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Abstract: Problem statement: The minerals industry is faced with choices bemgignin the
exploration phase and extending over the life cgéllhe mine. Firms examine the technical feadipili
of alternative actions and typically rank them lohea economic performance. Increasingly firms also
consider alternatives’ contribution to sustainallevelopment.Approach: Sustainable decision
making before investment (ex ante decisions) shinddrporate a broad suite of quantitative and
gualitative information. One approach is to utiliae Integrated Sustainability Assessment (ISA)
framework that supplements traditional technical dmancial tools with other tools such as
Objectives Hierarchies (OH) and Life Cycle AssesstsidLCA). The outputs of these tools can be
combined with additional qualitative measures andlyzed using Multi-Criteria Decision Analysis
(MCDA). Results: Our paper extends previous literature by discagssiow a combined OH-LCA-
MCDA can support ex ante sustainability assesstognhcorporating preferences, risk attitudes and
monetized, non-monetized social and economic vimsain a manner that captures their inherent
complexity. Conclusion: Sustainable development is not a destinatiors @n ongoing journey that
must be supported by knowledge, social learning aaaptation. Decisions made in the context of
sustainability are likewise part of an ongoing @s& No single tool can adequately support an ISA.
Multiple tools are necessary, with each used irmamer consistent with its strengths.

Key words: Life cycle assessment, integrated sustainabilisgssment, objectives hierarchies, multi-
criteria decision analysis, Willingness To Pay (W,TIRewise part, combination circuit

INTRODUCTION turn interacts with other technologies, as welhaman
and environmental systems.

Firms frequently face situations where decisions When these types of systems have attributes of
must be made. In the case of mining, the decisionsNCcertainty, connectivity and in some cases urgency
include where to spend exploration dollars, WhiChEPr?eyyi;ntgtrrgee?je\;\iﬁ;\sgllgdce(;r:rlijllgi):j é(;%glilrlg\’/n?:;g)).
deposits warrant scoping, prefeasibility or final J e S
feasibility studies, whether to develop a project o £dullibrium approaches (Allenby, 2011; Shiedsal.,

shelve it for the time being, which piece of equé 2002; Stock and Burton, 2011). Moreover, decisions

to purchase, or which beneficiation process tazetilln associated with such systems are seldom clearrcut o

L : lobally optimal. They are more correctly thoughte
many cases the decisions concern objects or SySte'ﬁ%tter or worse depending, upon the goals drivirey t
that are statically and dynamically complex, etzll '

) ) X o X decision and the distribution of subsequent riskd a
mills, which embody static complexity in design,tbu ¢onsequences. A framework is needed that can deal

dynamic complexity when running as part of aith open, dynamic and integrated systems and that
combination  circuit. - Selection of the pieces of acknowledges the interconnectness of society, the
equipment and design of the circuit can beeconomy and the environment (O'Connor, 2006).
accomplished with existing quantitative tools andsystainable development is one such paradigm. dt is
methods. However, the circuit does not stand aloneprocess, a series of incremental actions, rathem th
Rather it resides within a wider industrial systévat in  destination and as such can be thought of as affam

Corresponding Author: Deborah J. Shields Colorado State University, 8l8tehall Ct, Ft. Collins, CO 80526, USA
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interactive assessment and decision making intetwled and rules of thumb), to the more formalized (cost-
achieve an evolving set of goals. benefit analysis, environmental impact assessment,

Whenever a decision is made, three overarchingisk assessment and financial analysis), to complex
questions will frame the process: who has a voiceglife cycle analysis, multi-criteria decision ansiy
what information is relevant and what approach orand systems modelling). The supporting literatane f
tools will be used to inform and reach the decisioneach is vast and multi-disciplinary and review of a
How these questions are answered reflects the salugyailable decision tools is beyond the scope o§ thi
and direction of the organization, its strategiCpaper (Azapagic and Perdan, 2005a; b; IVM/IES,
objectives, policies and goals. There are many06; Jager and Bohunovsky, 2008; Peteeal.,
visions of what a sustainable future should lodeli 2007; Singhet al., 2009; Zopounidis and Doumpos,
and much debate about what should be sustaine¢002). Some, however, are particularly well suited
Each alternative course of action has the potential problem structuring and ex ante sustainability
further progress toward one or more sustainabilityassessment and we focus on a select group of those
goal. Inevitably, trade-offs and choices have to benethods.
made about what to sustain, by which means, when Wwe begin by introducing the concept of an
to do so and who gets to decide. integrated sustainability assessment (ISA). We then

Once a firm embraces sustainability as a coralescribe the conceptual similarities, differenced a
value, the range of groups and individuals who neeaverlaps among several available problem
to be informed and engaged, who deserve to have atructuring and analysis tools, noting where thag c
least a voice, expands substantially. Their objesti contribute to an ISA. With emphasis on the minerals
and values need to be considered whenever mdustries, we discuss the strengths and weaknesses
decision has the potential to affect their health|l- of each, as well as the benefits of using the taols
being, livelihoods or communities MMSD, 2002. conjunction. We conclude that no single tool can
Moreover, greater transparency is required (Payetadequately support an ISA. Multiple tools are
2003). Firms that embrace and practice Corporat@ecessary, with each used in a manner consistent
Social Responsibility (CSR) take transparency, beswith its strengths.
practice, accountability and risk assessment (among
other issues), into account (Kogtlal., 2006).

The answer to the second overarching question,
what information is relevant to the decision, degsen
upon not only the complexity of the question to belntegrated Sustainability-based Assessments (ISA):
answered, but also the answer to the first questiorAn ISA is a process through which the expectedcesfe
whose interests are to be addressed in the decisigi @ project, investment or policy are examinechimit
process. In the past, a mining firm might have maddhe context of sustainability principles (Jager and
a decision internally and exclusively on enginegrin Bohunovsky, 2008). It is an integrative and active
grounds (e.g., where to place a tailings disposaprocess (Weaver and Rotmans, 2006). This type of
facility), on the outcome of a financial analysesd., assessment sets a higher test for investment aypol
what size haul trucks to use), or based on relativ@pproval than has been the case in the past. Tdldsgo
environmental impact (e.g., use of municipal solidto facilitate the selection of technically and
waste versus petcock for clinker burning). However,economically feasible alternatives, that can reabiyn
decisions informed by a comprehensivebe expected to earn a profit (when applied in aness
sustainability —perspective, ones that includecontext), while also being environmentally and abgi
stakeholders in the process, will require a muchsustainable and acceptable to  stakeholders.
greater range of information, so as to be resp@nsivSustainability assessments should take a multraois-
to the objectives and concerns of all interestedisciplinary approach, combining data and inforomati
parties. from a variety of sources and utilizing the skité

Turning to the third question, a variety of tools different professionals and stakeholders, including
can be used, singly or in combination, to maketraditional or indigenous knowledge where apprdpria
comparisons among alternatives. They range fron{Stock and Burton, 2011). In addition, this typedefl
the simple (checklists, decision trees, questiomsai with the specifics of context.
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Fig. 1: Iterative, integrated sustainability assesst (Shields and Solar, 2004)

The various steps of an ISA need to take placexplicity a multi-stakeholder process. Scope stioul
within a broader decision framework that integratesncorporate economic, environmental, social and
knowledge about a problem and makes it availahle fotechnical aspects. It should also take into account
societal learning and decision making (Bohunovaky a spatial and temporal scales and the feasibility of
Jager, 2008; Keeet al., 2005; Walliset al., 2010). This obtaining the information (Rapport, 2003). Scope
framework comprises a set of procedures that canneshould be broad enough to include all relevantesgst
the various parts of a decision making process andomponents and address the major concerns of
within which a range of different analytical toaian be  stakeholders, while also narrow enough that site
applied (Finnvedest al., 2003). specific detail is not lost.

Shields and Solar (2004) described such an ISA  Alternative approaches for dealing with the
framework as it would apply in resource managementmanagement situation or investment opportunity unde
(Fig. 1). Assessment begins with the identificatmin consideration are developed, which address the
stakeholders, their value sets and objectivesa@léd  objectives of the firm, the expectations of finamsi
the project under consideration and the landand shareholders, legal requirements and the desire
communities and people it has the potential to Thpa and needs of stakeholders to varying degrees. athef s
This step is directly related to and overlaps scopealternatives cannot be exhaustive due to costs, but
definition for the project or investment; howevéne  should cover a range of methods and tactics.
scope of traditional assessment is defined by itie, f There may be situations where, due to technical
perhaps with input from financial institutions and considerations, only one development option or
shareholders, whereas the authors’ approach isngineering process is viable, but even in suchscas
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ISA  should be conducted to determine ifsets, as shown in Fig. 2 (IVM/IES, 2006). Different
implementation is environmentally and socially tools are appropriate, or in some cases best sdited
acceptable. For example, there may be situatioresavh different phases of an ISA: | - problem analysis; |
development of a mineral deposit is precluded beeau finding solutions, Il - sensitivity analysis and/ I-
the ISA demonstrates high potential for significantfollow-up.
damage to a World Heritage Site if the only avddab As noted earlier, the range of possible technigsies
technology is implemented. vast. We therefore limit our discussion to a thstfand
Once a set of alternatives has been laid out, thiird phases and to a subset decision tools thggcst
social and environmental impacts of each are predjc analysis of projects that have the following
which implies that baseline system information Wi~ characteristics: multiple stakeholders, with unique
collected and analyzed. This baseline can be thoafgh objectives, preferences and levels of risk toleear

) h Al ve f . decision context with quantitative and qualitative
as a ‘no change’ alternative for comparison purpose ggpects: and one for which there are multiple

Technical aspects are considered in more detail angiternatives, each of which has different beneditsi
economic analyses conducted, in each case usinghpacts accruing to different stakeholders. Wet firs
appropriate techniques. Technically or economicallyjcompare three problem structuring approaches,
infeasible and socially or environmentally sustainable development hierarchies, objectives
unsustainable, alternatives are revised or rejectediierarchies (sometimes called value trees) and Life
Trade-off analysis is then conducted across thsilien ~ Cycle Assessment (LCA), the graphical form of which
alternatives to identify which objectives can amdmot ~ '€Sembles and is also termed a value tree (Segpala
be met is each case. Results are shared with steere &~ 2001). We next briefly describe multi-criteria

- : : modeling concepts, because these methods were
arties. Assuming a mutually acceptable alternatare e y . o
Ee identified orgconstructeyd fronF1) the initial seft specifically developed to combine qualitative and
' guantitative data, as well as incorporate measofes

alternatives, it is implemented, monitored andpreference, uncertainty and risk attitude. Life I€yc
evaluated. Ideally, public engagement would beassessments (LCAs) also can utilize values and
ongoing and at least some monitoring data shareet O preferences in later stages and are frequently tosethk
time, adaptation and revision will almost undoubted alternatives. Through a subsequent process of atsopa
be needed, which will again require more formalizedand discussion, we demonstrate how these toosrailar
public participation. (We recognize that someand the strengths and weaknesses of each in hgutiéin
development proposals are so controversial thaf@nge of data and issues associated with an ISAgGal
universally acceptable alternatives do not exist/S 10 Show that for the types of complex probleimst t
however, investigation of the implications of such &xhibit the characteristics described above, there

scenarios is beyond the scope of this paper.) benefits to utilizing these tools sequentially im BA,

; . ! rather than one or another exclusively.
ISAs are thus conceived as iterative processes. Th y

first cycle occurs ex ante, just as have prefelitsisind  gygtainable Development Hierarchies (SDH): A
fea5|b|I|_ty analyses (Dame“ 2003_)' The monitorag . sustainable Development Hierarchy (SDH) is a
evaluating steps comprise ongoing assessment, whigp, . comprising goals, principles, criteriadan

?;ISR? ezrggg rlenpg:'gggyogxt gentseuztnaénggggiyngfafseéggnenindicators (Lammerts van Bueren and Blom, 1997). In

could utilize the same methods. Also, in some cases the context of this discussion, the overarchinglgoa
more simplified approach is used during initial could be the sustainable management of a mine or
screening processes (Graedel and Allenby, 2010). Ewdustrial project. Principles lay out the implicind
post assessment is done at the end of an actign, e.explicit elements of sustainable management; they
after the completion of a project or activity suab  should have the character of an objective and @onta
completion of mine reclamation. The goal is to @&t  fyndamental laws or rules stated in terms of tliegany

the accuracy of ex ante predictions adnd q;a”t%n‘?m%oal. Criteria then translate the principles inystem
responses to ongoing assessments and to AetemMIn€, -, teristics and desirable system states omuigsa
different actions could have led to better outcames o :

Criteria capture the elements of what it means do b

The ISA framework combines outputs from . . X
various tools in such a way that they can be viea sustainable in the project context. The elemenesach

interpreted as a whole. Tools for ISA have beerfriterion are the indicators of sustainability, aHniare
categorized based on type: (a) participatory, (b)oopulated with data measurements. Often verifigrs o
scenario, (c) multi-criteria analysis, (d) cost-&finand thresholds are associated with each indicator; they
cost-effectiveness analysis, (e) models and (fyepresent the level above or below which an indicat
accounting and physical analysis tools and indicatoat an acceptable or unacceptable level.
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scenarios to enable
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comparison

Fig. 2: Tool groups and roles in integrated sustaility assessment (IVM/IES, 2006)

Each descending level of the hierarchy describeprocess (Saaty, 1990) can be used. These weights wi
with  increasing specificity what should be differ across stakeholders and thus, the set aanokrs
accomplished in support of the overarching goahof can and probably will be interpreted differently,
sustainable engineering project. This hierarchicadepending upon perspective and preferences. Once
approach ensures that the connections between aweights are assigned the set of indicators can be
indicator and the criteria and principles that thecombined using a variety of mathematical or deaisio
indicator refers to, are clear. The likelihood of theoretic approaches. Merely summing normalized
redundancy is reduced, while the likelihood of ctete  indicators does not mean weighting has not takaoep!
coverage is increased, consistent with Keeney and means that all indicators are weighted equatigl ao
Raiffa’s (1993) rules on indicators. are assumed to be equally important.

A core tenet of sustainable development is thel nee
to balance, or at least acknowledge trade-offs gmonValue trees and Objectives Hierarchies (OH):
social, economic and environmental aspects of cexpl Keeney (1993) has argued that values are really the
systems and an SDH will have goals, principlesede  driving forces for decision-making and as such #hou
and indicators related to each category. Becauske explicitly acknowledged because they will be the
stakeholder participation is also core to sustdiitgb  ultimate basis for evaluation. Values are madeieixpl
an SDH is typically created collaboratively with through objectives, i.e., people select as objestiv
multiple interested parties. Through this procesghose things, states of being, or system charatitsi
differences in opinion and perspective about thehat they consider valuable. Similarly, the prinegp
meaning of sustainability, the relative importamafe and criteria in an SDH reflect what is thought t® b
various criteria. and indicators and the values ofimportant (valuable) enough that it should be sosth
participants are shared. The SDH process can yclarifAn objective is a statement of what one desires to
legitimate differences of opinion among stakehdadder achieve and is characterized by having a contaexh(s
about what to sustain, where and when to sustafarit instance, mining), an object (a project alterngtaed a
whom and how. direction of preference (e.g., fewer particulate

The indicators can be evaluated individually, with emissions is better).
the goal of determining the degree to which specifi Information on objectives is organized into an
criteria are being or could be reached. However, t@®bjectives Hierarchy (OH) (Keeney and Raiffa, 1993)
evaluate the sustainability of the entire systemThis tree-like representation of an individual's or
indicators need to be considered as a group. Hnide group’s objectives is frequently referred to asadug
done qualitatively or quantitatively and in theidatcase tree. It is an ordered relationship, from objedive
necessitates normalizing the indicators so theimeasures. Overarching strategic objectives regitieea
magnitudes are relative and assigning weights thatighest level and explicitly or implicitly guide lal
represent relative importance of each. Decisiordecision making. The upper-most objectives “make
theoretic methods such as swing weighting (Vonexplicit the values one cares about in [the denigio
Winterfeld and Edwards, 1986) or analytical hiengrc project] context and define the class of conseceed
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concern” (Keeney and Raiffa, 1993). They are thugLCl) consists of an eco-balance for the process or
comparable to sustainability principles. In a basg product being studied, i.e., a detailed compilatdmll
context, strategic objectives are expressions @f ththe environmental inputs (material and energy) and
firm’'s core values, such as their commitment tooutputs (air, water and solid emissions) at eaafesbf
sustainable management. Mid-level objectives remtes the life cycle. These resource and input/outpwél@re
specific characteristics of the desired end statt sb  comparable to the measures associated with indgato
are comparable to criteria. There may be additionaénd attributes in SDH and OH (respectively).
layers of objectives, if more detail is necessary, As Miettinen and Hamaladinen (1997) point out,
including objectives related to the means by which‘the inputs and outputs are not interesting perbsg,
upper level objectives are to be achieved. Finallytheir potential environmental impacts are.” Herite
attributes are assigned to the lowest level ohjestof Life Cycle Impact Assessment (LCIA) phase aims at
the tree structure. An attribute is a relevant propof  quantifying the relative importance of all envirogntal
an entity or system, or a relevant relationshighimitor ~ burdens obtained in the LCI by analysing their
between systems (Moaat al., 1998). Again, attributes influence on selected environmental impact categori
are linked to measurable data. In the next step of an LCA study, the results frima

An OH can contain objectives related to society,LCIA stage are aggregated into areas of conceh su
the economy and/or the environment; however, th@s human health or climate change using a set of
objectives are not typically stated in terms of sthing  weights, sometimes derived using decision theoretic
to be sustained, but rather in terms of a systeatufe = methods and in other cases based on management
or condition of interest. Unlike an SDH, there s @& preferences. The areas of concern can also be
priori assumption that all aspects of sustainabilll aggregated to as to calculate a single score for an
be included. An OH can be and often is very naryowl alternative. ISO deems both aggregation steps as
defined. Neither is there a tradition or rule optional. This branching arrangement is referredsa
recommending that stakeholders be included in thealue tree in the LCA literature.
development of the OH, though it is certainly pblesi Although they have been described in a different
to do so. In some cases in corporate decisiomgstti order, an LCA has stages that parallel the pregedin
the OH is developed by company employees, which igierarchies. All begin at the same point in theisien
completely appropriate when the decision hagprocess with the articulation of a goal, e.g., mize
consequences for and impacts only within the firm. ~ the environmental impacts such as contribution to

As in the case of sustainability indicators in thedlobal warming impact, or maximize contribution to
SDH, the meaning derived from a set of attributes i Sustainable development, of the mine or projece Th
open to interpretation and is a function of botle th SCOPe Of a study is determined by the problem or
weighting scheme and method chosen to combine theyStem boundary that is selected, which in turredelp

normalized weighted attributes. Often the method ié;%ol_rl‘ r\:\ilgrlg?cﬁysitjeer?]tﬁilgg]@ﬂ?t ziisr?oog):(;zcs?ar\inr; ég?nas
some form of multi-criteria decision model, as vk y

discussed later OH i_dentifies which objectives are relevant to the
: decision context. Although not normally stated asla
. . or objective, scope is similar to an SDH principle
Life Cycle Assessment (LCA): Traditional LCAs upperJ level objecl'?ive. Areas of concern arepcontﬁlara
capture and describe the environmental effect§y criteria or mid-level objectives. Areas of contare
associated with a product, process or activity at@r fyrther subdivided into impact or mid-point categer
whole life cycle by calculating the material an@®y  sych as acidification or global warming potentiethich
requirements as well as emissions to air, watersafid are comparable to indicators or attributes. Moreoas
and by assessing the related environmentahoted above, the data collected during the LCI joles/
consequences. An LCA comprises four major stageshe measurement.
goal and scope definition, life cycle inventoryfeli
cycle impact assessment and interpretation of th€omparing SDH, OH and LCA: The three processes
results (International Organization for Standartima  described here have many characteristics in common,
2006). The goal phase defines the overall objestofe  but also differences. All three can be used in pHasf
the study, i.e., what questions need to be answétesl an ISA-problem structuring and scope definitionl Al
scoping phase sets the boundaries of the systeer undare applicable at multiple spatial scales, from she-
study, the sources of data and the functional tmit or process-specific scale to scales that span eentir
which the achieved results refer. It is analogausat countries, regions of the world, or the global @piens
scoping process for an ISA. The Life Cycle Inventor of a single firm. And as noted above, each is degah
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as a hierarchy. The overall LCA process goes fartheTable 1:  Comparison of sustainability hierarchy, jectives

than an SDH or OH in those cases where the LCIA—— b,I,T'er:f"“Chyha”‘é:;_CAt_Va'“; "eeﬁomp‘L’g;”tst
scores are aggregated into areas of concern orgiesi —aably NETarchy Jhiecives Nerarchy ue tree
. .Goal Strategic objective Goal

score. Conversely, when an SHD or and OH is used iBrinciples Upper Level objectives Scope
the problem framing phase of an ISA, the existemice Criteria Mid and lower Areas of concern

i P objectives
succ_eedlng steps fOI’_ aggregating t.he lower elertents Indicators Attributes Mid-point categories
obtain scores for higher levels, is assumed but NOYieasures Measures Attributes and measures

necessarily discussed.

Table 1 compares levels across the three | caA is closer to the opposite end of the
approaches. Depending upon the practitioners i®eblv continuum. Goal setting is subjective in all cases
there may be significant differences in the numbler scoping can be subjective to the degree that system
levels, how each level is defined and what label isyoundaries are chosen to intentionally include or
attached. For example, what in SDH are calledexciude certain inputs or emissions, rather than fo
indicators, OH calls attributes and LCA calls mioii  sound, defensible scientific or engineering reasons
categories. In LCA, the variables being measured argelection of environmental areas to address (Jrazot
sometimes called species, areas of concern may hgso be highly subjective. For example, scientits
called damage categories or end-point categoriegjtrecht University conducted an ex ante sustaiitgibil
interventions, or even indicators and single pstres  assessment of several technologies under develdpmen
are sometimes called areas of concern. These afg the chemistry program (Roes and Patel, 2011). An
semantic differences; in all three cases the hibsar | ca approach was taken, but only the mid-point
descends from the general to the specific, fromsgme  categories of non-renewable energy use and climate
actual measurements and those measurements can &%nge potential were estimated.
aggregated in some manner to create a ranking fmore An LCI and much of the LCIA are objective
a project alternative. _ activities.  Inventory analysis is a mostly

All three processes are applicable to both thesraightforward, if technically challenging, proced
public and private sectors, although SDHs are moryhere biological and engineering expertise from the
commonly seen in government settings, while LCAs ar myltidisciplinary research team (always recommended
more widely used in industrial and research sedting when dealing with LCA) is used to identify energy,
OH are found equally in both settings. This diffse  material balances and pollutant emissions. Assuriting
can in part be explained by considering the threthé¢  has been done correctly and completely, an ecarbala
context of a continuum that ranges from purelyasthi s simply a statement of fact, or in the case oa@ante
based decision making at one end to purely fagtbas gssessment, a statement of estimations (preditions
decision making at the other end. presented in the form of probability distributions.

Sustainability is an ethical construct that uéz These objective results emerge as a long list of
science to track progress toward societal goalsisTh patyral resource uses and emissions in air, watdr a
SHDs reside nearer to the ethics-based end of thgy that must be converted into understandable and

continuum. They are particularly well suited for meaningful indicators before practical use can laglen
ongoing sustainability assessments, such as tho them. The next steps, classification and

carried out by governments. For example, the U'Scharacterization, are used to calculate mid-point

Forest Service reports every ten years on a sdite g . : : . !
indicators of sustainable forests and includes s environmental impacts like Global Warming Potential

stakeholder participation and review in the indicat (GWP). The classification step assigns items inetie

revision, data analysis and reporting processest€tdn balance inventory to one or more mid-point categri
States Forest Service, 2010). The goal is to asse € characterlzatlo_n step then_ qu_ant|f|es the
progress (or lack thereof) toward reaching a set ofontribution of the item to the _mlq-pomt category
criteria describing various features of sustainable/@ue, for example the contribution of nitrates
forests. Some ISA practitioners have suggested th&Missions to eutrophication.
SDH indicators cannot be predictive, because they a  BOth steps are objective to the degree that they a
based on historic trend data. If that suppositien ibased on environmental science regarding the eftect
accepted, an ISA based on an SDH could only be usedifferent substances in eco-systems; however, it is
for contemporaneous or ex post assessment§nportant to recognize that some relationships rema
Conversely, if indicators are designed to allowtfend  controversial or are only hypothesized. Three other
extrapolation or some other form of forecastingntlan ~ caveats are necessary regarding characterization.
SDH could be the basis for an ex ante analysis. Practitioners often use standard Life Cycle Impact
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Assessment (LCIA) methods, such as Eco-indicator 99r the interactions among them. Moreover, it iiclift
(Goedkoop and Spriensma, 1999) or Impact 200240 keep track of each piece of information, each
(Jolliet et al., 2003), which contain Characterization participant’'s preferences for individual objectivasd
Factors (CF). However, scientific advancements mayhe subtle differences between alternatives.
have been made since the CF was originally created; The purpose of Multi-Criteria Decision Analysis
the CF may only be accurate for a specific type of MCDA) models is to combine various types of
ecosystem, one that is significantly different ttae  information from a multitude of sources so as to
one existing at the project location; or the CF may  facilitate their interpretation as a whole. Theynca
adequately deal with spatial or temporal variatisnsn ~ provide a transparent, replicable, auditable twafil
those utilized in its creation. phase Il of the decision process, highlighting
Because subjective input reenters the LCA procesdifferences among alternatives and the implications
after characterization, International Organizatifox ~ ranking of different preferences. As such, they are
Standardization (2006) recommends that LCAs endparticularly useful in analysis and comparison of
with a set of mid-point environmental indicatorg)igh  different scenarios.
provide a fairly objective and comprehensive, thoug There are numerous types of MCDA models,
not fully exhaustive, environmental picture of the virtually all of which are quantitative, assume ttha
system under study. Measures contributing to th& mi problems can be structured in a logical mannertaad
point category level can be traced back to theipec decisions are based on a rational choice to magimiz
life cycle stage where they occur, which is usdful  satisfaction. The techniques fall into two broad
identifying the life cycle stage at which emissicmrs  categories: optimization and multi-attribute demisi
resource use is happening, a benefit that neitb#d S analysis. We focus here on the latter, for two oeas
nor OH can offer. These features make the LCAfFjrst, optimization models simultaneously maximize
process well suited for supporting private sectorand/or minimize over a set of criteria or objective
decision making in ex ante, ongoing and ex posfypject to a set of constraints. As such, theynavee
contexts. Its applicability beyond phase | of aA Ml sefy for operational decisions, such as desigricels

be discussed in the next section. where social and environmental impacts are compgrab

Objectives hierarchies fall between these WO, cross alternatives and where there is a singlisidac
extremes and may more closely resemble one of th

preceding processes or the other, depending onthew %akgr and d|rect|0|j Of. preference, t_han they are in
OH has been constructed. If the OH was create ulti-stakeholder situations (Azapagic and Perdan,
collaboratively with stakeholders, and the valué se O%Sa;.tbﬁ tCor_1tvert§er,.mullt|—_attr|bu;[$ lapplroachirr? a
underlying those objectives has strongly influencedév.?f sul ed' o situa 'O?S IanO ving mu |dpe_ pkaﬁe;rvl
which objectives are included and how the objestive 2/ering directions of preference and risk toleran
are phrased, the approach will be similar to aSegoqd, multi-attribute method.s allow for aggrggatl
sustainability hierarchy. Conversely, if the objees ©Of indicators at each succeeding level of a hiénarc
are based on scientific criteria such as knowlestgrut ~ (Belton and  Stewart, 2002), which is useful in
the components and interactions of a functioningseénsitivity analyses. They are also useful for aegi
biophysical or engineering system or process, then sustainability assessments (Boggia and Cortina)201
approach might look more similar to an LCA valusetr Multi-attribute models associate a real number or

Each OH design will reflect the needs of the public ~Score with a project alternative. They are compiemga
private sector user and its application to ex anteMeaning that weak performance on one indicatorbean

ongoing or ex post ISA. compensated for by strong performance on another,
which can be a weakness in cases where a poor score

Multi-Criteria Decision Analysis Models (MCDA):  on a specific attribute would be unacceptable. L@res

In phase Il of an ex ante project assessmeniiso compensatory. Weighting is an integral, rathan

alternatives are compared and ranked. Doing so igjscretionary, component. One of the most common

particularly challenging when the problem at hasd i {5rms of multi-attribute model derives from Multi-

multi-faceted, the alternatives have both quami@at aribute Value Theory (MAVT) (Keeney and Raiffa,

and qualitative_ aspects and each altgrnative malaict 1993). A simple additive MAV function takes the rfiur
the firm and its stakeholders in different ways. An

SHD, OH or LCA will contain an enormous amount of v(a),, = £ wim Vim(@) k = 1,...K

information for each alternative; however, decision

makers in the firm and stakeholders, may not fully = The value of alternative a for stakeholder m & th
comprehend the implications of each separate immtica weighted sum of the value functions for each of khe

1221



Am. J. Applied Sci., 8 (11): 1214-1227, 2011

indicators associated with a, wherg,ws the weight
assigned to the "k indicator by stakeholder m and

categories and associated attributes (and measures)
forms the basis for an LCA. The weights used to

Vim(@) is the value function associated with th® k calculate the areas of concern (damage categames)

indicator for stakeholder m. The weight represd
important a specific indicator is, relative to @lé other
indicators. The value function quantifies an indival's

final score were assigned based on decision thieoret
principles. Alternatives are assigned an impactesby
summing the weighted attributes in a manner cossist

perception of the seriousness of a change in awith multi-attribute value theory techniques, thbug

indicator’'s level. A downward sloping value functio
indicates that less of what the indicator measuses
better and upward sloping indicates the oppositesdr

value functions are risk neutral,

value functions are not used. Miettinen and Hamaéalai
(1997) took a similar approach. They developed an
LCA based on a set of impact categories and agsdcia

concave valueattributes. They then showed how it could be embddd

functions indicate risk seeking behavior and convexn a value tree that describes a project (or inr tbase

ones indicate risk aversion. A multi-attribute ityil
function (MAU) differs from a MAV function in that
uncertainty about outcomes can be incorporatecdti@o
model, making them useful

policy problem) for which the environmental
assessment was conducted. However, rather thag usin
MCDA to analyze the entire value tree, they assigne

in situations wherelinear (risk neutral) value functions to only the

outcomes of alternatives are uncertain, a commoenvironmental portion of the tree and aggregateéagus
situation when dealing with complex problems and exan additive MAV function.

ante analyses. For the sake of simplicity, we feitlus
on MAYV functions.

RESULTSAND DISCUSSION

Other approaches are based on using MCDA
models, which are populated with data derived from
various tools, including LCA, but which restrictoba
underlying tool to its original purpose, e.g.,
environmental or economic analysis. Azapagic and

SDH, OH and LCA can each be used byPerdan (2005a; b) fall into this second categoheyl
themselves. For example, an SDH or an OH could bdeveloped a decision framework that lays out aeseof

used simply as a platform for social

learning, stages that resemble the initial phases of an ISA:

information transfer, or as the basis for a non-stakeholder engagement, problem definition, design

guantitative comparison of alternatives. LCAs dsoa
frequently conducted as stand-alone
Conversely, aspects of one of the aforementionels to
could be imported into or inform another. For exéamp
the structure of an LCA value tree, e.g., the selpof
mid-point categories, could reflect the results aof
SDH or OH, or vice versa. Or, the structure of di O
could reflect knowledge gained during a prior fatl
streamlined LCA.

alternatives, identification of decision criterianca

analyse<licitation of preferences over those criteria. The

authors recommend organizing decision criteria ito
value tree. Data for indicators comes from othedet®
and tools. They then describe a variety of muitecia
techniques that can be used to weight the indisatod
compare alternatives (phase Ill). Other authorsehav
taken a similar approach, integrating LCA and other
model outputs into some form of MCDA model (Dey,

Some approaches are based on tools that had2806; Hermanmt al., 2007; Whiteet al., 2006).

specific purpose, e.g., LCA, but the scope of whigh

To further inform our discussion on the strengths

now being expanded, e.g., by including social messsu and weaknesses of using a combination of methads, a
in an LCA. The U.N. Environmental Programme hasillustration of a value tree for a LCA applied to a
subcategories into a social life cycle assessmeni/€€ is adapted from the Impact 2002+ LCIA method
They do not provide guidance on aggregating(‘]c’”'etet al., 2003). The mid-point categories reside in

subcategory indicators or on characterization, OtIhe center of the figure and are linked on the trigh

. . N . N attributes, which are in turn linked to the lifecty
interpretation (Benofit-Norrigt al., 2011). This is a y PR .
relatively new field for which the peer reviewed stages. To the left, mid-point categories are st

. : into damage categories (areas of concern), whieh ar
literature is sparse (Jorgenseh al., 2008), but hen aggregated into a single score index. The mid-

which nonetheless shows promise. point category values are created through classidio

Another example of merging disciplines is the useang characterization of the inventory of attributes

of decision theoretic tools rather than expert judgt

objective process. Conversely, some form of subject

to assign the LCA weights. For example, Seppalaveighting is required to calculate the damage aaieg
(2001) developed a framework for decision analyticand single score index values, which is shown & th
impact assessment in which a value tree of midtpoinlatter case.
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Damage categories Mid-point categories Attributes Life cycle stages
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Nuclear

Mineral extraction }——Minerais '

Fig. 3: LCA value tree for aggregates quarrying

As noted previously, an LCA stopped after thechoices) to create first the areas of concern (dgema
characterization step is fairly objective. The wedable  category) values and then a unique indicator far th
at this stage is the eco-profile, summarized by th&ingle score index. Conceptually, the mathematical
values obtained for each mid-point category indicat function used to calculate the score is compartabie
Sir_nila_rly, SDH i_ndicators and OH attributes are MAV function (Seppélét al., 2001).
objective, assuming they have been selected and There is neither consensus on weighting, nor en th
populated with data in a manner consistent withyest valuation method to be adopted (Reipal.,
accepted scientific methods. Decision maker(s)sem 2008a; b). Some efforts have been made to create a
the eco-profile mid-point category inform_ation 8S standardized weighting scheme, one of which is Eco-
background k_nowledge, combining it : with Indicator 99 (Goedkoop and Spriensma, 1999). The
complementary information that has not been mcrlludeweakness of such approaches is that the weighting
in the LCA to make a decision. . I .

Unfortunately, decision makers too often areparar_n.eters are not site, situation, or community

’ ! specific. More recently Ahlroth and Finnveveden
unable to understand and fully exp.I0|t the resaftan (2011) have developed a new weighting set titled
LCIA. They may Iac_:k _the technical knowlgdge to Ecovalue08, where they used Willingness To Pay
understand th_e |mpllcat|ons of results. Or in case:iWTP) estimates of environmental quality and market
where LCIA is being used to compare a set ofy5 es for resource depletion. WTP is a powerfol to
alternatives, the mid-point category scores may No{yhen applied correctly (Changpal., 2003), but results
point to a single definitive choice that is thesbei.e., ;| necessarily differ across cultures and regjoss
the least environmentally damaging, system. Onescovalue08 will not be universally applicable. Fert
alternative may be better with respect to globalmarket prices for minerals are recognized to ber poo
warming potential, while another is better withpest  indicators of long-term resource scarcity, as
to ecotoxicity. When this occurs, the decision méke differentiated from situational scarcity (Shieldsda
forced to make trade-offs, to decide which mid-poin Solar, 2011; Svedberg and Tilton, 2006). An altévea
category indicators are more important in the giverapproach is to select the weights using the methods
circumstance and which are less so. developed in MCDA.

To assist in the process, the valuation step iALC To base an ISA on an LCA, variables for social and
uses numerical weights based on preferences (valleonomic issues need to be included in the vake tr
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(Penningtoret al., 2004). There are, however, a numberillustrated in Fig. 1, the authors believe that IS#

of challenges. Care needs to be taken during thigmle must start with identification of stakeholders &hdir
phase to ensure that the full range of sustaimgbili objectives, organized into either a SDH or an OHaso
issues have been included. This could be accongalish to make their connections to subsequent indicators
by preceding the LCA step with either an SDH or anMid-point categories clear. .

OH, or adaptation of the UN social LCA method, whic Once alternatives (scenarios) have been created
in its current form is not entirely appropriate faining that address the full range of stakeholder objestiv
development. There would also need to be balancghase 1), = technical, ~economic, social and
across social, economic and environmental areaapbe  cnvironmental review takes place, in each casegusin
areas more fully explicated (the environmental eispiaat 1€ Dest ~available tools. In phase Il scores are
LCA practitioners are confident about, for examptey calculate% andf alternat|l\</es. tﬁpmpﬁ.rehd't hMCDtA E}?dels
be over represented and thus unintentionally giyeater gﬁnthpg%'og it“riazlg]de Vc\:/g:] t\)’: i r:E Ovrv cl)(iate debc;L::pu | 0
Weight Fhan other areas. Furth_er,_ some socialzitmﬁsare models can accommodate bgth qualitative and
gualitative and some economic indicators are nditiad

" uantitative data generated from other tools (a¢heg
and so cannot be aggregated as are traditional chre all normalized). The firm might use DCFROR

indicators (Kruset al., 2009). _ analysis to estimate financial flows, an LCA toirestte
LCA is a compensatory technique; poor SCores Oynvironmental impacts, an input-output model to
selected indicators could in theory be offset bpdjo cajculate indirect and induced income in affected
scores on others. Nonetheless, LCA is largely &ommunities, or perhaps even a computable general
technique to look at damages, whereas an ISA mugquilibrium model to further clarify economic
address both costs and benefits of alternativesbend jnteractions, and public health data to incorportate
sensitive to whom they accrue. For these reasoes, Wyesence of populations whose health could be
recommend that the second approach be taken, i.Gxcessively impacted by certain types of emissions.
LCAs be used to create the eco-profile which ismthe Regyits are then fed into the overarching MCDA.
passed forward to a MCDA. Choosing a single weighting scheme, one that is

A.S no_tgd previously, one of the core pr|nC|pI_es Ofacceptable to all parties, can become so polijicall
sustainability and an essential component of an iESA £

stakeholder enaagement. Stakeholders have a oaht raught that no attempt is made to calculate sctoes
. : gag ) : a og anking. An alternative approach is to run the MCDM
information about governmental or industry actitimest

have the potential to impact their lives, commurtity multiple times using the preference-based weights a
health. They also should have the right, to exptiess value functions of the decision maker and thenetafs

opinions about those actions. Too often in the pas X e
decisions within the minerals industry were made'S @ direct acknowledgement of the firm's concern

without transparency and were based solely on th@bout the views of others. Different parties wisagn
preferences of the firm or the firm’'s managemenerE ~ greater or lesser weight to different aspects @& th
authors who recommend using MCDA techniques, sucRroject, e.g., some stakeholders will place morgghte

as Azapagic and Perdan (2005a; b) and (Sempals,  ©n land occupation than do other participants. &gsh
2001), speak only about basing weights on themore importantly, risk preference information ca& b
preferences of the decision makers. However, starti captured in the value functions. Engineers anchsisis
with goal definition in phase | and moving forward think differently about risk than do stakeholderhow
through the ISA process, stakeholders have concerdack a technical education. There are numerous
that need to be acknowledged and addressed. Thgy mimstances in which community opposition to a mihera
well want issues included in the analysis that Wowt  development has stemmed from misunderstandings
otherwise be considered by the firm. about the magnitude and distribution of risk.

For example, when siting a construction and  Once the model is fully developed, with weights
demolition waste disposal facility a firm typically and value functions determined, numeric scoresbean
focuses on technical and environmental issues, bwalculated for each indicator for each interestattyp
nearby neighbors may be much more concerned aboohis matrix of weighted data clearly shows the tieta
land occupation, such as changes to their view-shed importance of various indicators for each stakeéold
disruption of community activities due to traffid 0 These data can then be combined using an MCDA
noise. Firms also focus on technical and envirortelen function, with the scores reported for each level o
issues when siting tailings disposal sites, buginieors  increasing aggregation, for each stakeholder, again
may be more concerned about impacts on traditionadlearly showing the effects of differences in value
hunting areas or indigenous sacred sites. Thus, gsreference ranking and risk tolerance.
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One stakeholder might score the firm's preferred  The data requirements for LCA are huge and for
alternative very low. By examining the weighted minerals projects must be site specific. Generta tas
indicators and aggregated scores and also goirigtbac the potential be misleading and result in inapgedpr
base information such as life cycle stage of thé\Li€  or inconsistent conclusions (Rettal., 2009; Van Zyl,
will be possible to identify exactly which aspecofsa  2005). Unfortunately, adequate information is often
project the stakeholder finds troubling. That unavailable at the early design stage. One wapke t
information can form the basis for discussions owh advantage of LCA in an ex ante ISA is to take into
the project could be modified to assuage their eom&  account data uncertainty relevant to every activitthe
Another benefit of this approach is that havingeakk life cycle, i.e., create a probabilistic inventalgtaset.
various stakeholders about their objectives and For phase Il of an ISA we recommend using
preferences and having shared what they reportallith MCDA, in the case of a probabilistic model, a multi
participants and used them in the ISA process, eachttribute utility function, rather than performintye
stakeholder then publicly ‘owns’ their position. rFo analysis within an expanded LCA. MCDAs handle
example, one stakeholder might prefer an altereativqualitative and quantitative data. Furthermorek ris
disposal site that is further from their home, th#n  communication is an important aspect of a multi-
must also recognize that the alternative locatidlh w stakeholder ISA and the value functions embeddex in
require longer haul distances with attendant ewnissi MCDA can capture and communicate risk preference.

of green house gasses. In conclusion, no single tool can adequately
support an ISA, but rather multiple tools are neaeg
CONCLUSION with each used in a manner consistent with itgties.
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