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Abstract

Sustainability’s imperative of economic development in tandem with social advancement and envi-
ronmental protection is widely accepted, but much debate remains about its practical implications
for the products, materials and technologies of the future. A sustainable development perspective on
current patterns of metals use and reuse reveals competing goals. Creating greater intra-generational
equity in social and economic opportunity will increase the global stock of metals in use, through
primary metals production, which could threaten environmental sustainability. The sustainable devel-
opment agenda for metal production and use is therefore multifaceted, including dematerialisation,
design for disassembly and recycling, optimisation of end-of-life product recovery and recycling
systems, and environmental innovations in primary metals production. Upon consideration of this
context, opportunities for environmental innovations in primary metals production are focused upon
here, for which eco-efficiency (EE) provides the starting point.

The paper provides both environmental sustainability and operational perspectives on the appli-
cation of EE in primary metals production. The environmental sustainability perspective is clarified
using a hierarchy of sustainability principles, from the fundamentals of ecological systems to oper-
ational practices and metrics for businesses, which justifies a focus on EE at the firm level. Earlier
attempts to define EE and related concepts for primary metals production are briefly reviewed, leading
to an integrated framework. This connects five ‘prevention practices’ (process design; input substi-
tution; plant improvement; good housekeeping; reuse and recycling) with five ‘resource productivity
themes’ (resource efficiency; energy use and greenhouse gas emissions; water use and impacts; con-
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trol of minor elements and toxics; by-product creation). EE methods are then outlined as they apply
to continuous improvement of existing operations and in the realisation of major projects. It is con-
cluded that EE is an important milestone on the sustainable development journey for primary metals
production.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sustainable development has become one of the most powerful shapers of industry
development in the mining, minerals and metals industries (ICMM, 2003; MCA, 2004;
MMSD, 2002). Sustainability’s ultimate aim of providing for future generations while caring
for the whole-of-the-present generation is intuitively accepted by most, as is the recognition
that such will require greater alignment and integration of economic development, social
advancement and environmental protection (Dunphy et al., 2003; Holliday et al., 2002;
WBCSD, 2001; Winsemius and Guntram, 2002). Views do however start to diverge once
trying to understand the implications of the sustainable development paradigm for industry
and society as a whole.

Over the past 15 years there has been much debate about the implications of the global
quest for sustainable development for mining, minerals processing and primary metal pro-
duction (for example, Cowell et al., 1999; Hilson and Murck, 2000; MMSD, 2002; PWC,
2001; Whitmore, 2006). While some argue that environmental sustainability precludes any
mining of non-renewable resources, others are from an environmental perspective primar-
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ily concerned with the ultimate fate and potential accumulation in the environment of the
mined materials, and their by-products, and the energy requirements for primary metal pro-
duction (Robert, 2003; van Berkel, 2006a). Adding the social and economic dimensions
one needs to recognise that minerals and metals are currently indispensable for availing
global society of the goods and services that make up our modern lifestyle (DITR, 2006c;
ICMM, 2006). From precious metals in the computers that power the Internet, e-business
and even the entire financial sector, to iron and light metals used in bodies and engines of
the cars, trains, boats and airplanes that provide for mobility of people and goods, to lead
that provides storage for renewable photo-voltaic electricity, all are ultimately dependent
on use of mined, non-renewable materials. Only a global minority currently has access to
this modern lifestyle, which presents the global sustainable development agenda with two
competing goals. Firstly, to increase the availability of metal-dependent products and ser-
vices to a larger share of the global population so as to achieve greater intra-generational
equity of social and economic opportunity. Secondly, to protect the natural environment
from depletion of non-renewable metal ores and from the waste and emissions generated
from production and use of metals and thereby achieve environmental sustainability and
resource conservation.

This paper reviews how eco-efficiency (EE) and innovation in primary metal production
can contribute to reconciling these competing global sustainable development objectives
of environmental sustainability and intra-generational equity. In doing so, it is recognised
that EE in primary metal production should happen in tandem with changes in production
and consumption patterns (to dematerialise metal-dependent products and services), in
collection and recovery of end-of-life metal-containing products (to prevent dissipative
losses) and in secondary metal production (to maximise substitution of primary metals
production). Section 2 highlights key sustainable development considerations in current
metals’ cycles, and thereby provides the context for the review of EE in primary metals
production in the remainder of this paper. Even though EE, including its predecessors,
now has a 30-year history in some manufacturing industries, its applicability to primary
metals production is still being challenged by some. This paper takes on this challenge by
addressing the ‘why’ (Section 3), ‘what’ (Section 4) and ‘how’ (Section 5) of EE. Section 3
summarises and organises change models for environmental sustainability, to demonstrate
the strategic fit of EE with sustainability as a key shaper of minerals’ industry development.
Section 4 reviews earlier attempts to define EE for primary metals production and proposes
an integrated operational framework. Section 5 deals with the practical implementation of
EE, either as part of continuous improvement of existing operations or in the realisation of
major capital projects. Section 6 provides some closing observations.

2. Sustainable development and metals cycles

Fig. 1 provides a system’s perspective for the production, use and reuse of minerals
and metals. The primary driver of the system is society’s benefit from services that require
metals for their delivery, e.g. transportation, communication, health care, etc. This creates
a demand for products that contain metals, e.g. aluminium in airplanes, precious metals
in computers and titanium dioxide pigment in toothpaste. The metals for manufacturing



Consumption

Maintenance and
Repair

Product
Recovery

Component
Recovery

Materials
Recovery

Reuse

Distribution
and
Installation

Remanufacture

recycling

___________ s SN

Metals Production
(smelting and |
refining

Secondary
Production

Exploration

Mine Site
Development

Minerals
Processing
(milling, washing,
grading,
concentrating)

Production
(smelting and

Primary
Production

A 4

r

Assembly

Product

Component

Manufacture

Material
Production

Pro’duct Design aﬁd Realisation

Fig. 1. Overview of metals production, use and reuse cycles (based on ICMM, 2006; MMSD, 2002).

1459

0FS—T1IS (£007) IS Su1jokoay pup o AIISUOD) ‘SIOUNOSIY J |12 UDA "y



R. van Berkel / Resources, Conservation and Recycling 51 (2007) 511-540 515

of these products are sourced from both primary production (starting from a mined ore
body) and secondary production (recovered from discarded products or production scrap).
Although this system perspective is applicable to all metals’ use, the dynamics and relative
importance of different flows vary greatly. Aluminium in beverage cans might be available
for recycling within several months, and precious metals used in computers in a few years,
but steel used in construction of bridges and buildings will be in use for decades.

Per capita metals consumption is by far the highest in the industrial economies. In 2000,
the USA, Canada, Western Europe, Japan and Australia, accounted for 14.6% of the world
population, and consumed around 60% of world aluminium, copper and lead consumption,
nearly 50% of world steel consumption and 35% of world gold consumption (MMSD,
2002). By contrast, China and India, 38.8% of the world population, consumed 16.6%,
14.1%, 11.5%, 21.5% and 23.4% of world consumption of aluminium, copper, lead, steel
and gold, respectively (MMSD, 2002). Among these five metals studied, the range of per
capita consumption was smallest for gold (0.4 g/head for China and India to 2.0 g/head in
Western Europe) (MMSD, 2002). It was also found that per capita consumption of steel and
copper was exceptionally high in some of the rapidly industrialising countries due to high
construction activity associated with industrial development (per capita consumption of
1112 kg steel and 28.6 kg copper in Taiwan, compared to average use in industrial countries
of respectively 438 kg steel and 10.3 kg copper) (MMSD, 2002).

The detailed analysis and quantification of metals cycles has been subject of study in
recent years, as part of the Stocks and Flows Project of the Yale Centre for Industrial Ecology
(see e.g.: Graedel et al., 2004, 2005; Greadel et al., 2002), and also elsewhere (e.g., Ayres
et al., 2003; IISI, 2006; MMSD, 2002). The complexity of metals cycles is illustrated here
with data on iron and steel production and use in Japan in 2003, displayed in Fig. 2 (IISI,
2006). The data collected from various sources balance with an accuracy of around 5%. In
Japan, steel is made by the basic oxygen furnace route (approximately 74%), mainly from
pig iron, or by the electric arc furnace route (approximately 26%), mainly from recycled
scrap steel. Approximately 36% of total raw ferrous materials input to crude steel making
comprised of recycled scrap. The amount of steel accumulated in products that are presently
used is 1.26 billion tonnes, about 20 times the amount of steel annually entering society
with new steel containing products (60.03 Mt/year).

Recycling is well established for metals allowing a large share of metals that have been
produced to remain in use for multiple use cycles. A recent study on aluminium found
that of the estimated 678 million tonnes of aluminium metal produced globally since 1888
about 75% is still in use (ICMM, 2006). Secondary metals production has multiple envi-
ronmental benefits over primary metals production. Firstly, the metal value is preserved and
mining of ore is avoided. On current ore grades, ore to primary metal ratios for selected met-
als are: 6.5 tonnes bauxite/tonnes aluminium, 115,000 tonnes ore/tonnes gold, 140 tonnes
ore/tonnes copper, 1.6 tonnes iron ore/tonnes iron, 4.5 tonnes mineral sand/tonnes titanium
and 7.2 tonnes ore/ton zinc (Wright et al., 2002). Secondly, secondary metal production is
less energy intensive than primary metal production. Typical energy benefits for secondary
metal production are: 94% for secondary aluminium; 75% for secondary copper, 40% for
secondary steel and 70% for secondary lead (Wright et al., 2002). Secondary zinc production
is however estimated to be about 10% more energy intensive than primary zinc production
(Wright et al., 2002).



R. van Berkel / Resources, Conservation and Recycling 51 (2007) 511-540

516

9002

‘ISif woy Joyine Ag pajeinajea (,)
30BWIN 01y 0UIP3[T = 4v3
2oeuIn4 uabAxQ o1seg = 409
aceuwind 1se|g = 49

EIoN

]
]
]
' W Le'g deng

*(900T ‘ININDI woiy paydepe) (¢00z) ueder ur 5[94d [39)s pue uoi] g 314

e s sscsssssscscs s s s c s s T E ST EC TS EEE TS Ee -y

(c002) ueder

W €9

(N Z1 p) :desg awoy
W 9. desog 1dwoly
W 85| Buibexoeq
W 09 v ‘sianpold .fmﬂr_ﬂuwm
W 286 ‘B|igowoyy
N 866 usuyaey

WA P8P [SHOM oliand)
N §9°¥ uonda|o9 deiog

- a

W ZE b desos ajsepm

]

WSy

Pa10js suo} Uol|ilg 9T |
asM ul s}anpoid

s

WZLvlL
desos

A
o] _§_-§ 8

N S9'SP

awoy

W GLZZ ‘1Ponpold [g8lg
' N 91 SE -|eusiep (3315 "‘
" N 89°e9 shodx3
) ]
»

shee

W aLSE

(W 581 :Buibexoed
W 91'G :sjonpoid Llepucoag
IN 082l 3qowoiny
N 00°EL Aisuyoep
W 0r 61 sBuiping
WA 292 "SHIoM dand)
N £0°09 2anjoejnuey
sjonpold |29

desos
ojsawop

Y
2
o

A
) 3—% €9

N L1886
uonoNpoid [eL3Je 13318

6'E

sasn
4840 Jof 8|qeieAy
am
£z1 Bejs Jv3/d08
W 9evZ Bers 49)
N 99°9¢ sbels

W ST
sbunsen

A
) ..s‘-m_m G6

2
D
S

(W 00’6z 4v3

W 0028 J08)

HN 00°0LE
uonINPOId [29)S ApNID

1
-

+

[y
) wozeL

s eeseesesesmseeee e

. —
-

WN9L'Z8
(48) uonanpoid uoi bid

|

cccceccas
]

]

(N 96°€ Pnpoid 1921
N ELE [RUAIEN RAIS g

W 610 ders

W £€°99 (0D Bupjon 8
W Ob'GZL 210 uol) |
WA 197661 suodw g
]

]



R. van Berkel / Resources, Conservation and Recycling 51 (2007) 511-540 517

The shares of total metal consumption derived from recycled material were estimated for
2000 to be 35% for gold and copper in Western World, 29% for aluminium globally, 70%
for lead in USA and 55% for lead in rest of world, and ranging between 46% and 79% for
steel in different parts of the world (MMSD, 2002). These rates are influenced by a number
of factors, including the availability of secondary smelting capacity, metal recovery rates
from end-of-life products, and growth rates in metal consumption. Many metal products
have long residence times in the society (years to decades) (see e.g. van Schaick and Reuter,
2004), so what is now available for metals recycling was produced at times long gone by,
typically in much smaller quantities.

There are also fundamental limits to metals recycling, which pose an upper limit on
how much of the metal contained in an end-of-life product can be recovered and recycled as
secondary metal (Reuter et al., 2005; Verhoef et al., 2004). Complex manufactured products,
like cars and electronic equipment, contain a range of metals and other materials (plastics,
rubber, glass, etc.). The metal combinations in residue streams from recycling operations
(selective dismantling, shredding and sorting) are different from combinations of metals
that occur in nature putting the recycled streams outside the operating range of established
smelting and refining technologies (Verhoef et al., 2004). This may lead to deficiencies and
surpluses of minor elements in the metal recycling systems that pose new challenges to
meet alloying specifications for metals. Recent research in collaboration with the European
automobile industry has focused on modelling recycling systems to maximise recycling,
and vice versa, inform vehicle design by fundamental recycling limits (Reuter et al., 2006;
Richard et al., 2005, 2006).

Returning to the system’s view presented in Fig. 1, there are two principal leverage points
for resource conservation. The first leverage point is achieving maximum utility from the
metal or mineral being used. This implies avoiding dissipative uses, or metal applications
that cannot be recovered, as well as using the least possible amount of metal for a particular
application, through dematerialisation. Advances in engineering and process technology,
have for example reduced the weight of an aluminium beverage can by 40% over the past
25 years (IAI, 2006). The second leverage point is substitution of primary metal with sec-
ondary metal. This involves: product design to enhance end-of-life recyclability (maximise
the opportunity to recover the metal from the end-of-life product); effective collection sys-
tems (reduce the loss of end of life products into the environment); optimisation of recycling
systems (to maximise the actual metal recovery from the end-of-life products through lib-
eration and separation) and improved secondary smelting technologies (to produce high
quality secondary metal that can replace primary metal).

In a static system, secondary metal production can substitute primary metal production
completely, if dematerialisation compensates for dissipative uses and losses in the recovery
and recycling system. In the dynamic world, this is unlikely to happen in the foreseeable
future, for two interrelated reasons. Firstly, the long residence time of metal containing
products in society causes delays of years to decades before metals in use become avail-
able for recovery and recycling. Secondly, society’s demand for the utility of metals will
increase significantly as the industrialising countries seek a standard of living comparable to
industrial countries. It is imperative to ensure that such higher standard of living is achieved
in a more resource efficient way or in other words that their per capita metal consumption
remains lower than in industrialised countries. Given that metals consumption is currently
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so skewed to industrial countries (15% of the world population consuming 50% or more
of many metals, as discussed above), global consumption of metals will regardless con-
tinue to increase significantly for at least the foreseeable future to accommodate economic
and social development of China, India and other rapidly industrialising and developing
nations.

At the global scale primary metals production is pivotal from intra-generational equity
considerations, which are embedded in the sustainable development agenda. Primary pro-
duction, in particular the minerals processing and metals production stages, however
requires large amounts of energy and chemicals and produces large volume wastes and
potentially harmful emissions of minor elements and toxics (see e.g. Algie, 2002; Norgate
et al., 2006; Stewart and Petrie, 2006). Minerals processing involves crushing, milling and
beneficiation of the mined ore and extractive metallurgy (hydrometallurgical (dissolved
in water) and/or pyro-metallurgical (at high temperature)) to produce elemental metal
(MMSD, 2002). Environmental innovations in minerals processing and metals production
can have a positive impact on the composition, leachability and stability of processing
residues, and is therefore relevant from the perspective of mine closure, site remedia-
tion and rehabilitation (van Berkel, 2006a). However to achieve satisfactory closure with
minimal ongoing management requirements, environmental innovations in the process-
ing stage needs to be complemented with planned approaches to mine closure, storage
of large volume wastes and reduction of acid mine drainage (DITR, 2006a,b; MMSD,
2002).

3. Environmental sustainability models

It has been proposed elsewhere (Robert, 2000) to structure models for environmentally
sustainable business operations at five hierarchical levels, respectively:

Level 1: principles of ecosphere (dealing with social and ecological constitution);
Level 2: principles of sustainability (system conditions);

Level 3: principles of sustainable development (design and operational strategies);
Level 4: sustainable innovations (or activities);

Level 5: sustainable development performance (metrics).

The following discusses a prominent example at each level of this model hierarchy (adapted
from van Berkel, 2006b).

3.1. Principles of ecosphere

Level 1 in the environmental sustainability hierarchy concerns principles of the eco-
sphere (Robert, 2000), which capture rules that govern the functioning of the ecosphere in
its provisioning of ecosystem services (i.e. availing of natural resources for use in economic
activity and maintaining the ability to regulate the ecosphere, leading to continued avail-
ability of fresh air, fresh water, food, shelter, stable climate, etc.). Industrial ecology is a
prominent example that uses both an ‘biological analogy’ and ‘ecosystem metaphor’ (van
Berkel, 2007b). It involves the *
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consumer activities, of the effects of these flows on the environment, and of the influences
of economic, political, regulatory and social factors on the flow, use, and transformation of
resources” (White, 1994).

Within industrial ecology biomimicry distils lessons from nature and applies these in
industrial products and technologies. Biomimicry uses nature as a model, measure and
mentor to conceptualise and develop more sustainable products and services (Benyus, 1997).
Commercial applications of biomimic concepts include medical sealants imitated from the
mussel byssus, self-cleaning surfaces imitated from the lotus flower and daylight adapted
colour displays for personal digital assistants based on structural colour principles found in
peacock (van Berkel, 2007b).

3.2. Principles of sustainability

Level 2 covers principles of sustainability (Robert, 2000). These provide conditions
products and production systems should meet to achieve sustainability. These capture best
practice understanding of the functioning of the ecosphere and likely threats to its functional
integrity. The best-known set was developed by The Natural Step (Holmberg, 1998; Robert,
2000, 2003). Its system conditions hold that (Robert, 2003, p. 67) “in a sustainable society:

1. Nature is not subject to systematically increasing concentrations of substances extracted
from the Earth crust;
2. Nature is not subject to systematically increasing concentrations of substances produced
by society;
. Nature is not subject to systematically increasing degradation by physical means;
4. The ability of humans to meet their needs worldwide is not systematically undermined”.

W

Similar ideas are reflected elsewhere, for example in Natural Capitalism. This bridges
however both into ecological principles and into sustainable development principles, by
mandating radically improved resource productivity, redesign of industrial systems on bio-
logical lines (biomimicry), shift to economy of services and flows, and re-investment in
natural capital (Hawken et al., 1999; Lovins et al., 1999).

3.3. Principles of sustainable development

Level 3 models move from principles of sustainability, i.e. the requirements products and
production systems should meet, to principles for sustainable development, i.e. the strate-
gies that can be employed in products and processes to achieve these system requirements
(Robert, 2000). Green chemistry and green engineering for example define high-level sus-
tainability strategies for application in the design of product- and process-chemistries, and
of engineering artefacts, e.g. manufacturing plants, civil works and machines.

e Green chemistry: rooted in the chemical sciences, green chemistry concerns the design,
development, and implementation of product- and process-chemistries that reduce or
eliminate the use and generation of hazardous and toxic substances (Lancaster, 2002).
Its comprehensiveness is best captured in the 12 green chemistry principles (Anastas and
Warner, 1998).
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Table 1

Green chemistry and engineering principles (van Berkel, 2006¢)

Green chemistry Green engineering

1. Design for waste prevention 1. Design for inherently non-hazardous material and energy

inputs and outputs

2. Design for atom efficiency 2. Design for waste prevention

3. Design for less hazardous chemical 3. Design for separation
synthesis

4. Design of safer chemicals 4. Design for maximum energy, space and time efficiency

5. Design for safer solvents and auxiliaries 5. Design for “output-pulled” vs. “input-pushed”

6. Design for energy efficiency 6. Design for conservation of complexity

7. Design for use of renewable feedstocks 7. Design for durability not immortality

8. Design to reduce derivatives 8. Design to meet need and minimise excess

9. Design for catalysis 9. Design for minimal material diversity

10. Design for product degradation 10. Design for process integration

11. Design for real time analysis and 11. Design for performance in a commercial after life
control for pollution prevention

12. Design for inherently safer chemistry 12. Design for renewable material and energy inputs

e Green engineering: rooted in process engineering design, green engineering incorporates
environmental considerations in all stages of the process design, to achieve better and
greener process plants (Allen and Shonnard, 2002). The scope is well captured in 12
green engineering principles (Anastas and Zimmerman, 2003). Although currently pre-
dominantly applied in (petro) chemical process design, the principles and tools seem to
be equally applicable in other engineering disciplines.

Table 1 summarises the 12 green chemistry and green engineering principles, as they have
been rephrased as design strategies (van Berkel, 2006c¢).

3.4. Sustainable innovations

Level 4 describes which activities achieve more sustainable outcomes (Robert, 2000).
It is best known under the general umbrella of eco-efficiency (EE), or “doing more with
less”. The World Business Council for Sustainable Development (WBCSD) defined EE
as: “the delivery of competitively priced goods and services that satisfy human needs and
bring quality of life, while progressively reducing ecological impacts and resource intensity
throughout the life-cycle, to a level at least in line with the earth’s estimated carrying
capacity” (DeSimione and Popoff, 1997; WBCSD, 2000b). EE aims simultaneously for
reduction of use of natural resources, reduction of impact on nature and increase of product
and service values.

EE is closely aligned with other preventive environmental management practices (van
Berkel, 2007a), in particular: waste minimisation (WM), pollution prevention (PP) and
cleaner production (CP) (see Table 2). CP and EE appear to be most commonly used, and
for practical purposes, they are simply different terms for the same outcome: competi-
tive, resource-productive and environmentally sound business operations (WBCSD/UNEP,
1996; van Berkel, 2007a).
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Table 2

Preventive environmental management practices

Practice Definition

Waste minimisation (WM) Comprises source reduction (reduction of the amount of waste at the

source, through changes in industrial processes) and recycling (reuse
and recycle waste for the original purpose, such as materials recovery
or energy production) (USEPA, 1988)

Application of a systematic approach to reducing the generation of
waste at source. . .It is about optimising all areas of the business to be
more resource efficient and thus prevent, or at least minimise, the
production of waste (Envirowise, 2002)

Pollution prevention (PP) Use of materials, processes and practices that reduce or eliminate the
creation of pollutants or wastes at the sources. It includes practices that
reduce the use of hazardous materials, energy, water or other resources
and practices that protect natural resources through conservation or
more efficient use (USEPA, 1992)

Cleaner production (CP) The continuous application of an integrated preventative environmental
strategy to processes, products and services to increase efficiency and
reduce risks to humans and the environment (UNEP, 1994)

3.5. Sustainable development performance

Level 5 concerns sustainable development performance (Robert, 2000). It addresses
alternative metrics that can inspire sustainability innovations and track and review progress
in their realisation.

Performance measurement frameworks are best developed for environmental issues.
Environmental management system specifications distinguish between performance and
condition indicators (for example ISO 14031, ISO, 2000). Performance indicators reflect
on the organisation’s efforts to manage and possibly minimise its environmental influence.
Performance can be expressed in terms of physical impact on the environment (‘operational
performance indicators’, such as total greenhouse gas emissions or water use) or in terms of
the organisation’s effectiveness to manage its environmental aspects (‘management perfor-
mance indicators’, such as conformance with the organisations’ environmental policy, its
objectives and procedures). ‘Condition indicators’ refer to the status of the natural environ-
ment, for instance the oxygen concentration in the receiving water body, total noise level at
residential locations, etc.

Operational performance indicators are expressed relative to productive output. This
produces either intensity indicators or efficiency (also productivity) indicators. Intensity
indicators express the level of environmental influence per unit of productive output (e.g.
kg greenhouse gas emission per ton of alumina produced; water consumption per ounce
of gold recovered (ISO, 2000)). Efficiency indicators express the level of efficiency in
utilising natural resources in terms of units of productive output per unit of net environmental
influence (e.g. kg of metal produced per ton of greenhouse gases emitted; $-value of steel
sales per kL of water consumed (WBCSD, 2000c)). Intensity and efficiency indicators are
the inverse of each other.
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These summaries of environmental sustainability models illustrate that level 4, or
eco-efficiency, is most appropriate to start the identification and implementation of environ-
mental innovations in primary metals production. Further direction can be obtained from
level 3, green chemistry and engineering, while level 5, eco-efficiency metrics, can assist
with tracking progress in reducing environmental burdens of metals production.

4. Eco-efficiency

Although some early attempts exist that defined environmental management best prac-
tices for mining and minerals processing (e.g. ICME/UNEP, 1996; Parsons and Hume,
1997; UNEP, 1991; USEPA, 1995), it took until the late 1990s before the first specific
references and interpretations of pollution prevention (PP), waste minimisation (WM),
cleaner production (CP) and eco-efficiency (EE) in primary minerals and metals pro-
duction emerged (e.g. Dharmappa et al., 2000; EA, 2000; FWI, 2001; Hilson, 2000a,b;
van Berkel, 2000b). These are first reviewed here, before an integrated framework is
presented.

4.1. Customisation

Hilson defined “cleaner technologies and cleaner production practices as highly effi-
cient environmental equipment, and state-of-the-art environmental management measures”
(Hilson, 2000a, p. 699). He argued that cleaner technologies and practices had been imple-
mented by the American mining industries, as evidenced by the advances in flue gas
desulphurisation (from smelters), treatment of mine water and management of acid mine
drainage (AMD) (Hilson, 2000a,b).

Around the same time the Australian Commonwealth Government released a CP manual,
which adopted the generic CP definition (as in Table 2), and complemented this with a
mining specific interpretation (EA, 2000, p. 6): “Cleaner Production is synonymous with
best practice environmental management. . . Its application to mining can be described as
a key part of continuous improvement processes aimed at maximising resource usage and
operational efficiency over the entire resource life cycle and consciously minimising waste
disposal and rehabilitation requirements”. This manual included seven company examples:
operational improvements at a manufacturer of explosives (Orica); noise reduction from
underground coal mine (Oceanic Coal Australia); steam recovery boiler for synthetic rutile
plant (Iluka Resources); chemicals management at an engine production plant (Holden
Engine Company); automation of ventilation fans at an underground copper/lead mine
(MIM); water management and conservation around copper/gold mine in collaboration
with pastoralists (Placer Dome); and energy management at an underground copper/lead
mine (MIM) (EA, 2000). All demonstrated praiseworthy environmental practice, but two did
not apply to mining or minerals processing (Holden Engine Company and Orica), and only
three of the remaining case studies did fit comfortably with the mainstream CP definition
(namely Iluka and MIM (twice)). The other two demonstrated environmental remediation
rather than preventive process-integrated environmental solutions (respectively, Oceanic
Coal and Placer Dome).
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Hilson and Murck then reviewed environmental initiatives in the North American gold
industry, and defined: “Cleaner Production and Waste Minimisation technologies and strate-
gies collectively reduce the quantities of pollutants released from gold mines to small,
manageable amounts, which can effectively treat whatever toxic chemicals are destined for
discharge into the natural environment (p. 405). . .[They] require integration of state-of-the-
art environmental technologies, strategies and safeguards, particularly those available for
use in cyanidation set-ups and acid mine drainage (AMD) control (Hilson and Murck, 2001,
p. 408)”. For gold cyanidation, CP and WM would include the application of appropriate
leach pads to contain cyanide from leaching heaps and cyanide detoxification from decom-
missioned ore heaps (passive, chemical and/or biological) (Hilson and Murck, 2001, p. 410).
With regard to acid mine drainage (AMD), the strategies would for example include inter-
nal neutralisation with alkaline lime agents before water discharge, water cover of tailings
to prevent formation of AMD and biological/natural degradation before water discharge
(Hilson and Murck, 2001, p. 410). These examples illustrated that CP was understood
to be concerned with the continuous improvement in environmental control and man-
agement, including post mining rehabilitation and tailings management. This contrasts
a broader notion more common in other industry sectors, that CP is concerned with the
continuous improvement of resource efficiency and operational performance of the basic
production processes, products and services, informed and guided by the environmen-
tal impacts and resource-(in)-efficiencies of those processes, products and services (van
Berkel, 2007a).

Later Hilson undertook an extensive review of CP and PP interpretations and their suit-
ability for the mining industry and defined: “Cleaner Production should be viewed as an
overarching environmental strategy emphasising improvements to mining operations and
processes, and the adoption of highly effective environmental management strategies. To
achieve Cleaner Production, mine management must continuously assess the suitability of
input materials, the design of operations, energy and material inputs, and waste disposal
techniques. . .. Cleaner Production extends beyond the technological and design-related
characteristics of the industry, focussing equally upon key managerial and policy-making
aspects such as the implementation of management systems, environmental tools, and pro-
cesses; makeshift changes in attitudes; and the application of “know how” to managerial
techniques and housekeeping practices” (Hilson, 2003, p. 310).

In this interpretation CP involves (Hilson, 2003, pp. 310-313): managerial changes (envi-
ronmental management-related initiatives that improve the overall efficiency of operations,
and which require the participation of staff, see also Hilson and Nayee, 2002); policy changes
(environmental decision making aspect of operations, including corporate environmen-
tal policy, voluntary impact assessments, environmental audits and reviews); and physical
changes (technological modifications, implementation of state-of-the-art equipment and
process-related initiatives).

PP was seen as environmental improvements resulting from technological change, and
therefore PP became a subset of CP. In detail: “Pollution Prevention in the mining indus-
try involves: (1) the continuous integration of highly effective environmental technologies
during the course of operation; (2) implementation of sound process control and improved
site design; and (3) the complete reclamation of a mine following abandonment.” (Hilson,
2003, p. 314).
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As per this interpretation CP serves as the overarching environmental management strat-
egy and philosophy, that drives anticipatory environmental management (Hilson, 2003, p.
310). PP is limited to environmental advancements made possible by technological change
(Hilson, 2003, p. 318). CP distinguishes itself from other environmental initiatives through
its focus on anticipation, which is understood here to be concerned with preparedness
and responsiveness to potential environmental impacts. This is different to widely held
interpretations that CP distinguishes itself from other environmental initiatives through its
focus on prevention, which is understood here to be concerned with the elimination of the
source of the potential environmental impacts (e.g. UNEP, 1994; van Berkel, 1996). The
notion of anticipation is linked to issues management and preserving ‘license to operate’,
or corporate social responsibility (WBCSD, 2000a), one element of the business agenda for
sustainable development (Holliday et al., 2002). The notion of prevention is linked to overall
resource efficiency, or eco-efficiency, a complementary element of the business agenda for
sustainable development (Holliday et al., 2002).

Five Winds International proposed a materials specific EE model (FWI, 2001). It con-
tained distinct EE strategies for different types of materials based on their structure:

e For wood/paper (with cellular material structures) the primary strategy is to maintain
the integrity of the living resource stock. This might be called resource eco-efficiency or
natural resource stewardship.

e For metals (with elemental material structures) the primary strategy is to maximise the
utility of the metal element. Value creation from the material stock should be maximised
through the use and reuse of each atom. This might be called materials eco-efficiency or
material stewardship.

e For plastics (with molecular material structures) the primary strategy is to maximise
the value of the product, taking advantage of the versatility offered by plastics in their
application in different product cycles. This might be called product eco-efficiency or
product stewardship.

Materials, resource and product EE need to be complemented with process eco-efficiency.
This aims to reduce waste generation and resource consumption from production processes
(FWI, 2001). Although the distinction between material categories and their associated
environmental priorities is legitimate, it does not demonstrate that EE is fundamentally
different when applied to materials, resources or products (van Berkel and Narayanaswamy,
2004).

Basu and van Zyl positioned CP, as an outcome, towards IE, as the sustainable develop-
ment goal (Basu and van Zyl, 2006). IE is, in their view, concerned with the optimisation
of resources, energy and capital in the industrial system comprising mining, quarrying and
minerals processing. IE provides the framework for achieving the overall goal of sustainable
development. CP and PP are used interchangeably to provide the strategy and policy for
IE implementation at the corporate or organisation level. At the operational or site level,
WM and recycling, provide for planning for CP and EE, while Pollution Control and Waste
Disposal deliver these as part of routine production activities. CP at corporate level helps
develop action plans for its subsets of Waste Minimisation and Recycling, both long term
operational planning activities, and Pollution Control and Waste Disposal, both short term
operational planning and production activities.
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The Australian leading practice sustainable development program has now amalgamated
CP, EE and energy efficiency in the notion of stewardship: “an integrated program of action
aimed at ensuring that all materials, processes, goods or services are produced, consumed
and disposed of, along the life cycle in a socially and environmentally responsible man-
ner” (DITR, 2006c, p. 14). Stewardship has constituent subsets of materials stewardship
(including EE), resource stewardship (including by-product synergies and process inno-
vation), process stewardship (including CP and utility synergies) and product stewardship
(including design for environment and environmental disclosure).

4.2. Integration

The previous review reveals a lack of consistency in terminology, aims, objectives and
means, which could explain some reluctance of industry, government and community stake-
holders to commit to EE. An integrated framework is presented here to bring much needed
clarity.

CP aims at making more efficient use of natural resources and reducing the generation of
wastes and emissions at the source. This is generally achieved through the implementation
of any of five generic ‘prevention practices’: product modification; input substitution; tech-
nology modification; good housekeeping and (on site) recycling and reuse (de Hoo et al.,
1991; USEPA, 1988; van Berkel, 1996, 2007a). These generic practices can be customised
to be more applicable and effective for particular industry sectors (van Berkel, 1996), in the
minerals processing and metals production industries, in particular into (van Berkel, 2002,

D006alt

1. Process design: development of the process metallurgy and process flow sheet to max-
imise resource recovery, recovery efficiency and by-product values whilst minimising
process waste generation;

2. Input substitution: use of less toxic, more effective and/or renewable reagents and process
auxiliaries (including energy sources);

3. Plant improvement: application of more efficient plant designs, unit operations and
equipment;

4. Good housekeeping: continuous improvement in operation and maintenance practices
and systems;

5. Reuse, recovery and recycling of process waste streams, preferably at the site where the
waste stream originates.

Table 3 summarises both operational and R&D examples of each of these prevention
practices.

EE arguably has been defined with primary reference to the manufacturing, trade and
services sectors, as exemplified by its commonly used seven dimensions: reduction of the
material intensity of goods and services; reduction of the energy intensity of goods and
services; reduction of toxic dispersion; enhancement of materials recyclability; maximum
sustainable use of renewable resources; extension of product durability; and maximum
service intensity of products (van Berkel, 2007a; WBCSD, 2000b). To facilitate its greater
consideration and acceptance, these seven elements can be customised to practical themes
minerals processors and metal producers can pursue. EE is then understood to aim for five



Table 3

Examples of implementation of “prevention practices”

Prevention practice

Examples

Current practice

Research and development

1. Process design

2. Input substitution

3. Plant improvement

Xstrata Copper made a number of design changes to
increase copper and sulphur recovery from its Mount Isa
smelter. Sulphur dioxide produced from smelting of the
sulphide ores is captured and transferred to a sulphuric
acid plant, which produces acid for a fertiliser works.
Current process design enhancements include
introduction of oxygen enrichment in the smelter (to
assist with capture of the sulphur dioxide), and a leach
plant for the dust collected in the electrostatic
precipitator (through which the off gases from the
smelter pass on their way to the acid plant), allowing
recovery of copper metal deposited on the dust (DITR,
2006¢)

Simcoa operations produces and uses charcoal as
low-ash containing reductant in its silicon metal
furnace. Charcoal was initially produced from log-grade
timber, but has gradually shifted to lower grade timber
inputs, including saw mill cut offs and, most recently,
branches and roots from land clearing for surface
mining (DITR, 2006c).

St Ives Gold installed an innovative tailings thickener
with no moving parts for low operation and maintenance
cost. It achieved an increase in solids content from 48%
to 52%, allowing recovery of 600 ML tailings water for
reuse in the processing plant, and enabling significant
savings on process chemicals (EA, 2002)

Liberation of minerals with microwave assistance has
potential to reduce energy use in grinding hard rock
ores. Applied to sulphide flotation concentrates, the
technology could have considerable potential to replace
other energy- and pollution-intensive processes such as
autoclaving, roasting or smelting (Wang and Forssberg,
2005)

Thiosulphate is already an attractive alternative to
cyanide for processing of carbonaceous ores where
recovery of gold is otherwise poor. It may also be
attractive for copper-gold concentrates and other ores
that consume significant amounts of cyanide (Muir and
Gaylmore, 2002).

Inert anode technology has the potential to revolutionise
aluminium smelting in the Hall Herault process, with
potential energy savings up to 25% and likely near
elimination of PCF emissions (which have a very high
global warming potential) (Moors, 2006; Sadoway,
2001)
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4. Good housekeeping

5. Reuse and recycling

AngloGold Ashanti established an innovative
benchmarking and auditing program to share best
practices in cyanide management among its global gold
operations and thereby find the most effective and
feasible processes and practices for meeting its
commitment to the International Cyanide Management
Code (AngloGold Ashanti, 2005)

Worsley alumina installed additional vessels and heaters
in its steam system and rerouted steam condensate back
to the boiler house, reducing greenhouse gas emissions
by 44,320 tonnes of COy/year. It also installed a heat
exchange system at the discharge end of the calciner, so
that a process liquor is now preheated in place of
cooling water, enabling around 80% of the heat energy
to be recovered, representing a saving of 33,280 tonnes
CO; per year (BHP Billiton, 2005)

The aim of the Green Lead™ project is to minimise the
risk of harm to people and environment from exposure
to lead at any place in the life cycle of Lead Acid
Batteries (LAB’s). Initiated from Cannington, the
world’s largest silver and lead producing mine, a
consortium has been established with producers
throughout the LAB life cycle, and significant
governmental and non-government