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a b s t r a c t

Australia’s rich stocks of mineral resources have been the source of national wealth and competitive
advantage in the past. However, the security of this wealth is not guaranteed into the future, and what
were once considered waste materials from mining, infrastructure and products are now becoming
accessible and valuable as ‘above-ground’ mineral resources. Globally there is growing capacity and inno-
vation in recycling, closed-loop supply chains and Australia’s role as a global leader in primary production
must anticipate and adapt to the implications of a rise in the importance of recycling. However, both at a
global level and in Australia, there are a broad range of factors and local influences affecting the success-
ful application and implementation of industrial ecology beyond technical re-use solutions. This paper
presents the initial outcomes from a major collaborative research project (Wealth from Waste Cluster),
funded by the CSIRO Flagship Collaboration Fund and partner universities, focused on identifying viable
options to ‘mine’ metals contained in discarded urban infrastructure, manufactured products and con-
sumer goods. This paper presents initial estimates of the mass and current worth of metals in end-of-life
products. Results from this analysis have identified that the value of metals in end-of-life products is
more than AUD6 billion per year, and assuming existing recovery rates, the estimated potential for recov-
ering metals from ‘‘waste’’ or end-of-life products is of the order of AUD2 billion per year. In addition a
metal flow analysis of the Australian economy identified that approximately half the scrap metal col-
lected in Australia (approximately 2.5 million tonnes per year) is currently being transported overseas
which potentially could be recycled in Australia if suitable technology were available.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Australia’s rich stocks of mineral resources have in recent years
been the source of national wealth and competitive advantage. The
security of this wealth is not necessarily guaranteed into the future
and therefore Australia as a nation needs to seek alternative
sources of revenue generation and competitive advantage. Waste
materials, which were once considered of little or no value, are
now becoming accessible and valuable as ‘above-ground’ mineral
resources. Globally there is growing capacity and innovation in
recycling, and closed-loop supply chains (World Economic
Forum, 2014).

The increase in recycling (and reuse and remanufacturing) is
driven by a number of factors – for instance, recycling or secondary
production of metals has in general a significantly lower energy
footprint compared with producing metals from virgin ores

(Grimes et al., 2008), which results in minimising environmental
impacts and supporting sustainable development through the effi-
cient use of resources. Other factors include the lack of available
natural resources in certain counties such as those in the European
Union and Japan where the closed loop economy model is actively
promoted. However, the world demand for metals is still mostly
met by primary production.

The closed loop economy presupposes predominantly cyclical
use of metals within the system, yet it is economically impractical
to limit the system to national or regional borders, and it should be
rather justified and achievable at the global scale. This means that
while some countries still play the role of net providers of primary
(mined) material resources at the global level, there should be the
initiative to develop and implement effective collection, reuse and
recycling systems internally for end-of-life products.

Australia needs to balance its interest in raw materials exports
with Australian leadership in stewardship, which is consistent
with a resource efficient economy across the entire value chain.
Achieving this balance will offer the potential to expand the
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resource base available to Australian operations and build new
niche manufacturing and services companies based on recycling
and re-use. Realising this potential requires an ability to analyse,
explore, and conceptualise new business models and understand
the linkages along the value chain and between supplier networks.
Australia currently has significant expertise in mining and metal-
lurgy and this provides a window of opportunity to build on this
foundation and develop expertise in the distinct thermodynamics
associated with ‘urban’ ores and secondary processing.

This paper presents the initial outcomes from a major collabo-
rative research project (Wealth from Waste Cluster), funded by
the CSIRO Flagship Collaboration Fund and partner universities,
focused on identifying viable options to ‘mine’ metals contained
in discarded manufactured products and consumer goods. An
important initial focus of this research has been on understanding
the current status of industrial ecology both globally and at a
national level as well as producing quantitative estimates of the
potential for metals recycling from end-of-life products.

2. Wealth from waste cluster

The Wealth from Waste Cluster is a three-year research program
that aims to identify viable options for recycling metals from Aus-
tralian products (CSIRO, 2014). It is focused on identifying viable
options for ‘mining’ above ground resources, which are the metals
contained in collections of discarded manufactured products and
consumer goods (end-of-life products). The key focus of the Cluster
is to address the pathways that will help Australia realise the
above-mentioned potential for expanding its resource base to be
both a primary and secondary metal producing nation. While tech-
nological solutions form an important part of this progress, a
resource efficient circular economy requires more than technolog-
ical solutions alone. Understanding what other factors – including
the operation of collection systems, legislative constraints and mar-
ket drivers – are required to underpin recycling economics is a key
objective of the Cluster. The Cluster commenced in mid-2013 and
builds on work undertaken by the Mineral Futures Collaboration
Cluster that ran from 2009 to 2012 (CSIRO, 2013).

The research program is supported through CSIRO’s Minerals
Resources and Manufacturing flagships and partner universities,
including:

� University of Technology (UTS), Sydney, Australia.
� Monash University, Melbourne, Australia.
� University of Queensland, Brisbane, Australia.
� Swinburne University of Technology, Melbourne, Australia.
� Yale University, New Haven, USA.

Teams drawn from the different universities and disciplines are
undertaking four distinct, but interconnected, research programs
to develop a better understanding of this complex landscape and
possible pathways for change:

� Program 1: Recycling systems: barriers and enablers for
industrial ecology in Australia.

� Program 2: Future resource value: characterising stocks
and mapping impacts.

� Program 3: Developing business models for future value
chains.

� Program 4: Transition pathways for leadership in resource
stewardship.

Embarking on a long-term research project of this nature means
that there are expectations that the research outcomes will make a
major contribution in creating a paradigm shift in the way that the
Australian economy considers sources of metal stocks. However, to

begin with it is important to understand the outcomes from related
research and practical activities on a global scale in industrial ecol-
ogy and synthesise this knowledge to help progress the uptake of
metals re-use and recycling within the Australian context
(Section 3). In addition, the expected outcomes from this research
need to be underpinned by a baseline analysis to determine the
levels and justification for increasing recycling rates and uptake
within the Australian context. This analysis compares Australia’s
primary metal producing capacity with an estimation of metals
consumption in Australia and the estimated available metals in
waste streams (Section 4).

3. Global knowledge on industrial ecology

3.1. Growing importance

The term industrial ecology was popularised 25 years ago by
Frosch and Gallopoulos (1989). Using nature as a metaphor,
industrial ecology aims to optimise the total material cycle from
virgin material to product and to ultimate disposal, and closely
examines the opportunities to reuse and recycle different waste
streams arising in industrial and consumer activities, as well as
reorganising the industrial systems to ensure resource efficiency
and resilience.

The field of industrial ecology is becoming increasingly impor-
tant for some countries and regions in the world. This is illustrated
by the growing trend for mining development activity over the last
50 years from, in broad terms, countries that both produce and
consume metals to countries that produce metals, which are then
exported to metal consuming countries. Humphreys (2013)
demonstrated this trend by examining the world in two groups –
metal consuming regions (North America, Western Europe, Japan,
China and the Former Soviet Union) and metal producing regions
(Asia less China and Japan, Africa, Latin America and Oceania). This
analysis showed that from 1960 to 2010 countries which both
mined and consumed copper, supply dropped from 55% to 25%
and similar changes have also occurred for bauxite, iron ore and
nickel (Humphreys, 2013). This illustrates that some of the metal
consuming countries now rely more heavily on metal producing
countries for their supply of metals and minerals which in turn
has led to a greater emphasis on seeking alternative sources for
metals and minerals including their own stocks in end-of-life
products. This has created significant activities for industrial ecol-
ogy initiatives centred on the circular economy (World Economic
Forum, 2014).

3.2. Global initiatives

Although industrial ecology can take on a product-based sys-
tems perspective or a geographically defined local–regional indus-
trial ecosystem approach (Korhonen, 2002), the primary interest
for this work is on utilising the industrial ecology concept to iden-
tify the pathways for higher levels of metals recycling in Australia.
Due to their nature, metals are highly amenable to the industrial
ecology model as – given sufficiently available energy and technol-
ogy – they can be reused without losing their physical properties
(Ayers, 1997) and can be used at various levels such as high vol-
umes for example with iron and steel, aluminium, and copper, to
critical and precious metals usually used in minor quantities, e.g.
gold, PGMs, and rare earths. Others have pointed out that the recy-
clability of metals from non-dissipative uses, given appropriate
energy inputs and technology availability, should focus attention
on the operation of the value chain and less on the issue of
resource scarcity within the value chain (Stewart and Weidema,
2005).
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