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Abstract

Growth in global population and living standards, along with the transition to-eddyon
economy, require increasing supply of an unprecedented variety of material commodities.
Consequentlysecuringa v ai | abi | ity ofakByproritydar sustainables our c e s ¢

development as it applies to policy and product design.

Life Cycle Assessment (LCA' which has been applied in policy apbduct desigtior

decade$ has traditionally been a tool for measuring potertslironmentaimpacts of

produce f r om A cr adbrerécentlyytheftegrnifeaQyee Sustainability

Assessment (LCSA)as emerged tmcorporate soci@conomic consideratioradongside
environmetal issuesWhile environmental LCAnethodologys relatively well

developedsocice conomi ¢ as pect s havélondgibeentcantrowsialinr esour ce
the LCA community. Gnventiom | appr oacheuddnd emgseuci isn if d e
depletion andcarcityin the longrun. In cortrast, newer approaches for resource

Acriyd cad s @whemhave émerged outside the LCA commuiitpncern

i o u t-isrntdchanisms that can disruptv material availabilityn the shortrun.

Methods for dticality assessment, howevéravehadlimited applicability on a produet

level becaustheydo not providea clear connection tofanctional unitof a given product

T a central concept in LCA.

Therefore, his thesisaims to extendhe previously develope@Geopolitica Supply Risk
(GPSR) mdiodfrom a relative assessment of raw material criticality tif@a Cycle

Impact Assessmertharacterizabn model for assessirgypply risk in relation to a
functiond unit under the LCSA frameworKR he characterization model is based on a
sociceconomiccauseeffect mechanism drawing upon supply chain resilience concepts.
Supply riskfor a given commoditys defined as the multiple probability of supply
disruption and/ulnerabilityto supply disruptionThe methods demonstrated through

LCA case stuékes of electric vehicleand dental xay equipment



While fiminord commodities are often neglected in environmental | {BA case studies

herein illustratehowsmall components an fAipack a puncho from both
environmental perspectiv&€herefore, the most promising embodiment of @SR
characterization model i c anc e Assacanseuence, he amo
comprehensive data are required for product material compoditiernxray case study

for examplejnvolves tacing wit processes tbugh LCAdatabases so that commodity

inputs can be mated with identification codes for collectimgmmoditytrade data. On

the other handt is convenient thathe amountof commodity inputs needoth be known.

Althoughthe GPSR chargerization modeshows promisas a produetevel decision
support tool the methodnd applications presented in this thesis are limited to satgie
supply chain modellingMoreover, while the methad presently at theountrylevel,
productsupply chains are actually at tliem-level. Recycling, cgproduction, and
commoditystockpiling are other areas for further methodological developririratly,
greatercomputational powes needed to facilitatpracticalapplication ofthe GPSR
method Nonetheless this thesishows the importance of integrating raw material
criticality and environmental considerations into LC&/etter infornrdesign and

management decisiore a productievel.

Keywords: life cycle assessmerlife cycle sustainabilityassessmentriticality

assessmensupply risk, vulnerability, substitutabilitglectric vehicle, dental-ray
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Chapter 1: Introduction and Background

1.1: Problem Context

Over thelast decades,rgwth in global ppulation and living standards hasulted in

more complex products uting greateamounts of an unprecedented variety of material
commodities. For example, presenhsumption ofndustrial minerals is 27 times greater
thanin the early 19006Krausmann et al., 2009and under a businesasusual scenario,
global extraction of resources by 2030 could be dothigdevel from 200%Sustainable
Europe Research Institute, 201@pncurrentlythe variety of metalemployedn modern
productshas expandeffom just a handfuin the early 2t centuryto nearly tke entire

periodic tableat presen{Greenfield and Graedel, 2013; National Research Council, 2008)
Further, transitioning to a lowarbon economy will require increased adoption of
emerging technologies like electric vehic{€%/s) and renewable energysgemsi which

wi || i n turn require increased sufgREEsy of fdAcr

and platinum group meta{®GMs)

Consequently, resourgelated issuesuch aenvironmental and human health impacts,

geological scarcity, tectological constraints,rmed conflicts and geopoliticaklated

supply risksare particularlymportant forsustainable developmei@ustainable

developmenis defined by theVCED (1987)asd e vel o p me nt nreddadftheéi meet s t
present without compromising the ability of fugugenerations to meet their oweedd

Sustainale development is considered to halweeedimensions: environental, social,

and economic. Taken together, these three dimensions have been concepttiiezed a

Atripl e KkEknhgon, dB9T)i ne o

According toPorter and Krame2Q06) the intefrelations between sustainable
development and business actestcan be examined in two wajefi o u t-isni a e

relation describeBow firms areimpacted by external environmengaidsocib-economic



conditions(Porter and Kramer, 2008yor example, business risks and opportunities are
affected by consumer preferences, policy and e¢goy regimes, supply constraints, and
environmentaphenomena such as droughts atfterextreme weather eventdn the

other handtheil i n ® iu d r e | a tthie mpacts of intermaliblsimess operations

onsociety and the environmefRorter and Kramer, 2006)

With regard taheinside-outrelation Life Cycle ManagementLCM) is concerned with
environmentaperformancef productdfromt h e A wheerddouees are extracted

t h e fwherathepooduct arrives at the end of its usefu(Bikau and Sonnemann,
2010; UNEP, 2007)T hi s @ c r a ddncept is opergiitalzed dyapplyingLife

Cycle Assessmer(LCA) asa toolfor measuringpotentialenvironmentalmpactsof a
product system acr oss niwsuchas psoerce extractipe,s o f

materialproduction, manufacturing, use, aaddof-life managementiSO, 2006a, 2006b)



1.2: The Life Cycle Assessment Framework

Though the terniife cycle assessmewas not formalized until th&#990s, studies

conducted with dlife cycled approach datt the bte 1960s and early 197G=arly

examples focusedn packaging and waste managen{Batumann and Tillman, 20044t

the time, the term ARes wr y@EP&Wdsused vi r onment
(Baumann and Tillman, 2004pivergingresults of early studies prompted calls for

methodologicakt andar di zati on to avoid tihfavowmrse of L
of a particular produdiBaumann and Tillman, 2004After organizing a series of

conferences and working groupise tSocietyof Environmental Toxicology and Chemistry
(SETAC)publishedthe LB fiCode of P (SETAC,i1298)Accarding td thed 3

Caode of Practice, LCA studies needialude four methodological phasegoal and scope

definition, inventory analysismpact assessmergndimprovement assessméSETAC,

1993) A study hat stops at the inventory phassd does not include impact assessment or

improvement assessmentéerred to as hife Cycle Inventory(LCI) (SETAC, 1993)

Following the publication of the SETAC Code of Practice,Ititernational Organisation

for Standardisation (ISO) published a series of standards for LCA (the 14040 series).

Presently, the two main standards are ISO 14[®0, 2006apnd ISO 14044IS0,

2006b) The former describes general principles and lays out soa@tigical framework.

Like the ETAC Code of Practice, the ISO framework inclugeal and scope definition

inventory analysisand Life Cycle Impact #sessmer(LCIA). Rat her than Ai mpr
assessment, 0 t he idte@tatfomasthedinalophaseqdired far IDCA s

studies.ISO 14044provides more detailed guidelines and requirements for each of these

methoddogical phasesas outlinedn the followingsulsections.



1.2.1: Goal and Scope Definition

The first step irmnLCA studyis toclearlydefine thegoal and scop@ SO, 2006a, 2006b)

The goal definition includes the reason(s) for carrying outttidysand the intended

audience(s) to whom the results viaé# presented SO, 2006a, 2008). Typically, LCA

studies are conducted to identifh ot spot so of efQfisrgnméntaht bus
per ISO 14044)to evaluatdradeoffs and improvement opportuigs, ando compare
environment al Apr of iwithkessndar fonttionalitytRegardireythé ve pr od
intended adience, LCA studies can luseful for internal purposes such asdua design

and process improvementiven specific guidelinesknown asProduct Category ies

(PCRs)i the results of LCA studies can Oisseminated to external audiences in the form

of Environmental Product &laration§EPDs). EPDs can be useful in a busiriess

busines¢B2B) context (for example, informing purchasing decisions and supporting
internal LCA studi-leb gl i n gketindaparposedierryxle t fec o
thinkingcan also guide public policy and regulatdigections such as the Integrated

Product Policy (IPP) in the Europelmion (EC, 2001) Importantly, LCA studies

intended to support comparative assertionsetdisclosed to the publhave more rigorous
methodological requiremenfiSO, 2006bY o avoi d the fAhired guno pr

To fulfil the goal of the LCA studyhescopeneeds to be defined in terms of the
functional unif system boundarylata and data quality requirements, and the
environmentalmpact categoriefor example, climate change, acidification, and
eutrophication}o be adiressedlSO, 2006a, 2006bYhefunctional unitquantifies the
core use or ppose ofthe produceaind serves as the central unit of referandbe LCA
framework(ISO, 2006b) as illustrated in igure 1(the major compnents of the figure are

discussedn the remainder of this sectipn
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Figure 1. Conceptualfamework forLife Cycle Assessment

For example, theunhctional unit of a light bulbauld be defined in terms of a given light
output (in lumens) for a given service life (in hours). The functionalisiparticularly
important when making comparisons betwabarnative produst(ISO, 2006b) as it

enablesa napplestop p | @mparisonThereference flowepresents the physical



product needed tactuallyprovidethe functional uni{ISO, 2006b) For example, the
reference flow for providing a given light output for a given service life would be defined
in terms of the number of light bulbs remrd (depending on the useful life of the bulb)
Through the reference flow, the functional unit provides ttsesldar quantifyinghe
environmentainputs and outputfor example, mineral ores and emissiooisiheunit
processesgfor example, extractigrproduction, and assembly processeghin the defined
system boundar{ SO, 2006b) These inputs and outputs, referred telasnentary flows
comprisethe Life Cycle Inventoryl(Cl) phaseof the LCA framework1SO, 20064,

2006b)



1.2.2: Life Cycle Inventory

TheLCl phases closely tiedo thegoal and scopevith requirementsf ISO 2006b)

pertairing to data qualityallocatiory methods and system boutaries When properly

scopedthe only thingcrossng theboundary between the product system (or
Atechnosphereo) and trledrdthaelemantarnflodsigure ) or A ec o
As illustrated in Figure 1he functional unit can be thought of as crossing the boundary

between the product system and the economy (in which the product serves a specific

purpose as defined by the functional ur@ce the LCl is compiled.ife Cycle Impact
Assessmert LCI A) met hodol ogy i s needed to aggrega

elementary flows into potential environmental impacts.

"AAl l ocationd refers to a common methodol ogical probl e
mul tiple producpr odtetusd) (cAl ll @dalidgpiointhdLEA a very contr
community because the choice of allocation method can have a significant influence on the results of an LCA

study. Thereforel SO (2006b)requires following a stepwise procedure in which allocation is either avoided

entirely (i.e., by adjusting system boundaries), conducted based on physical relationships (such as masses of
co-products), or conducted based on other relationships (sucbrasneic values), in order of preference.



1.2.3: Life Cycle Impact Assessment

Whereasheelementary flowsn the LClrepresenenvironmentahspectof the product
system the purpose diCIA is to providemeaningful information aboygotential
environmentaimpacts(ISO, 2006a, 2006bAccording to ISO 14044,CIA consists of
three mandatory elements and three optional elenii&ts 2006b) The first mandatory
elements selectionof environmental impact categories; for example, climate change
acidification, eutrophication, ozone depletion, toxicity, and plexidant(smog)
formation(ISO, 2006b) The nextelements classificationof elementary flows into
appropriate impact categori@dS0O, 2006b) For examplegreenhouse gaseSKIG9 such
ascarbon dioxide (Cg), methane (Chj, and nitrous oxide (pD) can all be classifiedsa
contributing towards climate chaagThe final mandatory elemerharacterization
measures theelativeil p o t eofreacheementary flowto each impact categorfSO,
2006b) For example, sing Global Warming Potential$GWPs), emissions oGHGs can

be expressed as a sseof carbon dioxide equivalef@O; eg).

ISO 14044requiresselection of impact categoriesir ef | ect a comprehensi v
environmentaissues related to the product system being studied, taking the goal and scope
intoconsi der at i on o (1902006l ses. #.4.2.2aMHaletork goverage of

environmental issues in an LCA study needs to be sufficiently comprehensivisfiotbat

goal of the study. Though nat@icitly required bylSO (2006b) there is broad conserssu

in the LCA community regarding hr ee far eas oforspsmaipablecti ono ( A
developmentfihuman healtld, fecosystenguality,0 andfnatural resource3AoPs are also

known as fs af(Kuer-&en, 1997 Ib theel8Q stardards, the term
Acategory enl8@=aoddab)t 0 i s used

A comprehensive selection of environrte@nmpact categorieis important for revealing
pot ent ioafl f si;tor af dosver G3\Pas nhigHereeutrophication afot
acidification potentialHoweverj t i s al so i mportanasosso avoid f



impact categories, which can biaSIA results by artificially magnifyingertain
environmental issug8aumann and Tillman, 2004; ISO, 2006b; Reap et al., 2008)
Therefore environmentalmpact categories shoul# collectively exhaustive and mutually

exclusive.

For each impact categorycharacterization modes needed toupntify potentiaimpacts

(per functional unit) on & category endpoirftSO, 2006b)As illustrated in Figure Jlthe

characterization model shouldbea s ed on a theoreticaila nenviror
causeeffect pathway between the elementary flows aedctiegory endpoirftSO,

2006b) Characterization factor§CFs) express elementary flows in commoitauthat are

aggregatedhto acategory indicato SO, 2006b) To enable this aggregatiom CF serves

asan fAequival encyo0 tbarefdremae substahdmeerampley GHGel at i on
emissions can be characterizednass ofCO; eq., ozone depleting substancemiass of

CFC11 eq., and resource extractionsgriass ofantimony é€lemental symbdbb) eq.

The category indicator can be chosen from any point along theoemantal mechanism

(ISO, 2006b) LCIA methodsintended to model the entire impact pathvaagoften

ref er r endpoihbo ahmageédriented a p p r(Enawedee et al., 2009)

Methodsthat partially model the environmental mechanism are often eeféoras

Ami dpoi nt 6-oor e A pe dod(Fianpedearedah, 2008)Bigure 2illustrates

the concepts of characterization models, CFs, and category endpoints using the example of

climate change.



Environmental Mechanism

m Human Health
E @ / Global Warming (DALY)
&5 Potential (GWP) .. - Infrared
x . - E@/ AE A Radiative A Ecosystem Quality
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&5 E (Q: AO desertification,
etc.)
Ele';?c()avr\l/tsary Characterization Category Category Category
(from LCI) Factor Indicator Midpoint Endpoints (AoPs)

FU = functional unit

Figure 2: Characterization model for cliteachangdased onSO (2006b)

Both the fAmidpoi nt oeslavedtrefigthsathglimitatofid®@ appr oach
midpoint approacBimplifiesimpact asessmat methodologybutmay provide less useful

information in areas of environmental importaFinnveden et al., 2009)he endpoin

approach, on the other hand, requadditional modeing of impact pathwaythat

increases the uncertainty of the res(fimnveden et al., 2009)

Optional elementsf LCIA include normalization, grouping, and weightii§O, 2006b)

In the context of the LCA framewokSO, 2006b)normalizationrelatescategory
indicatorresults, such as masfCO; eq, to some reference value, such as the total impact
for a country or regionGroupingessentially categorizeke impact categoridgsfor

example, by sorting them into global / regional / local, terrestrial / aquatiqqtor hi

medium / low prioity (ISO, 2006b)Weightingis effectivelya further aggregation of
category indicator resultsvhichthemselvesepresenanaggregation of elementary flows
from the LCI Indeed, in a mathematical sense there is little difference between a
Acharacterizati ono f & sotitceworth cladfyirg théistirdiog ht i ng o
The difference isn how the aggregation famts are determine@dFinnveden, 1997)
Characterizatiorfactors have an objective, scientific ba$80, 2006b) For example,
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GWPs expresshe relativefipotency of different GHG 1 such asCO,, CHs, and NO'T
according to knowledge from the natusalencesWeightingfactors, on the other hand,
are based on subjectiwalue choices and cannot be scientifically determiReohveden,
1997; I1SO, 2006b)

The subjectivevalueladennature of weighting factors makes them a particularly
controversial part of LCIA methodolod¥innveden, 1997, 1996fror this reasoriSO
(2006b)prohibits inclusion of weighting factors in LCA studies intended to support
comparative assertions to be disclosed to the publany case,a preseve transparency,
LCI dataandcategory indicatoresults should still be reported when normalization,

grouping, and/or weighting steps are condu¢t8®, 2006b)

Despite the controversiipweverweightingis ultimately necessaiiywhether explicit or
noti for decisioamaking(Reap et al., 2008Dften,there are tradeffs between impact
categories; for exampléjgher GWPfrom fossil fuels versus higher eutrophication
potentialand wateuse forproduction otbiofuels(Weiss et al., 2012 herefore, the effect
of a formal weighting step is to take what woattierwise be an implicit judgemeaud
make it explicit. lPovidedthe underlyng LCI data and category indicat@sults remain
accessible, and the basid weighting choices is clearly explained, an explicit weighting

step could actually improve transparemeyl rigourof decisionmaking
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1.2.4: Life Cyclelnterpretation

Thefinal phaseof the LCA frameworklife cycle interpretationinvolves

T identifying #fsedpnthdlLClamdiCIAressits;ues o bas
1 evaluating the reliabilitand obustness of the LCA study, and;

9 forming conclusions and recommeattbns(ISO, 2006b)

Il n practice, fiident i(lBO,2006bYalkesnthedoimoi gni fi cant
contributionanalysit o i denti fy environmental W@Ahotspots
common for particular processes or life cycle stggesh as material prodtion,

manufacturing and assembly, product use, and produeabfeifd management) to

dominate environmental loadSxperience in the LCA community izhown thaproducts

tend to have char act e (Ashbyt 20k3; Yeumgy, 19966ar me nt a | Ap
durable(long i ved) products that consume energy an:
of the life cycle tendt daminate environmental loagdexamples include civil aircraft,

automoliles, and appliances. Produtitee shopping bagand furnituréend to generate

the largest environmental loads in resource extraction and material production processes

Others may & manufacturingntensive (for example, paper and electronicsy@anhave
particularimplications for enebf-life management (for example, electronics waste and

biohazardous matterQften it is not the absolute value of environmental loads that is

important, but rather theelative rankingof the contributions of life cycle staga&/hen

contributionsar e | ar g e ejondgnegthcan b grawa ftom smprecise data

(Ashby, 2013, p. 68)

According tolSO (2006b) evaluation of an LCA stydrequires a completeness check,
sensitivity check, and consistency check. Tompleteness cheelkms to ensure thaiata
and informatiorare sufficentto satisfy the goal of the studisO, 2006b) Thesensitivity
checkexamineghe influence of uncertainties on the final res(i0, 2006b)Uncertainty

arises frondata limitations andhethodological choicesincludingthe functional unit,
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system boundaries, allocation methods, and impact assessment mdtiaaitainty
arising from data limitations oabe assessl usingdata qualityindicators(for example, the
Apedi gr ee matWeidena anu Wespsgl 396)dindiorystatistical methods
such as Monte Carlo analysidncertainties arising from methodological choices can be
assessed usirggnsitivity analysig¢for example, by changing the functional unit, system
boundary, and allocation method) aswtnario analysi¢for example, by changing the
assumed electricity supply mixjheconsistency cheakvaluateshe degree to which data,
assumptions, and methodgical choicesre aligned with the goal and scope of the LCA
study(ISO, 2006b) It is also especially important for compa