are no global estimates for structural wood and construction
minerals waste generation and recycling, the proportion between inputs
consumed and waste generated is used as a proxy10.

According to British Geological Society (2010), in 2005 in England, 0.5844
units of hard waste arose per unit of primary aggregate and 0.0365 units of
asphalt waste arouse per unit of primary aggregate. Using this coefficients,
the global waste arising from hard waste and asphalt are 13402.2 Mt and
837.4 Mt. Using data for the UK Demolition waste (WRAP, 2008), it is
assumed that 54% of cement is functionally recycled, 13% is recycled for other
purposes and 33% landfilled; 50% of asphalt is functionally recycled, 16% is
recycled for other purposes and 34% landfilled.

Using the report from Biffaward (2004), it is possible to reconstitute the
production and waste management structure for structural wood of the UK
in 2002 and use it as a proxy for the global structure. The UK consumes
5037824 t and produces 3593820 t of wood waste arising from construction,
furniture, packaging (pallets) and joinery, of which 1205806 t are used for
energy recovery, 1540103 t undergo various recycling uses — all considered
recycling — and 847912 t are landfilled and for other uses (assumed linear).
Using the proportion between production and waste arisings, the global
structural wood waste is 1038.9 Mt of which 793.8 Mt are recycled and
245.1 Mt are linearly disposed.

The global average recovery rate of paper for recycling is 40% (van Beuk-
ering and Bouman, 2001), so 164.4 Mt of paper are recycled.

According to Biffaward (2002, table 6.4.1), in the UK in 2001, the flat
glass industry consumed 886 kt of glass and 15% of consumed glass is added to
the stock-in-use (buildings and cars), 10% is functionally recycled as flat and
container glass, 27% is recycled as glass fibre, paint or construction aggregate
and 48% is landfilled. The container glass industry consumed 2327 kt of

10 Although material inputs and output are not directly related since they can be added
to the stock-in-use, the input/output ratio provide a first degree approximation since the
addition and subtraction of materials from the SiU is related to the consumption level.

5



glass of which 68.4% was landfilled and 31.6% recycled. So, in total, 4% of
consumed glass is added to the stock-in-use, 3% functionally recycled, 57%
recycled and 36% landfilled. Applied to the world consumption of industrial
material for glass production: 2.0 Mt is annually added to the stock-in-use,
1.3 Mt functionally recycled, 26.9 Mt recycled and 17.0 Mt landfilled.
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