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Abstract

Environmental monitoring indicates that progress towards the goal of environmental sustainability in many
cases is slow, non-existing or negative. Indicators that use environmental carrying capacity references to
evaluate whether anthropogenic systems are, or will potentially be, environmentally sustainable are
therefore increasingly importanSuch absolute indicators exist, but suffer from shortcomings such as
incomplete coveragef environmental interferencs, varyingdata quality and varying or insufficient spatial
resolution. The purpose of this article is to demonstrate that Life Cycle Assessmentgh@dtentially

reduce or eliminate these shortcomings.

We developed a generic mathematical framework for the use of carrying capacity as environmental
sustainability reference in spatially resolved life cycle impact assessment models and applied this
framework to the LCA impact category terrestrial acidification. In this application carrying capacity was
expressed as acid deposition (eq. mdhid*-year') and derived from two complementary pH related
thresholds A geochemical steady-state model was used to calculate a carrying cagsa@gponding to
these thresholds for 99,515 spatial units worldwide. Carrying capacities were coupled with deposition
factors from a global deposition model to calculate characterisation factors (CF), which expresses space
integrated occupation of carrying capacity §rear)per kg emissio. Principles for calculating the
entitlement to carrying capacitgf anthropogenic systems were then outlined, ahé logic of considering

a studied system environmentally sustainable if its indicator score (carrying capacity occugagemot
exceedits carrying capacity entitlementas demonstratedThe developed CRsd entitlement calculation
principleswere applied to a case stu@yaluatingemission scenario®r personal residential electricity
consumptionsupplied by production from5US coalfired electricity plant

Median values of derived C&ge0.16-0.19 ha-yearkg" for common acidifying compound8Fs are

generally highesin Northern Europe, Canada and Alaska due to the low carrying capacity of soils in these
regions. Differences in indicator scoi@she case study emission scenarios are to a larger extent driven by
variations in pollution intensities of electricity plants than by spatial variations in CFs. None of the 45
emission scenarios could be considered environmentally sustainable when using the relative contribution
to GDP or the grandfathering (proportionality to past emissions) valuation principles to calculating carrying
capacity entitlementslt is argued that CFs containing carrying capacity references are complementary to
existing CFs in supporting decisions airmedimultaneously reducing environmental interferences

efficiently andmaintaining orachieving environmental sustainability.
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We have demonstrated that LG@Adicatorscan be modifiedrom beingrelativeto beingabsoluteindicators
of environmental sustainabilityrurtherresearchshouldfocus on quantifinguncertainties relatedo
choicedn indicatordesignand on reducing uncertaintiesffectively.

Keywords:

LCA; Terrestrial acidification; Carrying capacitgracterisation facta; entitlement

1 Introduction

During the last decades the number of sustainability indicatorstheil use indecisiormakinghasgreatly
increasedHak et al., 2012; Singh et al., 201pny such indicatonsank the sustainabilitpf
anthropogenicsystens. For instance Switzerland ranked highest and Somalia lowest in the 2014
Environmental Performance Index of countr{étsu et al., 2014Another example iSE v %o [¢ "H]
to Greener Electronid®012b2012a) which ranks 1@argeelectronics companiesiere we term indicators
used forrankingrelativeenvironmentakustainabilityindicators(RESI) because indicator scanéstudied
anthropogenicsystemsare relative because thegre evaluated by comparison todicator score®f one or
more referencesystemschosen specifically to match the nature or functiorthud studiedsystem While
RESI carevealhow the sustainability performancef systemX compre tothat of a chosen reference
system,it cannot evaluate whether systedcan be consideredustainableon anabsolutescale(Moldan

et al., 2012)This limitation is very problematic considering that the state of the environment is decliging
and large(Steffen et al., 2015; WRI, 200%hereforethe global economy and its subsysteargin fact
drifting further away fronthe goalof environmental sustainabilityriginally (]v o Ne [tB]VPe
improve human welfare by protectirthe sources of raw materials used for human needs and ensuring
§8Z § 8Z o]vle (J&E Zpu v A «8 « E v}s £ U ]v } EGardI&}d ¥996) A vE Z

This shortcoming of RESI may be addressed by supplementing Rigfiidigrs containingeference

valuesof environmentalustainaldity (Moldan et al., 2012We termsuchindicatorsabsolute
environmentabkustainabilityindicators(AESI becausdhe environmentakustainabilityreferencesare

absolute sincethey arebased on characteristics of natural systeimdependent othe study While

ranking of products or systesis also possible in AE8le environmental sustainability of a system can
additionallybe evduatedon an absolute scald ]X X vesA E]vP §Z «<pXedlijonmdntalyC+3 u
*u*sS Jv o }@EgurkdMIlustrates idifferenceand complementaty between RESI and AESI.
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Figure 1: The concepts of relative (a) and absol(li¢environmental sustainabilityindicators. Theranking of the
hypothetical system X depends on the chosen referencéf) System X issnvironmentally unsustainable because
its environmental interference isigher than the sustainability referencéb).

The concept ofarrying capacitySayre, 2008}an be appliedn AESto operationalize and quantify

references for environmental sustainabildg defined byGoodland(1995) FollowingBjgrn and Hauschild

(2015)we define carrying %o ] S @he maximum sustaineeénvironmental interference natural

system can withstand without experiencinggative changes in structure or functioning that are difficult or
impossibleto revearX, E A pe ~ VA]J]E}vu v 0 Jws R(VEE] § Eu (}E VSEZE} %}
changes to any point ianimpact pathwayfrom emissioror resource us¢o ultimate damage)lt follows

that total environmental interferenceon natural systemswhethercaused byesource uses or emissions,

canbe considerecnvironmentallysustainable if theitevelis below theaffectedeco-*C+3 u[e EEC]VP
capacity

A @otprinting _indicators that use carrying capacigys sustainability referencealue can be characterized
as AESIhe popularecological footprinindicator expressedemands on naturgv pv]se }( “Po} o
Z § @E&nd compares thito land availability § & u bio¢apacity) to facilitate anevaluation of

whether demands arenvironmentallysustainablgBorucke et al., 2013 hishas inspired other footprint
indicatorssuch as thavell-established water footprin(Hoekstra and Mekonnen, 201&hd first generation
chemical footprintgBjarn et al., 2014; Zijp et al., 201EXxistingootprinting indicators however, have
weaknessesuch as1)the incomplge coverageof all environmental interferencethat are threatening
environmental sustainability, 2he varyingdata sourcesvhich are generally crudier assessments at the
product scalgHuijbregts et al., 2008; Kitzes et al., 2Q@)Yhe variations in spatial resolution amongst
footprints', whichcan be a source of biakie to the potentially high spatial variability of carrying capacity
(Bjgrn and Hauschild, 201%nd4) the inconveniere for usersthat eachindicatoris made availabléy
means ofa uniquesoftware tool We believe thathe life cycle assessmentCA)nethod has the potential

to overcome thesaveaknessesf currentAESI

tdz }o}P] o0 (}}3% E]vS vIEuU 0] = 0 Vv uvel]lvsdzZ pv]s "Po} o0Z 8§ E +_U /
are unaffected by spatial differences in yield, while waserd chemical footprints are spatially resolved to varying
extents.
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LCA aim$o cover all relevanenvironmental interference over the life cycle (from raw materials to waste
management) of a produdbr other anthropogenicsystens). LCA requirea life cycle inventory (LCI)
which compiles th@hysicalinputs and outputgresource uses and emissioms)a product during its life
cycle and is commonly based gnoductsystemspecificdata supplemented by a commdife cycle
inventorydatabaseof unit processes (e.ghe average electricity generation of a countyCAuses
characterisation factors (CEsyhich expresshe relationship betweerthe resource uses or emissionta
LClandmeasures ofesultingenvironmental interferenceCFsare obtained from mathematical
representations of cause effechairsthat can bespatially resolve@ndallow the conversion o LClinto
indicator score for a number omutually exclusive and collectively exhausttrapact categoriessuch as
climatechange, eutrophication anelcotoxicity.

The characteristics of L@#ake itpotentially suitable forreducing or eliminatinghe listed weaknesses of
current AESIHowevelCA indicators can be characterized as Ridfitator scors aretypically usedad
rank the environmental performancd éunctionally comparabl@roduct system®r scenarios, based on
their potential ta via their emissions or resource useeate a smalthangein the level ofenvironmental
interferences. This small change is either calculated as a marginal change in the lkexastinglevel of
environmental interferencer as a approximatedinearchangein interference withirthe zone between 0
anda chosen level dhterference(see S1 for a conceptudiure of the two approachegHauschild and
Huijbregts, 2015)LCA indicators thereforgenerallydo not includecarrying capacity as sustairibdy
reference value¢Castellani and Sala, 201Zp harness th@otentialsof LCA in AES. CA indicatoraeed to
be modifiedto quantifyingoccupations of carrying capacitystead of quantifyingmallchanges ievels of
environmental interference Theoverallpurpose of thisarticle is toprovidean initial contribution to this
development.

This articleaims tol) develop a generic mathematical expression for calculating spatatyved
occupation of carrying capacifygr anyemissions baselCAmpact category2) usethis methodtentatively
on theterrestrial acidificatior.CAimpact category3) demonstrae the applicability of themethod in a
case study, 4)compare the relevancand complementaritypf AESI anESIin decision support.

2 Methods

2.1 Definitions and interpretations

To support the operationalization of carrying capaéitgfined asthe maximum sustaineénvironmental
interferencea natural system can withstand without experiencimegative changes in structure or
functioning that are difficult or impossible to rexeywe introduce two definitions: 1¢ontrol variablewa
numerical indiator of the structure and/or functioning of a natural systetn V T« d Z Ghesrddximih »
value of a control variabla natural system can withstand without experienciregative changes in
structureand/or functioning that are difficult or impossible tevert XThecarrying capacity igenerally
closer to the cause ianimpact pathway than the threshold from which it is deriv€rrying capacity is
static because it is calculated from a situation where a control variable value equals a thresholat value
steady state(Bjgrn and Hauschild, 2015Jote thatthe definitions of threshold and carrying capacity leave
room for interpretation (what are negative changes and at what point do these become difficult to revert?).
Thisinterpretative flexibility is intentional as it reflects the ambiguiity the definition of environmental
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sustainability ofGoodland(1995)with respect to preventing*Z (Eu $§} Z pHumans Way be physically
harmed bya reduction ofmaterialeco-system servicege.g. access to clean watexgused by severe
environmental degradatiomccording to somehumansmay also be harmed culturally and spiritually by
effectson or disappearancef a singlevulnerablespecies aused by just minogenvironmental degradation.
Environmental sustainability catius be interpretedanthropocentrially or eco-centrically (or somewhere

in between) which can greatly influence the choice of threshold and resulting quantification of carrying
capacity. Theensitivity of AESI scoresttis interpretationof environmental sustainabilitgnd other
choices is analysed Bjgrn et al(2015)

2.2 Characteris ation framework

In LCA characterisation factors (CF) are multiplied atthinventoried emission or resource u®)of
pollutants or resourcéx)that contribute to a given impact category and the products are sumtaed
calculate thendicator scorglS) for that impact category:

+8 As % @B (1)

Byintegrating carrying capacity as sustainable referenaduein CFsindicator score can be expressed as
occupation of carrying capacity. We propose this integration by divighatjally resolved¢onventionalCF
constituents by carrying capacif¢ C¥or any emissions based indicatairt 1):

% dap L Ayt om0 @

Here CFhatyear*kgemied ) iS the characteriion factor for substance x emittegithin spatial uniti into
environmental compartment kair, soil or water) FF is fate factor linking an emissiaof pollutant xwithin

i into kto its fatetypicallyexpressed as a changeconcentrationor massn the receiving spatialnit j. XF

is an exposure factor which accounts for the fraction of pollutant x that species of concern in j are exposed
to. EF isneffect factor, which calculates the effect increase on these spétigsom an increased
exposureof x.CC is the carrying capacity ifT he metric of CC depends on the metrics of FF, XF amtEF
differsfrom oneimpact category to anotheNote that equation2 applies to indicatorsf effectson
specieslf indicator scores are expresselser to the cause dhese effecteshe denominatorshould only
containFFor FFXFWhenfollowing equation 1 bynultiplying CBwith emissiors (kg)the indicator scords
expressinghe carrying capacity occupation in a unithafjear, which indicates an area in which carrying
capacityfor a given impact categoig occupied for a time. If the time frame during which pollutants are
emitted is knownthe indicator score can be expressed in a unit agfywhich resembles that of the
ecological footprint metho@Borucke et al., 2013)

Note that our proposed framework is only compatible with indicators for which FF, XF or EF &neaf a
nature, i.e. thatcalculate theapproximatedinearenvironmental change from an emissiatithin the zone
between 0 andxa chosen level of interferenqgee S1)Our proposedramework isnot compatible with
marginal CF componenkgcause thesare derivatives of estimateeéxistinglevels ofenvironmental
interference whilecarrying capacitghould beindependent ofexistinglevels ofenvironmental
interference(Bjgrn and Hauschild, 2015)
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2.3 Application to terrestrial acidification

We demonstratethe calculationof proposedcharacterisation factors for theCAmpact category
terrestrial acidificationfor which no AESI currently exiggsm 2) Thespatial derivationwas basean the
only existingglobaldepositionmodel ofRoy et al(2012)havinga 2.0x2.5° resolutior(i.e. composed of
13,104 grid cells)

2.3.1 Choice of control variable and threshold

As a basis for carrygncapacity twaomplementarythresholdsof the control variable®+}]o c}ousS]}v %o, _
were chosenThe first threshold walsased ora deviation of natural pldorresponding to the point where
the numericaldecrease in pH starts increasing for every additional quantity of depositiathispoint the
functioning of the soil ecosystem starts changing ascimbonatebuffering system is weakening and
additional depositions will bring the system close to lemical pH thresholdBased on a&creening opH
curvesmodelled with the geochemical steadyate model PROFII(®/arfvinge and Sverdrup, 1992
found thata pH decrease of 0.25, compared to natural pH, generally comesgbwell with ths point
where pH starts responding ndimearly to additional deposition&ee ). Thesecond threshold was
requiredto take into account naturally acidic soils for which the critical factor threateeaogystem
structureis not pH decrease, but rather the mobilisation of toxic aluminium (1) fronbttifering of acid
depositionsthrough reactionwith aluminium oxides and hydroxiddéom clay particlegSparks, 2002Y his
buffering process occurs in the pH interval-2.8 and we therefore chose pH 4.2, below whiamahium
(1) starts to mobilize, ake secondhreshold® In other words weinterpreted environmental
sustainability, with regards to the interference of acidifying compounds with natural &ndorrespond to
a situation wherenatural buffer systemare not weakened andluminium (lll)s not mobilized.

2.3.2 Calculation of carrying capacity

The carrying capacityas inspired by the critical loads conce@pranger et al., 20049xpressed aa
criticaldepostion of acidifying compound®(.-ha*-year’, where 1 eq refers to Imol H-eq). The carrying
capacitywas derivedor 99,515 spatial units, covering the global terrestrial afRay et al., 2012aby
running PROFILE in 9 steps gradually increasing depositi®&@above natural level®r each spatial unit
until a change of 0.2pH units oranabsolutepH value belowt.2 was reachedNatural depositions were
modelledbased onTegen and Fun@994)andBey et al(2001)as described iRoy et al(2012b) The
design @ the 9 steps is explained irR.8Ve found thatl0% ofspatial unitswere for at least ae deposition
step affected by a nowonvergence error in PROFILE. For thesetbellsarrying capacitwas

approximated by neighbouring cells usingragingfunction, seeS4. Areaweighted averages of the carrying
capacitief the 99,515 spatial units of PROFILE were used to estimate the carrying capacities of the 13,104
grid cellsof the deposition model oRoy et al(2012) CFsvere then calculated according to equatign

We did notchoose the steepest point of the chemical pH threshold as basis for carrying capacity because this point is
often 2 pH units or more below natural pH, which represents a pH decrease that few species can (leeatrio et

al., 2013)@nd can therefore not be considered as reference for environmental sustainability.

% Ourchoice of an absolute threshold of 4.2 pH unitmigood agreementvith a proposal within the critical loads
framework that a pH of 4ould be used to calculatitical loads for forest soikSpranger et al., 2004)
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using amospheric fate factors (FF, Kﬁgbsned*kgemmed'l) of Roy et al. (2012)nd excluding XF and EF in the
denominator because CC is expressed as a critical deposition

Wlol A (3)

2.4 Carrying capacity entitlement

Our CFs caim principlebe used to evaluate whether a society as a whoknigronmentallysustainable
becausehe indicatorscore expressing the areaquivalentof fully occupiedcarrying capacityfrom all
activitiesof the society can be compared to tlaetualareaof the relevantecosystem. An individual system
embedded in societysuch as a produca personor companygcanin turn be considered environmentally
sustainable ift does not occupy moref the total carrying capacity than #an beconsideredentitled to.
Carrying capacitgntittement is a normative concept because it depends on the perceived chlae
studiedsystemrelative tothose of * } u %o Sslystems that rely on occupyingcarrying capacityn the
same areavherethe studied systenoccupies carrying capacityhereforeenvironmental sustainability
references foiindividualanthropogenic systesiembedded irsocietyare inherently normativeBelow we
outline three steps in deriving and applying thesmvironmental sustainability references

2.4.1 Identify competing systems

Ideally competing systems would be identifieddmmbininga sourcereceptor fate modeivith a spatially
differentiated emissiorinventory covering alinthropogenicsystems of society in a chosen reference year:
The fate model would first identify the spatial units affected by emissions of the studied system. The fate
model would then identify athe systemsof the societal totalemissioninventorywhoseemissions affect

the spatial units previously identified. These systems would be labeled competing systems because they
rely on occupying parts of the same carrying capacity as the studied system for their functidotighat

the group ofcompeting systemss potentially unique for each affected spatial urfaf which there may be
thousands) This is impractical to operate with and therefdreee simplificationsareintroduced: 1) a cut

off criterion is established whereby ordpatial units receiving above a specified share of emis$ions

the studied system (e.g. 0.1%e consideredthe territory of these spatial units are termedsd.egand its

area is termedyfrected), 2) all emissions that occur withigeceq @re, in this part ofthe AESlassumed to

occur in the spatial unitvherethe emission from the studied system occurs and tassumed tdhave the
same fate, 3) it is assumed that no emissions Wili.qleaveTeceg@nd that Nno emissions from outside
enters.These three simplifications axgsuallypresented in Figure 2.

* The fate factors oRoy et al(2012)were expressed in Iggmsited*kgemmed"l. For this studykgyeposicaWas converted to
keyepositedPy division by the molecular weight of the emissions and multiplication by the electrical charges of their
corresponding ions, followinBosch et al(2008)



OCoO~NOUOPA~WNE

N Simplification3:
Closed system

/ X2 [xa

Simplification2:
Same fate

Simplificationl.:
Reduced geographical
boundary

Figure 2lllustration of three simplifications for identifying competing systems (B)of a studied system (SS)
located in the middle grid celind affecting 13 gridcellsabove a arbitrary emissiondistribution threshold. These
13 grid cells make upafected @nd have thearea Agecies The dbtted arrows indicate a change in location of X43.

The consequence of the simplifications is thaty one carrying capacity entittement needs todadculated

for each emissio location of a studied system and that the group of competing systems is the same for all
anthropogenic systems withifiectes The simplificatioscan be defendedh situations where potential
competing systems amather homogenously distributed in space and have emissadrsimilar magnitude.
When this is not the case it may be more appropriate to follow the ideal approach outlined above to
identifying competingystems.

2.4.2 Quantify relative value of studied system

The perceived value @fstudied systenrelative toidentified systemscompeting for carrying capacity in

the same territorymaybe quantifiedusing differentvaluationprinciples, such ad) relative contribution to
GDP,or2e "PE v ( 8Z EJvP_ AZ & 3Z & o S]A A op }( <*Ce3 u ] }ve]
indicator score in @hosenpast reference yealt.€. if total carrying capacityasexceededn the reference

year, the indicator sores ofall systensin that reference yeashould be reduced by the percentatet is

needed to reduce the totahdicator scoreébelow thetotal carrying capacityThe perceived relative value of
astudied systemmay be expresseds avaluefactor (VF)between 0 and Dbf the total value (i.e. the sum of

the perceived value of thstudied systenand those of competing systesn

2.4.3 Calculate carrying capacity entittement and compare to AESI score

Thetime-integratedarea in which carrying capacity canditled to a studied system (fweqs, in Z |C) &
can be calculated by multiplyingseeqfor the studied systenby the duration of the emissions (t) and the
value factor (VHpr each emissions location:(i)

#oacuambxHouug @@ ([ (4)

If Acnivea €XCeeds theAESEcore ofa studied systenor one or more emission locations (i) the studied
system cannot be considered environmentally sustainable.

C
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2.5 Case study

We applied the derived CFs to emissicagsed bythe electricity production frononerandomly selected

coal fired electricity planin each of45 statesof contiguous United Statésn 201Q For each of the

electricity plants we calculated an emission inventory corresponidirige residential electricity

consumption of an average inhabitaintthe concerned state ithe year2010 The case study providea

vehicle fordemonstrating the use of the proposed indicafor terrestrialacidification om5 scenariof

realistic residential electricity consumption in a hypothetical situation where this is entiugifed by coal

(@im3)°t pe 8Z § Eu "e v E]}_ 8} *3E e+ $Z 3 A E v}S 335 u%S]VvP 3} L
The case studglsoallows fordiscussinghe relevance of. CAsupportedAEStompared tousing LCA to
rankenvironmental performanceafm4).

State specifiper capitaannualresidential electricityconsumptionwas obtained fronthe US Department
of Ehergy(DoE, 2015and used to define the quantds of electricity produced (P) by eaclh45 power
plants(i) to meetthe demandby an average inhabitanPower plant specifiemissions intensities(])
expressingmissions o5Q and NQ (x) per kWhof generated electricityvere obtained fronthe eGRID
database of the US EF2014) which contains data on a total of 541 tisal fired electricity planti 45
states! Elwasmultiplied by P to obtain themissiors (Q) of SGand NQ per power plant (i)Indicator
scores (1S) foeachpower plantwere hence following equation 1¢alaillated as:

+BL A % @y L A % @@y ©)

Here Ckis the characterisation factor derived for pollutan(SQ or NQ)) for the grid cellin which power
plant i is located.

Indicatorscores were evaluated by comparing them to carrying capaaitylementscalculatedfollowing
the simplified approactoutlined aboveWe used the fate maal of Roy et al(2012)to identify spatial units
receiving depositions caused by emissions of the diffepemter plants Thisglobalmodel predicts that all
its 13,104 grid cellseceives a share of an emission from afyhe power plant§Roy et al., 2012b)
However, most grid cells receive a very small share. For identifying competing systems we thasefiae
cut-off value 0f0.1% deposition of an emissionhisresulted inan affectedterritory (Tasecteg) fOr €achiin
whicharound 70% of an emission depas{tiepending on the pollutant and®iPuecied (the area of Tecied
for all iand bothpollutantwere found to beapproximately equivalent tthe areaof the entirecontiguous
United Stats. Since alpower plantsare located ircontiguousUnited States there is a gregeéographical
overlap betweenTeceq Of the 45 emission scenaritmcations.This overlap justified thadditional
simplificationof assigning the terrestriaontiguousUnited States commonT gecegand its area,
765,300,400hdUSCB, 20123 common Ayceqfor all i. Competing systemsor alli are consequenthall
systemghat emit acidifying compoundw air within thecontiguousUnited States

®>The contiguous United States consists of the 48 adjoining U.S. states plus Washington, D.C. (federal district)

®In reality residential electricity use is supplied by various energy technoltiggésdue to an integrated federal grjd

may be located far away (i.e. in another state) than the location of consumption.

" Thestatesof Maine, Rhode Island and Vermonéme not covered by the eGRID databagkcoal fired electricity

plants presumably because they hamene.

®The remaining share of an emission, on average 30%, deposits on grid cells receiving less than 0.1% of the emission
and accumulates in high altitude, nethe stratosphere.
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In quantifying thevalue factors (VF)f the 45 studied emissions scenarta® alternative valuations were
appliedto explorethe sensitivityof case study outcomes this form ofvalue judgmentThe first valuation
was based on theelative contribution to GDPestimatedby dividing personal or household expenditure on
a studied product or service by ptax income In 2009 (no data for 2010) an average US household spent
2.0% of its praax income on residential electricitACCCE, 2014herelative contribution to GDP

valuation prnciplethus grantsresidential electricity consumption\alue of0.02relative to all

anthropogenic systemwithin Tueceq Thealternativevaluation was based on thgrandfatheringprinciple
according to whicluSresidential electricitconsumptionis entitled to maintainits pastshareof total
environmental interference In 2010 38% of US total electricity consumption was consumed by the
residential sectofIEA, 2012)meaning that 38% of environmental interferences from total electricity
consumption could be &ibuted to the residential sectoMVe could not obtainhie shareof environmental
interference taken up by total electricity consumptiohthe total US environmental interferenceith

respect to terrestrial acidificatianNe therefore approximated thidare by the corresponding share in
EU27, where in 2010 23% of total environmental ifeeznceswas presumably taken up by electricity
production® Our use of the grandfathering valuation principle thus graesidential electricity

consumption in the U&tentative value of 9%38% 0f23%) relative to all anthropogenic systemsthin

Taffected-

Since both valuation principlegere applied toaverageresidential electricity consumption in the US, the
value factosfor the 45 scenarioarethe same(i.e. not calculated specifically for each emissions scenario,
although this is in theory possiblahd can be calculated tividing the nationwideelative valueswith the
populationof contiguoudUnited $ates(306,675006in 2010(USCB2015)). Acnited Was subsequently
calculated for thealternativevaluation principlegollowing equatiord:

Relative ontribution to GDP

48 6

Hpacuchotouuoo®B® (L yxmrré/rréf(@UAz@dm:L rawbD=QJA=N (6)
Grandfathering:

) . = 48 = ;
Hpacucho#ouuoo@B8B (L yxwrra/rrSf@UAz(@dm:LratD:@JAzN )

The two alternative Aviweq Were compared to the indicator scores of the 45 scenarios to evaluate which of
them could be considered environmentally sustainable. We tt@npared the spatial variatiom each of
the components oéquation5, includingthe CF componentsf equation 3, to analyse the sensitivity of

indicator scoes of the45 scenarios to each of these components. As a basis for discussing the relevance of

AESI compared to RESI we furthermore compareCthe of th&5 power plant locations with
correspondingCFs oRoy et al. (2014)

° Environmental interferences were calculated using the tentative CRerfi@strial acidificatiordeveloped in this
study (averagef the 45 emission locatiofh®n the emission inventory for EU27EER2015) The sector

A Yu peS]iv ]y v EPC v SE we{EEL 51 J]}v EC JuE -+ }(5Z D W ]JVvA v3}E

cover electricity production only.
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3 Results

3.1 Carrying capacities and characteris ation factors

Estimatedcarrying capacitie€CQ ranged from less thah00eq.-ha’year® to more than #00eq.ha’year
! with a median value aroun800eq.-ha’year'. The global distribution is shown $5. NumericalCFs for
all 13,104grid cells foNQ, SQand NH are available im spreadsheein 5, from which they may be
exported to LCA software such as G@Binkstep, 2015r SimapraqPRé, 2015ndtherebylinked to LCI
databases such as Ecolnvéd®15) CFs foSQ ranged from less thaf.0054 ha:yearkg" (10" percentile)
to more than0.41 ha:yearkg® (90" percentile with a median valuef 0.16 hayyearkg® (when excluding
CFs for locations in thepen seawhich are generally close t9.0n absolute terms th median CF fo8G
can be interpreted as 1 K§G emitted occupying thecarryingcapacityof 0.048 hectares(corresponding to
a square with 2m sidesYor 1 year.Figure3 shows the distribution of CFs fall global locations dllQ,
SQand NHK.

(ha*year*kg-1)
= (.00 - 0.06
= 0.06-0.13

0.13-0.19
0.19 - 0.25
0.25-0.32
0.32-0.38

0.38 - 0.45

0.45 - 0.51

0.51 - 0.57

0.57 - 0.64
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b) SO

¢) NHx

Figure3: Global distribution of CFor NO (a), SQ(b) and NK (c)

It can be seen that CFs are generally higheBtarthern Europe, Canada and Alaskéich is caused by the
relativelylow carrying capacity afoils inthese regions (see5y Thehighest C&for NO,, SGrand NH,
corresponds to emission locatiem Canadalétitude 55°; longitude-112.59, Denmark/Swede(latitude

55°, longitude 12.5°and Alaskadtitude 65°, longitude-157.59 respectively It can also be seen that local
differences in CHg.g. between neighbouring cellsle lowest for NQ higher for SQand highest for Ni
This is because the share of an emission that deposits in or close to the emission cell is largegt for NH
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smaller for SQand smallest for N@° In other wordslocal differences in carrying capacityea much

larger irfluence on CFs for Nithan for NQ. This observation was also madeHyijbregts et al. (200Gpr

the spatial @ttern of European CFs based on the critical loads cor{&ganger et al., 2004)

3.2 Case study

Table 1 shows the input parameters for equat®andindicator scorefor the 45 emission scenarios.

Table 1 Input parametersfor equation 5, indicator scores and comparisan two carrying capacity entittementg$or

45 scenarios in the reference year 2010

- o o
2E 83 33
— o= k=R E
Sg~ 2 % 2 %
E3— g0 20 g
So¢c ez 0 o~ —~ o
[} — .9 N N o ) S
E|S88% 2 = 2= = = o T
8| 8EE S= S= o 3 S
< QS oS ) n ] () ?U‘ -
g glSzag || 22| £| 22| £|22| £| Y| 2| 8¢ £
& s|88sR|&| 52| g EE| g|862| &|6S| 8| EE| &
Alabama Barry 7425 1 0.50 37 |111 26 |0.23 |38 |[0.24 |37 |2.81 29
Arkansas White Bluff 6584 8 1.31 18 [2.36 22 |0.24 |36 |0.24 |34 |5.85 19
Arizona Coronado 5060 23 [1.83 16 [1.70 24 10.16 |44 |0.17 |44 |2.92 28
California Stockton Cogen 2337 45 [0.14 45 10.68 35 |0.13 |45 |0.12 |45 |0.23 45
Colorado Rawhide 3587 37 [0.73 30 |0.35 39 |031 |25 |0.36 |6 1.28 39
Connecticut Bridgeport Station 3655 36 |0.70 31 |10.94 30 /|0.38 |8 0.34 |10 [2.16 32
NRG Energy Center
Delaware Dover 5295 20 [2.32 9 5.24 9 0.35 |13 |0.31 |19 [12.87 |10
Florida Big Bend 6489 11 |0.48 38 |0.96 29 |0.34 |17 |0.44 |3 3.85 25
Georgia Bowen 6338 12 |0.28 41 10.30 40 [0.33 |22 |0.32 |16 |1.20 40
Walter Scott Jr
lowa Energy Center 4572 29 |0.59 34 [1.09 27 |0.31 |26 [0.27 |26 |2.29 31
Amalgamated Sugar
Idaho LLC Nampa 5180 21 [3.53 4 11.60 |4 0.28 |30 |0.27 |28 |21.26 |5
John Deere
lllinois Harvester Works 3783 35 [3.80 3 2056 |2 0.33 |19 |0.28 [24 [26.89 |2
Sagamore Plant
Indiana Cogeneration 5402 19 |2.58 6 11.00 |5 0.30 |27 |0.25 |31 [18.87 |7
Tecumseh Energy
Kansas Center 5014 24 |1.34 17 [3.17 16 [0.27 |32 |0.24 |36 |5.64 20
Kentucky Ghent 6703 7 0.57 35 10.82 31 |0.30 |28 [0.27 |27 |2.64 30
Louisiana Dolet Hills 7190 2 0.91 27 14.10 10 [{0.20 [40 [0.21 |39 |7.56 15
Massachusetts | Salem Harbor 3266 42 10.87 29 |4.01 11 [0.33 |21 |0.29 |23 |4.68 23
Morgantown
Maryland Generating Plant 5002 25 10.24 42 |0.67 36 |0.33 [18 |0.31 |18 |1.43 37
Michigan Belle River 3511 38 [0.99 25 |2.74 18 [0.40 |5 0.34 |9 4.72 22

®The deposition patterns vary between emissiorfidue to meteorological variations. Yet, a strong tendency of
deposition shares close to the emission of¥Eing largest, of SMeing smaller, and of N®eing smallest was

observed in deposition model &-O. Roy et ak2012) E.g. for an emissions cell in Minnesota 35% of aeMtission

deposits withh the emission cell and 42% within the emission cell and the four neighboring cells, while the

corresponding numbers for S@re 20% and 26% and for N&re 8% and 15% respectivégee also Figurd).
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Minnesota Virginia 4231 33 |1.85 14 [1.34 25 1054 |1 055 |1 7.36 16
Southwest Power
Missouri Station 6222 14 |0.70 32 |2.61 21 |0.26 |33 |0.25 |30 |5.16 21
Mississippi Henderson 6793 5 5.81 2 6.43 8 0.24 |36 [0.24 |34 [20.11 |6
Montana Lewis & Clark 4591 28 |2.16 10 [2.71 20 10.39 |7 0.32 |17 |8.08 12
North Carolina | Mayo 6502 10 |0.35 39 [1.00 28 |0.37 |12 |0.35 |8 3.09 26
North Dakota | Antelope Valley 6518 9 1.86 13 [2.12 23 1041 |4 0.34 |11 |9.67 11
Nebraska Platte 5523 17 |1.93 12 [3.81 13 [0.26 |34 |0.24 |33 |7.93 14
New
Hampshire Schiller 3408 40 |1.18 24 |3.88 12 (047 |2 0.46 |2 8.03 13
Chambers
New Jersey Cogeneration LP 3444 39 |0.55 36 10.82 32 |0.35 |13 |0.31 |19 [153 36
New Mexico Four Corners 3270 41 |2.53 7 0.72 34 10.19 [42 |0.19 [42 |2.05 33
Nevada TS Power Plant 4295 32 [0.20 43 ]0.19 45 [0.20 |39 [0.20 |41 |0.33 44
New York AES Greenidge LLC | 2627 44 10.93 26 |0.75 33 |0.40 |6 0.36 |5 1.70 35
Ohio Muskingum River 4522 30 [1.21 22 |13.36 |3 0.37 |9 0.33 |12 |2291 |4
Oklahoma Hugo 6300 13 |0.89 28 |2.82 17 [0.19 |41 |0.20 [40 |4.67 24
Oregon Boardman 4909 26 |1.97 11 [3.44 15 [0.29 |29 [0.26 |29 |7.13 17
G F Weaton Power
Pennsylvania | Station 4345 31 [1.29 19 [2.73 19 1037 |9 0.33 |12 |5.97 18
US DOE Savannah
South Carolina | River Site (D Area) | 7085 4 12.90 |1 36.24 |1 0.35 |15 |0.35 |7 12097 |1
South Dakota | Big Stone 5672 16 |3.46 5 3.52 14 1042 |3 0.37 |4 15.66 |8
Tennessee Bull Run 7109 3 0.29 40 |0.21 43 10.32 |23 |0.31 |21 [1.11 41
Texas Oak Grove 5431 18 |0.62 33 |0.56 37 |0.17 |43 |0.18 |43 |1.10 42
Utah Huntington 3183 43 [1.23 21 |0.46 38 |0.24 |35 [0.24 |32 [1.31 38
Altavista Power
Virginia Station 6038 15 |1.27 20 |0.19 44 1035 [16 |0.33 |15 [3.04 27
Transalta Centralia
Washington Generation 5178 22 11.20 23 |0.27 41 [0.27 |31 [0.23 |38 [1.99 34
Wisconsin Nelson Dewey 3918 34 [2.35 8 10.25 |6 0.33 |19 |0.28 [24 [14.47 |9
West Virginia | Kammer 6711 6 1.85 15 [8.55 7 0.37 |9 0.33 |12 |23.48 |3
Wyoming Wygen llI 4835 27 10.20 44 10.26 42 10.32 |24 |0.29 |22 |0.67 43

3.2.1 Absolute interpretation of results

Indicator scors varied? orders of magnitude frona minimum of0.23 hajearto a maximum ofLl21
hajearfor a power plant located i€aliforniaand South Carolina respectivelhis means thathe
equivalent production ofnnualresidential electricity usé 20100ccupies carrying capacities dfetween
0.23ha and121ha of landfor 1 yeardepending on thescenario These areas are abstract because they
cannot be empirically observed apecialpieces of landdomehowdedicated to absorbingcidifying
emissions. Instead resulshould be interpreted aspace integratedarrying capacity occupatiowhich is
driven bycarryingcapacitiesn grid cellon which large shares of emissions depdsiite that indicator
results hold no information on thextentto which an emission occupy tlwarryingcapacityof the
individualgrid cellsthat areaffected byits depositions™ Table Ishowsthat none of the 45 scenarios could
be considerednvironmentallysustainablevhen usingany of the two valuation principles becaubese
requireindicator scores to bbelow0.050hayear felativecontribution to GDP principler 0.22 hajear

“YIna hypothetical example where carrying capacit&d grid cells of 1ha are each occupied by 10%, 20%, 80% and
130% from depositions of an emission, the aggregated result would be 2.4ha (0.1*1 ha+0.2*1 ha+0.80*1 ha+1.3*1
ha).
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(grandfathering principle). The scenario in California waubdvever, only require aslightreduction in
indicator scorg0.01 hayeal) to be considere@nvironmentallysustainable fronthe application of the
grandfathering perspectivéNote thatsome of the scenarios may be considered environmentally
sustainable by the use of othgaluation principles than the two useéd this studylf, for example, value
factors had instead beetlerived fromrelative contribution to meeting human needs,ralatively high
carrying capacityould perhaps be entitled toesidential electricitysince itenables people to meet
essential needssuch as heating and cooking (althowghkidentialelectricity certainly can be used for
meeting less essential neetix).

3.2.2 Spatial variations

Since the indicator scoredirectly proportional to allnput parametergequation5), results are equally
sensitive to variations of all input parameter®. a doubling of any parameter will leadaaloubling of
indicator resultsFrom Table 1lit can be seen thathe input parametershowingthe strongest relative
variationin the case studis theemission intensit (factors of almost 200 and 1@ffference from smallest
to largestfor SQcand NQ respectively)The cause of thigariation is likely differences in flue gas cleaning
systems, and for S@lIsodifferences irthe sulfur content of the cogHenriksson et al., 2014By contrast
the state specifi@annualper capita reslential electricity consumptio(P)variesby a factor of 3 while CFs
vary by a factor 06 and 4 for Sand NQ. Variations in P and CF thereby haegligiblecontributionsto

the observed2 orders ofmagnitudevariationsin indicator scors of the 45 scenariadn other wordsto
achievea low carrying capacity occupation it is more impmittto be supplied by a power plant with low
emission intensities than for the emissions of the power plant to deposit in areas with high carrying
capacityor to reduceresidentialelectricity consumptionalthough the latter is the only factor that the
consumer can easily influenche power plant located in South Carolina had by far the highest emission
intensities of bothSQ.and NQ@Q, which is thereason that the highest indicator score was observed for the
scenario irthis state(see Table 1)The paver plant located in California had th& fowest average
emissions intensity of the two pollutants. In combination with the lowest CF for both pollutants and the
lowest residential electricity consumption this explamisy the scenario of California hdtle lowest
indicator score (see Table 1).

With regards to the sensitivity of CFs to input parametecgiation3 in turn shows that CFs are highest
when depositions concentrate around receiving cells with ¢ewying capacitiesT his explains why the
lowest CFs for both pollutants corresponds to the location ofG@aéforniapower plantfor which the
majority of depositions happens on grid cell with quiighcarrying capacitie$On the other hand the
highestaverageCHs for the power plant inMinnesotafor which the majority of depositions happens on
grid cell with quite low carrying capacities, see Figure
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b)

Figure4: Maps of North America containingy) carrying capacitiesand power plants (stars)and b)deposition shares
on cells receivingnore than 0.1% oB5Q,emissions from the power plants i€aliforniaand Minnesota(enlarged
stars).
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3.2.3 Comparison with alternative CFs

Our CFexpresscarrying capeity occupation per kg emissi@md are calculated a&cid depositglivided by
a pHbasedcarrying capacity integrated over space (see equad)omn contrastthe CFs oRoy et al(2014)
express the marginal increase in concentration bfdrs in soil solutioncompared to modelleéxisting
concentrationsper kg emissionThese CFare calculated as acid deposits multiplied by aabed soil
sensitivity factor whiclepresents the change ixistingsoilH' related toa change iracid deposits
integrated over space. Our CFs and the CIRogfet al(2014)usethe sane fate factordor calculating acid
deposits(Roy et al., 2012kgnd thus differ only in the use of eging capacity versus soil sensitivity factor.
In Figureb we compare the two sets of CFs for #fepower plant locations. Each set of CF is normalized to
the CF of the power plants in lllingihich ranks apximately in the middle of the 45 CFs for al
pollutants and both studies.

a) NOx
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b) SO

c) NHx

Figureb5: CFs of this study plotted against CFRdy et al. (2014jor the 45 power plant locationsfor NO,, SQ and
NHx. Each set of CF is normalized to the CF of the power plantHinois. State names are written for outérs (in
grey across pollutants). CFs above the 1:1 line are relatively higheRfoy et al. (20143han for this studyand vice
versa.

It can be seen that there someagreement between the two sets of CFs fdrpalllutants, although the
agreement appearkwer for NHthan the other pollutants The partial agreementcanbe explained from
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the common fate factors. iBerence in agreement amongtte three pollutants can be explained from
differences irdeposition patterns of pollutants: Due to thelativelylarge shares of depositions of NH
close to the emission cell (see footnote I@yer grid cells receive large shares ofi\td emissions than

for emissions o6Qand NQ. Differencesbetween the rdative values of carrying capacities and soil
sensitivity factors irindividual receivingells willthus have the largest effect falH CFsThe range of CFs
for the 45 power plantocationsis for all pollutants larger fdRoy et al. (2014han for this study. This
trend, which is strongest for NHIFigure5c), canbe explained from the high range of global soil sensitivity
factors of11 orders of magnitudeompared to the range of carrying capacities in this study of just 2 orders
of magniude (seeSH.

Two types of outliers can be seen on the plots of Figufeor the first typeCFs in this study are relatively
high, while CFs dtoy et al(2014)are relatively low This is the case for the CFvbhnesotafor NHcand
CFs ofloridafor SQ. In these casede highCF of this studyare driven byelativelylow carrying
capacitiedn thegrid cellsreceiving large shares of deposition. By comparisamespondingCE of Roy et
al. (2014)are moderate orlow for Minnesotaand Floridébecause soil seit#ity factors aremoderate or
low in the area receiving large shares of depositiimeobserved dis@panciesbetween soil sensitivity
factors and carrying capacitiean be explaineffom the fact thatfor some soils relatively small acid
deposiion reducesthe modelled natural pH by 0.2%vhile a marginal increase in acid depiwsit
compared tathe modelledexistingdeposition leads toa low marginal pH decreasgeeFigureSrb for a
conceptual pH curvehat illustratesthis point. Thisdiscrepang between carrying capacity and soil
sensitivity factor occur fasomesoilsthat havelow carrying capacities and for white background acid
deposiion isrelatively small. This is the cafer the parts of the US Midwesind Canadhat receiw large
sharesof the depositons from the emission cell of thdinnesotapower plant In these scarcely populated
areas modelled background depositionglod three pollutantsare 1-2 orders of magnitude lower than
those of themostdensely populateghart of theUS East Coaglatanot shown).

Qutliers of the second typei.e. low CFs of this study and high CHayf et al(2014) can beobservedin
Figurebc for NH for the grid cellof the New HampshireNew York, Georgia and Tennespewer plants
Inthesecasesthe high CFs dRoy et al(2014)are driven by high soil sensitivity factors in the emission cell
and neighboring grid cell¥hese factors are high because modebgdstingdepositions aredue to high
modelledexistingdepositions somewhere in the steep inteal of the pH curves of the sqilmeaning that
marginal increases in deposition can crehighreductionsin pHin these grid cellsSee Figure7s for a
conceptual pH curveDue to the large variation of soil sensitivity factors (see ahtng factasin just a

few of the grid cells receivinglatively highshares of an emissiazanto a very large extent drive CF values
of Roy et al(2014) By comparisothe CE of this studyfor the grid cells of the New Hampshire and New
York power plants areo more hanmoderatein spite of lowto moderatecarrying capacities the vicinity

of the emissiorgrid cell because thgower plantsare close to the seaneaning that relatively highhares

of emissioms deposits on water.
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4 Discussion

We have demonstrated the feasibility mfodifying LCA indicators ®ESITherebywe haveshown that LCA
can potentially solveome of the problems associated with current AESI, such as incomplete coverage of
impact categoriesvarying qualityof inventorydata, varying orinsufficient spatial resolutioand the
inconveniencdo usersof needingdifferent softwaretools for accessingind usingAESIWith point of
departurein the experiencegrom the case studythis sectiordiscus differencesand complementarities
betweenLCA baseBE3and AESIn decision supportaim 4)andproposesa research agendar the
supportof AESby LCA

4.1 Decision support related to absolute environmental sustainability

The main characteristic oAESIs thatthey allow for the assessment of environmental sustainability of
systems in absolute term$his information can be useful on many levels. It may for instgneatitatively
inform various emission reduction scenarios designed by e.g. municipalities, natidssigranational
organizations with the purpose of achieving environmental sustainabNEBI can thyslay similar roless
greenhouse gas emissions reduction scenadesigned to prevent e.g. a temperature increase of 2°C
(IPCC, 2013; Vuuren et al., 20that have beeradopted at different governmental level&lsoAESI may
support individuals motivated to learn what it takes to have an environmentally sustainable lifei gtyle
one that is associated witbnvironmental interference that do not exceethe carrying caacityentitled to
an individual person.

4.2 Decision support related to ranking

For a given impact categotlye ranking of systems or scenarios obtainedabyAESI will in principal be
identical to the ranking obtained yRES(relative environmental sustaability indicatorwhen the impact
pathway model othe RESI is based arlinear approachsgethe introduction section an&1) This is

because the relationship between RESI and AESh G&sh casewill be the same across pollutants and
locations. Tierewill therefore be no conflict between RESdsed on the linear approa@nd AEShhen

used to supportlecisons whereenvironmental performanceof alternative solutions are part of the

decision criteriaHowever when the impact pathway model of a RESI is base@lroarginalapproach(see

the introduction section and Sthere may be discrepancies in thelationships between AESI and RESI CFs
across pollutants and locatioyand thus in the ranking of systems @esarios. This was observazisome
extentin the case studywhen comparinghe AESI developed in this stutitythe marginal based RESI of

Roy et al(2014)(see Figurd). Thus, if the aim is to oppose reductions in soil solution pH, as quantified by
Roy et al(2014) the optimal solution may be different than the ogerresponding to the aim achieving

the lowestpossiblecarrying capacity occupatiofsiven thesaliscrepancies between AESI and marginal
based RESI, which type of indicator should ideally be used to support decisions related to environmental
sustainability? The answeawe will arguén the next suksection is neither of the two, but both combined.

4.2.1 Risk of sub-optimization

If either marginal based RESF AESareused in isolation there is a risk of saptimal decision supporin
the case of marginal based RERijbregts et al. (20119rgued that quantifying marginal changes in
environmental interference can be misleading in cases where changes are smadixistinglevels of
environmental interferencs are unacceptably high. For the impact catggterrestrial acidification this
may be the case for receiving cells in whiglistingdepositions are so high that the correspondigsting
pH is at the lowebuffering zoneof a pH curve (see Figurédsand 3e). At thiszoneadditional depositions
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of hydrogen ions areffectively bufferedhrough reaction with aluminium oxides and hydroxides from clay
particles. In such cases RESI based CFs will be low and marginal emission increases will thus seem relatively
unproblematic although the state of theoil ecosystems is highly degrad@gexistingdepositions Another

case ofsub-optimal decision suppoiis when marginathanges are small arekistinglevels of

environmental interference are low, i.e. far from ereding thresholds (see Figuréa}. Alhough a small
marginal increase iaxistinglevels ofenvironmental interference can hereseemunproblematic for
environmental sustainabilitthis conclusion is not scalabl&he marginal approach thus suffers from a

(E &] JvP ] *U X XZ} BoCh/1®D B} %ol%o_ ]* 0 u (}E SZThis@}es]VvP }(
especially problematic in situations where the combined environmental pressure is increasiolg,has

for example been the case large parts of China during the last couple of desath such situation€Fs

based on marginal RESlill potentiallybe highly time dependent.

Decisions made only with the aid of AESI can also be suboptimal. For instance they may lead to choices that
favour systems whosemissiors end up inspatial unitswith high carrying capacitysuch choicesan be
suboptimalbecause they daot consider emissions @iistingor future anthropogenicsystems that,

combined with the additional emissions, risk to exceed carrying capacities in these spitiahn ideal
quantification of entitlement wouleliminatethis risk of subptimization becausé would take into

account existing and potential competing systems, but the risk is quite real considering the difficulties of
carrying out an ideal quarittation of entitlement (see Section 2.4).

4.2.2 Combining marginal based RESI and AESI to avoid sub-optimization

The differences between the AESI andrginal basedRESare not only technical, but in fact also ethical:
TheCFdor terrestrial acidificatiordeveloped inthis studyare compatible witrdecision makig grounded

in rule based ethicaccording to which ]J*]}v ] }ve] (Eifitfoloms one or more prescribed
rules that may be either universal or situatidependent(Ekvall et al., 2005)n AESI the rule is that a
decision shoulgwhenever possibldead toanthropogenicsystems thatlo not occupy morecarrying
capacity than they can be considered entitledfahis is not possible within the decision spatte rule is
that a decision shoullbad tothe lowest possible carrying capacity occupation amongst alternatirass if
all societaldecisions wre to follow theserules a transition towards environmental sustainability would in
principle happert? In contrast the decisioamaking that themarginal RE®If Roy et al(2014)supports is
grounded in consequential ethics }& JvP &} AzZ] Z Je1}v ] *"P}} _ J( 18 }ve <p v
than those ofalternative(s)Ekvall et al., 2005 herule and consequential based ethiase conflicting in
cases where following therescribedrule(s)does not lead to the best consequences and vice vErsa.

In real life decisions are unlikely to be based entirely on either rule or consequethiamls because
decisionsare often takenin consensus procaegs and because individuals rargé80%adhere to a specific
ethical mindset{Hofstetter, 1998) Therefoe the differentethicalperspectives omarginal basedRESand
AEStan be seen asomplementary rather thamompeting In the case studyur AESlvasused to

2 Note that the only way to guarantee that total carrying capacity isexzeeded by the combined environmental
interferences of all anthropogenic systems is to (somewhat oxymoronically) ensure that the same valuation principle
is used to calculate carrying capacity entitlement of all systems.

3 Consider the hypotheticaituation where a person has the option of savihives by taking 1 (innocent) life. Doing
this would lead to the best consequence, compared to inaction, but would also violate the rule of not killing an
(innocent) persor{Thomson, 1976
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evaluate the sustainability of th45 scenarios absolutely anto point to the scenariassociated with the
lowest carrying capacity occupatiofhe RESI oriented CFsRdy et al(2014)couldon the other hand
point to the scenario associated with the lowest marginal increasmuironmental interferencs. Both
types of informatiorare valuablein decisiornprocesseswhich aimto simultaneously reducexistinglevels
of environmental interference eficientlyand maintain, or takesteps towards achievingnvironmental
sustainability of society as a whole awidits individualanthropogenicsystams.

4.3 Research agendaon AESIin a life cycle perspective

This study isntendedprimarily asa proof of concept and its theme must be expanded upofuture

research for the proposemhodification of LCA to measure environmental sustainability in absolute terms to
be useful in decision suppomBelow we outlie a fewkeychallenges that desenacademic attention.

The desigs of AEShre associated with several choices, to whichdattir scoresmay show different
degrees of sensitivitie$n our modification of the LCA indicator for terrestrial acidification to AtSI
choices of control variable, threshold value and the oSBROFILE to translate the threshold into carrying
capadiies all have potentially high contribution to certainty in indicatoscoresand efforts to reduce this
uncertainty should be madgseeS9for an elaboration) Similarchoicesare unavoidablén any AESI. It is
therefore important for indicator designers to 1) be aware of these choices and communicate them
explicitly tousers so they can be considered in the decision support along with the indicator scores, 2) to
guantify the sensitivity of indicator scores ¢hanges irthoices, and 3) to use these quantifications to
effectively reduce overall uncertainties in indicator scoresnAstchoices are, at least partially, related to
value judgement, consensus processes involving e.g. environmental scientists, indicatoe rdessigh
indicator usersnaybe feasible foreducing overall uncertainties.

Uncertainties in LClalso deserve attention whemsingAESIBecause many current societies cannot be
considered environmentally sustainable a key use of AESI is to suppaitias towardsnvironmentally
sustainable societieSuch trangions per definitioninvolvelarge changes itechnologies. For example
environmental interference from energy usare expected to change considerably in many countries over
the next decads.As a resultenvironmental interferences of many product systems will also change in the
future. It is thereforeimportant to carefully evaluate, and if necessary mogifyisting LCI unit processes in
absolute environmental sustainability assessmewntsich aims to capture the effects aifture
technologicatransformations(Miller and Keoleian, 2015)

A core characteristic of LCA is that it covers a comprehensive set of impact catdgdhescontext a

relevant question is how to aggregate AESI scores from different impact categories. One option is to simply
add the scorssinceSZ C v FE% E ¢« Jv SZ «u uSE] ~Z |C Havevef,E 00 ]I
a weighting step may be required as the consequences of exceeding carrying capacities can vary in severity
between impacts categories. Some factors ieflaing the severity of exceedance are the social and/or

economic onsequences, the spatial extent atiee time required for reversion of damage. addition, care

should be taken when attempting to aggregate indicator scores across impact categoriethaince

interaction between different types of environmental interferences within a specific territory is complex

and not well understood. For some combinations of impact categories additivity between carrying capacity
occupations may be a good assumptionofiner cases, however, a territory that has its carrying capacity
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100% occupied for one impact category nieye unoccupied carrying capacity for other impact
categorie$’, which means that simply adding indicator scores across impact categories wouldtouate
the actual area equivalent of carrying capacity occupatfamother challenge related to aggregating
indicator scores is the need for absolute sustainability referencethé&ltCA impact categoridsat are not
related to ecosystems, i.e. thoselated to human healtimpactsand depletion of nofrenewable
resourcesCarrying capacitgioesper definition not apply to such impact categories, btiier more
normativesustainability references may be quantifi@dcHroy et al., 2008)

Another key challenge is how to integrate a carrying capacity entittement module in LCA software that is
relevant and requiresnly a manageable data input by the software uddeally the user should only have
to choose a valuation principle and defirfeetduration of environmental interventions @f each emission
location The software would then calculalgeceqaNd Asrectess identify competing systems and
subsequently calculate VF to arrive at the carrying capacity entitlement (see eqdaf@mreach emission
locationand compare this to the corresponding indicator scdieis would require the software to be
equipped with a fate model, calculatifgxecea@Nd Agrected fOr €ach emission location, and to beked toa
completespatially deried emission inventgrthat contairs information needed to calculate VBuch as
contribution to GDPfor eachof its anthropogenic systes For many emissions in a typical product life
cycle location and duratioft) will be partly or completelyunknown The AESI shoulde¢heforebe

equipped with a meaningful defauthoicefor location and duratiorthat is compatible with the calculation
of carrying capacity entitlement.

Supporting Information
Supporting information is availabtmline and containgnethodological details and elaboration of results
and discussions
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to GDP or the grandfatheringntitlementproportionalty to past emissionsjyaluationprinciplesto

calculating carrying capacity entitlementsis argued that CFs containing carrying capacity references are
complementaryto existing CFs in supporting decisions airaedimultaneously reducing environmental
interferences efficiently andhaintaining orachieving environmental sustainability.

We have demonstrated that L@Adicatorscan be modifiedrom beingrelativeto beingabsoluteindicators
of environmentalsustainability Furtherresearchshouldfocus on quantifinguncertainties relatedo

choicedn indicatordesignand on reducing uncertaintiesffectivelyby-achievingconsensuon-these
choices

Keywords:

LCA; Terrestrial acidification; Carryoapacity;characterisation facta; entitlement

1 Introduction

During the last decades the number of sustainability indicatorstheid use indecisionmakinghasgreatly
increasedHak et al., 2012; Singh et al., 201pny such indicatonsank the sustainabilitpf
anthropogenicsystens. For instance Switzerland ranked highest and Somalia lowest in the 2014
Environmental Performance Index of countr{etsu et al., 2014Another example iSE v %o [¢ "H]
to Greener Electronid®012b2012a) which ranks 1@argeelectronics companiesiere we term indicators
used forrankingrelativeenvironmentakustainabilityindicators(RESI) because indicator scanéstudied
anthropogenicsystemsare relative because thegre evaluated by comparison todicator score®f one or
more referencesystemschosen specifically to match the naturefanction ofthe studiedsystem While

RESI carevealhow the sustainability performancef systemX compare tdhat of a chosen reference
system,it cannot evaluate whether systeiXcan be consideredustainableon anabsolutescale(Moldan

et al., 2012)This limitation is very problematic considering that the state of the environment is decliging
andlarge(Steffen et al., 2015; WRI, 200%hereforethe global economy and its subsysteargin fact

drifting further away fromhe goalof environmental sustainabilityriginally (] v o Ne |tB]VPe
improve human welfare by protecting the sources of raw materials used for human needs and ensuring
§8Z § 8Z o]vle (J& Zpu v A 5 « E v}s £ U ]v } EGardI&dd ¥996) A vE Z

This shortcoming of RESI may be addressed by supplementing Rigfiidigrs containingeference

valuesof environmentakustainaldity (Moldan et al., 2012)/e termsuchindicatorsabsolute
environmentabkustainabilityindicators(AESI becausdhe environmental sustainabilityeferencesare

absolute sincethey arebased on characteristics of natural systeimdependent othe study While

ranking of products osystensis also possible in AE8le environmental sustainability of a system can
additionallybe evaluatecbn an absolute scald ]X X veA E]JvP §Z <uXedlijonmdntalyC 3 u
uesd ]Jv o }@EgurkdNIustrates thdifferenceand complenentarity between RESI and AESI.
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Figure 1: The concepts of relative (a) and absol(li¢environmental sustainabilityindicators. Theranking of the
hypothetical system X depends on the chosen referencéf) System X issnvironmentally unsustainable because
its environmental interference isigher than the sustainability referencéb).

The concept ofarrying capacitySayre, 2008}an be appliedn AESto operationalize and quantify

references for environmental sustainabildg defined byGoodland(1995) FollowingBjgrn and Hauschild

(2015)we define carrying %o ]S @Ghe maximum sustaineeénvironmental interference natural

system can withstand without experiencinggative changes in structure or functioning that are difficult or
impossibletorevarX, E A pe ~ VA]JE}vu v3 o Jv§ E( EvVv _ « Pv E] 8§ CEu
changes to any point ianimpact pathwayfrom emissioror resource us¢o ultimate damage)lt follows

that total environmental interferenceon natural systemswhethercausedoy resource uses or emissions,

can be considerednvironmentallysustainable if theitevelis below theaffectedeco-*C+3 u[e EEC]VP
capacity

A @otprinting _indicators that use carrying capacigys sustainability referencealue can be characterize
as AESIhe popularecological footprinindicator expressedemands on naturgv pv]se }( “Po} o
Z § @E&nd compares thito land availability § & u bio¢apacity) to facilitate anevaluation of
whether demands arenvironmentallysustainablgBorucke et al., 2013 hishas inspired other footprint
indicatorssuch & thewell-established water footprin(Hoekstra and Mekonnen, 201&hd first generation
chemical footprintgBjarn et al., 2014; Zijp et al., 201EXxistingootprinting indicators however, have
weaknessesuch as1)the incomplete coveragef all environmental interferencethat are threatening
environmental sustainability, 2he varyingdata sourcesvhich are generally crudier assessments at the
product scalgHuijbregts et al., 2008; Kitzes et al., 2Q@)Yhe variations in spatial resolution amongst
footprints', whichcan be a source of biasie to thepotentially high spatial variability of carrying capacity
(Bjgrn and Hauschild, 201%nd4) the inconveniere for usersthat eachindicatoris made availabléy
means ofa uniquesoftware tool We believe thathe life cycle assessment (LGAgthod has the potential
to overcome thesaveaknessesf currentAESI

'The ecological footprint normalises v uvel]vsdz pv]d "Po} 0Z 8 E e+ UAZ] Z u ve §Z
are unaffected by spatial differences in yield, while waserd chemical footprints are spatially resolved to varying
extents.
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LCA aim$o cover all relevanenvironmental interference over the life cycle (from raw materials to waste
management) of a produdor other anthropogenicsystens). LCA requires life cyce inventory (LCJ)

which compiles th@hysicalinputs and outputgresource uses and emissioms)a product during its life
cycle and is commonly based gnoductsystemspecificdata supplemented by a commdife cycle
inventorydatabaseof unit processes (e.ghe average electricity generation of a countyCAuses
characterisation factors (CEsyhich expresshe relationship betweerthe resource uses or emissionta
LClandmeasures ofesultingenvironmental interferenceCFsare obtainedfrom mathematical
representations of cause effechairsthat can bespatially resolve@ndallow the conversion o LClinto
indicator score for a number omutually exclusive and collectively exhausttrapact categoriessuch as
climate change, eutiphication andecotoxicity.

The characteristics of L@#ake itpotentially suitable forreducing or eliminatinghe listed weaknesses of
current AESIHowevelCA indicators can be characterized as Rf¢ator scors aretypically used to
rank the environmental performancd éunctionally comparabl@roduct system®r scenarios, based on
their potential ta via their emissions or resource useeate a smalthangein the level ofenvironmental
interferences. This smalthange is either calculated as a marginal change in the kesigtinglevel of
environmental interferencer as a approximatedinearchangein interference withirthe zone between 0
anda chosen level dhterference(see S1 for a conceptual figure of the two approaclidguschild and
Huijbregts, 2015)LCA indicators thereforgenerallydo not includecarrying capacity as sustairibdy
reference value¢Castellani and Sala, 201Zp harness th@otentialsof LCA in AES. CA indicatoraeed to
be modifiedto quantifyingoccupations of carrying capacitystead of quantifyingmallchanges ievels of
environmental interference Theoverallpurpose of thisarticle is toprovidean initial contribution to this
development.

This articleaims tol) develop a generic matheatical expression for calculating spatiathgolved
occupation of carrying capacifygr anyemissions baselCAmpact category2) usethis methodtentatively
on theterrestrial acidificatior.CAimpact category3) demonstratethe applicability of themethod in a
case study, 4)compare the relevancand complementaritypf AESI anESIin decision support.

2 Methods

2.1 Definitions and interpretations

To support the operationalization of carrying capaéitgfined asthe maximum sustaineénvironmental
interferencea natural system can withstand without experiencimegative changes in structure or
functioning that are difficult or impossible to rexeywe introduce two definitions: 1¢ontrol variablewa
numerical indicator of the structure and/dunctioning of a natural systetd _V T« d Z Ghesrddximith »
value of a control variabla natural system can withstand without experienciregative changes in
structureand/or functioning that are difficult or impossible to revefT hecarrying capacitisgenerally

closer to the cause ianimpact pathway than the threshold from which it is deriv€rrying capacity is
static because it is calculated from a situation where a control variable value equals a threshold value at
steady state(Bjgrn andHauschild, 2015Note thatthe definitions of threshold and carrying capacity leave
room for interpretation (what are negative changes and at what point do these become difficult to revert?).
Thisinterpretative flexibilityis intentional as it refles the ambiguityin the definition of environmental
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sustainability ofGoodland(1995)with respect to preventing*Z (Eu $§} Z pHumans Way be physically
harmed bya reduction ofmaterialeco-system servicege.g. access to clean watexgused by severe
environmental degradatiomccording to some,umansmay also be harmed culturaland spiritually by
effectson or disappearancef a singlevulnerablespecies aused by just minogenvironmental degradation.
Environmental sustainability catius be interpretedanthropocentrially or eco-centrically (or somewhere
in between) which can geatly influence the choice of threshold and resulting quantification of carrying
capacity. Theensitivity of AESI scoresttis interpretationof environmental sustainabilitgnd other
choices is analysed Bjgrn et al(2015)

2.2 Characteris ation framework

In LCA characterisation factors (CF) are multiplied atthinventoried emission or resource ué@)of
pollutants or resourcéx)that contribute to a given impact category and the products are sumtaed
calculate thendicator scorglS) for that impact category:

+8 As % @B (1)

Byintegrating carrying capacity as sustainable reference vau€Fsindicator score can le expressed as
occupation of carrying capacity. We propose this integration by divighatjally resolved¢onventionalCF
constituents by carrying capacif¢ C¥or any emissions based indicatairt 1):

% dap L Ayt om0 @

Here CFhatyear*kgemied ) iS the characteriion factor for substance x emittegithin spatial uniti into
environmental compartment kair, soil or water) FF is fate factor linking an emissiaof pollutant xwithin

i into kto its fatetypicallyexpressed as a changeconcentrationor massn the receiving spatialnit j. XF

is an exposure factor which accounts for the fraction of pollutant x that species of concern in j are exposed
to. EF isneffect factor, which calculatase effect increase on these specieg from an increased
exposureof x.CC is the carrying capacity ifT he metric of CC depends on the metrics of FF, XF amtEF
differsfrom oneimpact category to anotheNote that equation? applies to indicates of effectson
specieslf indicator scores are expresselser to the cause dhese effecteshe denominatorshould only
containFFor FFXFWhenfollowing equation 1 bynultiplying CBwith emissiors (kg)the indicator scords
expressinghe carrying capacity occupation in a unithafjear, which indicates an area in which carrying
capacityfor a given impact categoig occupied for a time. If the time frame during which pollutants are
emitted is knownthe indicator score can be expreskin a unit of hawhich resembles that of the
ecological footprint metho@Borucke et al., 2013)

Note that our proposed framework is only compatible with indicators for which FF, XF or EF &neaf a
nature, i.e. thatcalculate theapproximatedinearenvironmental change from an emissiatithin the zone
between 0 anda chosen level of interferencésee S1)Our proposedramework isnot compatible with
marginal CF componenkgcause thesare derivatives of estimateeéxistinglevels ofenvironmental
interference whilecarrying capacitghould beindependent ofexistinglevels ofenvironmental
interference(Bjgrn and Hauschild, 2015)
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2.3 Application to terrestrial acidification

We demonstratethe calculationof proposedcharacterisation factors for theCAmpact category
terrestrial acidificationfor which no AESIurrently existgaim 2) Thespatial derivationwas basean the
only existingglobaldepositionmodel ofRoy et al(2012)havinga 2.0x2.5° resolutior(i.e. composed of
13,104 grid cells)

2.3.1 Choice of control variable and threshold

As a basis for carrying capacity tammplementarythresholdsof the control varialle “¢}]o c}ousS]}v %o, _
were chosenThe first threshold walsased ora deviation of natural pldorresponding to the point where
the numericaldecrease in pH starts increasing for every additional quantity of depositiathispoint the
functioning of the soil ecosystem starts changing ascimbonatebuffering system is weakening and
additional depositions will bring the system close to its chemical pH thrediBaised on acreening opH
curvesmodelled with the geochemical steadtate model PROFII(®/arfvinge and Sverdrup, 1992

found thata pH decrease of 0.25, compared to natural pH, generally corresponded well isitioitht

where pH starts responding ndimearly to additional deposition&ee ). Thesecond threshold was
requiredto take into account naturally acidic soils for which the critical factor threateeaogystem
structureis not pH decrease, but rather the mobilisation of toxic aluminium (1) fronbttifering of acid
depositimsthrough reactionwith aluminium oxides and hydroxiddéom clay particlegSparks, 2002Y his
buffering process occurs in the pH interval-2.82 and we therefore chose pH 4.2, below which aluminium
(1) starts to mobilize, ake secondhreshold® In other words weinterpreted environmental

sustainability, with regards to the interference of acidifying compounds with natural &ndorrespond to

a situation wherenatural buffer systemare not weakened andluminium (lll)s not mobilized.

2.3.2 Calculation of carrying capacity

The carrying capacitywas inspired by the critical loads concg@pranger et al., 20048xpressed aa
criticaldepostion of acidifyingcompounds €q.-ha*-year®, where 1 eq refers to Imol H-eq). The carrying
capacitywas derivedor 99,515 spatial units, covering the global terrestrial afRay et al., 2012aby
running PROFILE in 9 steps gradually increasing deposifi&@above natural level®r each spatial unit
until a change of 0.2pH units oranabwlute pH value belowt.2 was reachedNatural depositions were
modelledbased onTegen and Fun@994)andBey et al(2001)as described iRoy et al(2012b) The
design @ the 9 steps is explained iR.SWe found thatl0% ofspatial unitswere for at least one deposition
step affected by a nowonvergence error in PROFILE. For thesetbellsarlying capacityvas

approximated by neighbouring cells usingragingfunction, seeS4. Areaweighted averages of the carrying
capacitief the 99,515 spatial units of PROFILE were used to estimate the carrying capacities of the 13,104
grid cellsof the deposition model oRoy et al(2012) CFsvere then calculated according to equatign

We did not choose the steepest point of the chemical pH threshold as basis for carrying capacity because this point is
often 2 pH units or more below natural pH, which represents a pH decrease that few species can (leeatrio et

al., 2013)@nd can therefore not be considered as reference for environmental sustainability.

% Ourchoice of an absolute thehold of 4.2 pH units is good agreementvith a proposal within the critical loads

framework that a pH of 4ould be used to calculatitical loads for forest soikSpranger et al., 2004)
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using amospheric fate factors (FF, Kﬁgbsned*kgemmed'l) of Roy et al. (2012)nd excluding XF and EF in the
denominator because CC is expressed as a critical deposition:

Wlol A (3)

2.4 Carrying capacity entitlement

Our CFs caim principlebe used to evaluate whether a society as a whoknigronmentallysustainable
becausehe indicatorscore expressing the areaquivalentof fully occupiedcarrying capacityfrom all
activitiesof the society can be compared to tlaetualareaof the relevantecosystem. An individual system
embedded in societysuch as a produca personor companygcanin turn be considered environmentally
sustainable if it does not occupy maséthe total carrying capacity than #an beconsideredentitled to.
Carryng capacityentittement is a normative concept because it depends on the perceived chlae
studiedsystemrelative tothose of * } u %o Sslystems that rely on occupyingcarrying capacityn the
same areavherethe studied systenoccupies carryingapacity Thereforeenvironmental sustainability
references foiindividualanthropogenic systesiembedded irsocietyare inherently normativeBelow we
outline three steps in deriving and applying thesmvironmental sustainability references

2.4.1 Identify com peting systems

Ideally competing systems would be identifieddmmbininga sourcereceptor fate modeivith a spatially
differentiated emissiorinventory covering alinthropogenicsystems of society in a chosen reference year:
The fate model would first identify the spatial units affected by emissions of the studied system. The fate
model would then identify athe systemsof the societal totalemissioninventorywhoseemissions déct

the spatial units previously identified. These systems would be labeled competing systems because they
rely on occupying parts of the same carrying capacity as the studied system for their functidotighat

the group ofcompeting systemss potentially unique for each affected spatial urfaf which there may be
thousands) This is impractical to operate with and therefdreee simplificationsareintroduced: 1) a cut

off criterion is established whereby only spatial units receiving above afigpkesihare of emissiorfsom

the studied system (e.g. 0.1%e consideredthe territory of these spatial units are termedsd.egand its

area is termedyfrected), 2) all emissions that occur withigeceq @re, in this part ofthe AESlassumed to

occur in the spatial unitvherethe emission from the studied system occurs and tassumed tdhave the
same fate, 3) it is assumed that no emissions Wili.qleaveTeceg@nd that Nno emissions from outside
enters.These three simplifications axgsuallypresented in Figure 2.

* The fate factors oRoy et al(2012)were expressed in Iggmsited*kgemmed"l. For this studykgyeposicaWas converted to
keyepositedPy division by the molecular weight of the emissions and multiplication by the electrical charges of their
corresponding ions, followinBosch et al(2008)
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N Simplification3:
Closed system

/ X2 [xa

Simplification2:
Same fate

Simplificationl.:
Reduced geographical
boundary

Figure 2lllustration of three simplifications for identifying competing systems (B)of a studied system (SS)
located in the middle grid celind affectingl3 gridcellsabove a arbitrary emissiondistribution threshold. These
13 grid cells make upafected @nd have thearea Agecies The dbtted arrows indicate a change in location of X43.

The consequence of the simplifications is thaty one carrying capacity entittement needs todadculated

for each emissio location of a studied system and that the group of competing systems is the same for all
anthropogenic systems withifiectes The simplificatioscan be defendedh situations where potential
competing systems amather homogenously distributed in space and have emissadrsimilar magnitude.
When this is not the case it may be more appropriate to follow the ideal approach outlined above to
identifying competingystems.

2.4.2 Quantify relative value of studied system

The perceived value @fstudied systenrelative toidentified systemscompeting for carrying capacity in

the same territorymaybe quantifiedusing differentvaluationprinciples, such ad) relative contribution to
GDP,or2e "PE v ( 8Z EJvP_ AZ & 3Z & o S]A A op }( <*Ce3 u ] }ve]
indicator score in @hosenpast reference yealt.€. if total carrying capacityasexceededn the reference

year, the indicator sores ofall systensin that reference yeashould be reduced by the percentatet is

needed to reduce the totahdicator scoreébelow thetotal carrying capacityThe perceived relative value of
astudied systemmay be expresseds avaluefactor (VF)between 0 and Dbf the total value (i.e. the sum of

the perceived value of thstudied systenand those of competing systesn

2.4.3 Calculate carrying capacity entittement and compare to AESI score

Thetime-integratedarea in which carrying capacity canditled to a studied system (fweqs, in Z |C) &
can be calculated by multiplyingseeqfor the studied systenby the duration of the emissions (t) and the
value factor (VHpr each emissions location:(i)

#oacuambxHouug @@ ([ (4)

If Acnivea €XCeeds theAESEcore ofa studied systenor one or more emission locations (i) the studied
system cannot be considered environmentally sustainable.

C
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2.5 Case study

We applied the derived CFs to emissicagsed bythe electricity production frononerandomly selected
coal fired electricity planin each of45 statesof contiguous United Statésn 201Q For each of the
electricity plants we calculated an emission inventory corresponidirige residential electricity
consumption of an average inhabitaintthe concerned state ithe year2010 The case study providea
vehicle fordemonstrating the use of the proposed indicafor terrestrialacidification om5 scenariof
realistic residential electricity consumption in a hypothetical situation where this is entebpliedifuelled

by coal@m3)’t pe §Z & Eu "o v E]}_ 8} ¢8E ¢« 3Z § A & v}S 85 U%S]VF

situation. The case studsoallows fordiscussinghe relevance ot CAsupportedAEStompared tousing
LCA to rankenvironmental performanceafm4).

State specifiennualper capitaannualresidential electriciticonsumptionwas obtained fronthe US
Department oftnergy(DoE, 2015and used to define the quaniisof electricity produced (P) by eacf
45 power plants(i) to meetthe demandbyfer an average inhabitanPower plant specifiemissions
intensities El)expressinggmissions o65Gand NQ (x) per kWhof generated electricityvere obtained
from the eGRID database of the US EF0M4) which contains data on a total of 541 ti&l fired
electricity plantsin 45 states! Elwasmultiplied by P to obtain themissiors (Q) of SQand NQ per power
plant (i).Indicator score (IS) foeachpower plantwere hence followingequation 1,calculated as:

+BL A % @y L A % @@y ©)

Here Ckis the characterisation factor derived for pollutan(SQ or NQ)) for the grid cellin which power
plant i is located.

Indicatorscores were evahted by comparing them to carrying capadatytittementsestablished
calculatedfollowing thesimplified approacloutlined aboveWe used the fate maal of Roy et al(2012)to
identify spatial unitgeceiving depositions caused by emissions of the diffepemier plants Thisglobal
model predicts hat allits 13,104 grid cellsf-the-global-medefeceives a share of an emission from affiy
the power plant§Roy et al., 2012bHowever, most grid cells receive a very small share. For identifying
competing systems we thereforeseda cutoff value 0f0.1% deposition of an emissiofhisresulted inan
affectedterritory (Tasected) fOr €achi in whicharound 70% of an emission deposits (depending on the
pollutant and i)8 Autrected (the area of Teceg) fOr all iand bothpollutantare were found to beapproximately
equivalent tothe areaof the entirecontiguousUnited Stats. Since alpower plantsare located in
contiguousUnited States there is a gregeéographicabverlap betweenT,geceq Of the 45 emission scenario
locations.This overlap justified thedditional simplificatiorof assigning the terrestrigrea-efcontiguous

United States#65300;400halJSCB-20123 commOonT,seceqand its area765,300,400hdUSCB, 20122

®>The contiguous United States consists of the 48 adjoining U.S. states plus Washington, D.C. (federal district)

®In reality residential electricity use is supplied by various energy technoltiggésdue to an integrated federal grjd

may be located far away (i.e. in another state) than the location of consumption.

" Thestatesof Maine, Rhode Island and Vermonese not covered by the eGRID databaskcoal fired electricity

plants presumably because they hamene.

®The remaining share of an emission, on average 30%, deposits on grid cells receiving less than 0.1% of the emission
and accumulates in high altitude, near the stratosphere.
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| common Ageceq—fOr all i. Competing systemsor alli are consequenthall systemghat emit acidifying
compounddgo air within thecontiguousUnited States

In quantifying thevalue factors (VFf the 45 studied emissions scenarta® alternativevaluations were

| appliedto explorethe sensitivityof case study outcomes tis form ofvalue judgmentThe first valuation
was based on theelative contribution to GDPestimatedby dividing personal or household expenditure on
a studied product oservice by praax income In 2009 (no data for 2010) an average US household spent
2.0% of its preax income on residential electricifACCCE, 2014)herelative contribution to GDP
valuation prihciplethus grants residential electricity consumption\alue of0.02relative to allether

‘ anthropogenic systemsithin Tareces Thealterndive valuation was based on thgrandfatheringprinciple,
according to whictJSresidential electriciticonsumptionis entitled to maintainits pastshareof total
environmental interference In 2010 38% of US total electricity consumption was consumed by the
residential sectofIEA, 2012)meaning that 38% of environmental interferences from total electricity
consumption could be attributed to the residential sectdfe could not obtainite shareof environmental
interferencewith-respectto-terrestrial-acidificatiotaken up by total electdity consumptiorof the total

‘ US environmental interferenceith respect to terrestrial acidificatial\We therefore approximated this
share by the corresponding share in EU27, where in 2010 23% of total environment@ramneesvas

| presumably taken upybelectricity productiort- Our use of the grandfathering valuation principle thus
grantsresidential electricity consumption in the @$entative value of 9%438% 0f23%) relative to all

‘ otheranthropogenic systemgithin Taected

Since both valuation principlegere applied toaverageresidential electricity consumption in the US, the
value factosfor the 45 scenarioarethe same(i.e. not calculated specifically for each emissions scenario,
although this is in theory possiblahd can be calculated ividing the nationwideelative valueswith the

| USpopulationof contiguousUnited Sates (306,675,006 312;245;116n 2010(UNDESKBSCRB20152)).
Aeniited Was subsequentlyadculated for thealternativevaluation principlegollowing equatiord:

Relative ontribution to GDP

L 4% 6 y
Hpacucho#ouupo@8 (L yx@rrrrS f@UAz(g"JM;géM; :L raws{D=cJ A H{d)

Grandfathering:

L 44 = .
Hpacucho#ouup @8 (L yxawrrrrS f®UA:@$\“'4é;9@4: :L ratsbD=@&J A =N(7)

The two alternative &vined Were compared to the indicator scores of the 45 scenarios to evaluate which of
them could be considered environmentally sustainable. We tt@npared the spatial variatioim each of

the components oéquation5, includingthe CF componentsf equation3, to analyse the sensitivity of

indicator scoes of the45 scenarios to each of these components. As a basis for discussing the relevance of

° Environmental interferences were calculated using the tentative CRerf@strial acidificationdeveloped in this

study (averagef the 45 emission locatiofh®n the emission inventory for EU27EER2015) The sector

A Yu pes]lv v v EPC v SaHustM¢d B&E[JVIERC *JUE e+ }(5Z D W JvA v3}EC A -
cover electricity production only.

10
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AESI compared to RESI we furthermore compareCte of th&5 power plant locations with
correspondingCFs oRoy et al. (@14)

3 Results

3.1 Carrying capacities and characteris ation factors

Estimatedcarrying capacitie€CQ ranged from less thah00eq.-ha'year' to more than £00eq.ha’-year
! with a median value aroun800eq.ha'year'. The global distribution is shown . NumericalCFs for
all 13,104grid cells foNQ,, S and NH are available im spreadsheein 5, from which they may be
exported to LCA software such as G@inkstep, 2015)r SimapraPRé, 2015ndtherebylinked to LCI
databases such as Ecolnvép®15) CFs foSQ ranged from less thaf.0054 ha:yearkg* (10" percentile)
to more than0.41 ha:yearkg® (90" percentile with a median valuef 0.16 hayyearkg® (when excluding
CFs for locations in the opaeg which are generally close t9.0n absolute terms th median CF fo8G
can be interpreted as 1 K§G emitted occupying thecarryingcapacityof 0.048 hectares(corresponding to
a square with 2m sides¥or 1 year.Figure3 shows the distribution of CFs fall global locations dllQ,
SQand NH.

(ha*year*kg-1)
= 0.00-0.06
= 0.06-0.13
0.13-0.19
0.19-0.25
0.25-0.32
0.32-0.38
0.38 - 0.45
0.45-0.51
= 0.51-0.57
= 0.57-0.64

11
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b) SO

¢) NHx

Figure3: Global distribution of CFor NO (a), SQ(b) and NK (c)

It can be seen that CFs are generally higheBtarthern Europe, Canada and Alaskéich is caused by the
relativelylow carrying capacity afoils inthese regions (see5y Thehighest C&for NO,, SGrand NH,
corresponds to emission locatisin Cana@ (atitude 55°; longitude-112.59, Denmark/Swede(latitude

55°, longitude 12.5°and Alaskadtitude 65°, longitude-157.59 respectively It can also be seen that local
differences in CHg.g. between neighbouring cellsle lowest for NQ higher fo SGand highest for N
This is because the share of an emission that deposits in or close to the emission cell is largegt for NH

12
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smaller for SQand smallest for N@° In other wordslocal differences in carrying capacityea much

larger influence on CFs for NtHan for NQ. This observation was also madeHyijbregts et al. (200Gpr

the spatial @ttern of European CFs based on the critical loads cor{&ganger et al., 2004)

3.2 Case study

Table 1 shows the input parameters for equat®andindicator scorefor the 45 emission scenarios.

Table 1 Input parametersfor equation 5, indicator scoresand comparison to two carrying capacity entitlementer

45 scenarios in the reference year 2010

- o o
2E 83 33
— o= k=R E
Sg~ 2 % 2 %
E3— g0 20 g
So¢c ez 0 o~ —~ o
[} — .9 N N o ) S
E|S88% 2 = 2= = = o T
8| 8EE S= S= o 3 S
< QS oS ) n ] () ?U‘ -
g glSzag || 22| £| 22| £|22| £| Y| 2| 8¢ £
& s|88sR|&| 52| g EE| g|862| &|6S| 8| EE| &
Alabama Barry 7425 1 0.50 37 |111 26 |0.23 |38 |[0.24 |37 |2.81 29
Arkansas White Bluff 6584 8 1.31 18 [2.36 22 |0.24 |36 |0.24 |34 |5.85 19
Arizona Coronado 5060 23 [1.83 16 [1.70 24 10.16 |44 |0.17 |44 |2.92 28
California Stockton Cogen 2337 45 [0.14 45 10.68 35 |0.13 |45 |0.12 |45 |0.23 45
Colorado Rawhide 3587 37 [0.73 30 |0.35 39 |031 |25 |0.36 |6 1.28 39
Connecticut Bridgeport Station 3655 36 |0.70 31 |10.94 30 /|0.38 |8 0.34 |10 [2.16 32
NRG Energy Center
Delaware Dover 5295 20 [2.32 9 5.24 9 0.35 |13 |0.31 |19 [12.87 |10
Florida Big Bend 6489 11 |0.48 38 |0.96 29 |0.34 |17 |0.44 |3 3.85 25
Georgia Bowen 6338 12 |0.28 41 10.30 40 [0.33 |22 |0.32 |16 |1.20 40
Walter Scott Jr
lowa Energy Center 4572 29 |0.59 34 [1.09 27 |0.31 |26 [0.27 |26 |2.29 31
Amalgamated Sugar
Idaho LLC Nampa 5180 21 [3.53 4 11.60 |4 0.28 |30 |0.27 |28 |21.26 |5
John Deere
lllinois Harvester Works 3783 35 [3.80 3 2056 |2 0.33 |19 |0.28 [24 [26.89 |2
Sagamore Plant
Indiana Cogeneration 5402 19 |2.58 6 11.00 |5 0.30 |27 |0.25 |31 [18.87 |7
Tecumseh Energy
Kansas Center 5014 24 |1.34 17 [3.17 16 [0.27 |32 |0.24 |36 |5.64 20
Kentucky Ghent 6703 7 0.57 35 10.82 31 |0.30 |28 [0.27 |27 |2.64 30
Louisiana Dolet Hills 7190 2 0.91 27 14.10 10 [{0.20 [40 [0.21 |39 |7.56 15
Massachusetts | Salem Harbor 3266 42 10.87 29 |4.01 11 [0.33 |21 |0.29 |23 |4.68 23
Morgantown
Maryland Generating Plant 5002 25 10.24 42 |0.67 36 |0.33 [18 |0.31 |18 |1.43 37
Michigan Belle River 3511 38 [0.99 25 |2.74 18 [0.40 |5 0.34 |9 4.72 22

“The deposition patterns vary between emissions cells due to meteorological variations. Yet, a strong tendency of
deposition shares close to the emission of¥Eing largest, of Sgbeing smaller, and of N®eing smallest was

observed in deposition model &-O. Roy et ak2012) E.g. for an emissions cell in Minnesota 35% of aeMtission

deposits within the emission cell and 42% within the emission cell and the four neighboring cells, while the

corresponding numbeyfor SQare 20% and 26% and for N&e 8% and 15% respectivégee also Figurd).

13
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Minnesota Virginia 4231 33 |1.85 14 [1.34 25 1054 |1 055 |1 7.36 16
Southwest Power
Missouri Station 6222 14 |0.70 32 |2.61 21 |0.26 |33 |0.25 |30 |5.16 21
Mississippi Henderson 6793 5 5.81 2 6.43 8 0.24 |36 [0.24 |34 [20.11 |6
Montana Lewis & Clark 4591 28 |2.16 10 [2.71 20 10.39 |7 0.32 |17 |8.08 12
North Carolina | Mayo 6502 10 |0.35 39 [1.00 28 |0.37 |12 |0.35 |8 3.09 26
North Dakota | Antelope Valley 6518 9 1.86 13 [2.12 23 1041 |4 0.34 |11 |9.67 11
Nebraska Platte 5523 17 |1.93 12 [3.81 13 [0.26 |34 |0.24 |33 |7.93 14
New
Hampshire Schiller 3408 40 |1.18 24 |3.88 12 (047 |2 0.46 |2 8.03 13
Chambers
New Jersey Cogeneration LP 3444 39 |0.55 36 10.82 32 |0.35 |13 |0.31 |19 [153 36
New Mexico Four Corners 3270 41 |2.53 7 0.72 34 10.19 [42 |0.19 [42 |2.05 33
Nevada TS Power Plant 4295 32 [0.20 43 ]0.19 45 [0.20 |39 [0.20 |41 |0.33 44
New York AES Greenidge LLC | 2627 44 10.93 26 |0.75 33 |0.40 |6 0.36 |5 1.70 35
Ohio Muskingum River 4522 30 [1.21 22 |13.36 |3 0.37 |9 0.33 |12 |2291 |4
Oklahoma Hugo 6300 13 |0.89 28 |2.82 17 [0.19 |41 |0.20 [40 |4.67 24
Oregon Boardman 4909 26 |1.97 11 [3.44 15 [0.29 |29 [0.26 |29 |7.13 17
G F Weaton Power
Pennsylvania | Station 4345 31 [1.29 19 [2.73 19 1037 |9 0.33 |12 |5.97 18
US DOE Savannah
South Carolina | River Site (D Area) | 7085 4 12.90 |1 36.24 |1 0.35 |15 |0.35 |7 12097 |1
South Dakota | Big Stone 5672 16 |3.46 5 3.52 14 1042 |3 0.37 |4 15.66 |8
Tennessee Bull Run 7109 3 0.29 40 |0.21 43 10.32 |23 |0.31 |21 [1.11 41
Texas Oak Grove 5431 18 |0.62 33 |0.56 37 |0.17 |43 |0.18 |43 |1.10 42
Utah Huntington 3183 43 [1.23 21 |0.46 38 |0.24 |35 [0.24 |32 [1.31 38
Altavista Power
Virginia Station 6038 15 |1.27 20 |0.19 44 1035 [16 |0.33 |15 [3.04 27
Transalta Centralia
Washington Generation 5178 22 11.20 23 |0.27 41 [0.27 |31 [0.23 |38 [1.99 34
Wisconsin Nelson Dewey 3918 34 [2.35 8 10.25 |6 0.33 |19 |0.28 [24 [14.47 |9
West Virginia | Kammer 6711 6 1.85 15 [8.55 7 0.37 |9 0.33 |12 |23.48 |3
Wyoming Wygen llI 4835 27 10.20 44 10.26 42 10.32 |24 |0.29 |22 |0.67 43

3.2.1 Absolute interpretation of results

Indicator scors varied? orders of magnitude frona minimum of0.23 hajearto a maximum ofLl21
hajearfor a power plant located i€aliforniaand South Carolina respectivelhis means thathe
equivalent production ofnnualresidential electricity usé 20100ccupies carrying capacities dfetween
0.23ha and121ha of landfor 1 yeardepending on thescenario These areas are abstract because they
cannot be empirically observed apecialpieces of landdomehowdedicated to absorbingcidifying
emissions. Instead resulshould be interpreted aspace integratedarrying capacity occupatiowhich is
driven bycarryingcapacitiesn grid cellon which large shares of emissions depdsiite that indicator
results hold no information on thextentto which an emission occupy tlwarryingcapacityof the
individualgrid cellsthat areaffected byits depositions™ Table Ishowsthat none of the 45 scenarios could
be considerednvironmentallysustainablevhen usingany of the two valuation principles becaubese
requireindicator scores to bbelow0.849050hajear elative contribution to GDP principle)r 0.221

Yina hypothetical example where carrying capacities of 4 grid cells of 1ha are each occupied by 10%, 20%, 80% and
130% from depositions of an emission, the aggregagstilt would be 2.4ha (0.1*1 ha+0.2*1 ha+0.80*1 ha+1.3*1
ha).
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hayear (grandfathering principle). The scenario in California waadever, only require aslight
reduction in indicator scoré0.012 hayean to be considere@gnvironmentallysustainable fronthe
application of thegrandfathering perspectivéNote thatsome of the scenarios may be considered
environmentally sustainable by the use of otlwauation principles than the two useéd this studyf, for
example, valudactors had instead beeterived fromrelative contribution to meeting human neis, a
relatively high carrying capaciyould perhaps be entitled teesidential electricitysince itenables people
to meet essential needsuch as heating and cooking (althoughidentialelectricity certainly can be used
for meeting less essential adstoo).

3.2.2 Spatial variations

Since the indicator scoredirectly proportional to allnput parametergequation5), results are equally
sensitive to variations of all input parameter®. a doubling of any parameter will leadaaloubling of
indicatorresults.From Rble 1lit can be seen thathe input parametershowingthe strongest relative
variationin the case studis theemission intensit (factors of almost 200 and 1@ffference from smallest

to largestfor SQcand NQ respectively)The caus®f this variation is likely differences in flue gas cleaning
systems, and for S@lIsodifferences irthe sulfur content of the cogHenriksson et al., 2014By contrast
the state specifi@annualper capita reslential electricity consumptio(P)variesby a factor of 3 while CFs
vary by adctor of 5 and 4 for S@nd NQ. Variations in P and CF thereby haegligiblecontributionsto

the observed2 orders ofmagnitudevariationsin indicator scors of the 45 scenariadn other wordsto
achievea low carrying capacity occupation it is more important to be supplied by a power plant with low
emission intensities than for the emissions of the power plant to deposit in areas with high carrying
capacityor to reduceresidentialelectricity consumptionalthough the latter is the only factor that the
consumer can easily influenche power plant located in South Carolina had by far the highest emission
intensities of bothSQ:and NQ@Q, which is thereason that the highest indicator score was observadfie
scenario irthis state(see Table 1)The power plant located in California had tHeléwest average
emissions intensity of the two pollutants. In combination with the lowest CF for both pollutants and the
lowest residential electricity consumptidhis explainavhy the scenario of California had the lowest
indicator score (see Table 1).

With regards to the sensitivity of CFs to input parametecgiation3 in turn shows that CFs algghest
when depositions concentrate around receiving cells with ¢ewying capacitiesT his explains why the
lowest CFs for both pollutants corresponds to the location ofGaéforniapower plantfor which the
majority of depositions happens on gidll with quitehighcarrying capacitie€n the other hand the
highestaverageCHs for the power plant inMinnesotafor which the majority of depositions happens on
grid cell with quite low carrying capacities, see Figure
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b)

Figure4: Maps of North America containingy) carrying capacitiesand power plants (stars)and b)deposition shares
on cells receivingnore than 0.1% oB5Q,emissions from the power plants i€aliforniaand Minnesota(enlarged
stars).
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3.2.3 Comparison with alternative CFs

Our CFexpresscarrying capeity occupation per kg emissi@md are calculated a&cid depositglivided by

a pHbasedcarrying capacity integrated over space (see equad)omn contrastthe CFs oRoy et al(2014)
express the marginahcrease in concentration of'Hons in soil solutioncompared to modelleéxisting
concentrationsper kg emissionThese CFare calculated as acid deposits multiplied by aabed soil
sensitivity factor whiclepresents the change ixistingsoilH' related toa change iracid deposits

integrated over space. Our CFs and the CIRogfet al(2014)usethe same fate factorfor calculating acid
deposits(Roy et al., 2012kgnd thus differ only in the use of carrying capacity versus soil sensitivity factor.
In Figureb we compare the two sets of CFs for #fepower plant locations. Each set of CF is normalized to
the CF of the power plants in lllingihich ranks apximately in the middle of the 45 CFs for all

pollutants and both studies.

a) NOx
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b) SO

c) NHx

Figureb5: CFs of this study plotted against CFRdy et al. (2014jor the 45 power plant locationsfor NO,, SQ and
NHx. Each set of CF is normalized to the CF of the power plants in Illistéte names are written for outérs (in
grey across pollutants). CFs abotree 1:1 line are relatively higher foRoy et al. (20143han for this studyand vice
versa.

It can be seen that there someagreement between the two sets of CFs for allytalhts, although the
agreement appearkwer for NHthan the other pollutants The partial agreementcanbe explained from
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the common fate factors. iBerence in agreement amongtte three pollutants can be explained from
differences irdeposition patterns of pollutants: Due to thelativelylarge shares of depositions of NH
close b the emission cell (see footnote 1f@wer grid cells receive large shares ofi\td emissions than
for emissions 065G and NQ. Differencesbetween the relative values of carrying capacities and soil
sensitivity factors irindividual receivingells wil thus have the largest effect falH CFsThe range of CFs
for the 45 power plantocationsis for all pollutants larger fdRoy et al. (2014han for this study. This
trend, which is strongest for NHIFigure5c), canbe explained from the high range of gl soil sensitivity
factors of11 orders of magnitudeompared to the range of carrying capacities in this study of just 2 orders
of magnitude(seeSH.

Two types of outliers can be seen on the plots of Figufeor the first typeCFs in this study arelatively
high, while CFs dtoy et al(2014)are relatively low This is the case for the CFvbhnesotafor NHcand
CFs ofloridafor SQ. In these casede highCF of this studyare driven byelativelylow carrying
capacitiedn thegrid cellsreceiving large shares of deposition. By comparisamespondingCE of Roy et
al. (2014)are moderate orlow for Minnesotaand Floridébecause soil sensitivity factors arederate or
low in the area receiving large shares of depositiimeobserved dis@panciesbetween soil sensitivity
factors and carrying capacitiean be explaineffom the fact thatfor some soils relatively small acid
deposiion reducesthe modelled natural pH by 0.2%vhile a marginal increase in acid depiwsit
compared tathe modelledexistingdeposition leads toa low marginal pH decreasgeeFigureSrb for a
conceptual pH curvehat illustratesthis point. Thisdiscrepancyetween carrying capacity and soil
sensitivity factor occur fosomesoilsthat havelow carrying capaties and for whictthe background acid
deposiion isrelatively small. This is the cafer the parts of the US Midwesind Canadhat receiw large
sharesof the depositons from the emission cell of thdinnesotapower plant In these scarcely populated
areas modelled background depositionglod three pollutantsare 1-2 orders of magnitude lower than
those of themostdensely populateghart of theUS East Coaglatanot shown).

Qutliers of the second typei.e. low CFs dhis study and high CFsRby et al(2014) can beobservedn
Figurebc for NH for the grid cellof the New HampshireNew York, Georgia and Tennespewer plants
Inthesecasesthe high CFs dRoy et al(2014)are driven by high soil sensitivity factors iretémission cell
and neighboring grid cell¥hese factors are high because modebgdstingdepositions aredue to high
modelledexistingdepositions somewhere in the steep interval of the pH curves of the soisaning that
marginal increases in depitisn can createhighreductionsin pHin these grid cellsSee Figure7s for a
conceptual pH curveDue to the large variation of soil sensitivity factors (see ahtng factorsin just a
few of the grid cells receivinglatively highshares of an emissiazanto a very large extent drive CF values
of Roy et al(2014) By comparisothe CE of this studyfor the grid cells of the New Hampshire and New
York power plants areo more thanmoderatein spite of lowto moderatecarrying capacities the vicinity
of the emissiorgrid cell because thgower plantsare close to the seaneaning that relatively highhares
of emissioms deposits on water.

19



OCoO~NOUOPA~WNE

4 Discussion

We have demonstrated the feasibility mfodifying LCA indicators ®ESITherebywe haveshown that LCA
can potentially solveome of the problems associated with current AESI, such as incomplete coverage of
impact categoriesvarying qualityof inventory datavarying orinsufficient spatial resolutioand the
inconveniencdo usersof needingdifferent softwaretools for accessingind usingAESIWith point of
departurein the experiencegrom the case studythis sectiordiscus differencesand complementarities
betweenLCA baseBE3and AESIn decision supportaim 4)andproposesa research agendar the
supportof AESby LCA

4.1 Decision support related to absolute environmental sustainability

The main characteristic oAESIs thatthey allowfor the assessment of environmental sustainability of
systems in absolute term$his information can be useful on many levels. It may for instgneatitatively
inform various emission reduction scenarios designed by e.g. municipalities, nations and supranational
organizations with the purpose of achieving environmental sustainabNESI can thyslay similar roless
greenhouse gas emissions reduction scenadesigned to prevent e.g. a temperature increase of 2°C
(IPCC, 2013; Vuuren et al., 20that have beeradopted at different governmental level&lsoAESI may
support individuals motivatetb learn what it takes to have an environmentally sustainable life stye

one that is associated witbnvironmental interference that do not exceethe carrying capacitgntitled to
an individual person.

4.2 Decision support related to ranking

For a gien impact categoryhe ranking of systems or scenarios obtainedabyAESI will in principal be
identical to the ranking obtained yRES(relative environmental sustainability indicatavhen the impact
pathway model othe RESI is based anlinearapproach ¢eethe introduction section an&1) This is
because the relationship between RESI and AESh G&sh casewill be the same across pollutants and
locations. Theravill therefore be no conflict between RESdsed on the linear approa@nd AEBvhen
used to supportlecisons whereenvironmental performanceof alternative solutions are part of the
decision criteriaHowever when the impact pathway model of a RESI is base@lroarginalapproach(see
the introduction section and Sthere may bediscrepancies in theelationships between AESI and RESI CFs
across pollutants and locatioyand thus in the ranking of systems or scenarios. This was obsergedne
extentin the case studywhen comparinghe AESI developed in this stutiythe margiral based RESI of
Roy et al(2014)(see Figurd). Thus, if the aim is to oppose reductions in soil solution pH, as quantified by
Roy et al(2014) the optimal solution may be different than the onerresponding to the aim achieving
the lowestpossiblecarrying capacity occupatioiGiven thesaliscrepancies between AESI and marginal
based RESI, which type of indicator should ideally be used to support decisions related to environmental
sustainability? The answewe will arguén the next suksection is neitter of the two, but both combined.

4.2.1 Risk of sub-optimization

If either marginal based RESF AESareused in isolation there is a risk of saptimal decision supporin
the case of marginal based RERijbregts et al. (20119rgued that quantifying marginal changes in
environmental interference can be misleading in cases where changes are smadixistinglevels of
environmental interferencs are unacceptably high. For the impact category terrestrial acidification this
may be the case for receiving cells in whiglistingdepositions are so high that the correspondigsting
pH is at the lowebuffering zoneof a pH curve (see Figurédsard Se). At thiszoneadditional depositions
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of hydrogen ions areffectively bufferedhrough reaction with aluminium oxides and hydroxides from clay
particles. In such cases RESI based CFs will be low and marginal emission increases will thus salgm relativ
unproblematic although the state of the soil ecosystems is highly degriagleristingdepositions Another

case ofsub-optimal decision suppoiis when marginathanges are small arekistinglevels of

environmental interference are low, i.e. far fam ex@eding thresholds (see Figurég®. Although a small
marginal increase iaxistinglevels ofenvironmental interference can hereseemunproblematic for
environmental sustainabilitthis conclusion is not scalabl&he marginal approach thus suffdrem a

(E &] JvP ] U X X }voC "8Z (&E}% SZ § *%]ooe S$Z pu%hisi3e o u (}E
especially problematic in situations where the combined environmental pressure is increasiolg,has

for example been the case large @rts of China during the last couple of decadassuch situation€Fs

based on marginal RESlill potentiallybe highly time dependent.

Decisions made only with the aid of AESI can also be suboptimal. For instance they may lead to choices that
favour gystems whos@missiors end up inspatial unitswith high carrying capacitysuch choicesan be
suboptimalbecause they daot consider emissions @iistingor future anthropogenicsystems that,

combined with the additional emissions, risk to exceed ¢aggapacities in these spatial unifs ideal
quantification of entitlement wouleliminatethis risk of subptimization becausé would take into

account existing and potential competing systems, but the risk is quite real considering the diffamfulties
carrying out an ideal quantification of entitlement (see Section 2.4).

4.2.2 Combining marginal based RESI and AESI to avoid sub-optimization

The differences between the AESI andrginal basedRESare not only technical, but in fact also ethical:
TheCFdor terrestrial acidificatiordeveloped irthis studyare compatible witrdecision makig grounded

in rule based ethicaccording to which ]J*]}v ] }ve] (Eifitfoloms one or more prescribed
rules that may be either universal or situatidependent(Ekvall et al., 2005)n AESI the rule is that a
decision shoulgwhenever possibldead toanthropogenicsystems thatlo not occupy more carrying
capacity than they can be considered entitledfahis is not possible within the decision spatte rule is
that a decision shoullbad tothe lowest possible carrying capacity occupation amongst alternatirass if
all societaldecisions were to follow #serules a transition towards environmental sustainability would in
principle happert? In contrast the decisioamaking that themarginal RE®If Roy et al(2014)supports is
grounded in consequential ethicacc} & JvP §} AZ] Z Je1}v ] *"P}} _ J( 18 }ve <p v
than those ofalternative(s)Ekvall et al., 2005 herule and consequential based ethiase conflicting in
cases where following therescribedrule(s)does not lead to the best consequences and vice vErsa.

In real life decisions are unlikely to be based entirely on either rule or consequentiiisglecause
decisionsare often takenin consensus procaegs and because individuals rargé80%adhere to a specific
ethical mindset{Hofstetter, 1998) Therefore tle differentethicalperspectives omarginal basedRESand
AEStan be seen asomplementary rather thamompeting In the case studyur AESlvasused to

2 Note that the only way to guarantee that total carrying capacity is not exceeded by the combined environmental
interferences of all anthropogenic systems is to (somewhat oxymoroniesigre that the same valuation principle

is used to calculate carrying capacity entitlement of all systems.

3 Consider the hypotheticaituation where a person has the option of savintives by taking 1 (innocent) life. Doing
this would lead to the bestonsequence, compared to inaction, but would also violate the rule of not killing an
(innocent) persor{Thomson, 1976)
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evaluate the sustainability of th45 scenarios absolutely @nto point to the scenariassociatedvith the
lowest carrying capacity occupatiofhe RESI oriented CFsRdy et al(2014)couldon the other hand
point to the scenario associated with the lowest marginal increasmuironmental interferencs. Both
types of informatiorare valuable in decisioprocesseswhich aimto simultaneously reducexistinglevels
of environmental interference eficientlyand maintain, or takesteps towards achievingnvironmental
sustainability of society as a whole awitits individualanthropogenicsystems.

4.3 Research agendaon AESIin a life cycle perspective

This study isntendedprimarily asa proof of concept and its theme must be expanded upofuture
research for the proposemhodification of LCA to measure environmental sustainability in absolute terms
be useful in decision suppomBelow we outlie a fewkeychallenges that desenacademic attention.

The desigs of AEShre associated with several choices, to which indicatmresmay show different
degrees of sensitivitie$n our modificatiorof the LCA indicator for terrestrial acidification to A8

choices of control variable, threshold value and the oSBROFILE to translate the threshold into carrying
capacities all have potentially high contribution tocentainty in indicatoscoresand efforts to reduce this
uncertainty should be madgseeS9for an elaboration) Similarchoicesare unavoidablén any AESI. It is
therefore important for indicator designers to 1) be aware of these choices and communicate them
explicitly tousers sothey can be considered in the decision support along with the indicator scores, 2) to
guantify the sensitivity of indicator scores ¢bhanges in choices, and 3) to use these quantifications to
effectively reduce overall uncertainties in indicator scoresmAstchoices are, at least partially, related to
value judgement, consensus processes involving e.g. environmental scientists, indicator designers and
indicator usersnaybe feasible foreducing overall uncertainties.

Uncertainties in LClalso deserg attention whenusingAESIBecause many current societies cannot be
considered environmentally sustainable a key use of AESI is to support transitions tewardamentally
sustainable societieSuch trangions per definitioninvolvelarge changes itechnologies. For example
environmental interference from energy usare expected to change considerably in many countries over
the next decadesAs a resultenvironmental interferences of many product systems will also change in the
future. It is therefore important to carefully evaluate, and if necessary mogifyisting LCI unit processes in
absolute environmental sustainability assessmemikich aims to capture the effects fafture
technologicatransformations(Miller and Keoleian, 2015)

A core characteristic of LCA is that it covers a comprehensive set oftiogtegoriesin this context a

relevant question is how to aggregate AESI scores from different impact categories. One option is to simply
add the scoresinceSZ C v E%E ¢« ]Jv SZ o u uSE] ~Z |C HavevefE o00 ]t
a weightng step may be required as the consequences of exceeding carrying capacities can vary in severity
between impacts categories. Some factors influencing the severity of exceedance are the social and/or
economic onsequences, the spatial extent atiee time required for reversion of damage. addition, care

should be taken when attempting to aggregate indicator scores across impact categories, since the

interaction between different types of environmental interferences within a specific terrivoopinplex

and not well understood. For some combinations of impact categories additivity between carrying capacity
occupations may be a good assumption. In other cases, however, a territory that has its carrying capacity
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100% occupied for one impact categanayhave unoccupied carrying capacity for other impact

categorie$’, which means that simply adding indicator scores across impact categories would overestimate
the actual area equivalent of carrying capacity occupatfmother challenge related to agggating

indicator scores is the need for absolute sustainability referencethé&ltCA impact categoridsat are not
related to ecosystems, i.e. those related to human heatthactsand depletion of nofrenewable
resourcesCarrying capacitgioesper ddinition not apply to such impact categories, mther more
normativesustainability references may be quantifi@dcHroy et al., 2008)

Another key challenge is how to integrate a carrying capacity entittement module in LCA software that is
relevant and require®nly a manageable data input by the software uddeally the user should only have
to choose a valuation principle and define the duration of environmental interventiong ¢dch emission
location The software would then calculalgeceqaNd Asrectess identify competing systems and
subsequently calculate VF to arrive at the carrying capacity entitlement (see eqdaf@mreach emission
locationand compare this to the corresponding indicator scdieis would require the software to be
equipped with a fate model, calculatifgxecea@Nd Agrected fOr €ach emission location, and to beked toa
completespatially derived emission inventpthat contairs information needed to calculate VBuch as
contribution to GDPfor eachof its anthropogenic systes For many emissions in a typical product life
cycle location and duratioft) will be partly or completelyunknown The AESI shouldétefore be

equipped with a meaningful defauthoicefor location and duratiorthat is compatible with the calculation
of carrying capacity entitlement.

Supporting Information
Supporting information is availabtslineand containsnethodological details and elaboration of results
and discussions
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1. Linear and marginal approaches in LCA indicators

Figure S1.1 shows the two different approaches to calculating small charg@anonmental interference
from small changes iamissions and resouraese

Figure S1.1: Linear and marging@oach in LCA indicators for@useeffect curve.



2. pH threshold s

To determinea pH threshdd the pH for 70 randongrid cellsvassimulatedusingPROFILE in a sequence of
71 steps. In the first step only grid specific natural depositirom e.g.lightning, eruptive ad non

eruptive volcanoeswere modelledbased onTegen & Funl994)andBey et al(2009) In the subsequent
70 steps the average background deposition of @Pprox. 0.1keqg/hal/year)was increased by a factor of 5
for each stepso that theaverage background deposition of dacrease wady a factor 350at the final

step 70.

Figure2.1 shows the simulated pH variatiof@r three representativereceiving grid cedlaccording to an
increase of deposition above the natural depositiDepositions corresponding to a pH decrease of 0.25
and an absoluteninimumpH of 4 ae indicated
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Figure &.1: pH variations of receiving environment grid cell according to an increase ofodéon of SQ above
natural emissions fothree representative receivingyrid cels. Carrying capacities (CQ)orresponding to a pH
decrease of 0.25 and an absoluteinimum pH of 4 are indicated.



3. Design of deposition steps
Carrying capacitfeq.*ha™* year') wascalculated for the70random grid cells presented ir2 Based on the
71 deposition stepsl eq refers to 1 mol Heg. From this the distribution presented in Figuge.1 was
obtained.
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Figure 8.1: Threshold distribution for the 71 steps increasing deposition above natural emissions by a factor of 0 to
350. 1 keq refers to 1000 mol Heq.

It appear that the distribution ofarrying capacitiem all grid cells may be best be described by a log

normal distribution since the highest frequency cérrying capacitieare just aboved and a long tail in the
distribution can be observed as depositions are increased. In designing the depositisnvsteimed for a

uniform distribution of grid celtarrying capacities) Jv }$§Z & A}E « Cii9 ( oo]v\Reldid} Z v
not carry out more thar® steps due to the computationahpacity required to model pH f&9,515cells in

each deposition steplhis lead to thearrying capacitintervalsand values used in CF calculatishewn in

table .1

Table 8.1: Deposition intervals

Step Carrying capacity intervgCarrying capacity used for CF calculati
# eq*ha[l*year'l eq*ha’l*year'1
1 <100 50

2 100-200 150

3 200-300 250

4 300400 350

5 400-600 500

6 600-1200 900

7 12002000 1600

8 20002800 2400

9 28004000 3400

NA >4000 5000




4. Kringing function
The function is presented in a Matlab script below

%%% Prepare an excel sheet vidtitude and longitudecoordinates in column 1 and 2, and CC_min,
CC_max and CC_default in column 3, 4 and 5

%%%-lag thenon-convergence error by the number 1E8

%%% . o0ad the excel sheet

file=xIsreadfathnamé,l1);

%%%dentifieserroneouscells

X=find(file(:,3)==E8);

Y=find(file(:,4)==1E8);

Z=find(file(:,5)==1E8);

it=1;

while it<=size(X,1)
%%% identify the areas that are closest to the ones that you need to correct
U=find(file(:,1)>file(X(it),20.5 & file(:,1)<file(X(it),1)+0.5 &...

file(:,2)5file(X(it),2)0.5 & file(;,2)<file(X(it),2)+0.5);

eval(it)=size(U,1);
ver=find(file(U,5)<1ES8);

verif(it)=size(ver,1);

comp=1;

while verif(it)<1

U=find(file(:, 1)>file(X(it), 1omp & file(;, 1)<file(X(it),1)+cqms...

file(:,2)>file(X(it),2comp & file(:,2)<file(X(it),2)+comp);




ver=find(file(U,5)<1ES8);
verif(it)=size(ver,1);
comp=comp+1;

end

gardel=file(U,3); % TMin
garde2=file(U,4); % Tmax
garde3=file(U,5); % Tmoyen
p=find(gardel<1ES8);
g=find(garde2<1ES3);

r=find(garde3<1E8);

%%% calculate the median without the cells without the ones which are erroneous
file(X(it),3)=median(gardel(q));

file(Y (it),4)=median(gardeg));

file(Z(it),5)=median(garde3(q));

it=it+1

end

ok=zeros(99515,1);

ok(X)=1;

final=[file,0k];




5. Additional results
FigureSs.1 shows the global distribution of carrying capadiy.comparison the soil sensitivity factg¢&F)
of Roy & Desch&012)for NG, SQand NH are shown in FigureéS52-S54.

Figures.1: Carrying capacity

Figure.2: Soil sensitivity factorgSF)f Roy & Desche (2012yr NO.



Figure5.3: Soil sensitivity factor§SF)of Roy & Desche (20129r SQ..

Figures.4: Soil sensitivity factorgSF)f Roy & Desche (2012pr NH.



6. Characterisation factors
See Excel sheet for Gbs SQ, NQcand NH. The GIS coordinates corresploto the lower left corner of
grid cels.
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7. Conceptual pH curves
FigureS7showsconceptual pH curves related to the derivation of soil sensitivity factors and carrying
capacities for 5 cases, which varies with respect to natural pH (manmade depodii@mnd level of
modelled existingleposition.
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FigureS7. Response in pH to depositiofor 5 cases combining values oftural pH and baseline depositions. Soil

sensitivity factors (SF) and carrying capacities (CC) are categorized accordingly.
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8. Key choices in the AESI for terrestrial acidification

In ourmodification of the indicator oRoy et al. (2014)e chose two coplementary threshold values
based on the two points of the pH curve where the carbonate buffering system starts weakening and
where the mobilisation of aluminium starts to occur. As environmental sustainability references other pH
related threshold valuesould be applied, for example by taking the pH sensitivity of vegetation into
account, as proposed in the critical loads conq&urangeet al.2004) We could also have alipd a

JVEE}o A E] o u}E JE 30C E 038 8} 3Z ¢ ve]3]A]18] ¢« }( }+Ce3 u-l
(E 31}V }( *% ]+ ~W &<U AZ] Z - }uulv u P Jv] S}CE ]Jv > X /v §;
threshold value of a sustainable minimuavel of species diversity should be chosEhe change in
indicator score from changing choices of control variable and threshold value is important to quantify in the
effort of managing and reducing overall uncertainties in indicator scores.

We furthermore calculated a substance generic carrying capacity from simulation of pH responses to
increasing depositions of SGHowever depositions of similar quantities oféguivalents can cause

different responses in pH for nitrogen containing pollutants (@ NH) than for SQdue to the effect of
nitrogen uptake processes in vegetation across soils. To reduce the uncertainty introduced by calculating
substance generic carrying capacity, simulations of pH response to stepwise increasing depositigns of NO
and NHshould be carried out in the same manner as they were done fgh&@.

Thirdly,due to the approach of determining carrying capacities from simulated pH responses to stepwise
increases of deposition, the range of carrying capacity values wastidetermined by the carrying

capacity values assigned to grid cells for which threshold were crossed at the first deposition step and grid
cells for which thresholds were not crossed at deposition step 9. In this study the former was assigned a
value d 50eg*ha™*year™ (the middle of the 0-100 eq*ha*year™ interval in which the actual carrying

capacity liesccording to PROFIL&Nd the latter an arbitrary value of 5000 eg*tgear™ (the deposition

at step 9 was 4000 eq*Hdyear™). The sensitity of CFs to the assignment of minimum and maximum
carrying capacities could be easily tested. If large uncertainties should be reduced by obtaining more
realistic minimum and maximum carrying capacity values from additional simulations in PROFILE.
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