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	 Global RecyclingOverview

	 Achieving global sustainability will 
require a decoupling of material con-
sumption from economic value creation. 
While industrialized societies have 
achieved gains in resource efficiency and 
waste recycling, total material through-
put continues to rise. Environmental 
pressures will only be exacerbated as 
the world’s developing economies 
increase their consumption rates. This 
paper describes an integrated framework 
for sustainable materials management 
that will help to address these critical 
challenges from a systems perspective. 

Introduction

	 Increasing material flows contribute 
to many of the world’s environmental 
and social problems. In the near term, 
sustainable development is threatened 
not so much by the depletion of non-
renewable resources such as minerals or 
fossil fuels, but rather by over-exploita-
tion of renewable resources and the life 
cycle impacts or “externalities” associ-
ated with material extraction, transport, 
and utilization.1 �������������������� These externalities 
include potential climate change due to 
global warming emissions; degradation 
of air, water, land, and wildlife habitats 
in industrialized areas; and depletion of 
natural resources including fresh water, 
biomass, and topsoil. Hence, there is a 
need to explore the potential for achiev-
ing sustainable materials management 
(SMM).
	 As the global economy grows more 
highly connected, more materials are 
being consumed and transported over 
longer distances. A recent overview 
study of materials and waste streams in 
the European Union (E.U.) concluded 
that there is no absolute decline in the 
volume of the European Union’s total 
resource requirements, and that a shift 
from domestic sources toward the use 
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of imports is shifting environmental 
burdens to other regions of the world.2 
Improvements in resource efficiency 
alone cannot guarantee the sustainability 
of industrial societies, and material 
substitution and recycling strategies will 
only delay the ultimate depletion of 
non-renewable stocks since complete 
recycling of waste streams is impossible.3 
At the same time, a switch to large-scale 
energy generation based on renewable 
resources is likely to have unacceptable 
environmental impacts. 
	 In response to these challenges, this 
article presents an integrated perspective 
on the relationship between materials 
flow and sustainability, the options for 
reducing material intensity in a diverse 
and growing global economy, and the 
available tools for assessing the impact 
of material flows on environmental, 
economic, and social well-being. 
	 To understand material flows, it is 
helpful to adopt a conceptual framework 
that includes the sources of materials, 

their pathways through the natural and 
built environments, and their eventual 
sinks. Figure 1 presents a simplified 
systems view that partitions the physical 
world into three types of interconnected 
systems. 

Ecological Systems 

	 Ecological systems comprise the bio-
sphere and provide products and services 
to industrial and societal systems. They 
contain four types of natural resource 
stocks. Renewable resource stocks (e.g., 
forests) are replenished over time pro-
vided that the rate of exploitation does 
not exhaust the existing stock. T hese 
are often described as natural capital. 
Non-renewable resource stocks (e.g., 
petroleum) can be exploited at any time, 
but once the finite stocks are exhausted 
they cannot be replenished and need to 
be replaced by other forms of capital.  
Environmental media, including air, 
water, and land, are finite and cannot 
be depleted, but their quality may be 

Figure 1. A systems view of material flow cycles and policy frameworks.
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degraded. For example, land area may 
be left unexploited, used for agriculture, 
degraded due to soil erosion, or rendered 
“sterile” by commercial or industrial 
use. Last are sources of energy, includ-
ing solar, geothermal, and tidal energy, 
which are effectively infinite but may be 
influenced by human activities.

Industrial Systems 

	 Industrial systems utilize ecosystem 
services and extract or “harvest” mate-
rials, drawing upon the described types 
of ecological resource stocks in varying 
degrees. Industrial wastes that cannot be 
re-used are deposited back into the bio-
sphere. There are two major categories 
of industrial systems. 
	 Supply chain systems, actually 
networks, are sequences of supplier-
customer links that begin with primary 
resource extraction and end with the 
delivery of a finished product or service 
to fulfill a societal demand. Energy pro-
duction systems are similar to supply 
chain systems, except that the end 
product is energy utilized either within 
the industrial systems or to fulfill soci-
etal demands, including residential and 
transportation uses.

Societal Systems

	 Societal systems consume the prod-
ucts, services, and energy supplied by 
industrial systems, and generate waste 
that is either recycled into industrial 
systems or deposited back into the bio-
sphere. Societal systems may also con-
sume ecosystem services and resource 
stocks directly (e.g., through farming). 
Product use can be separated into two 
categories. Durable consumer goods 
(e.g., automobiles) are used repeatedly 
over an extended period, possibly requir-
ing ongoing consumption of supplies 
and energy. At the end of their useful 
lives the products become waste, which 
is potentially recyclable. Non-durable 
consumer goods (e.g., food items) are 
used once and either wholly or partially 
consumed, with the remainder becoming 
potentially recyclable waste.
	 Mirroring these physical systems 
is an economic system that mediates 
most transactions involving flows of 
materials, goods, and services, although 
ecological flows are often ignored. Eco-
nomic growth will typically correspond 
to increased “throughput” in terms of 

the total amount of materials flowing 
through the three systems, and may be 
a consequence of population growth or 
growth in material demand per capita. 

Defining Sustainable 
Materials Management  

	 It is clear that negative environmental 
impacts (i.e., externalities) related to 
increasing material flows represent a 
threat to ecological sustainability. How-
ever, there is an opposite pressure from 
socio-economic systems: population 

growth and economic development tend 
to increase the demand for materials. A 
lack of adequate material goods, includ-
ing food, water, and medicines, afflicts a 
large proportion of the world’s popula-
tion, which is growing at the rate of about 
90 million people per year. According 
to the World Bank, roughly 2 billion 
people lack potable water and sanitation, 
leading to proliferation of both viral and 
bacterial infectious diseases.4 Close to 3 
billion people, more than half the devel-
oping world’s population, live in extreme 

Understanding Material Flow Patterns 
	 As a baseline for sustainable materials management (SMM), one must understand 
the relative magnitude of material flows in the global economy. Material flow analysis 
(MFA) and the associated methods of material flow accounting are important tools for 
quantifying these flows.13 Essentially a mass-balance approach, MFA calculates the mass 
of materials entering and leaving a defined system boundary (Figure A). A key indicator 
used in MFA is domestic material consumption (DMC), calculated by subtracting exports 
from direct material inputs. Domestic material consumption accounts for the direct trans-
boundary flows of materials, but not for the indirect material flows associated with the 
product chains of imports or exports. A fraction of annual materials input is sequestered 
in capital stocks of durable assets, mainly buildings, while a fraction of these stocks 
enters the output stream as durable assets are retired.
	 Another useful indicator is total material requirements (TMR), which considers the 
“material rucksack” of indirect, hidden flows, including mining wastes and other discards, 
which are carried along with direct material inputs but generate no economic value and 
can disturb the natural environment. The size of the rucksack can be significant. For 
example, a diamond ring weighing 10 g has a rucksack of about 6,000 kg, while an 
average newspaper has a rucksack of 10 kg.14 Since these hidden wastes do not enter the 
economic system, they represent a true environmental externality, but the significance of 
TMR in terms of actual environmental impacts is difficult to assess.
	 A recent MFA study indicates that the E.U. economy has become more eco-efficient 
in terms of material intensity, since the ratio of DMC to gross domestic product (GDP), 
or resource efficiency, has slowly declined from about 1.2 kg/€ in 1992 to about 1 kg/€ 
in 2000.15 However, the absolute DMC has slightly increased, so that actual decoupling 
of material use from economic growth has not been achieved; that is, DMC continues 
to grow with GDP. The study concluded that the average DMC per capita for the EU-
25 in the year 2000 was approximately 16.5   t, although individual countries ranged 
from less than 10 t to more than 30 t per capita. Similarly, another study showed that 
between 1980 and 2000 EU-15 DMC per capita declined from 16.2 t to 15.6 t, while 
overall material efficiency increased by 52% and GDP grew by about 70%.16 Thus, it 
can be asserted that to support the lifestyle of the average European resident requires 

Figure A. An overview of national material flow accounting model (Source: World 
Resources Institute [WRI]).
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poverty, earning under $2/day. Many of 
these populations are suffering social 
disintegration due to the displacement 
of their traditional lifestyles by rapid 
industrialization and urbanization.
	 At the same time, income gaps in 
society are growing. The ratio between 
income earned in countries with the rich-
est 20% of the population compared to 
the poorest 20% widened from 30:1 in 
1960 to 60:1 in 1990 to 74:1 in 1997. This 
gap is reflected in the disproportionate 
share of materials consumption among 

global nations. The richest 20% of the 
world population accounts for 86% of 
total private consumption expenditures; 
consumes 58% of the world’s energy, 
45% of all meat and fish, and 84% of 
paper; and owns 87% of cars and 74% 
of telephones. Conversely, the poorest 
20% consumes 5% or less of each of 
these goods and services.5 Thus, contin-
ued economic growth and resilience are 
important elements in assuring quality 
of life not only for affluent societies, but 
also for disadvantaged populations.  

	 The adverse environmental impacts 
of economic growth might be miti-
gated by decoupling the rate of material 
throughput relative to economic growth, 
y�������������������������������������    et recent empirical studies question 
whether the shift to new technologies 
in the information age leads to reduced 
materials intensity.6 It has been hypoth-
esized that, in developed countries, 
rising resource intensity will flatten out 
and begin to decrease as income rises, 
but some economists argue that a new 
phase of “rematerialization” or re-link-
ing can occur.7 ��������������������������  Establishing an efficient 
level of decoupling ideally would require 
that all external environmental costs are 
reflected in material and product prices, 
allowing the market to determine the 
appropriate level of material use.8 How-
ever, it is unlikely that environmental 
resource protection will be a priority as 
long as these resources are perceived to 
be free and limitless,9 thus, in the absence 
of perfect markets, more active interven-
tions appear to be necessary.
	 The following definition is intended to 
help both government policy-makers and 
business decision-makers to develop pro-
active strategies for managing material 
flows. Sustainable materials manage-
ment (SMM) is an integrated approach 
toward managing material life cycles 
to achieve both economic efficiency 
and environmental viability. Material 
life cycles include all human activities 
related to material selection, exploration, 
extraction, transportation, processing, 
consumption, recycling, and disposal.
	 It follows that SMM practitioners will 
seek to reduce the material throughput 
required for sustained economic prosper-
ity and to minimize the adverse impacts 
of material usage upon environmental 
and social well-being. Strategies for 
SMM can be separated into two catego-
ries: dematerialization and detoxifica-
tion. 

Dematerialization

	 Dematerialization refers to the 
reduction of material throughput in an 
economic system, and can include the 
following approaches: increase of mate-
rial efficiency in the supply chain, thus 
reducing waste; eco-design of products 
to reduce mass, packaging, or life-cycle 
energy requirements; reduction of trans-
port in the supply chain, thus reducing 
fuel and vehicle utilization; recovery and 

a direct material consumption of about 44 kg/day. The majority of these materials are 
construction minerals, fossil fuels, and biomass from agriculture. (The TMR, including 
the material rucksack, is estimated to be about five times greater, or about 220 kg/day.)
	 Material flow analysis can be used to focus on particular substances, geographic areas, 
or industries. More in-depth investigations may be necessary to support policy-making 
regarding intervention in particular material flow pathways. Figure B depicts a substance-
specific analysis; it shows that arsenic use in agricultural applications has declined, but 
its use as a wood preservative has risen nearly 25-fold in the United States, which may 
pose a threat to soil and water quality when wood products are discarded. In 2001, the 
U.S. Environmental Protection Agency adopted a stricter standard for arsenic in drinking 
water and reached agreement with the wood treatment industry to phase out arsenates.
	 Obviously, not all materials are created equal in terms of their environmental impact; 
for example, sand and gravel represent a large proportion of material flow by weight, but 
are much less significant than other materials in terms of their adverse effects. Similarly, 
while metals and fossil fuels are often lumped into the category of non-renewable 
resources, the elemental structure of metals means that they are perpetually recyclable 
and not subject to the degradation that occurs with materials composed of complex 
molecules.17 Generally speaking, variations in toxicity, reactivity, flammability, 
environmental fate, bioaccumulation, and persistence will alter the ultimate impact of 
different substances that are released to the environment. In addition, the geographic 
location, flow rate, and medium of discharge can introduce uncertainties about the 
environmental impacts associated with such releases. Accounting for all of these 
differences at a national or global level appears to be an intractable problem. Therefore, 
aggregated economy-wide material flow indicators should be utilized with caution. 
	 Finally, a reliance on mass flow indicators can be deceptive because of the hidden 
environmental burdens associated with manufactured products. For example, the 
miniaturization of electronic products gives the appearance of dematerialization, yet a 
more careful analysis reveals that large quantities of chemicals, materials, and energy are 
required as inputs to the manufacture of these products.18 In the case of imported 
electronic devices, these hidden flows will not be counted, not even as part of the 
ecological rucksack associated with the products. Instead, they will appear in the 
domestic material flows for the nations that manufacture the components. In an economy 
where global sourcing is increasingly the norm, the question of allocating accountability 
for these upstream material flows remains challenging. 

Figure B. Potential arsenic outputs to the U.S. environment, 1975–1996 (Source: WRI).
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beneficial recycling of post-industrial or 
post-consumer wastes; substitution of 
electronic services for material-inten-
sive services; substitution of services 
for products.
	 Dematerialization has been popular-
ized in proposals such as Factor 4, which 
suggests doubling global economic 
wealth while halving material resource 
use.10 Some argue that for industrialized 
nations to reach long-term sustainability, 
a Factor 10 transformation is neces-
sary.11

Detoxification

	 Detoxification refers to the preven-
tion or reduction of adverse human or 
ecological effects associated with mate-
rials use, and can include the follow-
ing approaches: material substitution, 
replacing toxic or hazardous materials 
with benign ones; cleaner technolo-
gies, reducing the toxic or hazardous 
properties of waste streams; reduction 
of greenhouse gas emissions associated 
with fossil fuel combustion; material 
regulation, placing restrictions on the 
use of specified materials; waste modi-
fication through chemical, energetic, 
or biological treatment; waste contain-

ment or isolation to prevent human and 
ecological exposure; and in-situ waste 
treatment, reducing the effective con-
centrations or adverse impacts of wastes 
that have previously been discharged into 
the environment. 
	 While detoxification reduces the 
environmental pressure of materials use, 
dematerialization can actually decouple 
material use from industrial growth, 
either by reducing material requirements 
or by substituting recycled materials for 
virgin raw materials. 
	 Provided that ecological limits are rec-
ognized, decoupling material consump-
tion from economic growth appears to 
be a reasonable aspiration. For example, 
the proven reserves of non-renewable 
resources continue to increase, largely 
due to technology improvements. It is 
estimated that the present terrestrial stock 
of fossil fuels represents about a 1,000-
year supply at the present rate of con-
sumption, which is equivalent to about 
7 billion metric Gigatons of oil per year. 
To sustain the availability of this stock 
for perpetuity would require decoupling 
fossil fuel consumption from economic 
growth and decreasing it by 0.1% per 
year, a realistic goal.12 Of course, efforts 

to limit atmospheric carbon emissions 
may require even further reductions in 
fossil fuel consumption. 
	 Concerns about the environmental 
impacts of non-renewable resource 
consumption will likely outweigh con-
cerns about resource scarcity for the 
foreseeable future. Increased material 
consumption presents a threat to the 
sustainability of renewable resources 
such as forests and fisheries, as well as 
the quality of environmental media such 
as arable land and fresh water. Thus, the 
key to SMM is to understand and mitigate 
the adverse impacts of material flows 
upon ecological and societal systems 
rather than simply constraining material 
flows. For example, the global transport 
of materials from producing countries 
to consuming countries, while it may 
appear economically efficient, can have 
undesirable side effects upon natural 
resources (e.g., land appropriation or 
accidental spills). A well-balanced policy 
approach might internalize these nega-
tive impacts into transport costs.	  

Analyzing the Impacts 
of Material Flows

	 The sidebar on page 16 describes how 
material flow analysis (MFA) can be used 
to understand material flow patterns. 
However, analysis of material flows in 
terms of mass alone does not account 
for differences in their environmental 
impacts. The following two techniques 
can augment MFA by considering envi-
ronmental implications. 

Ecological Footprint Analysis

	 Ecological footprint analysis is a 
technique for estimating the amount of 
productive capacity needed to support a 
specified economic activity, quantified in 
terms of the total land area hypothetically 
required. This can be interpreted as the 
burden placed on the carrying capacity 
of ecosystems due to economic activi-
ties and material flows. In some cases, 
technological intervention (e.g., use of 
biotechnology to increase agricultural 
productivity) can increase the carrying 
capacity of a resource. However, in prac-
tice, renewable resource systems such as 
forests have an upper limit on the amount 
of replenishment per unit time that they 
can support without impairment. 
	 The amount of biologically productive 
capacity worldwide has been estimated 

Figure 2. Comparative analysis of mass flow and exergy flow for an 
ammonia process.
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for the year 2000 as 2.1 hectares per 
capita, of which 1.6 hectares are land-
based ecosystems such as forests, pas-
tures, and arable land and 0.5 hectares 
are ocean areas.19 Setting aside a small 
fraction as protected areas leaves about 
1.8 hectares per capita. Ecological foot-
print analysis can be used to estimate 
the human demand, based on the bio-
logical capacity required to support both 
resource consumption and waste absorp-
tion. Given numerous assumptions and 
uncertainties, the methodology conser-
vatively estimates the average footprint 
in 1996 to be 12.3 hectares in the United 
States, 7.7 hectares in Canada, and 6.3 
hectares in Germany. The average global 
footprint for all nations is estimated at 
2.8 hectares per capita, suggesting that 
humanity’s ecological demands already 
exceed what nature can supply. T hus, 
humanity has arguably moved into what 
is termed ecological overshoot, and is 
effectively depleting the available stock 
of natural capital rather than living off 
the interest. 
	 The components of the ecological 
footprint are heavily dependent upon 
material consumption patterns. For 
example, in lower-income nations, over 
50% of the footprint is due to agricultural 
and forest products, and about 18% is 
due to energy production (mainly fossil 
fuels).  In higher-income countries only 
about 28% is due to agricultural and 
forest products, while close to 60% is 
due to energy production.20 From this 
perspective, it appears that decoupling 
material consumption and waste gen-
eration (especially CO

2
) from indus-

trial growth is essential for the global 
economy to reverse the overshoot and 
return to a sustainable path. 
	 Ecological footprint analysis can be 
applied at any level of granularity, from 
an entire nation to a single individual. 
Thus, it offers a method for testing 
the burden associated with economic 
enterprises, supply chains, or communi-
ties.21 ���������������������������������     However, it should be noted that 
the concept of carrying capacity merely 
addresses survivability, rather than sus-
tainability in terms of quality of life for 
human populations.

Thermodynamic Analysis

	 Thermodynamic analysis is an 
approach for modeling material flows 
in complex systems based on the laws 

of thermodynamics. T he underlying 
concept is exergy, defined as the avail-
able work that can be extracted from a 
material; for example, the exergy content 
of a fuel is essentially its heat content.22 
More generally, exergy tends to be cor-
related with material scarcity and purity, 
since it measures the difference of a 
material from its surroundings. In fact, 
embodied exergy can serve as a common 
currency for aggregating material flows 
and provides a more meaningful weight-
ing of waste flows in terms of potential 
impacts. Since energy (actually exergy) 
is the ultimate limiting resource, and 
since embedded energy is a common 
characteristic of all materials, it is pos-
sible to measure material flow patterns 
in terms of exergy flows. 
	 The energy intensity of materials is 
very different from their mass intensity, 
and is arguably more closely correlated 
with the life-cycle natural resource 
impacts of material inputs as well as the 
economic value and/or environmental 
impact of material outputs. As a result, 
there has been a growing interest in 
the use of thermodynamic indicators 
to represent the impacts of industrial 
processes.23 In fact, all of the factors of 
industrial production—energy, materi-
als, land, air, water, wind, tides, and even 
human resources—can be represented 
in terms of exergy flows. T herefore, 
exergy can be used as a universal cur-
rency to measure growth, efficiency, and 
sustainability in industrial-ecological 
systems.24

	 Figure 2 provides a simple comparison 
of alternative analysis methods for an 
ammonia process. The top of the figure 
shows a typical MFA, with the width of 
each arrow corresponding to the quantity 
of material inputs or outputs. Due to the 
law of conservation of mass, the sum of 
materials entering the process equals 
the sum of the materials leaving. T he 
bottom shows a similar analysis, except 
that each material or energy flow is 
measured in terms of exergy, including 
embodied chemical or physical energy 
(expressed in Megawatts). T he differ-
ences are evident. For example, water 
accounts for over half the mass flow, but 
has low exergy content because it can 
be piped directly from a natural source. 
In contrast, the mass inputs of fuel and 
natural gas are low, yet their exergy con-
tent is high, reflecting their combustion 

potential. Similarly, the exergy content of 
ammonia is high, reflecting its value for 
subsequent processes involving energy 
extraction. The mass flow of electricity 
is zero, yet the impact of electricity use 
can be significant. Due to the second 
law of thermodynamics, some exergy 
is inevitably lost as “waste” energy, and 
thermodynamic efficiency can be mea-
sured as the ratio of exergy produced to 
exergy consumed. 

Business Value of SMM

	 In the private sector, business pro-
cesses that involve materials manage-
ment—including sourcing, inventory 
management, warehousing, logistics, 
and distribution—are increasingly 
viewed as strategic levers in enhancing 
business competitiveness. T his is due 
partly to the drive toward more effi-
cient asset utilization, and partly due to 
increasingly complex supply networks 
that result from globalization and out-
sourcing. At the same time, environmen-
tally conscious purchasing practices and 
increased awareness of corporate social 
responsibility have elevated corporate 
concerns about product stewardship 
and waste minimization. Companies 
recognize that environmental issues 
can no longer be addressed in a reactive 
fashion. They are increasingly expected 
to take responsibility for the disposal of 
products and packaging at the end of their 
useful life, so that designing for reverse 
logistics has become a strategic approach 
for converting wastes into assets and 
thus generating shareholder value.24 As 
a result of these trends, SMM is fully 
compatible with the business goals of 
leading multi-national companies.
	 Recent research has demonstrated a 
correlation between shareholder value in 
capital markets and excellence in sustain-
ability, including both social responsibil-
ity and environmental management.25 
Specifically, there are two types of 
business value creation associated with 
improved sustainability performance.

Liability and Cost Avoidance

	 Liability and cost avoidance is the 
traditional domain of corporate envi-
ronmental management, and includes 
compliance with regulations and 
standards, minimization of product or 
process-related risks, and environmen-
tal stewardship. Materials management 
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practices such as pollution prevention, 
reduction in hazardous materials use, 
waste minimization, and improve-
ments in material logistics (e.g., pallet 
geometry) are important contributors to 
reducing operating and capital costs.

Economic Value Creation

	 Economic value creation is increas-
ingly recognized as an opportunity 
area for corporate environmental 
managers, working in conjunction with 
cross-functional teams. An example of 
value-creating practice is raising pro-
ductivity of business processes through 
material conservation, eco-efficiency, 
and conversion of wastes into by-prod-
ucts. New technologies such as process 
intensification and micro-reactors have 
demonstrated the potential for order-of 
magnitude increases in process yield 
and capital productivity. Supporting 
environmentally responsible design of 
products, services, and process technolo-
gies enhances product differentiation, 
customer satisfaction, and stakeholder 
confidence. Market share can be 
increased by accelerating time to market 
and conforming to new market require-
ments such as restricted substances and 
eco-labeling.
	 Because material use and emissions 
are the most visible and concrete evi-
dence of sustainability performance, 
these are frequently the indicators that 
companies choose to utilize in sustain-
ability reporting and other efforts to 
communicate their environmental per-
formance to stakeholders. 
	 Thus, there are significant business 
incentives for companies to embrace 
SMM practices. Examples of SMM in 
action are numerous.26  For example, Intel 
has saved millions of dollars annually 
by developing lighter-weight plastic 
trays used to move microprocessor units 
through the fabrication process and 
deliver them to customers. They are also 
working to develop closed-loop systems 
for re-use of the trays.
	 Motorola’s distribution managers 
discovered that they could reduce occu-
pational injuries and reduce solid waste 
disposal by controlling the quality of 
wooden pallets, yielding estimated sav-
ings in lost time and expenses of over $5 
million per year.
	 Dow AgroSciences LLC developed 
a termite colony elimination system 

that uses pest monitoring techniques 
to eradicate an entire colony with only 
one ten-thousandth of the chemicals 
traditionally applied to protect homes.
	 The international aluminum sector and 
Alcoa have been modeling present and
future global flows of materials to ensure 
sustainable flows of bauxite ore as well 
as reduced energy needs, for example, by 
increasing the use of recycled aluminum 
products. 
	 These experiences demonstrate that 
environmentally conscious material use 

can lower total life cycle costs and thus 
raise enterprise profitability. It follows 
that government policies can be devised 
to encourage economically efficient 
dematerialization and/or detoxification 
efforts in new product development and 
operations management. Policies that 
reward business innovation and provide 
flexibility are generally preferable to 
policies that prescribe specific technical 
solutions, which can result in unproduc-
tive, adversarial debate. Leading com-
panies have often taken the initiative to 

SMM Policy Options
	 Continued economic growth will result in increased material throughput as well as 
waste generation. These pressures on natural resources can lead eventually to irreversible 
system impacts, including depletion of resource stocks (e.g., timber) or degradation 
of environmental quality (e.g., climate change). T he inherent resilience of ecological 
systems allows them to tolerate such pressures up to a certain degree, but once a threshold 
is reached the resulting impacts can be sudden and severe.28

	 Ideally, public authorities would internalize these negative impacts in the prices facing 
firms and consumers, but it may not always be feasible to design policy instruments 
that provide the appropriate economic signals. Policy-makers concerned with global 
environmental sustainability need to find a balance among the following major options. 
One option is to �������������������������������������������������������������������������        decrease material throughput, especially of materials with high negative 
environmental impacts. This may involve increasing the technological efficiency of 
material processing (e.g., through eco-design, eco-efficiency, green engineering, and life-
cycle management). A second option is decreasing the demand for resource consumption. 
This may involve reducing the availability or increasing the price of primary resources 
used for energy and raw materials, reducing societal demands for material-intensive 
products and services (dematerialization), or spurring smarter consumption through 
dematerialized products and services. Another alternative is reducing the adverse 
impacts of material flows. This may involve improving the methods for detoxification 
or containment of hazardous waste streams to minimize their impacts upon ecosystem 
structure or function. A final option is increasing the resilience of ecological systems. 
This may involve modification of ecosystem structure or function to increase resource 
efficiency, or establishment of protected zones in which pristine ecosystems can 
flourish. 
	 Recognizing that current patterns of resource consumption are not sustainable, the 
European Commission launched a comprehensive 25-year strategy in 2003 to develop an 
integrated overall policy for sustainable management of natural resources.29 Similarly, the 
government of Japan has adopted a comprehensive regulatory approach toward reducing 
material throughput.30 Although Japan is already far ahead of the United States and the 
European Union in resource efficiency, it has established a goal of 50% reduction in final 
waste disposal by 2010. The Japanese legislative framework, adopted in 2000, includes 
laws governing waste management, resource recycling, and green purchasing, with 
specific regulations targeting packaging, home appliances, construction materials, food 
recycling, and end-of-life vehicle recycling. China is considering similar legislation under 
a new policy framework designed to promote a “circular economy,” and is pursuing new 
initiatives in green accounting and material flow accounting.31 Likewise, other countries 
including the United States, Canada, Australia, and Korea have been exploring the use 
of material flow accounting. In the United States, a recent government study noted that 
material flow information is already used as a strategic tool by leading corporations, and 
concluded that the establishment of a nationwide system for material flow tracking would 
have benefits in terms of economic efficiency, natural resource management, and national 
security.32 A U.S. government interagency task force has been formed to investigate the 
potential uses of material flow analysis (MFA) for improving public policy in the areas of 
trade, security, technology, resources, and environmental management.33

	 Viewed from a systems perspective, as shown in Figure 1, policy frameworks generally 
can be distinguished in terms of their positioning with regard to material flow cycles. 
Natural resource policies (e.g., the Minerals and Metals Policy of Canada) address 
material flow cycles that link natural and industrial systems, including extraction, 
harvest, and transport of raw materials to processing facilities; and direct utilization of 
natural resources for purposes of fulfillment of human needs, including food, space, and 
recreation.
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collaborate with governmental agencies 
and develop voluntary standards, thus 
pre-empting the need for regulation. 
	 Finally, in a world of increasing com-
plexity, global enterprise strategies are 
evolving from a mechanistic emphasis  
on predictability and control to a more 
organic worldview that stresses adapt-
ability in the face of continual change. 
As enterprises strive to increase their 
long-term resilience, they recognize that 
their success is inevitably coupled with 
the resilience of the social and ecologi-

cal systems in which they operate.27 
Pursuit of SMM thus becomes not just 
an ethical question, but a matter of cor-
porate self-interest—assuring the sus-
tainability of the enterprise itself. 
	 See the sidebar for more elaboration 
on SMM policy options.

Conclusions 

	 Sustainable materials management 
provides a valuable perspective for 
encouraging the decoupling of resource 
consumption from industrial growth. 

Existing international knowledge and 
ongoing initiatives related to SMM sug-
gest the following conclusions.
	 Sustainable materials management 
encompasses the social, ecological, and 
economic dimensions of sustainability, 
since a tension exists between society’s 
interest in environmental protection and 
increasing demand for materials associ-
ated with economic growth and improved 
quality of life. Despite improvements in 
eco-efficiency, decoupling of material 
utilization from economic growth has 
not occurred in developed nations. 
Moreover, based on current trends, 
developing nations will increase their 
material throughput. T herefore, SMM 
is an essential component in pursuing 
the goals of sustainable development.
	 Sustainable materials management 
policies require an integrated perspective 
covering the full life cycle of materials, 
including trans-boundary flows. Unless 
accompanied by improved environmen-
tal protection in developing countries, 
material burdens may simply be trans-
ferred with no real improvement or even 
a decline in global sustainability. Fur-
thermore, progress in SMM will require 
insights into the relative impacts   of 
resource consumption and waste accu-
mulation for different categories of biotic 
and abiotic materials—metals, wood, 
plastics, etc. Analytic methods based on 
mass flow alone do not provide sufficient 
information regarding these impacts and, 
therefore, other tools such as thermody-
namic and ecological footprint analysis 
warrant further exploration.
	 Material flow analysis tools and indi-
cators, as well as other relevant tools 
such as life-cycle analysis and cost-ben-
efit analysis, are important for compa-
rability of international performance 
results and consistent policy making.
	 Sustainable materials management 
policies should take advantage of the 
natural synergy between the goals of 
dematerialization and industrial profit-
ability, and emphasize business value 
drivers that promote increased resource 
productivity. 
	 To achieve global integration of SMM 
efforts is a formidable challenge. Despite 
the efforts of international bodies at 
harmonization, the state of materials 
management remains highly fragmented, 
with individual countries implementing 
a variety of different policies. Many of 

	 Product life-cycle policies (e.g., the E.U. Integrated Product Policy) address material 
flow cycles that link industrial systems and societal systems, including manufacturing, 
distribution, and consumption of products and energy to fulfill societal demands; and the 
recovery of waste materials for purposes of recycling or re-use in industrial systems.
	 Waste management policies (e.g., the Japanese Fundamental Law for Establishing a 
Sound Material-Cycle Society) address the flows of waste materials into natural systems, 
including disposition of industrial wastes, such as airborne emissions, aquatic discharges, 
and industrial waste disposal; and disposition of societal wastes, such as municipal 
wastes, non-point-source pollution, and other anthropogenic waste streams.
	 Within each of these policy areas, depending on the national circumstances, SMM 
policy-makers have a variety of options for placing economic, physical, or operational 
constraints upon the industrial activities that drive material flow patterns. Such  
interventions may include emission regulations, economic instruments, (e.g., taxes on 
energy and end-use), land use restrictions, and waste management requirements. Explicit 
regulations can be effective for directly restricting the flows of specific types of materials; 
examples include bans on harmful substances and emission limits for by-products such 
as heavy metals. However, flexible policies that influence the causes of material flows 
may be more cost-effective. 
	 Natural resource policies can discourage the depletion and degradation of natural 
resources. For example, energy efficiency requirements and renewable energy targets 
will influence the consumption of materials, especially fossil fuels.
	 Product life-cycle policies, such as eco-design and eco-labeling programs, can stimulate 
greater material efficiency, increased use of renewable materials, and reduced material 
intensity in procurement, manufacturing, distribution, and use of products. Likewise, 
regulations and economic instruments aimed at waste prevention tend to decrease 
material consumption and increase material re-use.  
	 Waste-management policies, including waste disposal charges, landfill bans, and 
recycling targets, can reduce material throughput and encourage material and energy 
recovery. For example E.U. policies that focus on end-of-life product recovery have 
created incentives for improved design of electronic products and automobiles.34 Waste 
policies can ��������������������������������������������������������������������������        also stimulate markets for secondary materials; however, overly ambitious 
recycling targets may not be justifiable on economic and/or environmental grounds.35

	 In addition to policies that directly promote SMM, there may be opportunities for gov-
ernments to intervene indirectly in ways that create favorable business conditions. When 
companies compete to be leaders in environmental responsibility, social benefits are 
generated without the burden of prescriptive regulation. Thus, it is important for policy-
makers to consider the natural business drivers for SMM. Policies such as market-based 
incentives, which take advantage of the business value drivers described earlier, are, in 
principle, more effective than policies that create business constraints. Information disclo-
sure policies, such as the Toxics Release Inventory in the United States and the Pollutant 
Release and Transfer Registries in several European countries, have encouraged pollution 
reduction simply by making material flow data available to the public.
	 Finally, an important issue that should not be neglected in development of SMM policies 
is socio-economic equity and the related concept of environmental justice. The burdens 
of material use do not always fall equally upon affected human populations. Workers 
and local residents in primary resource extraction or basic manufacturing industries may 
earn lower incomes and be exposed to greater environmental pressures than those in 
higher value-added industries or consumers who enjoy the benefits of final products. 
Consideration of equity across different social strata, across national boundaries, and 
across generations will require extension of current economic and physical modeling 
frameworks. 
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these policies focus on narrow compo-
nents of the overall materials flow cycle. 
A truly integrated approach must rec-
ognize the physical, ecological, and 
economic implications of SMM policies, 
and assure that they do not simply shift 
the burden elsewhere or reduce the 
efficiency of resource utilization. For 
example, regulating the emissions of 
specific materials, such as toxic air pol-
lutants, may impose economic burdens 
and additional material requirements 
whose adverse impacts far outweigh the 
intended human health benefits of the 
regulations. T hus, policy integration 
should address SMM issues in a way 
that transcends traditional boundaries 
between substances, material categories, 
environmental media, and industry sec-
tors.
	 Finally, development of SMM poli-
cies should be coordinated with policies 
aimed at other sustainability goals. In 
particular, poverty reduction is one 
of the paramount goals of sustainable 
development and needs to be aligned with 
SMM. For example, the Organization for 
Economic Cooperation and Development 
is sponsoring a poverty-reduction initia-
tive focused on the relationship between 
inequality, economic growth, and poverty 
reduction in developing countries, whose 
aims include helping the poor to benefit 
from growth and globalization.36 An 
integrated approach toward SMM will 
provide a starting point for advancing 
toward a more sustainable global society, 
in which economic prosperity is achieved 
in ways that avoid adverse impacts of 
material usage upon environmental and 
social well-being. 

Acknowledgements

	 This paper is based partly on a research 
study commissioned by the Organization 
for Economic Cooperation and Develop-
ment (OECD), Working Group on Waste 
Prevention and Recycling. However, the 
material presented in this paper does not 
reflect the views or policies of the OECD, 
the working group, or its member nations. 
The author wishes to acknowledge the 
valuable comments and suggestions 
provided by the following individuals: 
Henrik Harjula of OECD, Derry Allen, 
Angie Leith, and Marie Boucher of the 
U.S. Environmental Protection Agency, 
Diane Guyse Fiksel of Eco-Nomics LLC, 

and Prof. Bhavik Bakshi of The Ohio 
State University, who also contributed his 
expertise on thermodynamic analysis.

References
1. ��������������������   ����������������   ������������“Towards a Thematic Strategy on the Sustainable 
Use of Natural Resources,” Communication to the 
Council and the European Parliament (Brussels, Bel-
gium: European Commission, 2003), www.europa.eu.
int/comm/environment/natres/index.htm.
2. S. Moll, S. Bringezu, and H. Schütz, Zero Study: Re-
source Use in European Countries (Copenhagen: Eu-
ropean Topic Centre on Waste and Material Flows, 
2003).
3. M.H. Huesemann, Clean Technology and Environ-
mental Policy (New York: Springer Verlag, 2003), pp. 
21–34.
4. World Development Index 2002 (Washington, D.C.: 
World Bank, 2002).
5. Global Environmental Outlook 3 (Nairobi, Kenya: 
United Nationals Environment Programme, 2002).
6. C.J. Cleveland and M. Ruth, “Indicators of Demateri-
alization and the Materials Intensity of Use,” Journal of 
Industrial Ecology, 2 (3) (1997), pp. 15–50.
7. S.M. De Bruyn and J.B. Opschoor, Ecological Eco-
nomics, 20 (3) (1997), pp. 255–268.
8. Indicators to Measure Decoupling of Environmental 
Pressure from Economic Growth (Paris: Organization 
for Economic Co-operation and Development, 2002), 
www.olis.oecd.org/olis/2002doc.nsf/LinkTo/sg-
sd(2002)1-final.
9. Living Beyond Our Means: Natural Assets and Hu-
man Well-being (Millennium�����������������������   Ecosystem Assessment, 
2005), www.millenniumassessment.org//en/index.
aspx.
10. E.U. von Weizsäcker, A.B. Lovins, and L.H. Lovins, 
Factor Four. Doubling Wealth, Halving Resource Use 
(London: Earthscan, 1997).
11. F. Schmidt-Bleek, Factor 10: Making Sustainability 
Accountable—Putting Resource Productivity into Prax-
is (Carnoules, France: Factor 10 Institute, 1999).
12. H.C. Binswanger and R.N. Chakraborty, “Econom-
ics of Resource Management,” Paper commissioned by 
the European Commission, Directorate General Envi-
ronment (Holzweid, Germany: University of St. Gallen, 
Institute for Economy and the Environment, October 
2000), p. 12.
13. S. Bringezu, H. Schutz, and S. Moll, Journal of In-
dustrial Ecology, 7 (2) (2003), pp. 43–62.
14. H. Schutz and M.J. Welfens, “Sustainable Develop-
ment by Dematerialization in Production and Con-
sumption—Strategy for the New Environmental Policy 
in Poland” (Wuppertal, Germany: Wuppertal Institute 
for Climate, Environment, and Energy, 2000).
15. Institute of Environmental Sciences (CML), Leiden; 
CE, Solutions for Environment, Economy and Technol-
ogy; and Wuppertal Institute, Policy Review on Decou-
pling: Development of Indicators to Assess Decoupling 
of Economic Development and Environmental Pres-
sure in the EU-25 and AC-3 Countries Draft final report 
(Brussels, Belgium: European Commission DG Envi-
ronment, October 2004). 
16. EUROSTAT, “Material Use in the European Union 
1980–2000: Indicators and Analysis,” Working Papers 
and Studies Series (Office for Official Publications of 
the European Communities, 2002).
17. Eco-Efficiency and Materials (Ottawa, Ontario, 
Canada: International Council on Metals and the Envi-
ronment, 2001).
18. E.D. Williams, R.U. Ayres, and M. Heller, Environ-
mental Science & Technology, 36 (2002), p. 5504.
19. M. Wackernagel, Advancing Sustainable Resource 
Management: Using Ecological Footprint Analysis for 
Problem Formulation, Policy Development, and Com-
munication, Report to DG Environment, European 
Commission (February 2001).

20. J. Venetoulis, D. Chazan, and C. Gaudet, Ecological 
Footprint of Nations (Washington, D.C.: Redefining 
Progress, 2004).
21. Indicators to Measure Decoupling of Environmental 
Pressure from Economic Growth (Paris: Organization 
for Economic Co-operation and Development, 2002), 
www.olis.oecd.org/olis/2002doc.nsf/LinkTo/sg-
sd(2002)1-final.
22. R.U. Ayres, “Resources, Scarcity, Growth and the 
Environment” (Fontainebleau, France: Center for the 
Management of Environmental Resources, INSEAD, 
April 2001).
23. B. Bakshi and J. Fiksel, AIChE Journal, 49 (6) 
(2003), pp. 1350–1358.
24. J.L. Hau and B.R. Bakshi, Environmental Science & 
Technology, 38 (13) (2004), pp. 3768–3777.
25. J. Fiksel, J. Low, and J. Thomas, Environmental 
Management, 71 (6) (2004), pp. 19–25.
26. Forging New Links: Enhancing Supply Chain Value 
through Environmental Excellence (Washington D.C.: 
Global Environmental Management Initiative, June 
2004), www.gemi.org/supplychain/A1.htm.
27. J. Fiksel, Environmental Science & Technology, 37 
(23) (2003), pp. 5330–5339.
28. C.S. Holling, Ecosystems, 4 (5) (2001), pp. 390–
405.
29. “Towards a Thematic Strategy on the Sustainable 
Use of Natural Resources,” Communication to the 
Council and the European Parliament (Brussels, Bel-
gium: Commission of the European Communities, Oct. 
2003). See www.europa.eu.int/comm/environment/na-
tres/index.htm .
30. H. Minamikawa, “Japan’s Plan for Establishing a 
Sound Material-Cycle Society” (Presentation at the In-
ternational Expert Meeting on Material Flow Accounts 
and Resource Productivity, Tokyo, 2003).
31. Z. Guomei, “Promoting Circular Economy Develop-
ment in China: Strategies and MFA and Resource Pro-
ductivity Issues” (Presentation at the International Ex-
pert Meeting on Material Flow Accounts and Resource 
Productivity, Tokyo, 2003).
32. National Research Council, Materials Count: The 
Case for Material Flows Analysis (Washington, D.C.: 
National Academies Press, 2004). 
33. Interagency Staff Group on Material Flow Accounts 
(Derry Allen et al.), “Material Flow Accounts: How They 
Can Be Used as an Information Tool for 21st Century 
Public Policy” (Washington, D.C.: April 2004).
34. The European Parliament enacted directives for 
Waste Electrical and Electronic Equipment in 2002 and 
End-of-Life Vehicle in 2000.
35. Addressing the Economics of Waste (Paris: Organi-
zation for Economic Co-operation and Development, 
2004)�.
36. OECD DAC Network on Poverty Reduction ��������(Paris: 
Organization for Economic Co-operation and Develop-
ment), http://webdomino1.oecd.org/COMNET/DCD/
PovNet.nsf.

Joseph Fiksel is the Co-Director of the Center for 
Resilience at The Ohio State University in Colum-
bus, Ohio.

For more information, contact Joseph Fiksel, The 
Ohio State University, Center for Resilience, 1971 
Neil Avenue, Room 234, Columbus, OH 43210; (614) 
688-8155; fiksel.2@osu.edu.

     The author of this paper will discuss  
recycling and sustainability in more  
depth during a JOM-sponsored webcast 
on September 28.   

 JOM Webcast Notice 
	




