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Abstract

Despite numerous actions world-wide which call for adoption of more sustainable strategies, relatively little has been done on practical level so far on the pretext that the issue is too complex and not fully understood yet. This paper follows the argument that it is important that today’s decision-makers address the issues of sustainable development, however imperfectly, as ignoring it may only exacerbate the problem for future generations. In particular, the paper concentrates on measuring environmental sustainability of the minerals extraction industry with the aim of further informing the debate in this area. It proposes a framework with a relatively simple, yet comprehensive set of environmental indicators for identification of more sustainable practices for this industry. The indicators include environmental impacts and efficiency, and voluntary environmental actions by companies. The framework is applicable across the industry; however, more specific indicators for different sub-sectors can be defined on a case-by-case basis. A life cycle approach used in this framework ensures that the most important stages in the life cycle and their impacts are identified and targeted for improvements. The framework can be expanded to include economic and social aspects of sustainable development and to provide a link between local and macro-considerations. This framework can therefore assist companies in assessing their environmental performance with regard to goals and objectives embedded in the idea of sustainable development.

1. Introduction

The publication of “Our Common Future”
 in 1987 prompted numerous actions on both international and national levels, which called on governments, local authorities, businesses and consumers to define and adopt strategies for sustainable development. However, in the midst of all these activities, there is still a lot of confusion as to the exact meaning of sustainable development. While the general concept of “meeting the needs of the present without compromising the ability of future generations to meet their own needs” is accepted and relatively easy to comprehend, the difficulties arise in trying to apply the principles of sustainable development in practice. One of the difficulties is that, to be able to identify and define sustainable actions for different sectors of community, i.e. local and national governments, industry and individuals, we must first be able to measure “the level of sustainability” of the proposed options and strategies. For this, we need to develop indicators of sustainable development (ISD) that will enable the overall assessment of progress towards sustainable development. This is endorsed in Chapter 40 of the Agenda 21
. Thus far, a number of different approaches have been proposed to define the indicators for different parts of the community, including industry
,
,-
. However, there is still no standardised methodology which defines generic indicators to enable a consistent comparison and identification of more sustainable options. 

This paper takes on a challenging task in attempting to develop a generic framework with a simple, yet comprehensive set of environmental indicators for identification of more sustainable practices for the minerals extraction industry. The paper builds on an earlier work
 and it aims to identify relatively simple ways of measuring the level of environmental sustainability in the first instance and thereby contribute to further understanding of the meaning of sustainable development for this industry. 
2. Environmental Indicators of Sustainable Development

Industrial operations associated with the extraction of minerals usually occupy large areas and often have detrimental consequences for the environment. It is therefore important to assess the extent of environmental impacts and identify best strategies for sustainable development of this industrial sector. The key sustainable development objectives are to conserve minerals as far as possible while ensuring an adequate supply, to minimise waste production and to encourage efficient use of materials, to minimise environmental damage from minerals extraction, and to protect designated areas from development
.

This paper proposes a generic framework to measure the level of environmental sustainability of the minerals extraction industry. The approach is based on life cycle considerations and it follows the Life Cycle Assessment (LCA) methodology
. The need to consider the life cycle implications of economic activities in the context of sustainable development is now widely recognised and accepted. The life cycle approach provides a full picture of the interactions of human activities with the environment and identifies the “hot spots” in the system, which can be targeted for improvements. The latter is particularly important as it enables concentrating on the important stages and impacts in the life cycle. There are numerous examples of the usefulness of the life cycle approach and many companies are already using LCA to assess and improve their environmental performance
.

The environmental indicators proposed in this framework have been classified into three general categories: 

· environmental impacts, 

· environmental efficiency, and 

· voluntary actions. 

The environmental impacts indicators include the usual categories considered in LCA. Their definition is given in the Appendix. Although the list of the impacts is fairly comprehensive, it is by no means exhaustive, and can be expanded to include other impacts, specific for each system. The impacts are divided into two categories: those from planned emissions and those from unintentional or accidental releases. Some of the impacts listed in Table 1 have a local effect on the environment (e.g. land use, photochemical smog and eutrophication) while the others are of a more global nature (e.g. global warming and ozone depletion). However, the impacts as defined in LCA at present represent only potential rather than actual effects on the environment. For instance, the impacts are calculated on the basis of the emissions of pollutants, and not on the basis of their fate in the environment. Although there have been some attempts to incorporate environmental fate modelling into LCA
, there is no agreed methodology at present so that its introduction at this stage may further complicate the issue. It is thus proposed to use the potential rather than “actual” impacts for the environmental indicators. This should not pose a significant problem as long as it is made explicit and the systems are assessed and compared on an equivalent basis.

To facilitate a gradual incorporation of the framework for sustainable development into the organisational structure, it is possible to divide the system under consideration into foreground and background systems (see Fig. 1). The foreground is defined as the set of processes directly affected by the study
, delivering a functional unit of interest. For instance, the functional unit could be defined as ‘operation of the system for one year’ or as ‘production of 1000 kg of product’. The background is that which supplies energy and materials to the foreground system. For instance, the foreground could be a mine and the associated processing plant for which the environmental impacts are being determined, with the inputs of energy and other materials from the background system. Distinction between foreground and background can also be useful for identifying the direct contributions to the impacts of the activities of the company, compared to the impacts along the whole supply chain. There are a number of examples of application of this approach to the real case studies, e.g. in the mineral
, water
, gas
, and nuclear
 industries.

Table 1. Environmental indicators of sustainable development

Environmental impacts
-Resource use (including land)

-Global warming

-Ozone depletion

-Acidification

-Eutrophication

-Photochemical smog

-Human toxicity

-Ecotoxicity

-Solid waste
Environmental efficiency

-Material intensity

-Energy intensity

-Recycling of waste materials 

  (e.g. aggregates)
Voluntary actions
-Environmental management  

  systems

-Environmental improvements 

  above the compliance levels

 -Assessment of suppliers

In addition to the environmental impacts, further information about the level of environmental sustainability of an activity can be provided by determining its environmental efficiency defined by material and energy intensity and recycling of waste materials. The two former categories determine the total amount of materials and energy used in the life cycle of a minerals extraction facility. Recycling of waste materials to reduce the use of primary resources is another measure of sustainable development proposed here. For instance, to minimise the adverse impacts of aggregates extraction, the construction industry could increase its use of secondary and recycled materials (e.g. from demolition rubble). 

Both Environmental Impacts and Environmental Efficiency indicators proposed here are calculated routinely through LCA and, by analogy with LCA, are expressed per functional unit. The wide availability of LCA software packages, which usually come with extensive databases, enables relatively quick and reliable assessments. Therefore, there is no benefit in restricting the number of categories for environmental indicators, as there is little time or resource saving and some important categories could be missed out in this way. Instead, it is better to start the analysis with as many indicators as possible to identify those of greatest concern; less significant indicators can then be dropped in the subsequent analysis.


Figure 4 Foreground and background systems

Fig. 1 Life Cycle Stages in a Minerals Extraction System

The third set of environmental indicators proposed in this framework is related to a pro-active response of companies to environmental problems. These indicators are designed to reward business for their contributions to the environment and therefore to the society. Most companies see a business benefit in voluntary environmental actions. If they are merely complying with regulations, then they are the same as all other companies. However, if they can distinguish themselves by being the first to go beyond compliance, they may be able to improve their public image and thus gain a competitive advantage. A proactive approach also enables companies to anticipate regulatory shifts and reduce costs associated with catching-up with legislation.

Three such indicators have been included here: incorporation of environmental management systems (e.g. ISO 14001 or EU EMAS), rate of improvement over the minimum compliance level, and preferential choice of the suppliers based on their environmental performance. There are already a large number of companies which subscribe to some kind of voluntary environmental management systems. Many of them have also cut their emissions beyond the minimum levels prescribed by legislation or ahead of the targets set by government or international organisations. For instance, the Chemical Industries Association and the UK Government have reached an agreement with its members that they undertake to reduce specific energy consumption by 20% of the 1990 level by 2005, a full five years ahead of the Government’s climate change target
. The agreement should lead to savings in annual CO2 emissions of between 550,000 and 900,000 tonnes per year. 

More progressive mining companies go further than site-specific considerations and look at the whole supply chain relevant to their activities. They assess the environmental performance of their suppliers and make the appropriate choices on that basis. In the context of life cycle thinking, the right choice of suppliers is directly linked to the company’s performance as environmentally better suppliers mean lower impacts overall.

Information on the voluntary actions can be used to further inform the decision-making process when assessing progress of different systems towards sustainable development. Other indicators can also be included, depending on the particular activities that a company is engaged in. As for the metrics of these indicators, they can be treated as either qualitative of quantitative. For instance, if a company reduced their SO2 emissions by a certain amount below the levels prescribed by legislator, they could express this improvement in terms of percentage decrease per functional unit. The EMS or Assessment of suppliers indicators may be more difficult to express in quantitative terms. They may be included as descriptive statements; the quantitative improvements will in any case be reflected in the reduction of environmental impacts and increase of the efficiency, as expressed by the respective indicators.

The flexibility of the approach proposed here enables inclusion of more specific indicators as necessary; it also allows for a reduced set of categories, if the assessment shows that some are insignificant. The categories included are relatively well defined and many companies and organisations are already using them routinely to indicate their environmental performance9,
. The latter provides a further justification for using the proposed indicators, as this may bring us a step closer to the standardisation. However, while there may be a general agreement on the environmental indicators to be considered in the context of sustainable development, the situation is much less clear with the economic and social indicators. These indicators are discussed elsewhere6.

3. Conclusions

The issue of sustainability is becoming increasingly important for the minerals extraction industry. To respond to the challenge, the industry must be able to measure its progress towards more sustainable development. The generic framework for environmental indicators of sustainable development proposed in this work could be used as a tool for assessing the level of environmental sustainability of industry and for identifying more sustainable options for the future. Most of the indicators included in the framework apply across the industry; more specific indicators for different sub-sectors can be developed separately. The latter have to be considered on a case-by-case basis to reflect specific characteristics of different operations. 

In developing the methodological framework, the aim was to use simple and informative indicators with relevance to environmental aspect of sustainable development. The framework proposes three types of indicators: environmental impacts, environmental efficiency and voluntary environmental actions. A life cycle approach has been taken in this work and, like in Life Cycle Assessment, it is proposed that the indicators be standardised according to the function the system delivers. The advantage of this approach, compared to some other approaches, is that it explicitly avoids trying to express environmental performance in monetary terms. This helps avoid the usual bias on the economic aspect of sustainable development, which often attracts criticism from different pressure and consumer groups.

Appendix: Definition of Environmental Indicators

All indicators defined here are expressed per functional unit, related to the function the system delivers. 

Environmental impacts 

The environmental impacts are defined according to the problem-oriented approach
 to Impact Assessment in LCA. They can be calculated either for the foreground only or for the whole life cycle of the system. Both planned and accidental releases and their respective impacts are calculated but reported separately, for the transparency of results. 

Resource use: abiotic, biotic depletion and land use/restoration

Abiotic resource depletion (ARD) includes depletion of non-renewable resources, i.e. metals and minerals and fossil fuels. The effect score is calculated by:
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where Bl,j is quantity of resource j used in life cycle stage l; eard,j represents total estimated world reserves of that resource
.

Biotic resource depletion (BRD) is related to the use of species threatened with extinction, due to the extraction of minerals. It is calculated as:
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where Bl,j is the use of species j in a life cycle stage l and ebrd,j is the biotic depletion factor for that species. For instance, ebrd,j for black rhino is 4 .10-5 /yr19.

Land use is expressed in square meters of land occupied by the whole system:
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where Bl is the land area used in different stages of the life cycle.

Land restoration (LR) can be expressed as the area of land, LR, which has been restored per functional unit in the whole system:
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It is desirable to increase the amount of land restored to beneficial use as soon as possible. Modern planning permissions require restoration and “aftercare” of sites following minerals extraction. Aftercare treatment could include cultivation and application of fertilisers.

Global warming potential (GWP)

GWP represents total emissions of the greenhouse gases, Bl,j (i.e. CO2, N2O, CH4 and other VOCs) multiplied by their respective GWP factors, egwp,j: 
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(A2)
GWP factors, egwp,j, are for different greenhouse gases expressed relative to the global warming potential of CO2, which is therefore defined to be unity. The values of GWP depend on the time horizon over which the global warming effect is assessed. GWP factors for shorter times (20 and 50 years) provide an indication of the short-term effects of greenhouse gases on the climate, while GWP for longer periods (100 and 500 years) are used to predict the cumulative effects of these gases on the global climate.

Ozone depletion potential (ODP)

The ODP category indicates the potential of emissions of chlorofluorocarbons (CFCs) and chlorinated hydrocarbons for depleting the ozone layer and is expressed by:
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where Bl,j is emission of ozone depleting gas j. The ODP factors eodp,j represent depletion potential of the emissions relative to the ozone depletion potential of CFC-11.

Acidification potential (AP)

AP is based on the contributions of SO2, NOx, HCl, NH3, and HF to the potential acid deposition, i.e. on their potential to form H+ ions. AP is calculated according to the formula:
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where eap,j represents acidification potential of gas j expressed relative to the AP of SO2, and Bl,j is emission of burden j per functional unit.

Eutrophication potential (EP)

EP is defined as the potential to cause over-fertilisation of water and soil, which can result in the increased growth of biomass. It is calculated as:
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where Bl,j is emission of species such as NOx, NH4+, N, PO43- and P, and eep,j represents their respective eutrophication potentials. EP is expressed relative to PO43-.

Photochemical smog (PS)

Photochemical smog or photochemical oxidants creation potential, is expressed relative to the PS of ethylene and is calculated by:
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Bl,j is emission of different contributory species, primarily VOCs, classified into the following categories: alkanes, halogenated HCs, alcohols, ketones, esters, ethers, olefins, acetylenes, aromatics and aldehydes; eps,j are their respective classification factors for photochemical smog formation.

Human toxicity potential (HTP)

HTP is calculated by adding human toxic releases to three different media, i.e. air, water and soil:
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where ehtp,jA, ehtp,jW, and ehtp,jS are human toxicological classification factors for the effects of the toxic emission to air, water and soil, respectively. Bl,jA, Bl,jW and Bl,jS represent the respective emissions of different toxic substances into the three media. The toxicological factors are calculated using the acceptable daily intake or the tolerable daily intake of the toxic substances. The human toxicological factors are still at an early stage of development so that HTP can only be taken as an indication and not as an absolute measure of the toxicity potential.

Ecotoxicity potential (ETP)

ETP is divided into aquatic and terrestrial ecotoxicity, which are calculated as:
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where eetp,jA and eetp,jT represent ecotoxicity classification factors of different toxic substances and Bl,jA and Bl,jT are their respective emissions to the aquatic and terrestrial ecosystems. ETP is based on the maximum tolerable concentrations of different toxic substances in water and soil. Similar to the HTP, classification factors for ETP are still developing, so that EP can only be used as an indication of potential ecotoxicity.

Solid waste (SW)

SW is expressed in kg per functional unit:
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where Bl is the amount of solid waste generated in the life cycle of the system.

Environmental efficiency:
Material intensity (MI)

MI represents the sum of all raw materials used in the system and can be calculated as:
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where Ml,j is the amount of raw material j used in life cycle stage l.

Energy intensity (EN)

EN is the total amount of energy and is determined as:
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where ENl,j is the amount of energy type j used in the life cycle.

Recycling of waste materials (RW)

This indicator could be expressed as the amount of recycled waste material (e.g. aggregate) per functional unit:
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Voluntary actions

Environmental Management Systems (EMS)

This is a qualitative indicator which is included as a statement; the quantitative benefits of incorporation of the EMS are reflected in reduced environmental impacts and increased environmental efficiency.

Environmental improvements above the compliance levels (ICL)

This indicator can be expressed as an average percentage of decrease in environmental burdens for either the prescribed substances or substances that are of general environmental concern, but are not regulated. For instance, a company would be credited for a voluntary reduction of emissions of CO2 below the target levels set by the Government or an international organisation.  ICL could be calculated as:
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where Bc,j is a level of burden j from company c in the life cycle of the system and AL j is a prescribed local or national level, or accepted target for that burden. For companies that do not have environmental improvements above the compliance levels, this indicator is zero.

Assessment of suppliers (AS)

Like EMS, AS is also a qualitative indicator and can consist of a statement which describes the procedure of the assessment; for instance if the company requires their suppliers to have an EMS in place or perhaps if they use LCA for their activities.
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