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Abstract

Within this thesisan environmentalassessmenrdind evaluation methodfor analysing
aguaticecotoxicologicaimpactsof householdaundryis developed. The methodology
allows comparatie assessmentsf different productalternatves, washinghabits, and
wastavatertreatmentechniquesn orderto identify their relevancewith respecto wa-
terbornedischages. Elementsrom both analyticaltools Life Cycle AssessmenfLCA)
andEnvironmentalRisk Assessmemf chemical§ ERA) arecombinedn this methodol-
ogy. Thecoreconsistof the Geography-referenceRlegional ExposureAssessmentool
for EuropearRivers(GREAT-ER), which calculatexoncentrationsf ‘down-the-drain’
chemicalgn surfacewatersdueto point releasesln orderto simulatethe aquaticfate of
detegentsanev GREAT-ER emissiormodelis developed calledGREAT-ER product
mode,which calculatesalculatesoncentrationncrease®f detegentingredientsn sur
facewatersbasedon productformulationsandassumptiongoncerningvashinghabits.
Two evaluationmethodsthe Critical Length (CL) andthe ProductRisk Ratio (PRR,),
aredefinedfor evaluatingtheresults.CL is the sumof meanconcentrationncreasesgi-
vided by substance-specifito effect concentration§NECSs),over all river stretchesand
all ingredientswveightedby thelengthsof the stretchesPRR, is the (percentualpumber
of river stretchesn a region, in which the x-percentilesof the predictedconcentration
increase®f atleastoneingredientexceeda substance-specifdEC. Theemissiormodel
requiresinput datathatcanbe derivedfrom the functionalunit of anLCA, which allows
anassessmerf otherimpactcateyoriesby usingary existing LCA method.

Themethodologys appliedto a casestudywhichis basedn scenariogivenin thecom-
prehensie productassessmertWashingand washingagents’(‘Produktlinienanalyse’
PLA). In orderto apply the GREAT-ER productmode,the Rur river basinin Western
North-RhineWestphalias chosenasstudyarea. The catchmenintegrationincludesthe
developmentof a simplehydrologicalmodelthatcombinesa nonlinearregressioranaly-
siswith alocal refinemenprocedureThe quality of theintegrationof the Rur catchment
datais analysediy a comparisorof monitoringdataandpredictedconcentrationsf de-
tergentand cleaningagentingredientsusing actualconsumptiondataof the two years
1993and2000.The productmoderesultsshov thatusehabitshave alargerinfluenceon
theresultsthanproductformulations.However, thelargestinfluenceis causedy varying
wastavatertreatmentechniques Boron andthe surfactantsarethe mostrelevantdeter
gentingredients.Furthermoreusingdifferentdetegentsfor white andcolouredlaundry
lowersthe predictedemissionssignificantly

Basedon this methodologysustainableevelopmentndicators(SDIs)for describingthe
aguaticaspectof householdaundryare defined. CL is proposedas pressurandicator
andPRR, asstateindicatorfor describingaquaticaspect®of the sustainabilityof house-
hold laundryin a region. Differentregionscanbe comparedoy normalisingthe CL by

theregion’s populationandexpressinghe PRR, asa percentagef stretchesn aregion.

Annually evaluatingregional CLs and PRR.s allows the assessmenthethera region is

moving towardsa moresustainablestate.
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Falstaf: You shall hear(...) they corveyed meinto a buck-
basket.

Ford : Abudk-basket?

Falstaf: Yea,a buck-basket:rammedmein with foul shirts
andsods, foul stokings,and greasynapkins;that,
masterBrook, there was the rankestcompoundof
villainous smellthat ever offendednostril.

William Shakespeae (1564- 1616} Merry wivesof Windsor
(Actlll, SceneV)
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1. Introduction

Throughouthumanhistory, but especiallyduringthelastcentury negative impactsof hu-
man actwities on the ervironment,including plants,animals,and the humankinditself
have becomeapparent.More recently it hasbecomeobvious that the uncontrolledde-
pletionof resourcesndemissionsnto air, water andsoil canno longerbe pursued For
this reason the differenthumanactvities and needsshouldbe analysedand optimised
with respectto minimal environmentalimpacts. However, for mary humanactvities,
methodologiesvhich arecapableof analysingervironmentalimplicationsarelacking.

1.1. The human activity and need household
laundr y

Due to the ubiquitousthough spatially varying humandesireto cleanhimself and his
clothes, householdaundry posesa large potentialthreatto the ervironment. In fact,
several nggative ervironmentaleffects have alreadyoccurredthat could be ascribedto
householdaundry Theseeffects mainly occurredin surfacewatersbelovy municipal
dischages,which shawvs thatthe usephaseis highly relevantfor the ervironmentalper
formanceof this actwvity.

In the middle of the 20" century the formerly usedanionicsurfactansoapwasreplaced
by non-dgradablesyntheticsurfactantsabove all the branchedetrapropylendenzene
sulphonatd TPBS).This led to the formationof hugemountainsof foamin mary rivers.
In Germauy, this problemwassolvedby the passingf thedetegentslaw in 1961,which
definedminimum criteriafor the primary degradabilityof the anionicsurfactantsisedin
laundry detegents(Stache, 1981,p. 540). Dueto this law, TPBSwasreplacedby the
non-branche@ndthereforedegradablesyntheticanionic surfactantinear alkylbenzene
sulphonatgLAS). This led to a significantreductionof surfactantconcentrationgn sur
facewaters(Stache1981,p. 541).

Dueto a coactionof differentpolitical aspectgStache1981,p. 542),in 1975the deter
gentdaw wasreplacedy theGermarlaw ondetegentsandcleaningagentg‘'Wasd- und
ReinigungsmittelgesefANRMG, DeutscheBundestag1987). This legislationdefined
degradability criterianot only for anionic,but alsofor nonionicsurfactantsln conjunc-
tion with the area-wideoperationof actvatedsludgetypewastevatertreatmengplantsin
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Germauy, a further significantreductionof ernvironmentalconcentration®f surfactants
wasachieved. In addition,a further ervironmentallyrelevantaspectwhich hasbecome
apparentas a consequencef the steadilygrowing useof laundry detegents,could be
regulatedby thislaw. Increasingemission®f phosphatewhichwasusedin detegentsas
abuilder, raisedthe problemof eutrophicationDueto the surplussupplyof nutrientsthe
algalbloomincreaseaonsiderablyDecompositiorof theseargerquantitiesof biomass
led to decreasesf availableoxygen.Finally, in somesurfacewatersinversionoccurred.
Consequentlymaximumlimits of phosphatevere definedby an ordinancepertaining
the WRMG (‘Phosphatldchstmengeverordnung’, DeutscheBundestag1980). In par
allel, phosphate-fredetegentswereput on the marketdueto the developmentof zeolite
A, which in combinationwith polycarboxylateandsodiumcarbonatés ableto replace
phosphate(VollmerandFranz,1994,p. 32). This substitutionis a goodexamplefor the
fact thatin generaldetegentingredientsmay be substitutedoy alternatve compounds.
Thereforea methodjudgingthe environmentalsoundnessf laundrydetegentsneedso
beableto assessheinfluenceof ingredientsubstitutions.

Unwanteddetegent-relatecervironmentalimpactsmostly occurredlocally belov dis-
chagesites. The magnitudeof theimpactthereforedepend®n site-specifidocal condi-
tions, e.g. thedilution ratio below the dischage sites,aswell ason regional characteris-
tics, e.g. theway in which wastavateris treated.In addition,laundrydetegentscontain
considerablamountsof differentsalts,mainly sodiumbasedwhich arealsodischaged
afterusevia the wastavaterpath.Hence they contributeto thetotal saltcontentin fresh-
watersystemsthesignificanceof which againdepend®nthelocal dilution ratiosbelow
the dischagessiteg. Assessmentf the ervironmentalsoundnessf detegentsshouldbe
donespatiallyexplicit for bothanalysingthe fate of detegentingredientsandestimating
thecontributionsof detegent-relatedaltemissionsat measurablsaltconcentrations.

It may be statedthatdueto legislationandthe inventionof new andimproveddetegent
ingredientsthe mostobvious negative aquaticimpactsof doing the laundryin Germalry

have beeneliminated.However, the developmentof moderndetegentshasincreasedhe

numberof ingredientgresenin detegentformulations.For this reasonjargernumbers
of differentchemicalswith low concentrationgreexpectedio occurin the ervironment.
Interactionsand toxic effects of mixturesmay thereforeposegreaterconcernthanthe
unwantedeffectsof single substancesThus, ervironmentalassessmemhethodsshould
addresghe potentialcombinedaquaticimpactsof detegents.

Besidesvaterborneemissionsenepgy-relatedemissionsarealsorecognise@sbeingen-
vironmentallyrelevant(CHAINNET, 1999, GrieBRhammeket al., 1997). Therefore sev-

Icurrently further alternaties exist, which, however, have not yet reachedeconomicalrelevance. A
comparisorof differentavailabledetegentbuilderswascarriedout by Baueret al. (1999).

2Theenvironmentalrelevanceof thesesaltemissionss discussedontroversially. Accordingto Osnavski
andRubik (1987),problemsmay occurin slow-flowing rivers,while SctbberlandHuber(1988)con-
cludethatthe contribution of detegent-basedaltto the total Germansaltloadis negligible. However,
the latter study is basedon calculationsof the total salt load ratherthan on an investigationof the
situationsin differentrivers. Thisis alarge simplification.
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eral studieswere carriedout in orderto asses&negy usagef householdaundry by
assumingdifferenttypesof washingmachinesand washinghabits,and concerningthe
temperatureusedfor washing(e.g. Group for Efficient Appliances,1995). However,
enegy-relatedandwaterborneemissionsarerelatedto eachother Thedecreasef theav-
eragewashingtemperaturénasbecomepossibledueto thedevelopmenif new detegent
ingredientssuchasthe bleachingactivatortetraacetylethylenediamif@AED) andvari-
ousenzymeqVollmer andFranz,1994). TAED enablesbleachingwith perboratesven
at temperaturedelonv 60°C, while enzymesallow for an efficient removal of proteins,
starchandfat atthesdowertemperaturesThis demonstrateghatervironmentalproduct
assessmemhethodsshouldaccountfor differentervironmentalareasof concern.

Finally, it maybestatedhatmoststudiesconcludehattheusephasein termsof erviron-
mentalimplications,is the mostimportantphaseof householdaundry This waspointed
out, for example,by GrieRhammeetal. (1997,p. 15) andin the CHAINNET (1999, p.
24) project. Both concludethatthis is alsotrue for enegy-relatedemissions.Regarding
waterborneemissionst is evenmoreobvious. Thishasledto theestablishmentf respec-
tive criteriaof anecolabefor laundrydetegentsaimedatthereductionof waterpollution
from detegentingredientsoccurringaftertheusephasgEuropeartynion, 1999a).

1.2. Instruments, tools, methods, and models

In orderto assessnd evaluateervironmentalimplicationsof humanactiities andthe
productsfulfilling or facilitating theseneeds methodologiesre requiredwhich support
ervironmentaldecision-makingprocessesin this context, it is importantto distinguish
betweermodels methodsanddecisionsupportinstrumentor systemswhich aresome-
timesalsocalledanalyticaltools (Wrisbelg andUdo deHaes 2000). Therelationshipand
interconnectrity of analyticaltoolswith managemerdandpolicy instrumentss shovn in
Figurel.1(Wrisbeg andUdo de Haes,2000).In thisfigure,the coreof theervironmen-
tal aspectsconsistsof so-called'analytical tools’ which are necessaryor (sustainable)
decision-making

Thedenotatiorianalyticaltool’ is debatablesincethiswordimplicitly raisesassociations
of atechnicalaid in orderto solve a task. ‘EnvironmentalDecisionSupportinstrument’
(EDSI) is a betterterm than ‘analytical tool’, while 1SO (DIN, 1998) calls them ‘en-
vironmentalmanagementechniques’.In this thesis,the term ‘EnvironmentalDecision
Supportinstrument’ (EDSI) is used.

EDSlsareprocesseaimedatevaluatingervironmentalaspect®f humanactuities. Their
resultsare usedin ervironmentaldecision-making.Examplesof EDSlsarelLife Cycle
AssessmenfLCA) andEnvironmentalRisk Assessmen(ERA).

30Onemayamguethatthe environmentalaspectsave too large a sharecomparedo the technical social,
andeconomicaspectsThisis mostlikely dueto thefactthatthe studyfrom which thefigureis taken
focusesnthe ervironmentalaspects.
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(from Wrisbeg andUdo deHaes,2000)

Methods aremeango performthe evaluationwithin anEDSI, i.e. amethodis in general
a formal evaluationscheme. Methodsare developedfor their applicationin a specific
EDSI. Examplesof methodsdevelopedin the context of LCA arethe ‘Eco-Indicator 99’

methodologyGoedkooyetal., 1998,GoedkoomndSpriensmal999),the ‘Environmen-
tal Designof Industrial Products’ methodology(EDIP, Hauschildet al., 1998),andthe
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‘Critical SurfaceTime’ method(CST, JollietandCrettaz,1997). The centralmethodap-
plied in ERA is the calculationof deterministicrisk characterisatiomatios. Within this
contet, modelsareformal representationsf environmentalprocessebasedon natural
science& They alsohave implicit assumptionsherentto them.Modelsmaybe applied
to differentmethodsandthereforewithin differentEDSIs. Often modelsareadaptedn
orderto applythemwithin differentmethodsIn suchanapplicationtheconsequencesf
suchadaptionshave to be analyseccarefully, sincesmall changesnay causesignificant
impacts.An exampleof a modelthatis usedin differentmethodss the multimediafate
model‘ SIMPLEBOX’ (Van de Meent,1993), which wasdevelopedfor and primarily is
appliedwithin ERA (Commissionof the EuropeanUnion, 1996a). More recently it is
usedin the LCA methodEco-Indicator99.

1.3. Aim of thesis and resear ch questions

Sectionl.1pointedoutenvironmentalaspect®f householdaundrywith aspecialkempha-
sisonwaterborneemissionsin orderto assesgheernvironmentalsoundnessf detegents
andhouseholdaundrythesassueseedo beconsideredThus,specificEDSIs,methods,
andmodelsarenecessarysincesomepecularitieshave to beconsideredThesecomprise
the importanceof local and regional variabilities, the fact that differentsubstancesre

emittedsimultaneouslyandthe large quantitiesof emittedsubstancesThe latter aspect
wasoutlinedby theEuropearCommissionwhich statedhat“washing our laundryis not

aninnocuousactivity. Laundrydetegentshavea significantcontribution to water pollu-

tion. Thisis duenotonly to chemicalscontainedn theformulationsbut alsoto thesheer
volumeof the quantitiesused” (EuropeariJnion, 1999b). For this reasonan evaluation
schemdocussingon waterpollution from the useof detegentshasto considerttheingre-

dientsof differentproductsaswell asthe quantitiesrequiredto fulfill the specificservice
of washing.In orderto identify optionsfor improvementf the stateof theervironment,
informationaboutthe mostrelevantfactorsandactorshave to be provided.

Theaim of this thesisis to develop anenvironmentalassessmemtndevaluationmethod-
ology for assessingquaticecotoxicologicaimpactsof householdaundry It shallallow
comparatre assessmenisf differentproductalternatves, differentwashinghabitsand
differentwastavatertreatmentechniques.In addition,the aspectsmentionedat the be-
ginning of this section,i.e. dependengcon regional andlocal conditions,potentialtox-
icity of chemicalmixtures,and quantitiesemittedversuswashingperformanceshould
beincluded.Sinceotherervironmentalimpactsof householdaundryareknown besides
aguatidmpactsjt oughtto bepossibleo link resultsderivedusingthisinstrumento out-
comesof othermethodologiesvhich analyseotherernvironmentalimpactsof household
laundry

“4In generalamodelis definedasasimplifiedmapof arelevantexcerptfrom reality. Its definitiondepends
onthemodel’s purposgBossel,1992). Therestrictionto naturalsciencds thereforeonly valid for the
useof modelswithin this context.
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Basedon this aim the following researchjuestionsare also addressedin the order of
appearanca thethesis):

1. Istherealreadyaninstrumentvailablewhichfulfills therequirementgivenabove?
Whatarethelimitationsof currentEDSIs,methodsandmodels?

2. How cansuchaninstrumente designed?

3. Whatis the magnitudeof aquaticimpactsof householdaundryandwhat arethe
relevantfactors?

1.4. Outline of disser tation

In thefollowing chapterit is shavn thatLCA andERA andmethodsdevelopedfor them
are bestsuitedfor the assessmerand evaluationof aquaticimpactsof householdaun-
dry. Their underlyingconceptsare thereforebriefly introduced. After this theoretical
introduction, existing LCA methodsas well as a fate model developedin the context
of ERA, the ‘Geography-efeencedReional Exposue Assessmerifool for European
Rivers’ (GREAT-ER) model, are appliedto detegentingredientsin orderto evaluate
their usefulnesgo assessaquaticimpactsof householdaundry Subsequentlyresults
from a literaturereview of existing studiesaddressinglifferentervironmentalaspectof
householdaundry are summarised.From thesefindings conclusionsaredravn, which
shav thatthe developmentof a nev methodbasedon the generalframenork of LCA is
mostappropriate The methodcombineslementdrom bothERA andLCA.

Basedon thefindingsdescribedn chapter2, thenev methodGREAT-ER productmode
is definedin chapter3. This methoduseshe GREAT-ER modelasits coreervironmen-
tal fate modelandallows the assessmerandevaluationof the aquaticfate of detegents
andwashinghabits.A casestudyin whichthe productmodeis appliedis thenintroduced
(chapterd).

Chapter5 focuseson the main study area,the Rur river basinin WesternNorth Rhine-
WestphaliaGermaly. Sincethe GREAT-ER modelhasconsiderablgyeographicatiata
requirementsthe settingup of the catchmentiatabaseandthe modellingstepsnecessary
for this are presented.In chapter6, the outcomeof this integrationis evaluatedby a
comparisorof GREAT-ER simulationresultsobtainedin the Rur catchmenivith mea-
surementf differentdetegentingredients. Scenariodasedon datafor two different
years,.e. 1993and2000,areused.

In chapter7, resultsof the GREAT-ER productmodeanalysingthe casestudy arere-
ported. A discussiorof the productmodeandof the resultsobtainedin chapter7 is laid
down in chapter8.

As afurtherapplicationof thenew evaluationmethod sustainablelevelopmenindicators
(SDIs)describingaquaticaspect®f sustainabléouseholdaundryareproposedchapter
9). Finally, in chapterl0, centralconclusionsaredravn.
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In this chapter existing approachesarereviewed andanalysedvhetherthey aresuitable
for this thesis.Firstly, in section2.1, the prime importanceof the EDSISLCA andERA
is shavn, Their coreelementsandcharacteristicarediscussedThen,four existing LCA
methodsare analysecconcerninghe way in which they modelaquaticecotoxicological
impacts. Afterwards,the GREAT-ER 1.0 modelis appliedto the Itter catchmentin
orderto judgeits capabilityin predictingriverineconcentrationsf detegentingredients.
Subsequentlyanoverview of existing studiesdealingwith environmentalimplicationsof
householdaundryis given. Sincedetegentsanddetegentingredientshave beensubject
to numerousstudiesinvestigatingdifferentervironmentalaspectspnly the mostrelevant
arediscussedFinally, conclusionsaredravn from this review.

2.1. Environmental Decision Suppor t Instruments

DifferentEDSIsusedin ervironmentaldecision-makingrocessebave beendeveloped,
seesectionl.2. Sincethey have beendevelopedwith regardto certainobjectves,they

emphasiselifferentaspectsin this section thetwo mostrelevantonesfor evaluatingthe
ervironmentalsoundnessf detegentsaredescribedPrior to this descriptionthereason
for choosinghemis given.

2.1.1. Choice of EDSIs

In orderto assessndevaluatethe ervironmentalsoundnes®sf householdaundry it is
necessaryo analysetheir environmentalimpacts. Consideringemissionand resource
consumptioralonewithout an assessmertf the likelihood of unwantedervironmental
effectsis not sufficient. Therefore EDSIsthatdo not have animpactassessmerghase
areexcluded.Fromthelist of availableEDSIs,whicharegivenin Figurel.1lasanalytical
tools,theonly onesthatperformanevaluationof (eitherpotentialor actual)ervironmen-
talimpactsareLCA andERA. Thus,aspect®f LCA andERA will beexploredin further
detail, sincetheseinstrumentsareindeedbestsuitedfor assessingndevaluatingthe en-
vironmentalimplicationsof householdaundry In fact, in almostall studiesrelatedto
householdaundryeitherLCAs or ERAswerecarriedout. For example,theappropriate-
nessof bothLCA andERA in the contet of householdaundrywasstatedoy Wrisbeg
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andGamesor(1998)in the definitiondocumenbf the CHAINET project,whichis fur-
therdescribedn section2.4.3.

Another EDSI that has beenappliedin the context of householdlaundry is material
flow accounting MFA), which is similar to substancéow analysis(SFA) (CHAINNET,
1998). SFA consistf threesteps:definition of the system quantificationof stocksand
flows, andinterpretatiorof theresults(VanderVoetetal., 1995a,b) put it doesnot per
form an assessmerdf ervironmentalimpactsof the materialflows. Bacciniand Bader
(1996)usedthe exampleof householdaundryasa casestudyfor an SFA, which helped
to identify the quantityof substancdélows. However, their environmentalrelevancehas
notbeenevaluated.In addition,GrieRhammeetal. (1997)performedan SFA for thetotal
guantityof Germanhouseholdaundry By this, the contribution of householdaundryto
the total Germanemissionsof selectedparametersn 1993 was determinedn orderto
prove the ervironmentalrelevanceof householdaundry Neverthelessthe influenceof
consumefvashinghabitsandvariableproductformulationswasanalysedy performing
an LCA. The two reasondor refraining from the useof SFA/MFA approachesrethe
lack of theconcepif working with functionalunitsandthelack of animpactassessment
phase.

2.1.2. Life Cycle Assessment

Whenfocussingon ancomparatie ervironmentalassessmemf productsjn mostcases
an LCA is carriedout. A broaddefinition of LCA is given by Walter Kl opffer on the
WWW presentatiorf the Internationallournalof LCA?®: “LCA is a processto evaluate
the ervironmentalburdensassociatedvith a product, process,or activity by identifying
and quantifyingenegy and materialsusedand wastesreleasedo the ervironment,to
assessheimpactof thoseenegy andmaterialusesandreleasego theenvironmentand
to identifyand evaluateopportunitiesto affectervironmentaimprovements

Thebasicideaof anLCA is to performa comparatie assessmentty working with func-
tional units. Thesearedefinedaccordingto the scopeof the study It allows the compar
ison of differentproductor servicealternatvesthatfulfill the samefunctionalunit with
respectto all resourceusagesand emissionsoccurringthroughoutthe entirelife cycle.
Thus,LCA is not anabsoluteassessmertf environmentalimpactsof a specificproduct
system. Due to this principle, a lack of accordancéetweenan impactpredictedby an
LCA andthe one actually being obsenable may occur (Potting, 2000,p. 7). Thisis
causedy the lack of informationregardingthe time, duration,andlocationof an emis-
sion analysedin an LCA (White et al., 1995). Although mary impactsonly occur if
thresholdsarebeingexceededmostLCA methodsaddall mamginal emissiongegardless
of whetherthresholdsirebeingexceededwhichin turn mayleadto unrealisticoutcomes.
This approachs known asthe ‘less-is-better’principle (Potting,2000,p. 17). This ap-
proachis acceptedsince“LCA is primarily atool for resouce conservatiorandpollution

hitp://www.ecomed.de/journalsé/welcome.htm
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prevention” (UdodeHaes,1996a,p. 12).

The basicframewnork of LCA waslaid down by ISO (DIN, 1998). Accordingto ISO,
LCA is a “compilation and evaluation of the inputs and the potential environmental
G /ﬁ implicationsof a productsystenthroughoutits

oal and life cycle”. It consistsof the four stepsGoal

scope and Scope Definition, Life Cycle Inventory
definition (LCI), Life Cycle Impact Assessmentl.CIA),

14040 and Life Cycle Interpretation Their relation-
shipis shavn in Figure2.1. As anLCA is a
. processthefindingsfrom onestepmay leadto
Inventory Interpretation a reiterationof anotherstep, which is denoted
analysis > 14043 by the arrows.

il In the first step, goal and scopeof the study
are defined. This includesthe definition of
the functional unit, the product system, the
boundariesthe allocationproceduresassump-
tions, limitations, typesof impactassessedata
requirementsindtheir quality, andinformations

aboutthetypeof critical review (DIN, 1998).
\;/ The secondphaseis the LCI, which aims to
Figure 2.1.: ThelSOLCA framavork compile and quantify inputs and outputsfor a
given product system throughout its life cycle
(DIN, 1998).Accordingto Kl opffer (1997),theLCI phasas “the centml, bestdeveloped

andmostscientificcomponenbf LCA”. Its resultis theinventorytable,whichis alist of
all inputsandoutputsperfunctionalunit (Kl dpffer, 1997).

The LCIA stepfollowsthe LCI. ISO definesLCIA asa“phase of LCA aimedat under
standingand evaluating the magnitudeand significanceof the potential ervironmental
impactsof a productsystem? In this step,the itemsof theinventorytablearetranslated
into potentialimpactsof definedimpactcateories. Its aim is to understandand evalu-
atethe magnitudeandsignificanceof the potentialervironmentalimpactsof the product
system(DIN, 1998). LCIA consistsof the stepsclassificationi.e. the assignmenbf the
inventory tables itemsto the definedimpact catgyories, and characterisation i.e. the
calculationof the magnitudeof the potentialervironmentalimpacts the lattergiving the
catggory indicator results(LCIA profile, DIN, 1999). Thus,all emissionsconsideredo
contribute to the sameimpactcateyory that occuranywherein the world areaggreyated
in a singlevalue. Optionaladditionalstepsare the normalisationto a referencevalue,
thegrouping i.e. afirst aggreationof the cateyory indicatorresults,weighting i.e. the
final aggregationinto onesinglevalueandthe data quality analysis which is mandatory
for comparatie assertionghat are intendedto be published. The characterisatiostep
is usually performedusingan existing method,e.g. CST or the Eco-Indicator99. How-
ever, suchLCIA methodsoften have differentequivaleny principles,which determine
the results. This hasto be consideredn the interpretationwhich is the stepfollowing

(14042)
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the LCIA. In this step,conclusionsaredravn with respecto the goal andscopeof the
studybasedon the LCI and/orLCIA outcomes Finally, a critical review shouldbe con-
ducted.In thecaseof acomparatie assertionacritical review is mandatoryDIN, 1998).
Possibilitiesandlimitations of LCA wereoftendiscussede.g.Barnthouseet al., 1998).
Methodologicaldevelopmentsare still processingespeciallyfor the Life Cycle Impact
AssessmenfLCIA) phasewhich is alsostatedby ISO (DIN, 1999). Overviews of the
state-of-the-arof LCIA are suppliedby Potting (2000)and, earlier, in the reportof the
first SETAC EuropeworkinggrouponLCIA (UdodeHaes 1996b).In thesepublications,
severalproblemsegardingLCIA arediscussedamongthemtwo of the majordiscussion
points:the ‘less-is-betterversusonly-above-thresholddebate andthe questionregard-
ing the needfor andthe extentof spatialdifferentation.Both aspectareexplainedlater.

They arealsorelatedto the aforementioneghossiblelack of accordancef predictedand
obsenableimpact.A furtherreasorfor thisis theaggreationof a hugenumberof emis-
sionsandresourcaisesin only asmallnumberof values.

Thefirst approacheto characterisecotoxicologicalmpactswithin the LCIA phaseonly
regardedthe toxicologicalhazard.For example,in the caseof the aquaticervironment,
the volume of freshwaterbeing polluted during the life cycle of a functional unit to a
maximumtolerableconcentratioflMTC) was calculated(Heijungset al., 1992). More
recently differentapproachesf varying complity alsoconsideredhe ervironmental
fate behaviour of substances their characterisatiostepse.g. asdoneby Guinéeet al.
(1996), Hauschildet al. (1998), Jolliet and Crettaz(1997) or Huijbregts et al. (2000).
Their differencesand the implicationson the outcomeof a casestudy are analysedn
section2.2. However, all thesemethods,regardlessof their inclusion of fate, have in
commonthat they arebasedon the ‘less-is-better’assumption.'Less-is-betterfavours
that option causingthe lowest score,regardlesswvhetherthis alternatve actually causes
ervironmentalimpacts. Suchmethodsmay be usedto compareproductsystemsserving
the sameneedon this basis but they areinsufiicientin assistinghe decisionwhetherthe
useof, for example,a productis ervironmentallysoundor not. This is a clearlimita-
tion for the useof LCA in mary applicationswhich hasoften beenpointedout (DIN,
1998,Barnthouseet al., 1998). Therefore,it hasbeenproposedo combineLCAs with
otherapproachesFor example,Udo de Haes(1996a)introducestwo trackswhich can
be followed from a life cycle startingpoint. “Track 1 dealswith the assessmertf po-
tential impacts. (...) In contrast, tradk 2 dealswith the prediction of actual impacts.
(Udo de Haes,1996a,p. 12). He continues statingthat a relationshipbetweernthe two
trackscanbeestablishedn orderto furtherassessmportantprocessesf theactualcase
study Also, Owens(1999)concludeghat“decisionsshouldbenefifromboththerelative
LCA approach andthe actualapproadesof othertechniquessud aservironmentafate
modelling,ervironmentalmodelling,ervironmentaimpactassessmergnd ervironmen-
tal risk assessment”

A gquestionoftendebatedconcernspatialdifferentiation.Udo de Haesetal. (1999)state
that“quite a numberof applicationsmaywell needa spatially differentiatedimpactas-
sessmeiit However, in generaltemporaland spatialinformation on all emissionsare

10
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not available. This impliesthatbackgroundconcentrationef emittedsubstancesannot
be obtained. However, againdependingon the application,somespatialinformationis

oftenavailablefrom the inventory: Someof the assumptiongandchoicesof both system
boundariesand functional unit madein the goal and scopeanalysismay imply spatial
informationthatmaybeusedin the LCIA step.For example,the assessmerf transport
processesn generalrequiresgeographicalnformation. In addition, a productis often

intendedo besoldin only onecountry which mayalreadyimply somespatialcharacter
istics. Klopffer (1995)stateghat”in favoumablecasessite-specificlatamaybeavailable
(...) In this case gxposue analysismaybe performed. However, from ageneralpoint of

view especiallythe lack of temporalandspatialinformationfor mary emissionsaswell

asfor backgroundconcentrationnhibits the determinatiorof actualimpactsin anLCA

(Saur,1997).Thisis in generalattemptedn ERA.

Facingtheseproblemsdifferentopinionsexist aboutthe relevanceandvalueof informa-
tion gainedfrom LCIA results. Someauthorsbelieve that LCIA resultsneitherpredict
actualor potentialeffectsnor estimateisks, but only analysesystemin- andoutputs(e.g.
Owens,1999). Otherauthorsbelieve that'LCIA shouldhelp usto decidewhetherand
how mud we shouldbe concernedaboutcertain emissionor resouce usesconnected
with a product(...)” (HertwichandPease1998).Heijungsetal. (1992)statedthat“LCA
is not concernedwith the degree to which a NOEC s actually exceededput with the
degreeto which it is potentiallyfilled up”. The latter two statementsmply that LCA
attemptgo analysepotentialeffects. Kl opffer (1995)stateghat“we do nothaveenough
datato calculateactualconcentationsneededor risk assessmenHazad assessmeiig
lessdemandingwith regard to dataandis therefore all we can expectto be manageable
in impactassessmentithin LCA”.

More generally HertwichandPeas€1998)seeLCA as“a tool that collects,organises,
andevaluatesscientificinformationusefulfor decisionmaking”. This broadunderstand-
ing of anLCA allows for the applicationof differentmethodsandmodelsdependingn
the specificapplication. An examplefor sucha methodof procedurds givenby Thiel
etal. (1999),who takean LCA asa basis,but extendit usingervironmentalfate mod-
elsandcomplex expertsystemsn orderto derive necessarynformation. They conclude
thata“r egional decisionsystenfor theervironmentabssessmermif anthropogeniemis-
sionsshouldtherefore consistof the four elementd.CA, fate modelling,assessingxpert
systemandGIS”.

2.1.3. Environmental Risk Assessment

Unlike LCA, ERA addressesactualimpactsor at leastthe likelihood of actualimpacts.
The main objective of ERA is to assesg€hemicalsubstancesr contaminateditesthat
posea hazardto man and/orthe ervironment. Otherrisks, e.g. by accidentsare not
consideredvithin ERA. Furthermorejn this thesisERA meanservironmentalrisk as-
sessmendf singlesubstancewith respecto ecotoxiceffects.
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In general ERA is not concernedvith productsor humanactuities assuch. Theseap-
plicationsaremainly assesselly the EDSISLCA andSFA, dependingon the purposeof
the assessmenERA investigatesingle substancewith respecto humanandecotoxic
effects. Of course thesesubstanceareemitteddueto the useof productsandfrom hu-
manactvities, but ERA dealswith singlesubstancessndnot with productsor actuities.
The mainareaof applicationof ERA is risk managemenrénd chemicallegislation. For
example,the methodologyof ervironmentalrisk assessmenmf existing andnew notified
substancem theEuropearuUnionis definedin the TechnicalGuidanceDocument§TGD,
EuropearEconomicCommunity 1996).

Themostcommonmethodto performan ERA consistf the stepshazad identification,
effectsassessmenexposue assessmenandrisk characterisation which arefollowed
by four further stepsimplementingthe risk managemenphase(Van LeeuwenandHer-
mens,1995). Hazardidentificationis theinitial identificationof adwerseeffectsthat“a
substancdasan inherent capacityto cause” (Van LeeuwenandHermens1995,p. 3).
The resultis a list of potentialeffects a substancenay causewithout quantificationof
their probability. Effect assessmens the stepin which predictedno-efect concentra-
tions (PNECs)are derived from toxicologicaldata. In the TGD, assessmeriactorsare
used,the magnitudef which dependon the dataavailability. For example,in orderto
derive PNECsfor aquaticandterrestrialcompartmentghe toxicologicaldataaredivided
by either10,50,100,0r 1000. Theresultis asetof PNECsfor thedifferentcompartments.
Exposureassessmergimsat estimatingpredictedervironmentalconcentrationg§PECS)
in the differentcompartments.The modelsappliedin the exposureassessmerdssume
emissionscenarioslependingpn the characteristicef the substancandthe producecor
importedtonnage. For the risk assessmertf existing substancesactualemissiondata
needto be provided, while for newv substancethe intendedproductionvolumeis used.
Afterwards,a setof environmentalfate modelsof varyingcompleity calculatesoncen-
trationsin thedifferentervironmentalcompartmentdasedon the emissionscenariosin
therisk characterisatiom comparisorof PECandPNECis carriedout for the different
environmentalcompartmentsAccordingto the TGD this ratio is calledthe risk charac-
terisationratio (RCR).

Thus, the objective of an ERA is to estimateactualrisks of a substancewhich canbe
seenin the factthatthe TGD alsodefinesa procedurego useervironmentalmonitoring
datafor the derivationof PECs(EuropearEconomicCommunity 1996,Part Il, section
2.2). Although the methodsto performan ERA are more advancedand more scientifi-
cally acceptedhanthoseof LCIA, someproblemsstill needto be solved. For example,
the emissionscenariogrecurrentlyonly roughestimatesAn evaluationof the exposure
partof thesystencurrentlyusedin the EuropeeatJnionwasperformedoy Berdingetal.

(2000).They concludedhatsomemodelpartsmeettheir objectves,while othersrequire
improvements.

Singlemediumaswell asmultimediamodelssuchasSIMPLEBOX (VandeMeent,1993),
CALTox (McKone,1993)or CHEMCAN (Mackayet al., 1996)are used. Their adwvan-
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2.2. Review of LCIA methodsegardingaquaticecotoxicity

tageis the fact thata large numberof chemicalscanbe assessedsingthe samemodel,
sincethey includeall ervironmentalcompartmentsHowever, this impliesintroducinga
numberof simplifications,e.g. regardingthe degreeof spatialvariability. Thesesimplifi-
cationsmaybeavoidedby usingmodelsthataredesignedor specificgroupsof chemicals
with specificemissionpathwaysAn exampleis the GREAT-ER model,whichis specif-
ically designedor ‘down-the-drain’chemicalssuchasdetegentingredients.However,
sincethis modelalsohasdisadwantagessuchasthe lack of a sedimentcompartmentit
hasto be decidedwhich modelshouldbe usedfor the environmentalrisk assessmerdf a
specificcompound.

2.2. Review of LCIA methods regarding aquatic
ecoto xicity

In orderto analysethe capabilitiesandlimitations of currentLCIA methodgor assessing
aguaticecotoxicimpactsof householdaundry four publishedmethodshave beenre-
viewedandappliedto a casestudyof domesticclotheswashingin formerWestGermary
(Schulzeetal., 2001a).In this section a brief summaryof the studyis given,from which
someconclusiongelevantfor this thesisaredrawvn.

Theoriginal purposeof thereview wasto answeltthefollowing setof questionsin which

way andto what extent doesthe inclusion of fate modelsaffect the LCIA results?Is it

necessaryo differentiatebetweersea-andfreshwateicompartments€anthe dominant
degradationand inter-mediatransferprocessee identified? The analysiswas carried
outonthebasisof the substancepecificcharacterisatiofactors(aquaticecotoxicitypo-
tentials,AETP),i.e. theproductof F; andE;, andof the catgory indicatorresults.

In orderto analysehe methodsatherthana completecasestudy emissionsof only four
ingredienthave beenconsideredTheemission®ccuraftertheusephase Thefunctional
unit is the overall amountof householdaundrybeingwashedn Germary in 1984. The
substancearetheanionicsurfactantAS, ethylenediaminetetraacetdiDTA), thefluo-
rescentwhitening agentDAS-1, a diamino stilbene(4,4’-bis-[(4-anilino-6-morphoino-
1,3,5-triazin-2-yl)amino]stilbene;2’-disulfonate),and finally the polycyclic musk oil
HHCB (1,3,4,6,7,8-heahydro-4,6,6,7,8,8-lxamethyl-gclopenta-[g]-2-benzopyrane)

EDTA wasusedasableachstabiliserduringthe 1980s but is no longerusedin Germary
dueto its chelatingpropertiesandpersistenceDAS-1 is oneof thetwo mostwidespread
detegentwhiteningagentsandHHCB is usedasa representate of perfumeoils. For
furthersimplification,it wasassumedhatLAS is the only anionicsurfactantDAS-1 the
only opticalbrighteneandHHCB theonly perfumesubstancesedin detegentsn 1984.
Dueto this,consumptiordataof detegentcomponentpublishedoy Osnavski andRubik
(1987)couldbeused.Datadescribinghefateandeffectbehaiour of thesubstancekave
beenderivedfrom aliteraturereview. Basedon theconsumptiordataandon assumptions
concerningheir fatein thewashingmachineandwastevatertreatmentan LCI tablehas
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beenderived providing quantifiedemissionsof the four substanceito surfacewater,
agriculturalsoil (from sludges)andair (in the caseof HHCB dueto volatilisationduring
wastevatertreatment)Schulzeetal., 2001a).

The four chosenLCIA methodsconsideringecotoxicity representhe developmentthat
hastakenplacewithin this impactcateyory. The methodsare(1) CML,4, i.€. theimpact
assessmergroceduredevelopedin 1992by researcherat the Centreof Environmental
Sciencen Leiden(CML, Heijungsetal., 1992),(2) EDIP (EnvironmentalDevelopment
of IndustrialProducts) a methoddevelopedby the Institutefor ProductDevelopmentat
the TechnicalUniversity of Denmark(Hauschildet al., 1998), (3) the approachbeing
developedat the SwissFederalnstituteof TechnologyLausannealledCritical Surface-
Time (CST, Jolliet and Crettaz,1997), and (4) USES-LCA (Uniform Systemfor the
Evaluationof Substancesadaptedio LCA, Huijbregts et al., 2000, Huijbregts, 1999),
which wasproposedor usein the new Dutch guidefor LCA (Guinée,2000). All four
methodscanbe appliedwithin the framewvork asdevelopedby the first SETAC working
grouponLCIA (Jolliet,1996).Accordingto thisframework, the cateyory indicatorresult
for theimpactcateory aguaticecotoxicity (aquaticecotoxicityscore AETS) is the sum
over all emittedsubstances classifiedas contributing to aquaticecotoxicity of the pro-
ductof massM; emittedaccordingto theinventorytable,a substancepecificfatefactor
F; andasubstancespecificeffect factorE,;:

AETS = Z (F; - E; - M;)
substances 1

The correctnessf thetermeffect factoris controversial,sincean LCA in generalis not
capableof assessingvhetheran effectactuallyoccursfrom the useof the functionalunit
or not. However, in line with the SETAC nomenclatureand the large majority of LCA
literature thetermeffectfactorhasbeenused. The maindifferencebetweerthe methods
is theway thefatefactoris derived. Apartfrom thefatefactor, the estimatiorof the effect
factorE; partly differs. Thisturnedoutto be,however, only of minorrelevance.

Fromthe characterisatiofactorsthefollowing conclusionsveredravn.

1. Fatematters.lIts introductioncausesa changen the resultsof over several orders
of magnitude. Also the relatve comparisonis largely affectedby it, which, for
example,canbe seenin thecomparisorof LAS andEDTA results.

2. It is necessaryo distinguishbetweernfresh-andseavater AETP variability in the
USES-LCA seavatercompartmenby emissionto freshwateicoversmorethan5
ordersof magnitude.This is dueto the closedglobalmodel. However, detegents
mainly causenegative impactsin freshwater For this reasona specificfreshwater
evaluationis necessaryasotherwiseghefreshwatemassessmemtouldbedominated
by the seavaterassessment.

3. Onthecontrary thedifferentwaysof extrapolatingtoxicologicaldataperformedn
the CML,4 andEDIP methodshave only limited influenceon the characterisation
factors.
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In thissectionjt is investigatedvhetherthefour methodsareableto contributeto theaim
of this thesis. This discussionis basedon the cateyory indicatorresults(impactscores,
AETS) for aquaticecotoxicitywhich have beenestimatedrom the AETPsandthe LCI
table. They aregivenin Table2.1. The purposeof thetableis to demonstrat¢herelative
contribution the differentmethodsassignto the substances.

Table2.1.:Categoryindicator resultsfor aquatic ecotoxicity (AETS). Thesubstances’
percentuatontributionsto the total scoresareshawn.
ImpactScore LAS EDTA DAS-1 HHCB Total

CML 14 266 409 0.6 31.9 100
EDIP acute 440 31.2 0.1 24.7 100
EDIP chronic 11.6 87.0 1.4 0.0 100
CST 1.8 95.9 0.8 1.5 100

USES-LCAfresh 1.3  89.7 1.8 7.2 100
USES-LCAsea 0.0 990 0.3 0.7 100

The cateyory indicatorresultsshav therelative importanceof the four ingredientsn the
assessmertf the investigatedexample,as calculatedoy the four methods. The results
differ largely. Theintroductionof fate parameterslecreasethe contribution of LAS sig-
nificantly,. USES-LCA apportionsgreatersignificanceto HHCB thanto LAS, which
seemglebatableln addition,the dominanceof EDTA, which only accountgor 0.3%of
thedetegentcomparedo 8% for LAS, surprisesandseemsalsodebatable.

However, no informationregardingthe ernvironmentalsoundnes®sf the ingredientscan

be derived from the figures,sincethe cateyory indicatorresultsdo not containinforma-

tion of theernvironmentalrelevanceof theemissionsTheadwantageof anLCA approach
remainsthereforein the conceptof relatve assessmentsasedon a functionalunit. This

approaclonly allows the evaluationof differentproductalternatvesor washinghabits.

Furtherconclusiongnay be and have beendravn with respecto the applicationof the
four methodsn LCIAs. Thesearepresentedn the article (Schulzeetal., 2001a).How-

ever, they do not give furtherinsightrelevantfor the aim of this thesis. For this reason,
they arenotfurtherelaboratedhere.

2.3. Applying GREAT-ER to the Itter catc hment

Having reviewedandtestedexisting LCIA methodgegardingthewaythey assesaquatic
ecotoxicologicaimpacts,anaquaticfate modeldevelopedin the contect of ERA is anal-
ysedin this sectionwith respecto its usefulnesn this thesis.
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2.3.1. The GREAT-ER model

The Geogaphy-efeenced Ragional Exposue Assessmentool for European Rivers
(GREAT-ER) is specificallydevelopedto assesshefate of ‘down-the-drain’chemicals,
to which detegentingredientsbelong. This makesGREAT-ER highly suitablefor use
in the fate assessmerdf detegents. In this section, GREAT-ER’s core principlesare
explainedandits ability to predictobsenableconcentration®f detegentingredientsn
surfacewateris investigated.

Model concepts

GREAT-ER is a simulationmodelto calculatedistributionsof predictedervironmental
concentration®sf ‘down-thedrain’ chemicalgn differentriver stretcheslt simulateshe
ervironmentalfate of chemicaldn riverinewater whichis pollutedby point sourceemis-
sionsvia the saveragesystemanda wastevatertreatmenfplant. The steady-statenodel
calculategoncentrationghatarelikely to befoundin riversdueto aregularuseof these
chemicalsijt is thusnota modelsystemaddressingccidentiareleasesA moredetailed
descriptionof the modelapproachandthe backgroundeadingto its developmentwas
givenby Feijtel etal. (1997),andMatthieset al. (1997,2000).

GREAT-ER combinesthe Geographicalnformation System(GIS) ARcVIEW' and
its possibilitiesto store,analyseand visualisegeoreferencedatawith a setof models
simulatingthe emissionof chemicalstreatmenin wastevatertreatmenplants(WWTP)
andfatein thereceving riverinewaterby consideringvariouseliminationprocesses.

Theheartof themodelsystems adigital representatioof ariver networkwhichis repre-
sentedy thecoordinate®f riversegmentsjn GREAT-ER calledstretchestogethemwith

topologicalinformation, e.g. flow directions,confluencesor bifurcations,andthe river
attribute datafor eachstretchsuchasthe lengthof a stretchandits flow statistics,given
aslognormaldistributions. Themainpartof thesimulationmodelis anapplicationof the
CEMOS/WATER MODEL (TrappandMatthies,1998)which calculateslongitudinalone-
dimensionabpatialconcentratiomprofilein asingleriver stretchdownstreanfrom a point
source.A possibleupstreanconcentrations includedby performinga mass-balance

estimateaninitial concentrationn the stretch.The concentratiomprofile in ariver stretch
is obtainedby consideringemoval processeDifferentmodesof compleity exist which
calculatethe eliminationprocesses avaryingdetail.

Thismodelis appliedto thecomple river networkby simulatingtheconcentratiorprofile
separatelyffor eachstretch. The emissiondatain GREAT-ER arebasedon a percapita
consumptiorof the substanceAs the populationconnectedo a dischage siteis partof
the input data, the load enteringthe severagesystemcan be determinedor eachsite.
Basedon this information GREAT-ER simulatesthe ervironmentalfate in the sewver-
agesystemthe WWTP andfinally the receving surfacewaters. GREAT-ER offersthe
possibility to modeladditionalinput into the surfacewaters,given asadditionalload at
thedefineddischagesites.Furthermorea (possiblygeogenicpackgrounctoncentration
canbeentered.
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2.3. Applying GREAT-ER to theltter catchment

GREAT-ER combinegdeterministicandstochastigartsin orderto dealwith theuncer
taintiesandtemporalvariationsof the input parameterdy meansof Monte Carlo simu-
lations: A simulationconsistsof carryingout a chosemumberof runs,e.g. 10,000. In
eachrunavalueis estimatedor eachdistributedinput parametedependingonarandom
number All parametergxceptfor the consumptiorrate may be distributed. At leastthe
hydrologicalparameters,e. flow andflow velocities,arelognormallydistributed,since
they belongto the corecatchmentlata.Whena simulationrun, calledMonte Carloshot,
is defined,the deterministicsimulationfor this run is carriedout. This is repeatedhe
chosemumberof times,resultingin atwo-dimensionadistribution of predictederviron-
mentalconcentrationgor eachstretchof the river network. A graphicaluserinterface
(GUI) developedon top of the ARCVIEW GUI permitsthatthe useof the modelis easy
A typical GREAT-ER screercanbeseenn Figure2.2.

GREAT-ER results

The GREAT-ER model calculatesvariousresults. In general, GREAT-ER calculates
a two-dimensionakpatialandtemporaldistribution of predictedervironmentalconcen-
trationsfor eachriver stretch. The spatialaspects describedoy concentratiorprofiles
for eachstretch,which are describedby threedifferentconcentrationsij.e. the start-
NG (Csim start), the end (Cym ena), andthe meanconcentration(Cgim internal). 1he data
uncertainty-and variability-basedlistribution is due to the Monte Carlo analysisandis
expressedy the meanand standarddeviation for eachof the calculatedconcentrations
mentionedabore. From this information, differentpercentilesof calculatedconcentra-
tions canbe derived. This seconddistribution implicitly includessometemporalvaria-
tions, becausehe hydrologicaldatareflectannualflow distributions. Resultsare stored
in dBasetablesfor further processing.The userinterfacedisplaysthe resultsandallows
to examinethem.

An attemptto aggregjatethe numerousresultscalculatedin a scenariointo only a few
figuresis thecalculationof two concentrationgor thewhole catchmenti.e. PEC...¢chment
andPEG,itia. PECatchment CANbe comparedo PEG.ional, asdefinedin the TGD, and
represent& meanconcentratiorin the catchmentwhereasPEG,,ii;.1 Canbe interpreted
analogousliyto PEG,.,, of the TGD, andrepresents meanconcentratiordirectly belov
dischages. Differentoptionsconcerningthe weighting of the PEC..;chment are imple-
mented. Both valueshave a certainpower to describethe ervironmentalconcentrations
on a catchmentscale. The advantagesand problemsof thesenew PEC definitionsare
discussedby Boeijeetal. (2000). Oneaspecis alsoaddresseth thediscussiorgivenin
section8.1.5.

2.3.2. Case study ltter catchment

In orderto assessvhetherandhow GREAT-ER is capableof predictingobsenrablecon-
centration®f detegentingredientsn Germauy, theltter catchments usedasatestcatch-
ment,asit is the only Germancatchmentprovided on the GREAT-ER CD (ECETOC,
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2000). Thesesimulationsare alsousedto generallyjudgethe accurag of GREAT-ER
in predictingLAS andboronconcentrations In this contet, accuray is definedasan
agreemenbetweerestimatecandobsened concentrations.

Theltter is a smallertributaryof theriver Rhine. It devatersa catchmentreaof 45 km?
andis stronglyimpairedby treatedwastewater Water managemenin the catchmenis
carriedout by thelocal waterauthorities Bergish-Rheinisber Wasserverband(BRW),
which collectsandmaintainsall necessarinputdatarelatedo hydrology dischages,and
ernvironmentalmonitoringof waterquality. Thecatchmenareaandrelevantgeographical
informationareshowvn in Figure2.2.

Window Hep Product GREATER Substance Cafchmert Model Anslysis Display GREATHely alpha

| Gair mean frga)
100

Sg-Graefragh

Origin: (6.94, 51.18) dg Extent: (0.0, 0.01] Area 0.00sg

Figure2.2.:The Itter catchment: WWTPs(dots),monitoringsites(asterisks)the river
networkandthe catchmentrea

Dischar ge site data

ThreeWWTPs (i.e. Solingen(Sg)-Gafrath, Sg-Ohligs,and Hilden) dischage treated
wastevaterinto the Itter. Theseare all actvatedsludgeplants. 70% of the meandry

2An articleaddressinghis containingresultsgivenhereaswell asfurtherresults waspublished Schibder
etal.,2001).
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weatherflow at the confluencewith the Rhine consistsof treatedwastewater which
shaws the significanceof anthropogenidnfluences.The dischage site dataaregivenin
Table2.2.

Table2.2.:Dischargesite data in the Itter catchment
Sg-Giafrath Sg-Ohligs Hilden >
Population 11,672 88,180 64,383 164,235
Effluentflow (m?/s) 0.08 0.314  0.173 0.495

Hydrological data

In the headwatersf the Itter, which areonly moderatelyimpairedby humanactvities,

severalsmallertributariesflow into theltter. Also, Sg-Giafrath,asmalleractvatedsludge
typewastavatertreatmenplant,dischagesinto this sectionof the catchmentin themid-

dle partof theltter, thelargestWWTR, Sg-Ohligs.andthelargesttributary, theLochbach,
dischage into the Itter: At Sg-Ohligs,a meaneffluent flow rate of 0.314m?/s is dis-

chagedinto theltter which upstreanfrom this pointonly hasa meandry weatheiflow of

0.22m?/s. Immediatelyafter the Sg-Ohligsdischage the Lochbachflows into the Itter,

whichincreasesheltter meanflow by 0.07m?/s. Thus,below this pointthe Itter's mean
flow is morethandoubled.

Furtherdownstreamupstreanfrom the Hilden WWTR, which hasa meandischage of
0.173m?/s, the Itter bifurcates:Assumingmeanflow conditions,0.72m?/s flow into the
Itter and0.1 m?/s leave the catchmenvia the HorsterFlutgraben A secondifurcationis
locatedupstreanfrom theltter’s confluencewith the River Rhine. The addedmeanflow
of thesetwo river courseghatboth dischage into the Rhineis 0.89m?/s. Hydrological
scenarioslerivedfrom theBRW datawerepublishedoy Schulzeetal. (1999). Apartfrom
the dischages,otherhumanactuities suchasthe straighteningof the lower coursealso
have alargeimpactontheriver’'secosystem.

Monitoring data

The objectie of the Itter monitoringprogrammesetup in 1996, wasto determinecon-
centrationof LAS andboronaswell aswaterquality parameter¢Schibderetal., 2000).
Altogether thirteensites,including the effluentsof the threeWWTPs,were sampledus-
ing automaticsamplers Additional grabsamplesveretakenin all tributariesof the Itter
andat additionalsitesof interest.All measuredoncentrationseferredto in this section
aremeanvaluesbasedn 12 to 72 singlemeasurements.

All measurediataaregivenasmeansandasstandardieviations. However, no statistical
analysiswas conductedwith respectto the distribution type of the monitoring data. It

hasnot beenanalysedn the monitoringprogrammewhethera symmetricdistributionis

realistic.
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Model input parameter s

The main input parametersequiredby the GREAT-ER modelarethe releaserate(i.e.
amountof chemicaldischagedpertime unit into theriver), theflow rateof theriver, and
thein-streamremoval rate. In the caseof detegentingredientsthe releasento theriver
canbecalculatedf consumptiorfiguresandinformationontheremoval in the severage
systemandWWTP areknown.

The test substancesf the GREAT-ER developmentphase,i.e. LAS andboron, are
chosemasexamplesubstancesror thesesubstancedKW 2 and TEGEWA*, the German
associationsf detegentandsurfactanmanufacturers;ollectproductionfiguresfor Ger
mary. In 1996 ,theyearof themonitoringprogrammel.AS andboronconsumptiorfrom
theusein detegentsandcleaningagentsnvereestimatedo be 39,000t LAS (TEGEWA,
1994),i.e. 0.4875kg per capitaandyear and 66,000t sodiumperborateéetrahydrate
(IKW, 1994)respectrely, whichis equialentto 0.0579kg boronper capitaandyear

Physico-chemicaparameterswhich are requiredfor simulationsapplying the mode 1
models,are suppliedwith the GREAT-ER model. For the severagesystem,mode 2
wasapplied,i.e. a constaneliminationfactorfor modellingthe losseshatoccurduring
transportin the severswaschosen.10,000Monte Carlo shotswere performedin each
simulation.

2.3.3. Results

Boronwaschoserasaninert tracerthatdoesnot undego eliminationprocessesThus,
the accurag of the hydrologicalscenariosnay be judgedby comparingthe goodness
of simulationresultsfor boron. Therefore first the boron simulationresultsare given.
Afterwards theresultsconcerning_AS arepresented.

Boron

During the washingprocessthe bleachingagentsodium perboratetetrahydratebreaks
down into dissohedborate whichremainsstableduringtransporin theseveragesystem
andduring wastevater treatment. In addition, no elimination processe$rom the water
columnoccurin the surfacewaters,so that the only factorsdeterminingriverineboron
concentrationgre emission,dilution in the differentstretchesandthe geogenicback-
groundconcentration.As boroncanbe analysedathersimply in watersamplesijt is a
suitablecompoundfor checkingthe quality of the hydrologicalpartof the GREAT-ER
system.

Anthropogenidoronemissionsaremainly dueto its usein detegentsandothercleaning
products.Additionally, it is usedin the photochemicalglass,andgalvanicindustriesas
well asto someextentasa fertilizer in agriculture(Metzneretal., 1999). Furtherinfor-
mationon the useof boroncompoundsaswell asresultsof monitoring programmess

3IndustrieverbandK drperpflge-und Waschmittele. V.
4Verbandder Textilhilfsmittel-, Lederhilfsmittel-,Gerbstof- undWaschrohstdfindustriee.\.
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given by Dietz (1975), Raymondand Butterwick (1992), Haberer(1996),and Metzner
etal. (1999).

An annualpercapitaconsumptionof 0.0579kg boronanda backgroundconcentration
of 55 1:.g/l wereused.Thebackgroundconcentratiorwasdetermineddy analyticalmea-
surementsn the headwatersf theltter. In addition,anadditionaldischage of 5470kg
boron per yearwasassumedo occurat Sg-OhligsWWTP. This is basedon measure-
mentstakenfrom theeffluentsof the WWTR, whichwerehigherthanexpecteddueto the
useof perboraten detegents. Theseadditionaldischagesare mostprobablydueto in-
dustrialactwvities. In Solingenabout70 companiesreactivein thefield of electroplating
(BRW, 2000),in which boronis usedfor cleaningmetallic surfacesor for neutralisation
processeg¢Dietz, 1975). GREAT-ER resultscomparedo monitoring dataare givenin
Figure2.3.
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Figure2.3..GREAT-ER resultsfor boronin the Itter vs. measuementsAt Sg-Ohligs
WWTP (near9 km), an additionalboroninput of 5 470 kg/awas applied,
basedn measurementsom the WWTP effluent.

Despitesomeminor deviations betweenmeasuredand predictedmeanconcentrations,
GREAT-ER gives an accuratepicture of the actualboron concentrationsn the lItter.
Thereforejt maybe concludedhatgenericconsumptiorfiguresareaptto describecon-
centrationsn the watercolumn. The only necessargite-specificexpert knowledgeis
the additionalinput at Sg-OhligsWWTP, the value of which wasdetermineccomparing
monitoringandsimulationdata,andwhich maywell be explainedby industrialeffluents.
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LAS default scenario - ECETOC data set

LAS is oneof the major surfactantsisedin detegents.Unlike boron,LAS canbeelim-
inatedfrom wastevaterand surfacewatersby adsorptionand by biodegradation.In the
easiesGREAT-ER compl«ity moderemoval in theWWTP is calculatedbn the basisof
a percentageemoval while removal in theriver is basedon pseudo-first-ordekinetics.
Both valuesarelumpedfigureswhich combinebothbiodeggradationandadsorption.

A first simulationwascarriedout basedon genericGermanconsumptiordataand sub-
stancedataprovided by ECETOC (2000,i.e. 25% saver removal and98% removal in
the WWTP respectrely aswell as a pseudo-first-ordein-streamremoval rate of 0.06
h='). In the remainderthis datasetis referredto asthe ECETOC dataset. In addition,
a backgroundconcentratiorof 5 g/l is applied,which seemssurprising,but which was
repeatedlymeasuredn the headwatersf the catchmentRun-of from agriculturalsoils
thatarefertilisedwith sevagesludgecontainingLAS maybeareasorfor this.

100 T T T T T

T T T T

Means of calculated concentrations
90%iles of calculated concentrations -------

90 F Monitoring 1996 (mean +/- sd) +--+---! |

80 ! 4
70 + i

60 - ! g

LAS concentration [ug/l]

0 2 4 6 8 10 12 14 16 18 20
River Itter [km]

Figure2.4.:GREAT-ER resultsfor LAS in the Itter vs. measuements(ECETOC
data set)

It canbe seenin Figure2.4that GREAT-ER overestimatesneanriverineLAS concen-
trationsby lessthana factor of 2, which is a goodresultfor a first simulation. How-
ever, calibrationis carriedout to increasethe model’s accurag. As the resultsof the
boronsimulationrevealedthatthe basicassumptiongaboutthe hydrologyarecorrectand
that genericconsumptiorfigurescanbe applied,the effect of the WWTP andin-stream
removal figureswasinvestigatedn subsequensteps,while the sever removal rate re-
mained.
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2.3. Applying GREAT-ER to theltter catchment

Improved LAS scenario - Itter data set

Differentcombinationsof in-streamremoval ratesand WWTP efficienciesweretested,
from which a combinationof 25% sever removal efficiency, 98% WWTP efficiency (for
activatedsludgeplants)and an in-streamremoval rate, which is uniformly distributed
betweer0.03and0.35h~!, givesbestresults.Theuppervaluewasdeterminedn the Rur
(Schibder,1995a)and the Anger (Schidderand Reichenspeayer, 1998, Schibderet al.,
1999) rivers, while the lower value correspondgo a half-life of 23 hours,which was
determinedn theltter stretchedelon HildenWWTP. Figure2.5shavs simulationresults
for the Itter river by usingthis dataset,whichin the remaindeiis referredto asthe Itter
dataset. Again,theabose-mentionedackgrounctoncentratiorof 5 g/l wasassumed.
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Figure2.5.:GREAT-ER resultsfor LAS in the Itter vs. measuements(Itter data
set)

Only closeto thecatchmens outleta smalldiscrepang betweemmeasure@ndsimulated
mearnvaluescanbeseenwhichis dueto thefactthattheretheobseredin-streanremoval

rateis very small,i.e. equalto thelower boundof thein-streanmremoval ratedistribution

usedin thesimulation.

2.3.4. Discussion

The aim of this sectionwasto assessvhetherGREAT-ER is ableto predictconcentra-
tionsof detegentingredientdhatarein therangeof themeasuredalues.As afirst result
it canbestatedthatby usingdefaultvaluesnext to genericGermanconsumptiordatathe
aimof GREAT-ER, i.e. anaccurag of upto afactorof 3, is achievedwith respecto the
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calculationoof boronandLAS in theltter catchmentTheresultscanbefurtherimproved
by applyingmoresite-specifiovalues.In addition,thework revealsthatreleaseatesplay
acrucialrolein the predictionof ervironmentalconcentrations.

An analysisof the boronresultsrevealsthatfor the meanconcentrationshe mamgin of

errorwasa maximumof 30% andthat the calculatedconcentratiorprofile givesa true
pictureof the boronconcentrationgn the Itter. This leadsto the conclusionthatgeneric
consumptiordatacanbe usedfor the simulationof typical detegentingredients.

While boronis not removed from wastavater LAS is eliminatedby adsorptionaswell

asbiodggradation. Theseprocessesantakeplacein seversaswell asin WWTPsand
surfacewaters. GREAT-ER is ableto take thesevariousprocesse@to account. The

amountof dataGREAT-ER needsdependson the chosencompleity modeof the cal-

culation. In its simplestmode,eliminationin the WWTP is basedon simple percentual
removal figures. ECETOC (2000) suggested genericdatasetfor removal in severage
systemsWWTPs,andriverswhich wasmainly basedon datageneratedn the UK. Ap-

plicationof thesedataleadsto deviationsbetweermonitoringandsimulationresults.By

adjustingthe in-streamremoval ratesthe accuray is significantlyimproved. As this de-

rivedin-streanmremoval rateis notafixedvaluebut is ratherdescribedasa distribution, it

is morelikely thatthis parametecanbetransferredo adifferentcatchment.

An obsenation currentlynotreflectedoy the modelis spatialvariability of the in-stream
removal rates. In principle, the GREAT-ER softwarecould be extendedto accountfor
thisif modelequationdor differentsubstanceandcatchmentsvereavailable.A statisti-
calapproacho derive LAS in-streanremoval ratesbasednthewaterquality parameters
TOC andammoniawasformulatedandcalibratedfor the Itter catchmen{Schulzeet al.,
1999), but no similar studiesare known for other substancesnd/orcatchments.lt is,
however, questionablewhetherthis increasediccuray is neededn the contect of anen-
vironmentalrisk assessmertf chemicalsfor which GREAT-ER wasdeveloped. With
respectto a comparisonof detegentsasintendedin this thesis, it is even more ques-
tionable,assuchaccuratenodellingwould thenhave to be conductedor all considered
detegentingredients.

Concluding,it canbe statedthat GREAT-ER is ableto predictrealisticLAS andboron
concentrationsn the watercolumnof the Itter. It is thereforea potentially usefultool
in assessingquaticecotoxicologicaimpactscausedoy householdaundry However, a
currentweaknes®f themodelis thefactthatno concentrationg theriver sedimentsare
calculated.
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2.4. Ernvironmentalassessmerstudiesrelatedto householdaundry

2.4. Environmental assessment studies related to
household laundry

Within the first threesectionsof this chaptey a theoreticaldiscussiorof ERA andLCA

anda practicalapplicationof methodsandmodelsdevelopedfor theseinstrumenthave
beenperformed.Within this section,existing studiesareintroduced. This analysisaims
to identify existing approachesind studiesusefulin the context of this thesis. Studies
usingboth LCA andERA arereviewed. Furthermore this overview demonstrateshe
relevanceof thewaterborneemission®ccurringaftertheusephaseof householdaundry

sincealmostall listed studies,exceptfor the LCI givenin section2.4.4,analysedhese
emissiondo someextent.

2.4.1. Comprehensive product assessment ‘Washing and
washing agents’

Thegoalof thecomprehensie productassessmeriVashingandWashingAgents’ (Pro-
duktlinienanalyséWasden & Wasdmittel’, PLA) was“to optimisethe useof washing
agents,to determinethe washingagentconceptsthat are particularly suitedfor sudh
optimisation,and to establishthe specificcontributionsof the variousactorsto product
systemoptimisation” (Griehammeet al., 1997,p. 9). The optimisationgoalsfollow
from the model of sustainablaelevelopment. The core of the study consistsof an LCA
for which a methodologyhasbeendevelopedon the basisof the methodprovided by
CML/SETAC (Consolietal., 1993).In addition,the ecoscarcitymethod(Muller-Wenck,
1994) hasbeenappliedand normalisationhasbeenperformedwith respecto national
andinternationakrnvironmentalpolicy targets(GrieBhammeetal., 1997,p. 10). Finally,
a scoringmodelto assespotentialaquaticecotoxicologicaimpactsresultingfrom the
useof laundrydetegentshasbeenapplied. This scoringsystemis partof the evaluation
systemusedby the EuropeanUnion in the EcolabelAward Scheme(EuropeanUnion,
1995,1999a). The LCA wascarriedout in a collaboratve effort by industry and the
Oko-Institute.V,, which hasbeenthe leadingorganisationin this project. In addition,
differentstakeholdersamongothersindustrialandgovernmentabrganisationgswell as
consumemssociationsaccompaniedhe processThe PLA is peerreviewed. Next to the
LCA, anMFA with respecto overall householdaundryin Germary hasbeenperformed,
which calculatedhe contribution to selectechationalpollutantemissions.

Within the PLA, modeldetegentsandusehabitsweredefined. The modeldeteggentsare
basedon information provided by industry while the usehabitsare basedon statistical
data. Both modeldetegentsandusehabitsaregivenin chapter4. The studyidentified
aguaticecotoxicity global warming,acidification,and photochemicatmogasthe most
relevantimpactcateyories thefirst dueto waterborngeleasesf detegentingredientsaf-
teruse thelatterthreemostlydueto enegy-relatedemissiongGrieBhammeetal., 1997,
p.12).
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The scoringsystemfor evaluatingaquaticecotoxicologicaimpactsoccurringafter the
use phaseanalysegletegentingredientswith respectto the eight criteria total chemi-
cals, critical dilution volume, phosphatesnsolubleinorganics,solubleinorganics,non-
biodegradableorganics(aerobicand anaerobic),and biological oxygendemand. The
scoringsystemis accompaniedy the DetegentingredientsDatabas€DID), in which
85 detegentingredientsare listed with valuesfor the eight criteria are given. From
this databasenda productformulation,a productspecificscoreis estimated European
Union, 1999a)usinga definedprocedure.However, this scoringsystem,andespecially
thethresholdsindexclusionhurdlescontainedaredifficult to interpret,sincethey do not
allow for the verificationof their appropriatenessy ernvironmentalmonitoring. The en-
vironmentalrelevanceof this systemcanthereforeonly be evaluatedwith greatdifficulty.

Besidesan ecologicalevaluation,economicandsocialaspectave alsobeenaddressed.
It wasconcludedhatthe ecologicallypreferableoptionwasalsothe economicallyopti-
mal alternatve. An interestingsocialaspectoncernghetime requirement®f household
laundry which haveremainecdtconstantn recentdecadeslespiteheintroductionof wash-
ing machines.Onereasorfor this is the steadilyincreasingamountof laundrywhich is
obsenablefor the sametime span(GrieRhammeetal., 1997,p. 16).

The study closeswith recommendationfr furtherimprovementsnamelythe substitu-
tion of corventionalheary duty detegents,the optimisationof productswith respecto
enegy consumptiorandemissionsaswell asa reductionof the ecotoxicologicapoten-
tial by improvementsor substitutionsf singlesubstanceéGrieBhammeetal., 1997,p.
154).

2.4.2. Environmental risk assessment of detergent chemicals

Duringtheninetiesajoint projectwascarriedout by the DutchMinistry of Housing,Spa-
tial Planningandthe Ernvironment(VROM) andthe Dutch SoapandDetegentsAssoci-
ation (NVZ) aiming at an ervironmentalrisk assessmerdf detegentchemicals.Based
on this, the Europearnindustrial Associationgelatedto detegents,Associationinterna-
tionaledela Savonneriedela DétegenceetdesProduitsd’Entretien(AISE) andComig
EuropeendesAgentsde Surfaceet leursintermédiaires Organiqueg CESIO),organised
a seriesof workshopsn which the experiencegainedin the projecthave beenreviewed.
Proceedingfave beenpublished(AISE/CESIO,1996). The mainresultshave alsobeen
publishedn areportreleasedby the DutchNationallnstituteof PublicHealthandthe En-
vironment(RIVM FeijtelandVande Plasschel995)andin a seriesof articles(Matthijs
etal., 2000,Feijtel etal., 2000,Vande Plasschetal., 2000).

The ERA was carriedout for four major surfactantausedin detegents,which are the
3 anionicsurfactantdinear alkylbenzenesulphonatgLAS), alkyl ethersulphate(AES),
andsoapandthe nonionicsurfactantlcoholethoxylathgAE). It wasconcludedhatthe
four surfactantseitherposedsignificantrisks to Dutch river ecosystemsor to the ma-
rine ervironment,provided secondaryreatmenis performedn the WWTPs. Regarding
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the terrestrialervironment,a lack of effect datawasemphasisedyhich madean overall
conclusiondifficult. However, no immediateconcernwasindicatedby the assessment.
(AISE/CESIO,1996,p. 53).

As part of the ERA a monitoring programmeaimedat the determinatiorof WWTP ef-
ficienciesfor the consideredsurfactantsaswell asfor boronandBOD was carriedout
in 7 WWTPs (Matthijs et al., 2000). Efficiencieswere distinguishedbetweenprimary,
i.e. afterhaving passedhe primary settler andtotal removal. Model calculationsusing
the WWTP modelsSIMPLETREAT (Struijsetal., 1991)andWWTREAT (Cowanetal.,
1993)werethencomparedo themeasurementdn addition,averageremoval efficiencies
in the saveragesystemswvereestimatedoy comparingmeasurednfluentconcentrations
to calculatedemissionsdasedon genericDutch consumptiordata. Finally, predictedin-
streammeanconcentrationsat 1000 metresbelowv a dischage consideringan average
dilution ratio (determinedoy De Greefand De Nijs, 1990) and assumingdifferentin-
streanremoval rateswerecalculated Feijtel etal., 2000,AISE/CESIO,1996,p. 20).

Besidesexposureassessmenboth an effect assessmeranda risk characterisatiomwere
carriedout. Toxicological datawere takenfrom literature. Normalisation,which in-
tendsto achieze comparabilityof the differenthomologuesof a substancewascarried
out within the ERA. For the marineervironment,PNECswerederived from freshwater
PNECSs(AISE/CESIO,1996,p. 52), which is seenasreasonablavith respecto existing
experimentaldatapublishedby FeijtelandVande Plassch€1995). However, someopen
guestionsaandresearcmeedswereaddresseth this topic, suchassedimentatiorof sur
factantsinto anaerobicernvironmentsand differing speciationand bioaccumulatorrates
in salinewaters(AISE/CESIO,1996,p. 52).

Further investigatedaspectsare the toxicity of mixtures, uncertaintiesin both expo-
sureand effect modelling, and the risk characterisatioof sediments.Finally, remain-
ing questionsand uncertaintiesn the assessmenwerediscussed Among thesearethe
temperature-dependegnef microbialdegradatiorandtheextrapolationin spaceandtime.
Concerningthe mixture toxicity of surfactantsadditive toxicity is seenasthe appropri-
ateconserative approach(AISE/CESIO,1996,p.46). Geographicaéxtrapolationsneed
to takeinto accountspatialvariabilitiesof mary parameterse.g. hydrologicalvariabil-
ities or the percentagef populationbeingconnectedo a WWTP. The aforementioned
GREAT-ER modelis seerasapossiblevayto considethesevariabilities(AISE/CESIO,
1996,p. 55-56).

Within this thesis the measurecatliminationefficienciesof the4 compoundsreused.In
addition, the conclusiongdravn in the study concerningmixture toxicity arereferredto
laterin this thesis.

2.4.3. CHAINET case study 'Domestic washing of clothes’

CHAINET is aconcertedactionof the EU ernvironmentandclimateprogrammelt was
initiated in Decemberl997andendedin October1999(Wrisbelg andGameson1998).
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Theaim of CHAINET wasto develop a guidebookadvisingpractitionerson how to se-
lectthe mostrelevantandhelpful ervironmentalassessmerbolsfor a specificdecision.
The guidebook,which is not yet complete,includesresultsfrom 3 casestudies,one of

which is domesticwashingof clothes.Preliminaryresultsof this casestudyaresampled
in the 2" draftreport(CHAINNET, 1999).

Within this draft report, no resultsof actuallyperformedernvironmentalassessmentre
given,but aspect®f householdaundryrelevantfor anernvironmentalassessmerarelaid
out. In addition,stakeholdersontrollingtheseaspectareidentified. At theend,pastand
ongoingresearclactvities relatedto householdaundryarelisted.

The projectexplicitly mentionsthe decision-orientedapproach. Differentinstruments
shouldbe used eitherexclusive or combined dependingon the specificquestions.Con-
cerninghouseholdaundry LCA is mentionedn orderto identify the dominantimpacts
and ERA is proposedfor the ervironmentalassessmendf the detegent constituents,
which shall considerlocal conditions(Wrisbeig and Gameson,1998,p. 26). Further
mentionedtools are MFA for solid wastedisposaland both Material Intensity Analysis
(MIA) and Cumulative Enegy Requirement#nalysis (CERA) for assessingossibili-
tiesto improve the eco-eficiengy of the productchain. In line with the findings of the
CHAINET casestudy elementgrom bothLCA andERA arecombinedn thisthesis.

2.4.4. European LCI for detergent surfactants production

In 1995, the outcomeof a Life Cycle Inventory (LCI) for the major surfactantd AS,

alkohol sulphate(AS), AES, soap,secondaryalkanesulphonatgSAS), AE, and alkyl

polyglucoside(APG) waspublished.The LCI wasconductedy the EuropearLCl sur

factantstudygroup(CEFIC/ECOSOL)A large databasshouldbe developedcontaining
datafor all processesvolved in the productionof thesecompoundgTenside,Surfac-
tants,& Detegents,1995). Enegy andmaterialrequirementaswell asernvironmental
emissionandsolidwasteassociatewvith all phase®f thesurfactanproductionwerecol-

lected(Stalmanset al., 1995). Conclusionf the peerreview were published(Kl opffer
etal., 1995).

Besidesproductionof the detegentingredients,an LCI for the confectionof typical
householdletegentswasperformed(Frankeet al., 1995). Sinceonly thesestepsof the
life-cycle areconsideredndno link is dravn to detegentusagesthe studiesareonly of
limited relevanceto this thesis.In addition,no impactassessmertasbeenperformedn
this LCI. Thus,it doesnotpermitto drav conclusionsaboutthe ervironmentalrelevance
of thevariousproductionprocessedHowever, dueto thelargeeffort involvedin develop-
ing this databas@andsinceit providesa basisfor the aforementionedPLA, it is touched
uponhere.Furthermoresomesubstanceatagivenin the LCI areusedwithin thisthesis.
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2.4.5. Further related studies

In this section,somefurtherstudiesarelisted. Many of thesewerecarriedout by a small
group,in contrasto thelargerprojectsdiscusse@bove. Almostall studiesitherperform
anLCA oranERA.

A large numberof studiesinvestigateervironmentalrisks dueto the useof single sub-
stancesn detegents.Thesestudiescombinelaboratorytests field studiesandmodelling.
Sinceall existing studiesin this field aretoo numerousthey arenot listedin this thesis,
unlesstheir resultsare later referredto. ‘The Germanstandingtedinical committeeon

synthetiaddetegents’performed literaturereview of ecologicallyrelevantdatafor deter

gentingredients poth surfactantand otheringredients. They investigatedaspectsuch
astoxicity, degradability bioaccumulationmnetabolitesinteractionwith metalsandcon-
tribution to eutrophicatiorand salt content. The resultswere publishedin two articles,
onediscussinghe surfactant{Schbberl et al., 1988),the seconddealingwith the other
ingredientdSchbberlandHuber, 1988).

A coupleof studiesattemptto assesshe mixturetoxicity of detegentsandtheiringredi-
ents.Laboratorytestson detegentsaswell ason theiringredientsareconductedWarne
andSchifko,1999,Warne,1995). Most authorsconcludethat additive toxicity is anap-
propriatemodelfor describingmixturetoxicity of detegents(Guhl,1997,1999,Grimme
etal., 1996,AISE/CESIO,1996).

A currentactvity in the field of ERA, which hasnot yet beenpublished,s the ‘Human
and EnvironmentalRiskAssessmen{HERA) projectcarriedout by the EuropearDeter
gentindustry HERA aimsto improve risk assessmerior detegentingredients.One of
thefirstresultsis thedevelopmenbf animprovedemissiorscenaridor detegentswhich
wasdevelopedfor boron(Wind, 2000).

Existing LCA studiesmainly dealwith the productionstep,i.e. they performa ‘cradle-
to-gate’insteadof a ‘cradle-to-grae’ approachfor examplethe LCI discussedabore.
However, somestudiesalso focus on the usephase. For example,the Group for Effi-

cientApplianceg(1995)analysedheinfluenceof consumervashinghabitsin Denmark,
but only concerningenegy consumptiorfrom the useof washingmachinesanddriers.
Gutzschebauchnd Kluippel (1998) analyseddifferencesn CO, emissionstheoretical
oxygendemand ThOD) of waterborneemissionsenegy consumptionandsolid waste
dueto variabilitiesin formulationandwashinghabits,i.e. dosageandfilling thewashing
machine,enegy scenarioandfurther variables. However, only an LCI, but no impact
assessmentascarriedout.

2.5. Conclusions

An instrumeniaservisagedn theresearcltaimis notyetavailable. Furthermorecurrent
EDSIsdo not directly permitthe developmentof a nev methodwithin the framework of
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a single EDSI that meetsall requirements.Limitations of directly usingLCA concern
the lack of ability to calculateervironmentallyrelevant quantitiesand to include local
variabilities. Limitationsof ERA arethelack of the conceptof a functionalunit whichis
usefulfor comparingdifferentproductalternatves. Someof the limitations of LCA are
solved by the GREAT-ER model,sinceit is ableto calculateobsenableconcentrations
of detegentingredientsvhenusingactualconsumptiordata.For thisreasonacombina-
tion of the basicLCA conceptandthe GREAT-ER modelfrom ERA is suitablewithin
this context.

An approactcombiningLCA andERA wasalsoervisagedor suitablecasestudiesUdo
deHaes,1996ap. 13). In addition,Klopffer (1995)explicitly mentionssurfactantemit-
tedto surfacewatersasan examplefor which concentratiormay be estimatedvithin an
LCA framework.

A furtheradwantageof the GREAT-ER modelis its focuson freshwatersystems.Since
detegentsmainly consistof degradableorganic substanceandinorganicsalts(see,for

example, Table 4.1), the marine compartments not of prime concern. For example,
AISE/CESIO(1996,p. 53) concludethattherisk ratio of surfactantsn marineecosys-
temsis smallerthantherisk ratio in freshwater The degradableorganicsubstanceare
eliminatedby the time the waterhasreachedhe ocean,andinorganicsaltsdo not pose
an ervironmentalhazardin seavater ConsequentlyUdo de Haes(1996a)proposedo

differentiatebetweernfresh-and seavatercompartmentsn someLCAs in orderto more
appropriatelyassessaltemissions.
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Basedon the conclusionglerivedin the previouschapterthe GREAT-ER productmode
is definedin this chapter It allowsto performcomparison®f productsusehabits,waste-
watertreatmenttechniquesand of further spatially varying characteristics.A product
comparisoris important,sinceconsumerave the possibilityto choosebetweerdiffer-

entalternatvesandproducershave the option of varyingformulationsor promotingone
or the otheralternatve by meansof marketing.Usehabitsareimportant,sincethey may
varyfrom countryto countrybut alsoevenbetweemeighbouringhouseholdsWastavater
treatments highly relevant,sincethe organicingredientsnaybeeliminatedfrom thewa-
ter columnif wastevatertreatmenis conducted Finally, a spatialexplicit assessmeris

important,sincelocally andregionally varying factorssuchasdilution ratiosbelow dis-
chagesor the populationdensityin aregion mayhave largeinfluencesonthe probability
of ernvironmentalimpacts.

In the following, the methodologyis described.This descriptionis subdvided into the
principlesof themodelandpossibilitiesto interprettheresults. Theimplementatiorprin-
ciplesandthe main userdialogsare presentedn appendixD. Finally, a first approach
to assespotentialtoxic effectsof mixturesis describedhatis basedonthe GREAT-ER
productmode.

3.1. Model Principles

The conceptof the modelis basedon the functionalunit ‘annualhouseholdaundryin a
region’. Thisfunctionalunit maybefulfilled usingdifferentproductalternatvesavarying
numberof timesayearat varyingdosagesThe main stepsof the methodarei) calcula-
tion of percapitaconsumption®f detegentingredientsji) GREAT-ER simulationsof
theseingredientsandiii) evaluationof the GREAT-ER results.

Percapitaconsumptiordatacanbe calculatedfor all detegentingredientsasa function
of usehabitanddetegentformulationbasedon someassumptionsywhich aredescribed
in section3.1.1. ThesubsequenEREAT-ER simulationgpredictconcentratiorncreases
for all ingredientsasa function of the predictedpercapitaconsumption.Sincein these
GREAT-ER simulationsonly thoseemissionsareassessethat arerelatedto aninvesti-
gatedproductwhereastheranthropogenisourcesor naturalbackgroundconcentrations
arenot consideredpnly concentrationncreasesor incrementsarepredictedratherthan
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concentrationsThedenotatiorconcentratiomncreases usedhroughouthisthesis since
thistermis commonlyusedin literaturerelatedto LCA.

Finally, evaluationis carriedout usingtwo new quantitiescalledCritical Length(CL) and
ProductRiskRatio(PRR,). ThePRR, evaluationis following the ‘only-above-threshold’
approachwhile the CL evaluationis basednthe’less-is-betterparadigm Basedonthe
functionalunit choserabove, corventionalLCA methodsareusedto derive category in-
dicatorresultsof otherimpactcateyories. The principleof thismethodis shavn in Figure
3.1.

Predicted per-capita GREAT-ER
Product choice consumptions of all| | simulations for all
ingredients ingredients

/

Annual washing CL

habits

g

PRR,

Catchment choice ]

Figure3.1.: GREAT-ER product modeflowchart

The GREAT-ER productmodeis locatedin the frameawork of LCA, sincethelife cycle
concepinherentto LCA providesthebestbasisfor acomparisorof products It allowsto
compardifferentproductalternatvesandwashinghabitson aregionallevel by a combi-
nationof both LCA methodsandthe GREAT-ER productmode. SimultaneouslyLCA
resultsand predictedconcentratiorincreasesn surfacewatersare evaluated. Although
this thesismainly addressethe latter part, within the casestudyboth LCA resultsand
resultsof the GREAT-ER productmodeareanalysed.

3.1.1. Emission estimates and aquatic fate modelling

GREAT-ER 1.0calculatexoncentratiomprofilesin surfacevatersdueto actualemission
data. The calculationof concentrationncreaseslueto the useof a specificproducthas
notyetbeenconsideredThe GREAT-ER 1.0modeldervesemissiondataat a dischage
site by multiplying percapitaconsumptiondataof the selectedsubstancey the con-
nectedpopulationof thedischage site. For this reasonanemissionmodelprecedinghe
GREAT-ER calculationshasto provide percapitaconsumptiongor single substances.
Thesearederivedfrom the formulationof a productandassumptiongsboutits usage.

The centralassumptiorof the GREAT-ER productmodeclaimsthat during the whole
year the entire populationin a region usesthe sameproduct. Having also definedthe
averagenumberof timesthe productis usedby a certaindosageper usage percapita
consumption®f the productare calculatedfrom which percapitaconsumption®f the
differentingredientsare derved. The washinghabitsmay be derived from statistical
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suneys or have to be basedon assumptions.By also choosinga region, hypothetical
concentratiorincreasexanbe predictedfor eachingredientusingthe GREAT-ER 1.0

model. Theseconcentratiorincreasesre expectedin the surfacewatersof the selected
catchmentjf the assumptiongnadein the definition of the productscenariowould be

valid.

Consumemashinghabits,hereaftercalledusehabits,may be definedin differentways.
In the PLA (GrieBhammeet al., 1997),a usehabitis describedby the choiceof a de-
tergent,total massperyearof laundry laundryperwashingcycle andfinally dosageper
washingcycle, given either per capitaor per household. The productsare definedby
their formulations,whichis alist of substancescludingtheir percentages-owever, in
this modela detegentformulation hasto reflectthe detegentasit entersthe severage
system notasit is pouredinto the washingmachine sincesubstance-specifjgrocesses
occurduringthelaundry

Summarisingwithin the GREAT-ER productmodea so-calledproductscenarids char
acterisedy thechoiceof aproduct,ausehabit,anda catchmentConcentratiomncreases
in theselecteadcatchmenarethencalculatedor all productingredientdasedntheirper
centagewithin the productformulation,their fate propertiesn wastevatertreatmeniand
surfacewaters,aswell ason the usehabit. The predictedconcentrationincreasesare
analysedisingeitheran‘only-above-thresholdor a‘less-is-betterapproach.

3.1.2. ‘Only-above-threshold’ evaluation - PRR,

The‘only-above-thresholdevaluationis carriedout on the basisof potentialproductrisk

ratios (PRR.). Thesearedefinedfor eachingredientandin eachstretchasthe ratio of

the predictedconcentrationincreasecalculatedin a productscenarié and a no effect
concentration(NEC). x depictsthe percentileof the GREAT-ER productmoderesults
which is to be used. This givesa resultstable of productrisk ratios with one column
for eachingredientanda row for eachstretch. ThesePRR, do not representctualrisk

characterisatiomatios known from ERA, sincenot all emissionsof the substancesre
takeninto account,but only thoseresultingfrom the use of the productin a manner
definedby theusehabit. Theabsoluteor percentuahumberof stretche®f acatchmentn

whichadefinedthresholds exceededy atleastonesubstancés thenusedfor evaluation.
Themostohbviousvaluefor theproductrisk ratiothresholds avalueof 1. However, since
only specificemissionggiven by the selectedoroductscenaricaretakeninto acount,the
usermay specifyanothempreferredvalueandperformthe evaluationon the basisof this

value.

A reasonablevorst-casesaluefor the percentilex is 90, sincethis is a percentag®ften
usedin ERA. For example,accordingto the TGD concerninghe useof monitoringdata
within ERA of notified substance$éCommissionof the EuropeariJnion, 1996b,Part I,
Section2.2)this percentilehasto be used.

n this analysisthe Csim,internalS @reused seesection2.3.1.
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3. TheGREAT-ER productmode

If the ervironmentalsoundnes®f the resultsof a productscenarioshall be judged, a
furtherdecisionhasto be made.Typically, theriver networkin a catchmentonsistof a
largenumberof stretchesOften,thresholdsareexceededn only afew of thesestretches.
Therefore,in suchan applicationit hasto be decided,which percentag®f stretchesn
whichthresholdsnaybe exceededs consideredcceptable.

3.1.3. ‘Less-is-better’ evaluation - CL

If, onthe contrary a‘less-is-betterevaluationis intendedthecritical length(CL) canbe
estimatedThe CL of a productscenarioj.e. the exclusive useof aspecifiedproductin a
catchmentccordingio a choserusehabit,is definedas

Ls . Ci,s
NEC;

cr- Y %

ingredients ¢ stretches s

whereC; , representshe predictedmeanconcentrationncreaseof ingredienti in stretch
s, L, is thelengthof thatstretch,andNEGC,; is a no-eflect concentratiorfor ingredienti.

CL is ahypotheticaivalue,which describeghetotal lengthof river stretchepollutedby
the differentingredientsof the detegentto the ingredient-specificNECs. CL allows to

aggreatethe predictedconcentrationncreasesf thedifferentsubstancem thedifferent
river stretchesnto a singlefigure. If a comparisorof differentcatchmentss performed
in anactualcasestudy the CLs maybe normalisedoy the populationliving in the catch-
ment.

Next to the CL, the CLs of the single substanceare stored which allows to analysethe
contributionsof theingredients.The CL is similar to the critical volumeusedin earlier
LCIA methods(for example Heijungset al., 1992). However, more aspectsare influ-
encingthe CL assessmengirstly, it is basedon a fate assessmerttonsideringnstream
removal andwastevatertreatmenbehaiour. Secondlyit considerdetailedspatialcon-
ditions,which areimportantto appropriatelyreflectlocal impacts.Thirdly, it is basedon
an openmodel,whereasn mary LCIA methodsclosedmodelsareapplied,e.qg. in the
Eco-Indicator99 methodology The differenceof an openmodelcomparedo a closed
modellies in the fact that in a closedmodel persistentsubstancesre receving much
moreweigt. This is unwantedin an ernvironmentalassessmerdf detegents,in which
degradableandpersistensubstancearebeingaggregated(Schulzeetal., 2001a).

3.2. Interpretation of the results

Within this section possiblewaysto interpretPRR.sandCLs arelaid down.
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3.2. Interpretatiorof theresults

3.2.1. Product Risk Ratios

The PRR, doesnot provide the informationnecessaryor an ervironmentalrisk assess-
mentof substancesHowever, theresultsarevaluablefor a comparisorof differentpro-
ductalternatves,usehabits,andregional conditions.This is shovn by discussingliffer-
entpossibleoutcomes.

If the PRR, of asubstancebasedon a choserprecentilex, in a productscenarias very

low, i.e. far below 1, thenits aquaticecotoxicologicalpotentialcanbe omittedor atleast
consideredessrelevant. This is dueto the following reason.If an ERA of this single
substancehasedon actualemissiondatafor this substancegoncludedhatnorisk exists,

theright decisionwould have beentaken. If, on the otherhand,suchan ERA indicates
arisk, thentherisk reductionmeasureshouldfirst aim to tacklethoseapplicationscon-

tributingmostsignificantlyto thisrisk, andonly in laterstagegocusonthoseapplications
with only asmallshare.Thus,the useof sucha substancén the productassesseh the

GREAT-ER productmodeassessmentould not be of immediateconcern.

Onthecontrary if thecalculated?RR, werenearto or above 1 in aconsiderableumber
of stretchesthentheuseof this substancén theanalysegroductshouldbereviewed. In
this casejf anactualERA for this substancalsoconcludeghatarisk is indeedpresent,
the productcalculationwouldrightly have identifiedanervironmentalconcern If, onthe
otherhand,anERA basedn actualemissiondatagivesno reasorfor concernthefalsely
prognosticate@otentialrisk is mostprobablycausedy thetwo hypotheticahssumptions
concerningchoiceof productandusehabit. In sucha casetheseassumptionshouldbe
reviewed. If the resultsremainsimilar whenassumingdifferentusehabits,this product
shouldnot be classifiedasenvironmentallysoundor sustainableasthe exclusive useof
this productaccordingto the underlyingusehabitswould indeedposea risk. No regu-
latory decisionshouldbe basedon this result, sincethe exclusive useof this productis
anunrealisticassumptionHowever, the environmentalsoundnessf productalternatves
canbejudged.Concludingwithout having performedan ERA basedn actualconsump-
tion and emissiondata, decisionsconcerningproductformulationscan be madeon the
basisof anevaluationof athresholdexceedance.

Next to the productformulation, PRR.s dependon usehabitsandregional conditions.
Wastevatertreatments importantin the caseof laundrydetegents,which is a conclu-
sionstatedn mostERA studiege.g.AISE/CESIO,1996 p. 49). For thisreasongifferent
usehabitsandregional conditionsshouldbe analysedn a setof scenariorior to ary
decisiongn orderto derive which factorsaremostrelevant.

Sometimesa productis only intendedfor salein a specificcountry For example,de-
tergentformulationsvary with countries. Thus,assessmertf the influenceof regional
conditionscanbelimited to realisticvariabilitiesin the region the investigatedgroductis
used.Still, ascenaricconsideringoestavailabletechniquesoncerningvastevatertreat-
mentshouldalwaysbe performed. This allows for the assessmerdf the potentialfor
improvementsconcerningvastevatertreatment.
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3. TheGREAT-ER productmode

3.2.2. Critical Lengths

Most LCA methodsarebasedon a ‘less-is-betterapproach.This s justified by the fact
thatinformationon the backgroundconcentratiorandthe site andtime of emissionsof
all processeselatedto a functionalunit are generallyunknovn. The CL is developed
for a‘less-is-better’evaluation. As alreadymentionedthe CL is definedin a way such
thatnotonly thetotal valueof ascenarioput alsothe CLs of the differentingredientsare
calculatedlt is thereforepossibleto examinecontributionsof differentsubstancew the
total CL.

This information can be usedwhendeterminingoptionsfor potentialimprovementsof

productformulations. For example,detegentsconsistof differentcomponentswhich

have differentfunctionsin the washingprocess.In mostcasesthesefunctionscanbe
fulfilled by differentsubstances differentsubstance-specifioadingsper alternatve.
An examplefor this is the choicebetweerdifferentanionicsurfactantsthe washingper

formancef whichvary. In orderto compardifferentanionicsurfactantstheirmassper
washingprocessernvironmentalfate behaiour, andtoxicologicalinformationneedto be
broughttogether TheCL is away of achieving this. Thisinformationcannotbe obtained
fromthePRR;s.

Of coursepothtypesof information,PRR.sandCLs, arerelatedto eachother, sincethey
both dependon the samesimulationresults. However, they emphasisealifferentaspects,
whichwill befurtherexploredin thediscussiorof theresultsof the casestudy

3.3. Mixture toxicity

Whenanalysingandevaluatingthe aquaticfateandeffect of productsthe combinedox-

icity of the ingredientsshouldalsobe adressedHowever, risk assessmerdf chemicals
primarily focusesontheassessmerf riskscausedy theuseof asinglesubstancesince
in mostcasedoxicologicaltestsanalysethe responsef a singlespeciedo a singlesub-
stanceunderlaboratoryconditions.

Althoughthe toxicity of mixtureshasbeensubjectto researcHor along time (Grimme
et al., 1996), applicationof this knowledgein the evaluationof productsor substances
is limited. Thisis presumablydueto the fact, thatthe actualmixturesoccurringin the
ervironmentareunknavn. Differentconceptdo describecombinedtoxic effectsof sub-
stanceshave beendevelopedthat canbe subdvidedinto thoseassumingnteractionbe-
tweenthedifferentsubstanceandthoseassumingio interaction(Guhl, 1997).1f thefirst
is expected,no generalstatementxoncerningthe mixture toxicity canbe made,asall
forms of interactionbetweenall differentsubstancesvould needto be understoodand
guantified(Guhl, 1997). Thelattergroupcanbesubdvidedinto thetwo groupsassuming
eitheradditive or independentoxicity. Theformercanbe quantifiedfollowing themodel
from Loewe (1953),while thelatterimpliesanabsencef mixturetoxicity (Grimmeetal.,
1996).
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3.3. Mixture toxicity

Somestudieshave addressedhe mixture toxicity of detegentingredients. Warneand
Schifko (1999)testedthetoxicity of detegentsusedin Australia. A comparisorof acute
toxicity of detegentsassumingdifferent builders was also carriedout (Warne,1995).
AISE/CESIO(1996,p. 46) proposeto assumeadditive toxicity for surfactants.This ap-

proachhasbeentestedand judgedas appropriateby Guhl (1997,1999). Furthermore,
Grimmeetal. (1996)investigatedhe combinedeffectsof selectedletegentingredients
andalsoconcludedthat additive toxicity is bestsuitedfor assessingnixture toxicity of

this groupof compounds.

Following the model for additive toxicity given by Loewe (1953), the ecotoxicity of a
productcanbe calculatedn the following way (Guhl, 1997)

C;
ECprodzl/( Z EC)

ingredients 1

whereEC,,.q is the correspondingffect concentratiorof the product,derivedfrom the
effectconcentration&C; of thedifferentingredients beingin theproductat percentages
c;. Obviously, the EC valueshave to be comparable.

Typically, thisequations appliedto detegentformulationsasthey arefilled into awash-
ing machine,but not asthey enterthe surfacewaters(e.gGrimme et al., 1996, Guhl,
1997).However, the expecteddetegent’'s compositionin surfacewatersis morerelevant,
asorganismsareexposedo the detegentingredientsn the surfacewatersratherthanin
the washingmachine. For this reasonthe resultsof the productmodecalculationsare
usedto calculatea mixture productrisk ratio.

In appendixB it is proventhatby assumingadditive toxicity, i.e. basedon the equation
givenabove, the sumof the calculatedoroductrisk ratiosof the differentingredientsn a
stretchdescribeshe hypotheticalproductrisk of the productin thatstretch,.e.

Z PRR. . — Zingredientsi C:r,i _ Cx,prod
o ECprod ECpmd

ingredients 1

In this equation PRR, ; is the productrisk ratio of substance in a stretchbasedon the
predictedx-percentileconcentratiorC, ;. C, ,..4 iS the predictedconcentratiorof theen-
tire productandEC,,. is the effect concentratiorof the product. Basedon this proof,
the mixture productrisk ratio of a productscenariccanbe calculatedor eachstretchby
addingthe productrisk ratiosof the singlesubstanced-dowever, it is debatablewhether
all ingredientsshouldbe consideredn suchananalysis.Onemayarguethata combined
toxicity assessmemdf surfactanton the onehandandinorganicsaltson the otheris not
meaningful.In fact, mostof the studiesabove analysednly the surfactant@andomitted
the inorganic compounds. However, most LCA methodstypically aggreyateall emis-
sions.Dueto thesecontradictingapproachedgjifferentoptionshave beenanalysedn the
casestudy

However, the significanceof thesemixture productrisk ratiosis limited, sincethe ac-
tual compositionof substancepresenin the environmentis not consideredbut only the
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3. TheGREAT-ER productmode

concentratiorincreasesiueto the useof a productin a mannerdefinedin the product
scenario.For thisreasonijt is only afirst steptowardsan assessmertf combinedtoxic
effectsof detegentsoccurringin theervironment.In anactualrisk assessmentheback-
groundconcentrationsf othersubstancepresenin the ernvironmentwould alsohave to
beconsidered.

38



4. Case study household laundry

The detegentsandusehabitsarederived on the basisof the PLA (GrieBhammeet al.,
1997). In addition, usehabitsbasedon Europeandetegentconsumptiorstatisticsare
usedin the catchmentomparison.Consequentlyscenariosare definedon the basisof
thesedatasets.

4.1. Model detergents

ThePLA considered! differentdetegentsin theiranalysiswhich representormulations
from the 1990s. They werechosento describedifferentwashingagentconcepts.In the
PLA thesedetegentformulationshave beenanalysedsthey aresoldandenterthewash-
ing machine.This is warrantablegor an LCA which mainly looks at the productionsite.
However, if thefateof detegentingredientsn surfacevaterssto becalculateddetegent
formulationsasthey are expectedto enterthe severagesystemarerequired. Therefore,
theformulationsgivenin Table4.1 comprisetwo percentagefor eachsubstancepneas
it enters(columns'in’) andthe secondastheingredientis assumedo leave the washing
machine(columns‘out’). Transformationsare basedon the molecularweights. Here,
sodiumperborates substitutedoy boron (7%), sodiumpercarbonatés includedin the
sodiumcarbonatdraction (68%),and TAED is replacedby DAED (63%). In addition,
it is consideredhathalf of the optical brightenerremainson the textile (Richner 2000).
Thesepercentagesire further describedn section4.5. In the table thesechangesare
markedin boldface.It shouldbenotedthatthereleasef thesodiumkationstakingplace
during the washingprocesss not reflectedin Table4.1 andin the calculations.This is
dueto thefactthatthetoxicologicalinformationusedreferto the salts.

Theheary-duty detegentrepresentghetraditionaldetegentwhichis still onthemarket.
Thecompactheary-duty detegenthasan averageformulationof compacipowderdeter
gentswhich arecurrentlywidely in use. The tandemsystemconsistsof two detegents:
acompacteavy-duty anda compactcolourdetegent,by assuminghat85% of thetotal
laundryis coloured,i.e. it needsno bleaching. Finally, the 3-componensystemcon-
sistsof threeseparat@owders,abasicdetegent,a bleachingagentanda watersoftener
Dependingon the typesof laundry and water hardnessan optimal formulation can be
obtained.Theusedformulationis basedon theassumptiorof 85%colourlaundryandan
averagewaterhardnes$or Germauy. It wasdefinedby the GermanFederaErnvironmen-
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4. Casestudyhouseholdaundry

tal Ageny (‘Umweltbundesamt{’UBA). Consensugvasreachedamongthe participating
stakeholdersegardingthis formulation(GrieBhammeetal., 1997,p. 50). Watercontent
hasnotfurtherbeeninvestigatedn the PLA, neitheris this beingdonewithin this thesis.

Table4.1.:Model detergentsas definedin the PLA (in) and asthey are discharged
into the seweragesystem(out) (%)
Heary-duty Compact Tandem  3-component

heary-duty system system

in out in out in out in out

Recom.Dosageg(g) 146 146 89 89 86.45 86.45 73.7 73.7
LAS 69 69 58 58 7.7 7.7 0 0
AS 31 31 28 28 38 3.8 6.1 6.1
Soap 05 05 04 04 09 09 26 26
AE 37 3.7 45 45 75 75 115 115
Zeolite A 20.3 20.3 20.7 20.7 29.7 29.7 40.2 40.2
Polycarboxylates 36 36 38 38 46 46 0 0
Sod.silicates 31 31 33 33 25 25 43 43
Sod.sulphate 19 19 24 24 38 38 01 0.1
Sod.citrate 0 0 1.7 17 5.2 52 05 05
Sod.carbonate 119 119 16.6 16.6 15 15 17.8 193

Sod.percarbonate 0 0 0 0 0 0 2.2 0
Sod.perborate/Boron 19.1 1.3 21.1 15 3.3 0.2 0 0

TAED/DAED 0.8 05 38 24 0.6 0.4 04 0.25
DAS-1 0.12 0.06 0.15 0.08 0.02 001 O 0
CMC 02 02 04 04 0.3 0.3 05 0.5
PVP 0 0 0 0 0.4 0.4 0 0
Water remainder

4.2. Model households

Threemodelhouseholdsr usehabitsweredefinedn thePLA. They weredevelopedwith
regardto householdsywhereasn thisthesisthewashinghabitsareneededvith respecto
capita. This transformatioris basedn the averagehouseholdsizein Germary, whichis
2.26(GrieBhammeetal., 1997,p. 153). Thethreeusehabitsaregivenin Table4.2.

TheWishy-Washyusehabitis definedto reflectaverageGermarnwashinghabitsbasecdn
consumestatistics.Thetwo otherhabits,SmartandScrubbedrepresenarealisticspan
aroundthis average.In the PLA, usehabitsalsoincludeassumptionsiboutwashingtem-
peraturesandthe useof dryers,which is necessaryor determiningenegy consumption.
Furtherexplanationsof theseassumptionsiregivenin the PLA. Within the GREAT-ER
productmode thesefurtherassumptiongarenotrelevant.
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4.3. Studyareas

Table4.2.:Model usehabits asdefinedin the PLA (per person)

Smart Wishy-Washy Scrubbed
Total annuallaundry(kg) 163.04 217.39 217.39
Laundryperwash(kg) 4 2.75 1.75
Dosag€gQg) 72.3 103 175.1
Detegent 3-componensystem Compacteary-duty Heary-duty

4.3. Study areas

ThePLA considerssermarconditionsfor detegentsandusehabits. ThereforeaGerman
catchments primarily usedfor the casestudyin this thesis. However, at the beginning
of this thesisonly the Itter catchmentvasincludedin the GREAT-ER databasewhich
is avery smallcatchmentaswasshown in section2.3. For thisreasonjt wasdecidedto
integratea further Germanregion into the GREAT-ER databaseSincemonitoringdata
of detegentingredientsin the Rur river andits tributariesexist, the Rur river basinhas
beenchosenas main study area. The monitoring datasere to judgethe quality of the
catchmentntegration. The Rurriver basinis locatedin WesternNorth Rhine-Westphalia
andcoversan areaof approximately2,500km?. Its integrationis discussedn detailin
thefollowing chapterwhereaghe capabilityof GREAT-ER to predictrealisticconcen-
trationsof detegentingredientdn this catchments analysedn chapter6.

Othercatchmentaretakeninto accountn section7.3,sincein this sectionthevariability
of the resultsdueto changesn the catchmentharacteristicare analysed. The catch-
mentsandfurtherusehabitsthatarebasedon Europeardetegentconsumptiorstatistics
(Gutzschebauch,999)aredescribedhere.

4.4. Effect data

Effect dataarerequiredin orderto calculateproductrisk ratiosandcritical lengths. As
theseareusedo aggreatethedifferentdetegentingredientsthey haveto becomparable.
Therefore,datafrom an existing databaseompiledfor a similar purposeare preferred,
sincethis ensureglataconsisteng. In addition,in orderto estimatehypotheticalproduct
risk ratios, no-efect concentration®r predictedno-efect concentrationsre necessary
insteadof acutedata,while the CL estimationmay in principle alsobe donewith any
other consisteneffect dataset. The DID-list developedin the context of the European
Union schemefor the award of an ecolabelfor detegents(EuropeanUnion, 1999a)is
suitablefor this. A manualwaswritten for guidanceon how to usethe data(European
Union, 1999c).

In this databasetwo entriesfor eachsubstanceeflecttoxicologicalinformation. One
field contains(preferably)a measuredNOEC value,while the secondfield containsthe
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4. Casestudyhouseholdaundry

valueto be usedfor calculatingthe critical dilution volume (CDV) criterion of the eval-
uation scheme called ‘Long Term Effect’ (LTE). Dependingon the toxicological data
givenin theNOECfield, anextrapolationprocedures performedo assignthe dataof the
differentsubstancestquialentmeaningswhich arethe LTE concentrationgEuropean
Union, 1999a). This extrapolationprocedures lessconserative thanthe effect assess-
mentproceduraaslaid outin the TGD (Commissiorof the EuropeariJnion, 1996b).

Accordingto the manual(EuropeanUnion, 1999c,p. 15), adjustmenthave to be per
formedfor thetwo substanceboronandzeolite A. Thesetransformationsreexplained
in section4.5.

4.5. Considered substances

The choiceof investigatedsubstances determinedoy the modelformulationsgivenin
the PLA. For thesesubstancesdifferentkinds of dataarerequiredfor the productmode
calculations.Unlike for GREAT-ER verifications,actualemissiondataare not needed
in the productassessmentThesemay be usedin the interpretationof resultsin order
to determinethe actuallikelihood of the differentscenariospbut are not necessarynput
parameters.Physico-chemicaparametersarerequired,asfor all GREAT-ER calcula-
tions. For calculationgerformedhere,i.e. model for WWTP andrivers,andmode2 for
savers,only percentuaklimination efficienciesfor the severagesystemsand WWTPs,
aswell asfirst-orderin-streanremoval ratesfor surfacewatersarenecessaryin addition,
toxicologicalinformationgivenin the DID list is usedfor the calculationof both CL and
PRR..

All valueschosenfor the substancelataare givenin the following sections. They are
subdvidedaccordingto the DID list (EuropeariJnion, 1999a) which relatesto the func-
tions of the ingredients.The fate-relateddataarederived from a literaturereview while
the toxicological informationis takenfrom the DID list. In this section,the dataand
shortexplanationsareprovidedfor all consideredsubstancesA takular overview of the
substancelatais givenin appendixA.1.

4.5.1. Anionic surfactants

Therearemary differentanionicsurfactantspf which threewereconsideredn the PLA
(GrieBhammeetal., 1997),i.e. linearalkylbenzenesulfonategLAS), alcoholsulphates
(AS),andsoap.Themainfunctionof surfactantss to unhingedirt from thelaundryandto
keepit in thewatercolumn,i.e. to inhibit the redepositiorof the particleson thetextiles.
In mostdetegentsthe latter is assistedoy carboxymethylcellulos¢CMC). In addition,
soapalsofunctionsto preventthe creationof foam(VollmerandFranz,1994).
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4.5. Consideredubstances

LAS

A hugenumberof studiesthat examinedifferentaspect®f toxicity, degradability sorp-
tion, anduseexist for LAS. Within the GREAT-ER project,simulationswith LAS were
carriedout, from which necessaryatacould be obtained. In the productassessment
calculationsthe Itter datasetis used(seesection2.3.3). In sections6.1.3and 6.3.3it
is shavn thatthis datasetis alsoapplicablein the Rur catchment.For this reason the
Itter dataset,givenin thefollowing, is used:25% eliminationin seversand98%in ac-
tivatedsludgetype WWTPs, of which 20% is assumedo be eliminatedin the primary
settler(Matthijs et al., 2000). This latter valueis an averagevalue of measurecfficien-
ciesreportedn therespectre study In addition,anin-streanremoval rateassumedo be
uniformly distributedbetweer0.03and0.35h~" is used.For trickling filter type WWTPs,
atotal eliminationof 85%is assumedECETOC, 2000). Again, 20%is consideredo be
alreadyeliminatedin the primary settler which is thereforethe value usedfor WWTPs
thatonly have a primary settler The toxicologicalinformationgivenin columnLTE of
theDID list is 300 n:.g/l.

AS

For AS, only afew measuredkineticsexist. The comparisorof GREAT-ER resultsde-
rived from the Rur 2000 datasetand monitoring datarevealedthat a similar substance
datasetasfor LAS resultsin realisticconcentrations.Although someauthorsreporta
bettereliminationbehaiour for AS thanfor LAS in both WWTP andrivers,with respect
to the GREAT-ER calculationsperformedin the Rur catchmeniseesection6.3.3) the
samein-streamremoval rateis usedasfor LAS. RegardingWWTP behaiour, 35%re-
moval in the primary settler 98.5%total removal in actvatedsludgetype, and88% in
trickling filter type plantsarechosen(seealsoMatthijs et al. (2000)andPainter(1992)).
Sewerremoval is assumedisfor LAS, i.e 25%. In the PLA andin this thesis,AS made
from palm oil is consideredj.e. a fatty alkohol sulphate(FAS). The appropriateLTE
valuefor FAS is 550 ug/I.

Soap

Even fewer dataare availablefor soapthanfor AS. The only study known and usedis

the Dutch ervironmentalrisk assessmenif detegentchemicals(AISE/CESIO,1996),
the resultsof which werealso publishedby Matthijs et al. (2000), Feijtel et al. (2000),
andVande Plasschetal. (2000). Unlike for LAS andAS, no removal of soapoccursin

the savers. The Dutch measurementsvenidentifieda concentrationncreaseoccurring
in the saewvers, which is explained by the hydrolysisof fats and oils. In the WWTPs,
removal efficienciesof 45%for the primary settlerand98%in the activatedsludgetanks
areassumedwhich give a total WWTP removal efficiengy for activatedsludgeplantsof

98.9%.Thisis consistentvith thevaluesgivenby Matthijsetal. (2000,ameanof 99.0%).
For trickling filter type plants,atotalremoval of 91%is assumedasa betterelimination
thanfor LAS canbe expected.Thisassumptions basedn testresultsgivenby Schbberl
etal. (1988),which shawv thatin generalsoapis degradedbetterthanLAS. Thereported
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resultsfrom screeningestson total degradabilityalwaysgave highervaluesfor soapthan
for LAS. A similar reasoningvasappliedfor in-streamremoval. As soapis believedto
be deggradedfasterthanLAS, a uniform distributedraterangingbetweerD.06and1.71is
used.Dueto this large spantheuncertaintyrelatedto this parameters partly reflected.

Concerningaquatictoxicity, the LTE concentratiorior soapswith achainlengthbetween
12 and22 C-atomsis 1.6 mg/I.

4.5.2. Nonionic surfactants

In currentlaundrydetegentsin Europemainly alcoholethoxylathegAE) areused.Fur-

thernonionicsurfactant$ormerly usedin Europeandstill usedin theUS arealkylphenol
ethoxylatesDueto thepersistencandestrogeni@ctivity of theirmetabolitegDestaillats
etal.,2000),thesewnerereplacedn Europeardetegentshy AE. Morerecentonionicsur

factantsarebasednrenavableresourcese.g.alkyl polyglucosidgAPG). Theseproved
to be an alternatve (Hirsingerand Schick, 1995, Steberet al., 1995), but are not (yet)

commerciallyrelevant. For thisreasonjn boththe PLA andin this thesisAE is theonly

nonionicsurfactantonsidered.

Behaviour of AE in severs, WWTPs,andriversis the subjectof several studies.In sec-
tion 6.3.4, thesestudies,e.g. Holt et al. (1992), AISE/CESIO (1996), Steber(1997),
and Marcomini et al. (2000), are analysedwith respectto the Rur monitoring data of
2000.Basedonthis analysisanin-streanremoval ratewhich is uniformly distributedbe-
tween0.012and0.055h=" (Marcominietal., 2000),a sever removal efficiency of 42%
(AISE/CESIO,1996),and a WWTP elimination efficiency of 99% in actvatedsludge
plantsareassumed25% of thistotal WWTP removal is assumedo occurin the primary
settler (Matthijs et al., 2000). In trickling filter plantsa total removal of 88% is used
(AISE/CESIO,1996,Holt etal., 1992),which alsoincludes25% eliminationin the pri-
mary settler

A petrochemical-baseflE of chainlengths12 to 14 with 7 ethoxylategroupsis consid-
eredin the PLA (GrieBhammeetal., 1997,p. 50). Theappropriateentry from the DID
list hasanLTE concentratiorof 0.24mg/l.

4.5.3. Builder s

Buildersarenext to surfactantsnainingredientsof detegents. In Europearsupercom-
pactpowdersthey represenbne-halfof the formulation(Baueret al., 1999). Their main

purposesareto adjustthe pH-value,to preventhydrophobicparticlesfrom redeposition
onthelaundry to reducehewaterhardnessandto facilitateremoval of dirt from textiles.

In addition,somebuildersareableto assisthebleachingprocesgBaueretal., 1999)and
in somepowder detegentsthey are usedto keepit powdery in orderto permitlonger
storage. This latter applicationis alsoachiezed by sodiumsulphate which is listed in

accordancevith the DID list in section4.5.6.
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During the eighties phosphateompoundsimainly pentasodiumtriphosphateereused.
However, dueto its contribution to eutrophicatiorphosphatevasreplacedn mostEuro-

peancountriesoy acombinatiorof zeoliteA, polycarboxylates;itrate,sodiumcarbonate,
and(mainly sodium)silicate.

Zeolite A

Zeolitesareeithernaturalor syntheticcrystallinealuminosilicates. The namecameinto
beingfrom anobsenationmadein 1756by a Swedishamateumineralogist.He discov-
eredthat somemineralsreleasea large amountof waterwhenheated. He calledthese
mineralszeolites,which is Greekmeaningboiling (zeo)stoneglithos) (Christophliemk
etal., 1992).In thesecondhalf of the seventies,zeolite A, a syntheticsodium-basedeo-
lite, beganto beusedn detegentsasawatersofteneywhichis achiezedby ion exchange.
It is currentlyusedin almostall phosphate-freundrydetegents.

Different studiesexaminedthe behaiour of zeolite A emittedvia the wastevater path
resultingfrom usein detegents. Field studiesconcludedthat no sedimentatioroccurs
in the saveragesystems(Christophliemket al., 1992, ZEODET, 2000). For this rea-
son,no eliminationin the seversis assumedn the calculations.Concerningfatein the
WWTPs,differenteliminationefficiencieswere obseredthatin mostcasesvereabove

90%, e.g. 96% accordingto ZEODET (2000). The dominantelimination pathwayis

transferto sevagesludge(Baueretal., 1999,Christophliemketal., 1992). Kurzendrfer
etal. (1997)reportdifferenteliminationefficienciesin the sandtrapandthe primary set-
tler, i.e. from 21%to 80%. Reporteceliminationefficienciesin theactivatedsludgetanks
are89%and77-87%,while in trickling filter plants81% removal wasmeasuredor bi-

ological treatment(Kurzendrfer et al., 1997). Therefore,67% removal in the primary
settler(Christophliemketal., 1992),70%in the activatedsludgeplant,and42%in trick-

ling filter plantsis assumedgadingto total removalsof 90 and81%respectrely for these
typesof plants.

Reportedsaluesfor in-streanremoval indicateno or only very slow elimination,whichis
thendueto hydrolysis(ZEODET,2000,Kurzendrfer etal., 1997). Therefore a conser
vative approachs followedby assumingnoin-streamremoval. Thiswill bekeptin mind
for theinterpretatiorof theresults.In addition,thiswill be changedn the assessmeruf
theinorganiccompoundsonductedn section7.4.

An entry for zeolite A with an LTE concentratiorof 120 mg/l is givenin the DID list.
Accordingto the manual(EuropeanJnion, 1999c)this value shouldnot directly be set
in relationwith the zeolite A contentin the detegent; the percentagdasto be reduced
by a factor of 0.79, aswas mentionedabore. No explanationis given in the manual,
but it seemsplausiblethat this correctionis dueto the fraction of water boundin the
crystalline structure. A molecularweight-basedevision supportsthis hypothesis al-
thoughit givesa deviation of 1 percent: Basedon the molecularformulafor zeolite A
Nai3[(AlO2)12(5102)4,] - 27 H, O thecristallinewateraccountgor 78%of themolecular
weight. Neverthelessthe correctionfactor givenin the manualof 0.79is consideredn
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theproductassessment.

Polycarbo xylates

Polycarboxylatesisedin detegentsare mainly watersolublelinear polymers. They are
usedasco-huildersin conjunctionwith zeoliteA in orderto bind thoseionsthathave the
potentialto increasevaterhardness.

Behaviour in wastevaterandin WWTPs hasbeeninvestigatedn somestudies. Both
SchiberlandHuber(1988)and Opgenorth(1992)cite studiesreportingeliminationeffi-
cienciesn biological WWTPsabore 90%. Henneg1991)reportsfield studiesndicating
removals of 97 to 98%. Basedon this, a uniform distribution between91 and 97% is
assumedor total removal in the saveragesystemand activatedsludgeWWTP. As this
eliminationis partly alsodueto degradationthoughmainly dueto sorption,alowerelim-
inationefficiency, i.e. 85%,is assumedor trickling filter plants.Fromtheseotalremoval
figure,18% areconsideredo occurin the primarysettler(Opgenorth,1992). No studies
have beenfoundrelatedto fatein the saveragesystemsWith respecto WWTP efficien-
cies,someremoval seemsplausible,but asno datacould be found in the literature,the
consenrative approacthis followedandeliminationin the severagesystemis neglected.

A similar approachs usedconcerningin-streamremoval. Someauthorsstatepossible
biodggradationin surfacewaters,which is thenexpectedto be slow (Opgenorth,1992).

However, availableinformationis only scarce For thisreasongdespitepotentialbiodegra-

dation, in orderto follow the conserative approachno in-streamremoval is assumed.
Again, thiswill be keptin mind for the interpretationf the polycarboxylatesurn outto

berelevant.

Toxicity canberegardedaslow. TheLTE concentrations 124 mg/l andthuscomparable
to thetoxicity of zeoliteA.

Citrate

Citrateis a “prime exampleof an ervironmentallyacceptabledetegentbuilder” (Hoyt
andGewvanter 1992).It hasa ubiquitousnaturaloccurrencendcanbefoundin mostor-
ganismswhereit is acommonmetabolite.In detegentsit functionsasawatersoftener

Biodggradationof citratein WWTPsandin rivers hasbeeninvestigated. Concerning
WWTPs, valuesrangingfrom 96 to 99 andfrom 67 to 100% were reportedin differ-
ent studiesfor biological treatmentHoyt and Gewanter 1992). As no sorptionoccurs,
thisis only dueto biodegradation.No studieswerefound concerningsavers. But since
biodegradationmay alsooccurduring transportin the severagesystem,an elimination
efficiengy of 25% wasassumedyhich is the samevalueasfor the anionic surfactants
LAS andAS. In addition,in biological WWTPs,bothactivatedsludgeandtrickling filter
types,a uniformly distributed efficiency rangingfrom 96 to 99% is assumedHoyt and
Gewanter 1992,p. 237). However, basedn Hoyt andGewvanter(1992,p. 238)no elim-
inationin the primary settleris considered.

Biodggradationalsooccursin surfacewaters.Kineticswith half-livesrangingfrom 0.2to
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3.5hoursarereportedby Hoyt andGewanter(1992). Fromthesestudiestheuppervalue,
which correspondso arateof 0.198h™!, is used.

TheLTE concentratiomivenin theDID list for citrateis 85 mg/l. Beyondthis concentra-
tion toxic effectsmay occurdueto apH-reductioncausedy citrate(SchbberlandHuber,
1988).

Sodium silicate

Sodiumsilicatesareusedin laundrydetegentsin orderto optimisethe alcalinity, to pre-
ventcorrosionof the machines metallic parts,andto keepthe detegentpowdery. In the
aguaticervironment,sodiumsilicatesexist in ionic forms.

Studiesof eliminationbehaiour in wastavateror in surfacewatersarevery scarce Fal-

coneandBlumbexg (1992)statethatbiochemicalweatheringprocessebave the potential
to decompossilicates but thattheseprocessearenotyet fully understoodPulli (1997)
assumeso eliminationin wastavateror rivers.As biochemicalweatheringorocesseare
consideredo beratherslonv comparedo the residencdime in atypical catchmentthe
approachtassumingho eliminationis followedhere.Thisis confirmedby studiesreported
by SchbberlandHuber(1988).

The LTE concentratiorgiven in the DID list is 1 g/l, which demonstrateghat no toxic
effectsarelikely to occurfrom the useof silicatesin detegents.

Sodium carbonate

Sodiumcarbonateemissiongnto the severagesystemresultingfrom usein laundryde-
tergentsmay occurdueto two functions. If sodiumpercarbonatés usedasa bleaching
agentthenthisis transformedo sodiumcarbonateluring the washingprocessandthus
emittedasdissoled sodiumcarbonateln addition,sodiumcarbonatetself senesto ad-
justanoptimal pH-value.

The saltis dissohed in watersolution. Their ionic partsremainstableduring the entire
wastevaterpath. Elimination doesnot occurin the sewers,nor during wastevatertreat-
ment. Also no in-streamremoval occurs.For this reasonthe only informationneededs
thetoxicologicalinformationgivenin theDID list, i.e. 250mg/l asLTE concentration.

4.5.4. Bleaching agents

Two mainoptionsexist for chemicalbleaching.Either sodiumperborateetra-or mono-
hydrateor alternatvely sodiumpercarbonates used.Thesebleachingagentsaretypically
appliedtogetherwith the bleachingactivator tetraacetylethylendiamin@AED), which
allows for an effective bleachingprocessevan at lower temperaturesi,e. belov 60°C.
Thebleachingagentsaloneareonly active attemperatureabove 60°C.
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Sodium perborate tetrah ydrate

During thewashingprocessodiumperboratedetrahydrates transformedo borate.Dur-

ing transportin the severagesystemandthe WWTPsno eliminationoccurs. Therefore,
the total amountof boratepresentin the detegententersthe surfacewaters,whereno

elimination occurseither As in ervironmentalmonitoring boron ratherthan borateis

generallymeasuredboronsimulationsare conductedn the casestudy The contentof

boronin the detegentis derived from the molarmass.The only necessarparametefor

the productmodeassessmeii thereforethetoxicologicalinformation,whichis givenin

theDID list. An LTE valueof 6 mg/l is givenfor borate.However, the manualfor apply-
ing thesecriteriastipulateghe useof a correctionfactor, asthegivenLTE valuerefersto

sodiummetaborat€NaBQO,). In addition,boronis usedin the GREAT-ER simulations
ratherthanperborate For thesereasonsa moleculaweight-base@djustmenbdf the LTE

concentratiorhasto bedone(factor6.09) (Europearinion, 1999c).

Sodium percarbonate

Aswith sodiumperboratdetrahydratesodiumpercarbonatalsoundegoesatransforma-
tion procesgluringthe bleachingprocesgaking placein the washingmachine.lt enters
the saveragesystemasdissoled sodiumcarbonate In the productformulationthe per
centagef sodiumpercarbonates thereforeaddedo the sodiumcarbonatdractionbased
on moleculamweight. Thetransferfactorof 0.68is identicalto the correctionfactorgiven
for theecolabekalculation(Europearinion, 1999c).

No eliminationoccursfor sodiumcarbonatenor for theions. Therefore the only neces-
saryparameters theLTE concentratiorior sodiumcarbonatasgivenin theDID list, i.e.
250mag/l.

TAED

The following information abouttetraacetylethylenediamin@AED) andits metabolite
diacetylethylendiamin€DAED) is extractedfrom Gilbert (1992). In orderto reduceen-
ergy useduringlaundryprocessesTAED is addedo thedetegentformulationto enable
an effective bleachingeven at lower temperaturesin addition, TAED possesseantimi-
crobial propertieswvhich deliver significanthygienebenefitsat low temperatureswhich
could otherwiseonly be obtainedin a boil-wash. Onedisadwantageof TAED is thefact
thatthe unwantedbleachingof colouredclothesmay occurat lower temperaturesThis
canonly beavoidedby separatingolouredandwhite laundry

DuringthewashingorocessTAED undegoesperhydrolysisleadingto DAED, whichen-
tersthe severagesystem.Therefore GREAT-ER calculationsarecarriedout for DAED
insteadof TAED, with a percentageeducedaccordingto the molecularweights,giving
areductionof 63%. Sincestudiesshav a comparablaoxicity of TAED andDAED, the
toxicologicalvaluegivenfor TAED in the DID list candirectly be appliedto DAED. In
addition, TAED and DAED show similar fate propertiesconcerningbiodegradability in
savers, WWTPs,andfinally in surfacewaters.

48



4.5. Consideredubstances

Both TAED andDAED arehighly watersolublecompoundsvith low octanol-watepar
titioning coeficientslimiting its likelihood of sorptionto sludgeor sediment.However,
high elimination efficiencieswere detectedn WWTP measurementsyhich are dueto
biodggradation For thisreasonauniform distribution betweer®6 and99%wasassumed
asthetotal removal efficiency for sever systemsandWWTPs. However, in the primary
settlerno removal is assumedThis is conserative sinceGilbert (1992)only reportsthat
no DAED wasfoundin sevagesludgesHowever, noinformationis availableconcerning
eliminationin the primary settlerstep.

No degradationkineticswerereportedwith regardto in-streamremoval. Therefore the

methodologyof the EUSESmodelis used,which usesa half-life of 15 daysfor readily

biodegradablesubstancesThis is mostprobablya too conserative estimate compared
with substancefor which kineticsweremeasurede.g. LAS. If DAED provesto be sig-

nificantin the productassessmentheseconserative assumptionsvill be keptin mind.

TheLTE concentratiorgivenin the DID-list for TAED is 500 mg/I.

4.5.5. Optical brightener s

Two different optical brightenersor flourescentwhitening agents(FWA), are used
in detegents, which are both included in the DID list, i.e. FWA 1 and FWA 5.
FWA 1 is adisodium4,4’-bis (4-anilino-5-morphaho-1,3,5-trazin-2yl)amino stilbene-
2,2’-disulfonate(DAS-1), while FWA 5 is a disodium4,4’-bis(2-sulfostryryl)biphewl
(DSBP).Accordingto Richner(2000),85% of optical brightenersn Germandetegents
consistof FWA 1, while only 15% are FWA 5. Thus,asFWA 1 is the moreimportant
opticalbrightener FWA 1 is usedin the productmodecalculations This leadsto a slight
overestimatiorof the contribution of the optical brightenerssinceFWA 1 is moretoxic
thanFWA 5 (accordingto EuropeariJnion, 1999a, by abouta factorof 3) andbecause
FWA 5 deggradesfasterin riversthan FWA 1 (Poigeret al., 1999). Their behaiour in
WWTPsarecomparabléKramer,1992). It shouldbe notedthat FWA 5 wasusedin the
PLA. However, dueto its minor marketsharejt is notusedin this analysis.

Fate behaiour in WWTPsis mainly determinedby sorptionto sludges,while Poiger
et al. (1999)determinedsorptionto sedimentsand degradationby photolysisas elimi-
nation pathwaydrom the surfacewatercolumn. Both measurectliminationefficiencies
andin-streamremoval ratesvary throughoutthe differentstudies. The total elimination
efficiency of 81%for seversandWWTPs(bothactivatedsludgeandtrickling filter type)
canbeconsidere@sconserative, regardingtherangeof reportedvalues(Kramer,1992).
Thevalueis takenfrom Pulli (1997)andis basedon unpublishednformationfrom Ciba
Geigy 55% of WWTP removal is assumedo takeplacein the primary settler(Kramer,
1992). For in-streamremoval, a mediumvaluewaschosen,i.e. 0.0108h~', which is
givenasa rateconstanundersunry conditionsthatshouldnot be expectedto occurun-
der cloudy skies. However, asfastervaluesarealsoreported(Pulli, 1997)andsorption
alsousuallyoccurs(Poigeretal., 1999),this valuecanberegardedasanaveragevalue.
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The prominentpropertyof optical brightenerss their ability to fluorescenceThis is the
ability to absorbUV-light andto emitit asbluelight, which compensatethe unwanted
yellow appearancef laundry and givesthe coloursmore brightness. Their purposeis
thereforenot to cleantextiles but to remainon the textile. The percentag®f FWAs re-
mainingon the textiles after the laundryprocessmay vary to a considerablaleggree,i.e.
Kramer(1992)givesvaluesof betweer20and95%. Accordingto Richner(2000),50%is
areasonableneanvalue.Thisvalueis thereforeusedin thecalculations This percentage
is consideredn the productformulationssincethesearegivenasthey entertheseverage
systemj.e. the percentagaccordingo the PLA is reducedby afactorof 0.5.

4.5.6. Miscellaneous

Besideghe maindetegentcomponentsurfactantsbuilders,bleachingagentsandopti-
cal brightenersothersubstancearealsousedin detegents.Someof themareconsidered
in thePLA. Thesearelistedhereasmiscellaneousyhichis analogougo the subdvision
givenin the DID list.

Polyvin ylp yrrolidon

Polyvinylpyrrolidon (PVP)is usedin detegentsfor colouredlaundry It preventscolours
fading betweendifferenttextiles. Informationregardingits environmentalfate proper
tiesis very scarce.TheDID list classifiesPVPsasneitheraerobicallynor anaerobically
degradable.Thereforein-streamremoval andremoval in the severagesystemis not as-
sumed.Onthecontrary a25% eliminationefficiencgy for bothactivatedsludgeandtrick-
ling filter WWTPsis assumedh thecalculationswhichis basedninformationprovided
by Taylor (1999). Sinceno furtherinformationrelatedto the fate of PVP in WWTPs
couldbeobtainedjt is assumedhathalf of theremoval occursin the primary settler As
the fate-relatedparametersre considerecdhighly uncertain this will have to be further
analysedif PVPturnsoutto berelevant.

Accordingto the toxicologicalinformation given on the DID list PVP doesnot posea
significanthazard sincethe LTE concentrations 100mg/I.

Carboxymeth ylcellulose

CarboxymethylcelluloséCMC) is usedto inhibit the particlespresentin the washing
liquid duringthewashingprocessrom redepositingontothelaundry Like polycarboxy-
lates,CMC belongsto the groupof watersolublepolymerswhich caneitherbe natural,
syntheticor semisyntheticCMC belongsto thelattergroup.

Accordingto SchbberlandHuber(1988)andBafelaanet al. (1992),biodegradationmay
occurin bothWWTPsandin rivers,whichis, however, ratherslow andonly partial. Re-
sultsreportedin Schbberl and Huber (1988) from EFA-activatedsludgetestsare used
in the calculations.This testgave an eliminationefficiency of 27% for activatedsludge
plants. No dataareavailablefor trickling filter. But sincethe removal is mostprobably
dueto biodegradationalower efficiency is assumedi.e. 20%wasarbitrarily chosenNo
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eliminationis assumedhn the primary settler However, no studieswerefound supporting
or rejectingthisthesis.The choiceis basedn thewatersolubility of CMC andon Bafe-
laanet al. (1992), who statethat only degradationbut no sorptionoccurs. Concerning
in-streamremoval, a conserative approachbhasedon SctbberlandHuber(1988)is fol-
lowed by assumingno in-streamremoval. This choicemay be seenastoo conserative,
sinceBafelaanet al. (1992)reportdegradationpathways.For this reasonthis potential
overestimatiorof CMC will bebornein mind duringinterpretationf CMC turnsout to
berelevant.

All testdataavailable for CMC indicate very high concentrationst which effects oc-
curred.Thisis documentedhn theDID list, in which the LTE concentrations 250mg/I.

Sodium sulphate

Theinorganicsaltsodiumsulphateas usedo increase¢hedrynesf thedetegentpowder,
which facilitates better storageand dosageof the powder (GrieRhammeset al., 1997,
appendixp. 59). Sodiumsulphates dissohed in water Theionsareneithereliminated
in wastavaternor in surfacewaters(SchbberlandHuber,1988),limiting the necessary
datato the toxicologicalinformationgivenin the DID list. The LTE concentratiorof 1
g/l showvsthatit is notrelevantin termsof aquatictoxicity. Theuseof sodiumsulphatds
controversialdueto thefact, thatit increaseshe saltcontentin thefreshwatersAs more
recentdetegentformulationsdo not requiresodiumsulphate althoughit is still usedin
others,this debates notyet over. In section7.4this questionis evaluatedwith regardto
thescenariogslefinedin the casestudy
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5. The Rur catchment - Integration
iInto the GREAT-ER model

5.1. Introduction

As wasdescribedn section2.3, the Itter catchmentvas incorporatedasthe first Ger
man study areainto the GREAT-ER systemduring its developmentphase. However,
in orderto assesshe aquaticecotoxicologicaimpactsof householdaundry usingthe
GREAT-ER productmode,the Itter catchmenis consideredastoo small a catchment.
Sincethe incorporationof further catchmentdrom different partsof Europewas one
aim following the GREAT-ER developmentphasethe Rur catchmenin WesternNorth
Rhine-Westphaliavaschoserasa further Germanstudyarea. The prime reasorfor this
catchmentvasthe availability of monitoringresultscollectedby HenkelKGaA between
1993and1995(Schibder,1995a,b).A comparisorof monitoringandsimulationresults
allowsto calibratecatchment-specifisubstanceatasetsto beusedn theproductassess-
mentaswell asto checkthe quality of theincorporationof a new catchment.

In this chapter the integrationof the Rur catchmeninto the GREAT-ER systemis de-
scribed,which alsoincludesthe developmentof a simple hydrologicalmodel. Because
thedischagesitedatachangedluringtheninetiestwo datasetsweredeveloped.Thefirst
considerghesituationin 1993, calledRur 1993, while the secondreflectsnewestavail-
abledata,calledRur 2000. However, the differenceis only with respecto the dischage
sitedata.Sincehydrologicalinformationis basednlong-termstatisticsthedevelopment
of two differenthydrologicaldatasetsis not consideredhecessaryBesideghe dischage
site dataalsothe monitoringdata,which aredescribedy their meanvaluesandthe span
of data,aredifferentiatechccordingo theyearsof sampling.Monitoring datasampledn
1993areavailablefor thedetegentandcleaningagentingredientoron,LAS, nitrilotri-
acetat€NTA), andEDTA. In thefollowing chapter6, resultsof GREAT-ER simulations
calculatedor the Rur catchmentreshovn togetherwith the monitoringresultsin order
to judgethe quality of the incorporationandthe capabilityof the GREAT-ER modelto
predictconcentrationshatarein the rangeof measured¢oncentration's

Theintegrationandthesimulationresultsusingthe 1993datasetweresubmittedor publication(Schulze
andMatthies,2001).
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5.2. The Rur river basin

TheRurriver basinhasanareaof approx.2,500km?. It dischageswastavaterfor about
1 million inhabitantswhichis increasedy industrialdischagescontributing wastevater
for an additionalequivalentof 900,000inhabitants. The largestcity is Aachen/Aix-La-
Chapelle. Theuppercourse®f theRurandits tributariesarecomparabléo low mountain
rivers,whereaghe lower coursesare situatedin a flat region wheresignificantanthro-
pogenicimpactsoccur The borderbetweenthesetwo partsis markedby large water
reseroirs, e.g.the‘Rurtalsperrewhichis oneof thelargestin Germaty. Thesearepartly

usedasdrinking waterreserwirs. Nonethelesssmallerdischagesarelocatedupstream
from the waterreserwoirs, e.g.atMonschau.

Themostrelevantdischagesconcerningdetegentsandhouseholdleaningproductsare
DurenWWTP (River Rur) and Aachen-SoerSVWTP (River Wurm). In the upperpart
of the study area,anthropogenidmpactsare only moderate while in the lower parts
they leadto a significantimpacton the waterquality (Schibder,1995a). However, due
to improvementsperformedby the local water authorities* WasserverbancEifel-Rur

(WVER), dischage loadsinto the Rur andits tributarieswere significantlyreduceddur-
ing the nineties(see for example, WVER, 1996). Monitoring datacollectedby theNorth
Rhine-WestphaliaStateEnvironmentalAgeng (‘ LandesumweltaritLUA) show similar
findings(Landesumweltamtordrhein-Westfalen1997).

5.3. Data collection and assemb ly

5.3.1. River network

Theriver networkmustbe givenin vectortype data,sincetopologicalinformationsuch
as confluence®r bifurcationsare usedby the model. The datamustbe givenin line-
format, i.e. a polygonrepresentatiomf a large river would needto be transformedn
a line feature. For Germaly, the FederalEnvironmentalAgeng/ (UBA) hasdigitised
the FeinesGewassernetDeutstiland, which is an extensionof a dataset createdby
the FederalAgeng for Cartographyand Geodesy(‘ Bundesamfur Kartographie und
Geodisi€, BKG). Thelevel of detail of the river networkis comparablgo a 1:200000
map(Treffler, 1999).

For usein GREAT-ER, someerrorsexisting in the river network hadto be removed.
In addition, someof the line sggmentshadto be flipped, i.e. their directionhadto be
changedsuchthatall line sgmentsaredirecteddownstreamsin addition,the numberof
line sgmentsvasincreasedy splitting existing ones.Thisincreasedementations not
of importancefor the calculationsassuch,but visualisationof theresultsbecomesnore
detailed.However, the greatemumberof river stretchesncreasesimulationtime.

The lengthsof stretchesshouldnot be too variable,sinceotherwisethe aggreation of
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resultsacrossriver stretcheshecomesbiased. For this reason,the lengthsare mostly
shorterthan 1000 metres,only 6 of the 3187 stretchesarelonger Finally, the dataset
hasto be providedin geographigrojection. The river networktogetherwith the water
reserwirs anddischage aswell asmonitoringsitesof the 1993 campaignconductedoy
HenkelKGaA areshavnin Figure5.1.
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Figure5.1.:The Rur river network. The river stretcheswaterreserwirs (polygons),
dischage (points) and monitoring sites(stars)in the GREAT-ER 1.0 envi-
ronment.Datasource:UMPLIS-Umweltbundesamt.

5.3.2. River attrib utes

For eachriver stretchGREAT-ER requiresflow distributions,lengthsin metresandflow
velocities. The waterdepthsare only neededif the eliminationprocessesolatilisation
and sedimentatiorare to be modelledexplicitly. This is not the casefor GREAT-ER
model calculationsbeingperformedn the Rur catchment.
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Flow

Flow dataarethe mostimportantriver attributes. GREAT-ER assumeshe annualdis-
tribution of the meandaily waterflows at a site to be log-normally distributed. Under
this assumptionthe hydrologicalsituationin a stretchcanbe describedy the meanand
the 95" percentilelow flow, i.e. the flow thatis exceededor 95% of the days. There-
fore, thesetwo values,n theremaindereferredto asQ,, andQs, mustbe givenfor each
stretch. However, in generalmeasuredlow statisticsare only available at the gauging
stations.Hence flow statisticsat ungaugeditesneedto be calculatedusingappropriate
models. For the Rur catchmenta modelhasbeendevelopedfor this purposewhich is
explainedin section5.4.

Flow dataatthegaugingstationsareprovidedby two sourcesnamelythe WVER andthe

regional sectionof the LUA, the ‘StaatlichesUmweltamt’(StUA) Aachen. Fromthese
sourcespoth meandaily flow datafor somegaugingstationsandaggreyatediong-term
statisticaimainvaluesfor all gaugingstationsamongthemthenecessar®,, andQs, and

thecorrespondingvaterdepthsareobtained.Thesestatisticaldataarebasedn samplings
over differinglengthsof time, i.e. betweer25and50years.

Stretch lengths

The lengthscan be derived from the digital river network dataset. This introducesan

error, the magnitudeof which dependson the level of detail of the river dataset. To

quantify this error, the lengthsderived from the river network have beencomparedo

datafrom public authorities. Attribute dataof the gaugingstationdataprovided by the

LUA includethegaugingstations distancdo themouthof theriverin whichit is located.
Thus,for eachof themainriversRur, Wurm,andindethedistancedetweertheupstream
andthe mostdownstreangaugingstationscanbe calculatedrom thesegivendata. The

differencecanbe comparedo distancedetweenhe two pointson the basisof theriver

network.

Table5.1.:River lengthsderived from GIS vs. data from public authorities

River From-gauging To-gauging Estimatedrom ... Deviation
station station GIS givendata (%)
Rur Zerkall Stah 65.21km  68.97km 5.45

Wurm Kalkofen Randerath 33.68km 35.60km 5.39
Inde  Korneliminster Kirchbeg 27.45km 29.56km 7.14

For the Wurm river, the lengthderived from the river networkis 5.39%shorterthanthe
givenvalue. Differencedor the Inde andRur riversare 7.14%and 5.45%respectrely
(seeTable5.1). In the caseof the Rur river, the mostupstreamgaugingstationbelow
thewaterreserwirs is used.With respecto the limited influenceof river lengthson the
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simulationresults whichis dueto theexponentialdecayfunction,thiserroris acceptable.
Thus,riverlengthsasderivedfrom the digital river networkareused.

Flow velocity

Analogouslythe meanand95™" percentileflow velocitiesareneededor eachstretch. If

no measuredlow velocitiesare available, regressionequationsderiving flow velocities
from flow datacanbeused,e.g.asproposedy the Instituteof Hydrology (1995). There
arealternatvesthatalsoconsiderotherparametersyhich have beenanalysecandcom-
paredby KlepperanddenHollander(1999). However, theseregressionequationsvere
developedfor specificcatchmentsn specificareasandarenot validatedfor otherregions.
Even moreimportantis the fact that hydraulicconstructionssuchaswaterresenoirs in

the Rur catchmentgdecreasehe applicability of suchapproachesFor this reasonmea-
suredflow velocitiesareusedwheneer possible.

In the Rur catchmentflow velocity dataare only availablefor the mainriver below the
waterreserwir Rurtalsperre. Thesewere provided by the WVER. For thesesections,
measuredneanand 95" percentilelow flow velocitiescandirectly be used,while for

the other stretchesselocity is estimatedrom flow, usingthe approachproposedoy the
Institute of Hydrology (1995). A comparisorof measuredndcalculatedlow velocities
in thelower partsof the Rurriveris givenin Table5.2.

Tableb5.2.: Measured vs. calculatedflow velocitiesin the lower coursesof the Rur

Section Measuredneanvelocity Calculatedneanvelocity
Heimbach- Zerkall 1.46m/s 0.51m/s
Zerkall - Obermaubach 0.56m/s 0.53m/s
ObermaubachDiren 1.51m/s 0.54m/s
Diren- border 1.01m/s 0.63m/s

The deviations betweemmeasuredind estimatediow velocititesareratherlarge. How-
ever, the resultssuggesthat by usingthe regressionapproachmainly underpredictions
occur, leadingto higherpredictedresidencdimesin theriver stretchesOn the contrary
theunderestimatedver lengths,givenabove, reduceresidencdime. Thus,theunderes-
timatedriverlengthpartly compensatethe overestimatedesidencdime.

5.3.3. Discharge site data

Concerninghedischage situation, GREAT-ER needsnformationaboutthe connected
population,industrialequialents the meanwastewaterflow, i.e. the waterquantityper
time emitted,thetype of wastevatertreatmentandoptionally the separatiorof the flow
into domestic,industrialandrunoff parts. For the Rur catchmentthesedatahave been
provided by the LUA andthe WVER separatelyfor eachyearsince1993. In the Rur
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5. TheRurcatchment Integrationinto the GREAT-ER model

catchmentall dischagessitesareof the actvatedsludgetype (WVER, 2000).

An investigationof the datarevealedthat the numberof dischage sitesdecreasedrom
1993to 2000,whichis dueto currentandpastactuities of the WVER, which is closing
smallerandlessefficient WWTPs. Theseactvities are further describedn the annual
reports(WVER, 1996). Hence two datasetshave beendeveloped.Onedatasetreflects
thesituationin 1993,while the otherreflectsthe situationin 2000.

5.3.4. Monitoring data

Monitoring datafrom threedifferentsourcesare available,two of which could be used
for evaluatingthemodelsaccurag. In 1993,HenkelKGaA conducteda monitoringpro-
grammeaimedat the determinatiorof steady-stateoncentrationgor LAS, boron,and
orthophosphateoncentrationsn the Rur river and its main tributaries. Datafrom 15
samplingsiteswere collected(Schibder,1995b). Theselocationsare shavn in Figure
5.1. From 1993to 1995,Henkelcarriedout a secondmonitoringprogrammaen the Rur
catchmen{Schivder,1995a). The purposeof this monitoring campaignwasthe deter

minationof instreamremoval ratesfor selectedanionicsurfactantdelow the dischages
of thetwo municipalwastevatertreatmenplantsMonschauandDiurenWWTP. Sincein

this secondmonitoringprogrammedatawereonly collectedin river stretchedelown these
dischages,they arenotusedfor comparisorwith the simulationresults.

The LUA performsdifferent long-term monitoring programmesthe main results of
which areregularly publishedn thewaterquality reports(Landesumweltanordrhein-
Westfalen,1997). On requestmonitoringdatafor about150 parameterérom 19900n-
wards,comprisingbiological, physical,andchemicalwaterquality parametersiswell as
differentsinglesubstanceandsumparameterfor anthropogenisubstances.g. surfac-
tantsor adsorbedrganichalogenscouldbe obtainedin digital format. Thesedatahave
beenintroducednto the GREAT-ER system However, boththe numberof sitesandthe
numberof samplegersite vary considerabl\petweerthe substanced-or example,pes-
ticidesareonly measurea very few times,whereastandargparametersuchasTOC or
BOD aremeasuredegularly?. In this thesis,monitoringdatafor EDTA, NTA, andboron
wereused.

In addition,the WVER conductsa waterquality monitoringprogrammewhich is much
smallerregardingsizeandamountof datathanthe LUA programmeln this programme,
about30 parameterat 17 sitesaremeasuredbetweertwo andfour timesayear As these
are mainly metalsand sum parametersthe datawere not applicablefor evaluatingthe
accuray of GREAT-ER.

2Therefore Avenue scriptshave beendevelopedfor easiewisualisationn the GREAT-ER software.
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5.3.5. Additional background data

Additional backgroundnapscanprovide aninsightinto the studyareafor thosewho are
not familiar with the region. For the Rur catchmentsite picturestakenat the monitoring
stationsaswell asa mapof the waterreserwirs areavailable (seeFigure5.1). Also, as
for all GREAT-ER catchmentsthe freely availableDigital Chartof the World datawere
includedin the Rur catchmentlata.

In addition, the water quality datamentionedabove provide backgroundinformation.
All monitoringdatahave beenincorporatednto the GREAT-ER system. They canbe
directly loadedusingthe ‘Additional backgroundiata’ menuitem.

5.3.6. Substance data

Substancelatacanbe dividedinto the catgyoriesemissiondata,parametersletermining
fate behaiour, andeffect data. Thelatter arenot requiredfor GREAT-ER calculations,
but areusedin the GREAT-ER productmode.

Actual emissiondataare necessaryor risk assessmerdnd also for the comparisonof

monitoringandmodelresults.For detegentingredientsemissiondataarepublishedan-

nually by the GermanmanufacturerassociationdkKW and TEGEWA. The only river

fate-relatedparameterequiredfor GREAT-ER mode 1 calculationsis an aggregated
first-orderinstreamremoval rate,which representsll processesontributing to the sub-
stances eliminationfrom thewatercolumn. Furtherinput parameterguantify percentual
eliminationefficienciesin the severagesystemandthe sevagetreatmenplant.

5.3.7. Generation of a GREAT-ER data set

Thedifferentkindsof geographiénformationarekeptin awell-definedformatin the GIS,
whichis describedn ECETOC (1999a).This format considerghe topologicalrelations
betweenthe different geographicabbjectssuchasriver stretchesand dischage sites.
Sincethis formatis quite complex andthe datasetsmay be very large, scriptshave been
developedby Wagner(1999)to facilitatethe generatiorof GREAT-ER datasets.

5.4. Hydrological modelling

Theaim of hydrologicalmodellingin this thesisis thederivationof Q,, andQs valuesfor
eachriver stretchfrom theinformationgivenatthegaugingstations Differentapproaches
have beenproposedhatvary from process-baseahodelsto easierempiricalapproaches.
Aschwanden(1995)investigatedseveral of theseapproachesvith respecto conditions
in Switzerland. As the flow regimesin Switzerlandare uplands,the findings are not
applicableto the Rur catchmentwhoselower coursesaresituatedn lowlands.However,
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5. TheRurcatchment Integrationinto the GREAT-ER model

thestudyprovidesa goodoverview of thefield.

Compl hydrologicalmodelsattemptto modelall ongoingprocesseswhich requires
a large amountof dataconcerningland use, soil types,precipitation,andclimatic data
(e.g. the Soil MoistureRoutingmodel, SMR, Frankenbegeretal., 1999). Othermodels
are basedon a phenomenologicablack-boxstructureusing a regression-typeanalysis
(Dyck, 1980a,b).In thefirst case the uncertaintiesf all the processesg.g. the actual
evapotranspirationand the high detail of requireddata, e.g. digital elevation models
and preciseland useinformation, have to be consideredwhich typically leadsto the
calibrationof the modelusingexisting measurediatafrom the gaugingstations.Given
the intentionto integrate large Europeancatchmentsnto the system,full hydrological
modellingis at presentbeyond the scopeof the GREAT-ER system. Sincecurrently
only the flow datawithin theriversareneededit is alsonot necessaryFor this reduced
purposegempiricalor statisticalapproachesanbeused.

Themethoddevelopedn thisthesisconsistof two steps:anonlinearegressiorfollowed
by a local refinement. Theory andresultsobtainedfor the Rur catchmentare given. It
shouldbe notedthat, sincethe measuredhydrologicaldatausedarebasedon long-term
statisticsthereis no needto derive differentdatasetsfor differentyears.For thisreason,
thesamehydrologicalinformationis usedin the 1993and2000datasets.

5.4.1. Nonlinear regression

Both Rodriguez-lturbendRinaldo(1997)andDyck (1980b)give a generarelationship
betweertheflow atalocationandthecorrespondingubcatchmergize,whichmostoften
followstheequation

Q =C1 - Acz

whereQ is the flow andA is the size of the subcatchmentRegardingmeanflow, c, is
typically betweerD.5and1 (Aschwandenl1995,p. 37), whereaDemuth(1993,p. 110)
proposesa linear relationshipbetweenQ and A, i.e. ¢, = 1. Dyck (1980b)alsogives
a relationshipbetweenthe accumulatediver length at a location, Accurnulu, andthe
correspondingubcatchmengizeA, following theequation

A = ¢35 - Accumulu®™
Thesetwo equationanbe combinedeadingto
Q = c5 - Accumu‘®

with ¢5 = ¢; - ¢5* andcs = ¢4 - ¢;. Theadwvantageof usingthe accumulatediver length
insteadof thesubcatchmergizedirectlyis thefactthatthesizesof thesubcatchmentare
only known at the gaugedsitesandnot at the ungaugedites,whereaghe accumulated
river lengthscanbe calculatedfor all river stretchesvithout further input datafrom the

3Thedifferencebetweerempiricalandstatisticalapproachess explainedby Demuth(1993).
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5.4. Hydrologicalmodelling

river network. Deriving subcatchment$or ary stretchis typically basedon a digital
elevationmodel,which wasnot availablefor the Rur catchmentn a sufficientresolution.

Relationship between accum ulated river length and subcatchment area

The hypothesiof the relationshipbetweenaccumulatediver lengthand subcatchment
sizewastestedfor the gaugingstationsin the Rur catchmentlIn Figure5.2 thisrelation-
shipis plotted. Theregressiorequationis A = 1.662 - Accumu'-**'*, with r* = 0.983.
Theregressiorwasperformedusingthe softwareSPSS™ (SPSSnc.).

In the Rur catchmensomeartifical channelsexist in which gaugingstationsare operat-
ing. In this plot, thesegaugingstationshave beenomitted, sincein generalthesedo not
have acatchmentarea.A similar plot canbederivedfor thewell-establishedelationship
betweersubcatchmerdreaandflow.

10000 T T
+  Rur gauging stations
fffffff y(x)=1.662%x 44

1000 ¢ & A
A
F
— 1
NE jrr +
=3 + &
o
= + -
1 ) +
- 100 o+ -
c + -1
[}
£ T
<+ o+
© +
O +  t-
N
/ +
10 b + E

l 1 1
1 10 100 1000

Accumulated river length [km]

Figure5.2.:Relationship betweenaccumulatedriver length and subcatchmentsize

Application of the regression in the Rur catchment

In orderto performthe regressioneachgaugingstationwasassignedo a river stretch,
sincethe GREAT-ER modelis basedon informationon a river stretchbasis. Then,the
accumulatediver lengthwascalculatedfor eachriver stretchusingstandardsIS meth-
ods,thusestablishinghe relationshipbetweengaugingstationdataandthe accumulated
river length. After this preparationthe nonlinearregressionwvasconducted.Theregres-
sionwasdonetwice to determinerelationshipgor the two requiredvalues,Q,, andQs.
Following theregressionsthe derived equationsvere appliedto all river stretchesthus
giving a consistenpreliminaryflow profile containingQ,,,, andQs for all river stretches
in the catchment.
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5. TheRurcatchment Integrationinto the GREAT-ER model

It shouldbe notedthat Demuth(1993,p. 111) stateshatthis approachcanprimarily be
appliedfor deriving meanflows. Concerninghe more extremelow andhigh flow rela-
tionshipshe stateshat suchanapproachmay be applied,but that deviationsmay occut
Verdoncketal. (1999)appliedthis approachn the Rupelcatchmen{Belgium). However,
studiegudgingthegoodnes®f this applicationarenotyet available.

Thenonlinearregressiorwasperformedollowing the equationfrom above andusingthe
Levenbeg-Marquartalgorithm,leadingto:

Qum = 0.000116 - Accumnu®®**

Qs = 5.565 - 1077 - Accumnu'?"

In this analysis,Accumu wasgivenin metreswhereaghe flows arecalculatedn m?/s.
Thefactthatthe exponentfor the secondequations greateithanl while it is smallerthan
1 for Q,, wasobsenedin othercatchmentaswell, e.g.in theRuhrandLahncatchments
in Germary (unpublishedandin theRupelcatchmenin Belgium(Verdoncketal., 1999).
This outcomesuggestshatflow distributionsaremoredensedownstream.n the caseof
theRurthisis not surprisingsincedueto the hugewaterreserwirs andthe controlling of
thewaterflow by the WVER, flowsin thedownstreanpartsarelessvariable.r? was0.98
for bothequationsThemeanof thesquareresiduesare0.587m*/ s for the Q,, and0.182
m?* /s for the Qs equation.

5.4.2. Local refinement

Limitations of this simple approachare obvious. Deviations may occur dueto natural
variationssuchasrainfall, soil type, or vegetation,aswell asdueto anthropogenically
influenceddisturbance®f naturalwaterflows, suchasland useand hydraulicconstruc-
tions. Especiallythelatterfactormakesaccuratdlow predictionsbasedn physicalmod-
elsvery difficult, assuchsite-specificdeviationsfrom naturalconditionswould have to
beincludedin aprocess-baseahodel.

The goodnes®f the regressionmay be judgedby comparingcalculatedand measured
Q.. andQ;s valuesatthe gaugingstations.Thesedeviations,expressedsaratio between
calculatedandmeasuredliows, arecalledlocal adjustmenfactors(LAF) andareplotted

in Figure5.3againstheaccumulatediver length.

The plots showv thatin the lower coursesdeviationsare generallysmall, whereasn the
uppercoursedarger deviationsoccur This shavs thatthe regressiorgivesbetterresults
in the moredownstreanmsection.|It impliesthatin the catchmenareaseargaugingsta-
tionswith anLAF far awayfrom 1, theneedfor local adjustments higher Fromtheplots
it may thereforebe concludedthat whenonly intendingto perform GREAT-ER calcu-
lationsin the lower coursesthe regressionalonemay be sufficient, but if intendingto
performsimulationsin the entirecatchmentindthereforealsoin smallersubcatchments,
asit is thecasehere theregressioris insufficient. Thelocal refinemenprocedurewhich
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5.4. Hydrologicalmodelling

performsanadjustmenbdf theresultsgivenby theregressionwasdevelopedfor this rea-
son. The local refinementprocedurehasbeenimplementedusing the GAWK scripting
languagedueto whichit couldbeintegratedinto theexisting GREAT-ER preprocessing

routinesdevelopedby Wagner(1999).
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Figure5.3.:Local adjustment factors for Q,, and Qs as functionsof the catchment
area.They-axisis logarithmicto betterdemonstrateleviationsfrom LAF =
1, whichindicatesan agreemenbetweermeasure@ndcalculatedvalues.
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5. TheRurcatchment Integrationinto the GREAT-ER model

Calculation and application of local adjustment factor s

The discrepang betweenestimatedand measuredlow at eachgaugingstationfor both
Q.. and Qs canbe quantifiedasa ratio of estimatedand obsered flow, which are the
LAFs determinedor bothQ,, andQs.

LAFm(GID> - Qm,regr(GID>/Qm,meas(GID>

LAF5(GID) = Qs rege(GID)/ Q5 mens(GID)

whereGID is thegaugingstations ID. TheseLAFs arenow assume@salsobeingrepre-
sentatve for the ungaugediver stretchesearthis station. Thus, in a secondstepthe
regression-estimatecheanand low flows in ungaugediver stretchesare adjustedby
stretch-specifitocal adjustmentfactors(LAF ., 5(SID)), which are basedon the nearest
gaugingstations’LAFs.

Nearespaugingstationsof astretcharedefinedasthenext gaugingstationin downstream
andin upstreandirection. Fromthesetwo valuesthe LAF for anungaugedtretchis de-
rived. If astretchhasonly onenearesgaugingstation whichusuallyoccursatthesources
andnearthe mouth,thenthe LAF atthe ungaugedite equalsthatat the nearesgauging
station.Thereforejf only onenearesgjaugingstationexists,adjustedlowsarecalculated
asfollows

Qm,adi(SID) = Quree(SID)/LAF,(nGID)

Q5,24i(SID) = Qs reer(SID)/LAF5(nGID)
whereSID depictsthe stretchiD andnGID is thenearesGID.

If a river stretchhas nearestgaugingstationsup- and downstream,their influenceis
weightedby the inverse-distancenethod,i.e. the shorterthe pathfrom the actualriver
stretchalongtheriver networkto a gaugingstation,the moreimportantthe gaugingsta-
tion is consideredo be. Thisis doneby first calculatingadjustedlows accordingo both
gaugingstationsandthenderiving thefinal flow by takingthe inverse-distance-weighted
meanof thesetwo flows. Again, thisis executedfor Q,, andQs; separatelyi.e.

Q (SI.D) = dd . Qm,regr(SID) du . Qm,regr(SID)
m,adj di+d, LAF,(nGIDu) d4+d, LAF,(nGIDd)
d rerS-[-D du rerSID
Qs,adj(SID) _ d QS, I3 ( ) Qs, g ( )

~ di+d, LAFs(nGIDu) ' di+d, LAFs(nGIDd)

d; andd, depictthe distancefrom the startof a stretchto the nearestdownstreamand
upstreanmgaugingstationsrespectiely. Analogously nGIDu andnGIDd arethe IDs of
therespectie gaugingstations.

Processing of confluences and bifur cations

Finding the nearestgaugingstationis not alwaystrivial, sincecomple situations,as
for examplegiven in Figure 5.4, needto be processed.In the caseof the absenceof
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bifurcations,the nearestdownstreamgaugingstation can directly be found by tracing
down theriver network. If bifurcationsexist, the nearesgaugingstationsin bothwings
are searchedor by startingat the bifurcation stretchand tracingdown in both wings.
From thesetwo gaugingstations,distance-weightedl AF,,, andLAF5 valuesfor a new
virtual gaugingstationlocatedat the bifurcation stretchare calculated. The bifurcation
is thenconsideredasthe nearesgaugingstation. The lengthof the pathfrom the actual
stretchto the bifurcationis usedasthe distance.

® Gauging stations

Bifurcations

Confluences

Bypasses /

Bifurcations >

Figure5.4.:Complextopological situation

A similar methodis appliedto find thenearestipstreangaugingstation.Insteadof bifur-
cations,confluencesieedto be solved. Theseoccurmuchmoreoftenthanbifurcations.
Thereforeaslightly differentstratey is usedto find thenearestipstreangaugingstation
of eachriver stretch,whichincreaseshe speedf thealgorithm.

Firstly, for eachgaugingstationall downstreanconfluencesresearchedor. This down-

streamsearchstopswhenthe next gaugingstationin the downstreamdirectionis found.

Within this step,theinformationaboutthe nearestupstreangaugingstationis storedfor

eachconfluence.Thus,afterwardghe nearesupstreangaugingstationandits distance
areknown for eachconfluence With this information,the nearesupstreangaugingsta-
tion andits distancecan be calculatedfor eachstretch,sincein sucha searcheithera

next gaugingstationor a next confluences found. The quality of the resultsis further
improved by someplausibility checksandmanualimprovementswhich canbe doneby

definingfurthervirtual gaugingstations.

65



5. TheRurcatchment Integrationinto the GREAT-ER model

Consideration of dischar ges

The LAF considersall deviationsbetweermeasure@ndregression-estimatefiiows oc-
curringatthegaugingstations regardlesof whetherthey areof naturalor anthropogenic
origin. Therefore dischagesfrom WWTPsareincludedonly implicitly, but not explic-
itly.

For large plantswith only a smallstreamdilution factor (SDF, Feijtel etal., 2000),which
is definedasthe ratio of meaneffluentflow divided by the meanflow of the receving

stretch this mayleadto unrealisticresultsin the stretcheslirectly above andbelow these
dischages,whichin factoccurredfor someplants.

To solvethis problem the SDFshave beencalculatedor all WWTPs. If anSDFis smaller
than 10, the meandischage flow of that plantis consideredasnot beingnegligible. In
sucha case yirtual gaugingstationshave beendefinedin thereceving stretchaswell as
in thestretchdirectly upstreanof thedischage. Thedifferencan theflows atthestations
equalghemeaneffluentflow of thedischagesite. Dueto this constructionthedifference
in waterflow up-anddownstreanof the dischageis appropriatelyconsidered.

5.4.3. Results obtained in the Rur catchment

In Figure 5.5, the Q,, and @5 flow profiles of the main river are given togetherwith
thegaugingstationsdata. The Rur riverwaschoserasanexample;analogouplotshave
beenobtainedor theotherrivers.It canbeseenthatatthe gaugingstationspbseredand
measuredlows areidentical,which follows directly from the construction.In the other
stretchesthe flow profile givesa consistenpicture. In addition,realisticflow increases
dueto confluencesanbeidentified.
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Figure5.5.: Calculated and observedflow profile in Rur catchment

5.4.4. Discussion of methodology

Hydrologicalmodellingin the context of the GREAT-ER modelaimsatderiving values
which describethe annualflow variability in a river stretchunderthe assumptiorthat
thesearelog-normallydistributed.An understandingf hydrologicalprocesses notthe
aim of this modelling. Therefore,process-basethodelsmay be replacedby empirical
ones,which may be extendedby GIS techniquego accountfor local to regional varia-
tions.

The proposednethodologyappliesthe relationshipof catchmentreaandflow asa ba-
sis. Fromthis startingpoint, improved predictedflows are derived by consideringocal
variationsgivenasadeviation of obsenedandestimatediow. Dueto thisandtheconsid-
erationof dischages,this approactusesall existing informationfor deriving flow data.

The goodnes®f this approactdepend®n the densityof the gaugingstations.Themore
gaugingstationsxist, the bettertheresultsareexpectedo be. Deviationsfrom measured
flow statisticscannotbe calculated,since at the gaugedstretcheghe calculatedflows
equalthe measurednes,dueto this construction. A further checkof the hydrological
data,apartfrom plots suchasthe onegivenin Figure5.5 may be donewith the help of
boronsimulations. Due to its conserative fate behaiour, boron may be usedto judge
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the consisteng of the hydrologicaldata. This wasshavn in section2.3 usingthe Itter
catchmenasanexample.

There is one aspectomitted comparedto existing hydrological models such as Mi-

CROLOWFLows (Institute of Hydrology, 1995): Water abstractionsare not explicitly

considered.However, comparison®©f measuredlows at the gaugingstationsindicate
that waterabstractionglo exist. Neverthelessjt wasdecidednot to considerwaterab-
stractionsexplicitly, sincethe hydrologicaldataderived from this modelareto be used
within the GREAT-ER model. Becausehe currentdatastructurein GREAT-ER does
notallow for anadequateonsideratiorof waterabstractionsvithin thefatemodellingof

substancegheir explicit consideratiorin the hydrologicalmodellingdoesnot improve
the hydrologicalinformation usedin the GREAT-ER model. This is explainedin the
following reasoning.

If in GREAT-ER theflow decreaseatatransitionfrom onestretchto anotherdueto wa-
ter abstractionthe concentratiorof a simulatedsubstanceassuminganinertcompound,
would increasedueto the massbalanceperformedat the startof the stretch. This is of
courseunrealistic sincedrawing off wateralsoeliminatesafractionof thesubstancéad
from theriver, i.e. the concentratiorwould remainconstant.This GREAT-ER-inherent
problemcannotbe solved within the currentdataand model structure. Accountingfor
this processvould requiresimultaneousnodellingof the hydrologyandtheernvironmen-
tal fate of the active substancethusimplying a reconstructiorof the core GREAT-ER
model. Regardingthe intendedapplicationof the model, which wasoriginally erviron-
mentalrisk assessmemtf chemicalsandwhichin thisthesisis acomparatie assessment
of detegents,not consideringvaterabstractionsloesnot leadto modelrestrictions.
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In orderto judgethegoodnes®f theincorporationof the Rur datasetsinto the GREAT-
ER systemsimulationresultsarecomparedo existing monitoringdatafrom 1993. The
conformity of measuremen@ndpredictedconcentrationss calledaccurag. In addition,
in May 2000a further monitoringprogrammewas conductedthe resultsof which were
usedto judgethe accurag of simulationsapplyingthe Rur 2000dataset. The second
purposeof this monitoringprogrammas to calibratecatchment-specifisubstancénput
parameterdor the monitoreddetegentingredients. The substancesisedin the 1993
simulationswereagainmonitored but alsofurtherdetegentingredientsvereincludedin
themonitoringcampaign.

In this chaptey first the accurag of GREAT-ER predictionsis judgedon the basisof
the 1993 catchmentind monitoringdatasets. Then,the 2000monitoringprogrammes
briefly describedFurthersimulationresultsarethenpresentedhatcorrespondo theyear
2000dataset. Finally, conclusionsaredravn. The comparisonis madeby comparing
meansimulationresultswith the meanvaluesof the monitoring data, whosespansof
valuesarealsoplotted.

6.1. Results applying the 1993 data set

6.1.1. Number of Monte-Carlo shots

Anotherinput parameteof GREAT-ER is the numberof Monte-Carloshots.Statistical
theory claimsthat the statisticalerror of the probability distribution function decreases
with anincreasinghumberof shots.In addition,anincreasingstatisticalerrorcanbe ex-
pectedwith anincreasinghumberof distributedinput parametersjueto the propagation
of variance.Therefore prior to performingsimulations anappropriatenumberof Monte
Carloshotshasto be chosen.

In orderto determinea reasonabl@umberof shots testsimulationswith differentnum-
bersof Monte Carlo shotsare carriedout andboth meanand 90" percentileconcentra-
tionsin all stretchesarecomparedIn Figure6.1,boronandLAS simulationresultsin the
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riverRurareshown. In thecaseof boron,only thecatchmenparametersveredistributed,
while in the LAS scenariothein-streanremoval rate(uniformbetweer0.03and0.35per
hour),the severagesystemelimination(uniform betweenl5 and35%)aswell asthetwo
WWTP efficienciesfor the primarysettler(uniform betweerl0to 20%)andtheactivated
sludgetanks(uniform between96 and 98%) are distributed. Thus, thesetwo scenarios
reflectextremaconcerninghenumberof distributedparameters.
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Figure6.1..GREAT-ER resultsfor differ ent numbers of Monte-Carlo shotsin the
Rur river (boron and LAS). Resultsare givenfor 1000,2000, 5000, and
10,000shots. The uppersequencesf functionsshav the 90" percentiles,
whereaghelower shov the meanresults.
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In the caseof boron,small differencesn the resultscanbe found. Facing othermodel
uncertaintiese.g.regardingemissionestimatestheseareconsideredo be of only minor
importance Thus,achoiceof 2000MonteCarloshotspersimulationseemdo bejustified
in the caseof boron. In the caseof a degradablesubstancesuchasLAS, for which all

inputparametersxceptthepercapitaconsumptioraredistributed,thevariationof results
is evensmaller This unexpectedresultis mostlikely dueto in-streamremoval, which
lowersvariationsdueto the exponentialdecayfunction. Equalresultswerederived for

theotherriversin the Rur catchment.

Concluding,2000Monte Carlosimulationsaresufficient for both substancesrThis value
is thereforeusedin theremainderof thisthesis.

6.1.2. Boron

In orderto determinethe quality of the catchmens integration into the GREAT-ER
system,a substancehatis not subjectto transformatiornprocessess bestsuited. As it
wasshaown in section2.3.3,this is the casefor boron,which is usedin detegentsin the
form of sodiumperboratdetrahydrateasa bleachingagent(seesections2.3.3and4.5).
The only factorsdeterminingriverineboronconcentrationgre emission dilution in the
differentstretchesandthe geogenidackgroundctoncentration.

Background concentration

Geogenidoronlevelsin the environmentvary to a considerablelegree. Metzneret al.
(1999)reportresultsirom differentcountriesjn which geogeniconcentrationarebelow
0.1mg/l, 0.1to 0.3 mg/l, smallerthan0.02mg/l or even15.2mg/l (Chile). For Germary,
typical valuesof 0.01to 0.05mg/l arereported.In the Itter, 0.055mg/l were measured
andsuccessfullyappliedin GREAT-ER simulations seesection2.3.

For theRur catchmenttherearetwo waysin whichto determineabackgrounaoncentra-
tion. Thefastestway s to directly usemeanconcentrationsneasuredn the headwaters
of the Rur catchmentA secondmethodis to calculatethe deviationsbetweernsimulated
andmeasuredaluesby assuminga zerobackgroundconcentratiorior all samplingsites.
Thesedifferencescan then be minimisedto derive a backgroundconcentration.How-
ever, the secondprocedurerequiresthatall anthropogenisourcesareconsideredyhich
is mostprobablynot the case,sincenot all emissionsourcesare known and published.
For thisreasonthefirst methodis usedto determinehebackgroundtoncentration.

Thereare three samplingsitesin stretchesof the Rur catchmenthat are more or less
freefrom anthropogeni@ampacts.Meanconcentrationat thesesitesrangefrom 0.026to
0.11mg/l. Sincein GREAT-ER onebackgroundraluefor the entirecatchmenhasto be
enteredthemeanvalueof 70 ;:.g/l is used.
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6. GREAT-ER simulationsn the Rur catchment

Simulation without additional input

As outlinedaborve, 2000 Monte-Carloshotswere chosen.Boron consumptionin deter
gentsand cleaningagentsfor 1993 accordingto IKW (1994,0.0893kg per capitaand
year)is usedasa basis. This originatesfrom the useof 97,865tons of sodiumperbo-
ratetetrahydraten theseapplications.Thetransformatioris basedon the factthat 7% of
sodiumperborateetrahydratds boron(RaymondandButterwick, 1992). Sincealmost
all samplesweretakenin the threeriversRur, Wurm, andInde, simulationresultsfrom
theseriversaregiven. The meanof the simulatedconcentrationstogethewith all avail-
ablemonitoringdatafrom 1993areshavn in Figures6.2and6.3.

The first simulationshows that the agreemenbetweenmeasuredand simulatedmean
concentrationss approximatelya factor of 2. Therefore the aim of GREAT-ER, i.e. a
factor of 3 (Feijtel et al., 1997),is fulfilled for boronusing nationalconsumptiordata.
In the Inde river, no generaltrendregardingover- or underpredictiong€anbe obsenred.
In the lower coursesof the Wurm and Rur rivers, however, concentrationsre mainly
underpredictedT he mostobviousreasorfor this is additionalinput from industry
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Figure6.2..GREAT-ER resultsfor boron vs. measuements(Rur river, 1993data).
Emissionis basedn detegentconsumptiordata.
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6.1. Resultsapplyingthe 1993dataset
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Figure6.3.:GREAT-ER resultsfor boronvs. measuements(\WWurm and Inde rivers,
1993data). Emissionis basedon detegentconsumptiordata.
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6. GREAT-ER simulationsn the Rur catchment

Simulation considering additional input

Sinceunderprediction®ccurredin the lower coursef the RurandWurm rivers,addi-
tional industrialemissionsourcesvereinvestigated.Two dischagesthatare potentially
relevantfor boronwereidentified. An indirectdischage into the Wurm river from pho-
tochemicalindustriesoccursvia HerzogenrathVWTPR. Via Linnich WWTP anindirect
dischage from the paperindustry exists into the river Rur. Both branchesare known

sourceof boronemissiongMetzneretal., 1999). However, actualboronloadsfor 1993
could not be determined. Therefore,two scenariosare calculatedassumingadditional
borondischage at thesetwo plants,the loadsof which werederived on the basisof the
deviation betweenmonitoring and simulation. In the first scenario,an additionalinput

in the Wurm river is assumedpccurringat HerzogenratihvVWTP. An annualborondis-

chage of 20 tonswasdeterminediy performinga massbalanceat the next downstream
samplingsite. Figure6.4 shavs meansimulationresultsandthe monitoringdata.
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Figure6.4..GREAT-ER results for boron vs. measuements (Wurm river, 1993
data). Additional dischage of 20 t/a at HerzogenratitWWTP (near20 km)
wasassumed.

Assumingan additionalinput at HerzogenrattVWTPR, meansimulationresultsin the
Wurm river arevery closeto the monitoringdata. In the secondscenarioan additional
dischageinto the Rur river is also consideredpccurringwith a quantityof 70 tonsper
year at Linnich WWTP. The resultsare shovn in Figure 6.5. It can be seenthat by
assuminghesewo additionalinputs,meanGREAT-ER resultsin theRurriverareclose
to the meanvaluesof the monitoringdata.
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Figure6.5..GREAT-ER resultsfor boron vs. measuements(Rur river, 1993data).
A secondadditionaldischageof 70t/aatLinnich WWTP (nearl05km) was
assumed.

6.1.3. LAS

Anothercompoundwvhich couldbe comparedo monitoringdatais the anionicsurfactant
LAS. In contrastto boron, it is degradableandadsorbdo surfacesij.e. sedimentatiorns
arelevantprocessConsequentlyit alsoundegoeseliminationprocesses the severage
systemandin wastavatertreatmenplants. Differentin-streamremoval ratesandwaste-
water treatmentelimination efficiencieshave beenpublishedto date,amongothersby
Bernaetal. (1989),Schibder(1995a),AISE/CESIO(1996),Schberl (1996),Holt et al.
(1998),SchivderandReichenspeer (1998),andSchibderetal. (1999),seealsotheltter
study(section2.3).

In general,no geogenicLAS backgroundconcentratioris expected. However, experi-
encedrom the Itter catchmentevealedthatalsoin headwatersf theltter, which canbe
regardedasfreefrom pointsources| AS concentration®f 5 g/l wererepeatedlymea-
sured.Thesamewasobseredin all othermonitoringcampaignshatwerepartof thefirst
GREAT-ER phase seethe monitoringdataon the GREAT-ER CD (ECETOC, 2000).
LAS wasalsodetectedn the headwatersf the Rur catchmentBasedon thesefindings,
abackgroundconcentratiorof 3 ;.g/l is usedfor the LAS calculationswhichis themean
of measured AS concentrationg uppercoursef theriver Indeupstreanfrom known
dischagesites.The potentialsourcef theselL AS loadsarenot known.
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6. GREAT-ER simulationsn the Rur catchment

Calculation with default data sets

In section2.3, two substancelatasetswere usedand comparedn the Itter catchment,
calledthe ECETOC andltter datasets.They arealsoappliedin this catchmento investi-
gatewhethersubstancelatasetscanbetransferrebetweerdifferentcatchments.

Both datasetsassumea sever removal efficiency of 25% and an activatedsludgeplant
efficiengy of 98%, which givesa total eliminationof 98.5%beforeenteringthe surface
water The ECETOC datasetconsidersanin-streanmnremoval rateof 0.06perhour, which
translatesnto a half-life of 12 hours,while the Itter datasetconsidersa uniform dis-
tributedin-streamremoval rate of between0.03and0.35 perhour, which correspondo
half-lifes of 24 and2 hoursrespectrely. Resultsobtainedusingthe GermanLAS con-
sumptiondatafor 1993 (0.5757kg per capitaandyear IKW, 1994)andapplying both
datasetsareshavn in Figure6.6.

As for boron,the‘factor of three’criterionis achiezed. Moreover, atall samplingsitesthe
simulationresultslie in therangeof the measuredialues.However, a generalunderpre-
diction of the meanconcentrationganbe obseredin the Rur river, while in the Wurm
river the dischage at Aachen-Soergnearto 10 km) dominatesthe simulationresults.
Thisdominancas not directly obsenablein the measurementsdowever, the simulation
resultsin the Wurm arenot rejectedby the monitoringdata,sincethe nearesmonitoring
siteis already4 km downstreanfrom the dischage, permittingbiodegradationto occut
Theunderpredictiongn the Rur maybe causedy (i) toolittle consumptiordata,(ii) too
high assumedvastavatertreatmentefficienciesor (iii) too high in-streamremoval rates.
Regardingtheoverpredictionsn theWurmriver, explanation(i) canmostprobablybe ex-
cluded,whereasxplanationgii) and(iii) cannotbedecidedwith thisinformationalone.
In addition,regardingthe very low LAS concentrationsa simplefirst-orderdegradation
ratemight notbeappropriate.

Concluding,GREAT-ER is ableto predictobsenableLAS concentratiorprofileswhen
usinggenericconsumptiordataandsubstancelataderivedin othercatchments.
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Figure6.6.. GREAT-ER resultsfor LAS applying the ECETOC and Itter substance
data setsvs. measuements(1993data).
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6. GREAT-ER simulationsn the Rur catchment

6.1.4. NTA

In Germauy, the useof NTA in householdoroductssuchasdetegentsdecreaseduring

thenineties.Sincethe secondhalf of the decadeNTA hasbeenmoreor lessreplacedn

householdletegents.However, it is still usedin differentindustrialapplicationsjnclud-

ing industrialcleaning.In 1993,2360tonsof NTA wereused(CEFIC,2000),of which

453.7tons(calculatedasnitrilotriaceticacid) wereusedin productsunderlyingthe Ger

man detegentand cleaningagentdaw (CEFIC, 2000, KW, 1994). Both consumption
dataareusedfor simulationsin orderto determinethe appropriatenessf eitherdataset.
Sinceno informationon the spatialdistribution of the consumptioris available,the 2360
tonsareassignediniformly distributedto the connectegopulation.Thisimpliesthe as-
sumptionthatindustrialactwity is higherin moredenselypopulatedareaghanin remote
regions.

Substancelatadescribingthe fate of NTA canbefoundin theliterature,e.g. Kuhnetal.
(1987),Alder etal. (1990),Ulrich (1991),andAlder etal. (1997). An in-streamremoval
rateof 0.035d! is usedwhichis basednin-situmeasurementsom the GreifensedUlI-
rich, 1991),althoughin-streamremoval ratesin lakesandriversarelikely to differ. For
the WWTP behaiour, a uniform distribution of between95 and98% s usedasthe to-
tal efficiency (comprisingboththe saveragesystemandthe wastavatertreatmenplant).
This value is basedon Alder et al. (1997,1990). A reportfor NTA provided by the
GDCh-Beantergremiumfur Altstofe (BUA, 1986)cites otherstudiesthatreportedelim-
ination efficienciesfor activatedsludgetype WWTPs of 84 and88%. For this reason,
in athird simulationa uniform WWTP eliminationefficiency rangingfrom 84 to 88%is
assumedo checkthesedata,togetherwith the emissiondataaccordingto the total NTA
consumptionn Germar. Resultsof the threescenariogdogetherwith monitoring data
aregivenin Figure6.7.

Regardingthe rivers Rur and Wurm, in the first two scenarioSGREAT-ER underpre-
dictsmeanconcentrationatall sites,while themodeloverpredictsat all sitesin thethird

scenario. The sameis true for the Vicht river exceptfor its mouth. Regardingthe Inde

river, no trendcanbe obsened. Neverthelesspy directly usingthe substancelatafrom

the literaturethe factor of threecriterionis metwhenusingthetotal NTA consumption.
However, in thelower partsof the catchmenthe deviationsaremoreor lessafactorof 3.

Keepingin mind the underlyingassumptiongoncerningemissionjmprovementsn the

predictionscan most probably be obtainedby incorporatingmore detailedinformation
concerningheuseof NTA in the Rur catchment.
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6. GREAT-ER simulationsn the Rur catchment

6.1.5. EDTA

Differentkinds of uncertaintyhave to be takeninto accountwhen simulating EDTA.
Firstly, consumptionrdataof EDTA vary in differentstudies. As for NTA, CEFIC reg-
ularly conductssurweys of EDTA productionandconsumptionn Europe(CEFIC,2000).
Resultsof thesestudiesarealsogivenin the BUA report(BUA, 1996)andpartly by Gar
tiser(1997). Theapplicationsof EDTA in differentbranchesrealsogiven. A difficulty
which causesincertaintyarisessimilarto thecaseof NTA, in decidingwhichapplication
canbetranslatednto a percapitabasis,sinceonly someinformationaboutthe percent-
ageof EDTA beingdischagedinto waterdueto differentapplicationss available(UBA,
1998).However, it is unclearwhethera‘wide dispersve use’assumptioris valid atall or
for acertainpercentageThereforeyariousscenariosverecarriedout, in which different
usesof EDTA aretransferrednto the percapitabasis.A furtheruncertaintyarisesfrom
the fact thatonly an (unknown) partof the EDTA massedisted areeventuallyusedand
dischagedin Germary (UBA, 1998).

Remual efficiency in wastevatertreatments alsoa ratheruncertainparameter Many
studiesstatethat EDTA is not eliminatedduring wastevatertreatmentfor exampleWolf
andGilbert(1992),Alder etal. (1990),andAlder etal. (1997).However, the BUA report
(BUA, 1996)citesstudiesin which eliminationefficienciesbetweenl0 and53%arere-
ported.ThereareEDTA-specificeliminationtechniquesvhich canbeappliedto increase
wastavaterefficiengy. Neverthelesshbecausemostof the studiesconcludethatEDTA is
not eliminatedin wastevatertreatmentno removal is usedasdefault.

Thethird uncertaintyis relatedto in-streamremoval. Accordingto theliterature,photol-
ysisis theonly significantremoval processHowever, it only occursif EDTA is comple-
boundwith iron. NowackandBaumann(1998)reportthatvaluesfrom 20 to 90% of the
EDTA presenin effluentsof wastevatertreatmenplantsform a complex with iron.Thus,
it is not surprisingthatmeasuredn-streamremoval ratesvary from no eliminationto a
half-life of only a few days(Wolf andGilbert,1992). The BUA report(BUA, 1996)cites
studiesshaving evenbiodegradabilityof EDTA undersomeconditions.

Basedon thesefindings, two classef scenariosvere defined. Differentconsumption
databy assumindixedeliminationbehaiour, i.e. no eliminationin the severagesystem
andwastavatertreatment@andan in-streamremoval half-life of 48 days,areinvestigated
in the first setof scenarios.In the secondclassof scenariosthe influenceof different
in-streanremoval ratesareanalysedy keepingthe emissiondataconstantAs for NTA,
monitoringdatafor 1993 canbetakenfrom the LUA monitoringcampaigngor the four
mainriversRur, Wurm, Inde,andVicht.

Varying consumption scenarios

Four scenariohave beendefinedwhich considerthe differentEDTA applicationsmen-
tionedin the BUA (1996)reportin the percapitatranslation|.e. differentpercentagesf
thetotal consumptionin Germairy in 1993(4270t, BUA, 1996)areusedin the scenarios.
In the first scenarioconly industrialand householdcleaningproductsand cosmeticsare

80



6.1. Resultsapplyingthe 1993dataset

considered31%, C & C scenario). In the secondscenario,photochemistryis alsoin-
cluded(58%,C& C & P scenario).Thethird scenaricalsoconsiderdextile andgalvanic
industries(65%), while in thelastscenariahe total amount(4270t, or 100%)is consid-
ered. The remaining35% betweenthe third andfourth scenaricarisefrom agricultural
use(3%) andfrom furtherapplicationsncludingwaterpurification(32%).

The first setof plots, shovn in Figure 6.8, shavs that EDTA concentrationsre over-
predictedin mostcases. The factor of threecriterionis only metwhenusingthe C &
C scenario. The overpredictionsmay be causedby the fact that not all EDTA usedin
cosmeticalapplicationsentersthe surfacewaters,which is mentionedby UBA (1998).
However, this applicationaccountgor only 3% of the total EDTA consumptionhence
beingresponsibldor 10% of the releasan the C & C scenario.A secondreasonmay
have beendue to removal processeither during wastevater treatmentor in the sur
facewatersthemseles. Regardingthe averageresidencdaime of waterin the catchment,
which is aboutoneday from the Rurtalsperre¢o the catchmens outlet, 48 daysis a slow
eliminationconstant.This hasbeenexaminedin the secondseriesof EDTA-scenarios.

Varying in-stream removal rates

In the secondsetof simulationghreefurtherscenariodbasedntheC & C scenariavere
defined,i.e. assumingno photolysis(scenarioB), a half-life of 1 day (scenarioC) anda
uniformly distributedhalf-life of betweenl and48 days(scenarid). Theresultstogether
with theoriginal C & C scenaridhalf-life of 48 days,datasetA) areshavn in Figure6.9.

Scenario€ andD giveresultshatin mostcasesrein therangeof themeasuredoncen-
trations,while scenariosA andB overpredict. The statementnadeabove thata half-life
of 48 daysis quite slow is proven here,asthe differencedetweerthe resultsof thetwo
lastscenariogreonly very small.

It is thusshawvn thatonly whenassuminga significantphotolysisratein combinationwith
theC & CscenarioEDTA predictiongn therangeof measured¢oncentrationsanbeob-
tained.However, this alsoshowvs the sensitvity of the GREAT-ER modelto parameters
determiningthe releasdnto surfacewaters,i.e. the productionfiguresor the wastevater
treatmentassumptionslt canalsobe seernthattheinfluenceof in-streamremoval cannot
bengglected,but thatit is comparedo thereleaseestimationbound.

81



the Rur catchment

jonsn

GREAT-ER simulati

6.

‘(erepses6T)SIUBWaINSEaW “SA Blepuondwnsuod jus Jagipbulwunsse 1 a3 104S)nsal Y3-1v3d9:'8'9ainbi4

[wy{] yinow 01 821N0S WO} WIIA Jany

0¢ 8T 9T VT 1 0T 8 9
T

——+-— (Xew-uiw ‘veaw) £66T BuLOIUOW VN1
uondwnsuod [ejo |

““““ Ansnpui olueaeb pue ajnxal ® d+0+D

\\\\\ Ansiwayooloyd @ 0+

SOAWS02 *® buiuea|)

1 1 1

o
(52}

o
<

o
[Te)

[1/61] uonenuasuod v1a3

I
o
O

i
o
~

[w] yinow 01 821N0S WL} WINAA JaAY
Sy 04 G€ 0€ 14 0¢ ST
T T

o
n

06

T T T T

.

T

——+-— (Xew-uiw ‘veaw) £66T BuloNUOW YN
uondwnsuod [ejo |

““““ Ansnpui olueaeb pue ajnxal ® d+0+D

\\\\\ Ansiwayooloyd @ 0+0

SINaWS09 *® buiuea|d
1 1 1

108

1
o
o
—

[1/61] uonenuasuod v1a3

L
o
0
—

1
o
o
N

1 0S¢

o
<

S€

[w] yinow 01 821N0S WO} BpU| JBATY
0€ 14 0¢ ST [0)% S
T T

i mo]

T

T T T

(xew-uiw ‘ueaw) 66T BULONUON YN r——+-—
uondwnsuod [ejo L
Ansnpui olueaeB pue ajixe) ® d+3+0 --------
Ansiwayoojoyd R D+ -------
SO1AWS02 P Bulues)) ———
1 1

09T

ort

[wyy] yinow 01 821n0S WOy INY JaAIY
0cT 00T 08 09 oy 0¢
T T

o o o o
o) © < N
[1/61] uonenuasuod v1a3

o
o
—

o
N
—

ort

(xew-uiw ‘ueaw) £66T PULONUON YN -+
uondwnsuod [ejo1
Ansnpui olueaeh pue ajuxel ® d+0+0 --------
Ansiwayoojoyd ® 9+ -------
Sonawisod % Bulues)) ———
1 1

1 1 1 1

o o o o

© [Te) < (92}
[1/61] uonenuasuod v1a3

1
o
~

08

82



Resultsapplyingthe 1993dataset

6.1.

‘(erepEeeeT)SIUBWAaINSEaW "SASaleISISAjoloyd 1us Jayipbuluunsse 1 g3 104S)nsal Y3-1v3AH 9 :'6'924nbi4

[wy{] yinow 01 821N0S WO} WIIA Jany

8T 9T VT 1 0T 8 9

bt

T T T T T T T

(xew-uiw ‘ueaw) £66T Buuonuo YN
(q) skep gp-T

(0) Aep T

(g) renowsal weansul oN

(v) shep g
! 1 ! ! ! ! !

0T

ST

0c

[1/61] uonenuasuod v1a3

14

14 ov S€ o€
T

[w] yinow 01 821N0S WO} WLNAA JaAY
14 0¢ ST
T

bt

T T T T T

(xew-uiw ‘ueaw) £66T BuLonuo YN
(q) skep gv-T

(0) Aep T

(g) renowsal weansul oN

(v) skep gy

! ! ! ! !

0¢

0¢

ov

09

08

[1/61] uonenuasuod v1a3

00T

0ct

[wyy] yInow 031 821n0S Wol} apu| JaAlY

or S€ 0g S¢ 0¢ ST 0T S
T T T

T T T

(xew-ulw ‘uesw) €66T BULONUOW VN1
(@) skep gy-T

(o) Aep T

(g) renowals weansul oN

(v) skep 8v

! ! ! ! ! !

1 1 1 1 1

o [Te) o [Te] o

o™ N N - -
[1/61] uonenuasuod v1a3

L
[Tel
™

[wyf] yinow 01 821n0S Woly INY JaAIY
09T ovT 0cT 00T
T T T

14

(xew-ulw ‘uesw) €66T BuLONUOW VN1
(@) skep gy-T

(o) Aep T

(g) renowals weansul oN

(v) skep 8v

! ! ! ! ! !

P

1 1 1
o [Te) o
N — -
[1/61] uonenuasuod v1a3

L
Yol
N

L
o
™

SE

83



6. GREAT-ER simulationsn the Rur catchment

6.2. Rur 2000 data set and monitoring

Futuresimulationsbeyond this thesiswill mostprobablyaim at portrayingcurrentsitu-
ations. As newestdischage site datawere available, a seconddatasetwith thesedata
wasalsointegratedinto the GREAT-ER system.This seconddatasetis characterisetly

efforts of the WVER to closesmallerandlessefficient WWTPsin favour of largerand
more efficient WWTPs. Thus,the numberof dischage siteshasdecreasedIn orderto

verify this dataset,a small monitoring programmewas conductedn cooperationwith

HenkelKGaA, which wasfinancedby the EuropearRisk AssessmenbteeringCommit-
tee(ERASM).

As in the previous section,this verificationis carriedout by comparingthe monitoring
resultswith GREAT-ER 1.0 calculationsbasedon 2000 monitoringand dischage site
data.However, sinceemissiondatacouldonly be basedn newvestavailablemarketdata,
which for the surfactantsverefrom 1998(TEGEWA, 2000)andfor theothersubstances
from 1999(IKW, 2000),thecomparisoris subjectto this uncertainty

Becausea generalverificationwith the catchmentdatasetwasalreadyconductedn the
previous section,the modelcannow also be usedto explain measuredconcentrations.
This may aid the interpretationof monitoringdataif only few monitoringdataareavail-
able.

A furtherpurposeof this monitoringis to determinanput parameter$or furtherdetegent
ingredientsconcerningn-streamremoval andWWTP efficiengy, asthesearenecessary
for the productmodeassessmentsThis purposeis relevant for the surfactantsAS and
AE. TheRurcatchments thefirst catchmenfor which two datasetsfrom differentyears
exist. For thisreasonjt canbeinvestigatedor thefirst time whetherparametersuchas
backgroundconcentration®r wastavatertreatmentefficiencies,which werederived on
thebasisof dischagesite,emissionandmonitoringdatafrom 1993,canbe successfully
appliedin the 2000modelling. Thisis conductedor boron,LAS, NTA, andEDTA.

In this section thedesignof the Rur monitoringcampaigris describedThen,theresults
of the monitoring programmeaswell ascomparisonsvith GREAT-ER 1.0 resultsare
givent. Finally, conclusionsonsideringhewhole chapteraredrawnn.

6.2.1. Choice of substances

Themonitoringdesigncomprisegheselectiorof the monitoringsites thefrequeny, and
thenumberof parameterandsubstance® bemeasuredThis decisionis typically based
on both the purposeandresourcego reveal representatie dataof the catchmeniHolt

etal., 2000).

Sincethe currentwork in the Rur catchmenaimsat comparingpotentialaquaticecotoxi-
cologicalimpactsdueto theuseof differentlaundrydetegentsby usingthe GREAT-ER

1An article having thesecontentshasalsobeenpreparedSchulzeetal., 2001b).
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6.2. Rur2000datasetandmonitoring

software thechoiceof substancewasprimarily focussedndetegentandcleaningagent
ingredients Furtherprerequisitegor the choiceof suitablesubstancewserethe expected
ervironmentalconcentrationthatshouldbeatdetectabldevels,andthequalityandquan-
tity of informationaboutthe substance-specifemissiondata.

This led to the parameteraindsubstancebstedin Table6.1. Thelist consistsof typical
water quality parametersdetegentingredientssuchas boron aswell as an- and non-
ionic surfactantsthechelatingagentdNTA andEDTA, andfinally caffeine. Caffeineis a
substancevhich mayberegardedas‘down-the-drain’.However, its ervironmentalemis-
sion pathwaysare not completelyunderstood.Therefore samplesveretakento assess
whetherit canbefoundat detectabldevelsin the ervironment.

6.2.2. Choice of sampling sites

GREAT-ER estimateghe spatialdistribution of ‘down-the-drain’chemicalsin surface
waters. Thusnot only the hot spotsare of interestbut the whole rangeof more heavily
andmoderateljfjoadedstretchesaswell asalmostunloadedstretchesThesamplingsites
aregivenin Figure6.10. Therisk of measuringan outlier is higherin very smallrivers,
becausenonitoringmayreflectanextremesituationof only a short-termduration. Thus,
mainriversaremoresuited.Dueto technicalrestrictionsthe monitoringprogrammevas
limited to thelower course®f the catchmenti.e. no samplesveretakenabove the water
reseroirs. Monitoring was performedon two sunry daysin May 2000. The average
watertemperaturavasl7.2+/- 1.3°C.

6.2.3. Sampling frequency

With the definedsubstanceandsamplingsites,the samplingfrequeny dependsn the
availableresources.Compositesamplesover time were sampled. At eachof the eight
monitoring sites, 12 sampleswvere collectedover 24 hoursusing an automaticsampler
in orderto derive a meandaily concentration.At two sites, however, dueto technical
problemsa compositeof 2 and3 samplegespectiely couldonly be attained.

6.2.4. Incorporation into GREAT-ER

A geographicatlatasetwasderived in which the locationsand someattributesof the
samplingsitesare stored. The monitoringresultswere alsoaddedto this dataset. The
datawere then transferredo a digital format accessibldy the GREAT-ER software.
The datasetis kept asadditionalbackgroundnformation, due to which the datamay
bedisplayedwithin GREAT-ER’s ‘Easy-To-Use’mode.A furthergeographicatiataset
wasdevelopedcontaininglocationsof thosemonitoringsitesat which photographsvere
takenduring the monitoring. The dataand photographsanbe loadedin GREAT-ER

usingthe ‘Show Site Pictures’entryin the‘Display’ menu.
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6. GREAT-ER simulationsn the Rur catchment
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Figure6.10.:Sampling sites of the 2000 monitoring programme in the Rur catch-
ment. Samplingsitesaregivenasasterisksywhereaghe dischagesitesare
representedly dots.IDs referto the samplingsites.

6.3. Results using the 2000 data

In orderto provide afirst insightinto the datasets,this sectionis dividedinto afirst part
presentinghe combinedmonitoring dataand a secondpart comparingthe monitoring
datawith simulationresultsof the GREAT-ER software.

6.3.1. Monitoring results

All monitoringresultsaregivenin Table6.1. The waterquality parametershav mod-
eratepollution at the sites. For TOC andthe nutrients,an evaluationaccordingto a Ger
manchemicalwaterquality classificatiorprovided by the Landesumweltamtlordrhein-
Westfalen(1997, LUA) can be performed. With respectto TOC, all measurediver
stretchesvould be rankedin stagell-11l (critically loaded). Accordingto ammoniathe
stretchesn theriversRur andindewould be classifiedasclassl (very slightly polluted),
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6.3. Resultsusingthe 2000data

while the four sitesin the Wurm river would eachrepresent differentclass,i.e. 1, I,
[I-111 andlll (heavily polluted). Thenitrite-basectlassifications almostidenticalto the
ammonia-basedne. Referringto nitrate, Krauthauserwould be classifiedas classl|,
while all othersiteswould be classifiedasclasslI-1ll.

Table6.1.:Overview of the Rur catchmentmonitoring results(May 2000). For each
river the order of the samplingsitesis from left to right downstream. The
sites are located near Krauthausen(119), Hilfarth (115), Vloodrop (113),
Kohlscheid(102), Rimburg (116), Hommerschg101), Kempen(114), and

Kirchberg (110).
River name Rur \ Wurm \ Inde
SitelD 119 115 113 102 116 101 114 110

DOC(mgl) 48 49 5 76 68 88 73 5
TOC (mg/l) 5 56 59 88 81 92 78 55
Ortho-P(mg/l) 0.10 0.10 0.14 0.15 0.28 0.66 0.45 0.09
NO,-N (mg/l) 0.03 0.03 0.04 0.04 0.15 0.23 0.15 0.03
NO,-N (mg/l) 1.87 297 321 437 3.6 4.18 4.16 247
NH,-N (mg/l) 0.03 0.03 0.05 0.03 0.84 0.41 0.15 0.03
MBAS(mg/) 0 0.01 0.02 0.03 0.03 0.05 003 O

LAS (ug/l) <1l <1 3 1 <1 3 3 <1
SAS(ngll) <l <1 <1 <1 <1 <1 <1 <1
AS (ugll) <1 2 <1l <1 1 4 1 <1
AES (ngll) <l <1 <1 <1 <1 2 <l <1
AE (ug/l) 6 3 8 11 6 8 13 2

Bor (mg/l) 0.11 0.16 0.22 0.34 039 0.44 042 0.17
NTA (ug/l) 21 8 9 2 5 2 35 3

EDTA (ug/l) 71 80 55 25 50 9 160 17
caffeine(ug/l) <05 <05 5 <05 <05 <05 <05 <05

With respectto the measuredrtho-phosphateoncentrationsthe samplingsitesin the
riversindeandRur areassignedo classedl or lI-1ll, while in theriver Wurm the mea-
suredconcentrationgreclassifiedto stagedlI-lll, I, andlll-IV (very heavily polluted).
It canthusbe seenthatthe Wurm is moreheavily affectedby ortho-phosphatéhanthe
otherriversin thiscatchmentHowever, becaus@morerobustwaterquality classification
requiresfurther measuremeniandprobablyalsowaterquality modelling,the classifica-
tion given above canonly be regardedasscreeningor the anthropogeniémpactof the
catchment.

Although anthropogenidnfluencescanbe presumedrom this waterquality monitoring
programmegoncentrationsf detegentingredientsareratherlow. Thisis especiallytrue
for the anionicsurfactantsThetaking of measurementsf anionicsurfactantsn surface
waterswasundertakerusingtwo methods:determinatiorof the sum-parameteMethy-
leneBlue Active SubstanceSMBAS) and‘High Performance.iquid Chromatography’
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6. GREAT-ER simulationsn the Rur catchment

(HPLC). The latter enableshe determinatiorof the differentsingle anionicsurfactants
andtheir homologue& For the single substancesnorethan half of the measurements
arenearor below thedetectionlimit, while the MBAS concentrationare comparablgo
thosedeterminedy theLUA duringthenineties.It canbeseerthatthesumsof measured
anionicsurfactantarealwayssmallerthanthe MBAS concentrationsTheselow values
do notallow very distinct GREAT-ER verifications.Concentrationsf the nonionicsur
factantalcoholethoxylathgAE) arealsomoderateput shav a distinct profile usablefor

a comparisorof monitoringandsimulationresults.

Themeasuredoronconcentrationgn the Rurandinderiversarecomparabléo concen-
trationsmeasuredh 1993,while concentrationg theWurmriverseento have decreased
from 1993to 2000.For NTA, attwo sites(114,119)highmeasured¢oncentrationarere-
markable asthey arealsohigherthanaveragevaluesmeasuredby the LUA in 1993.The
othersitesshav concentrationsimilar to the valuesfrom 1993. EDTA concentrations
especiallyin the Rur river have significantlyincreasedcomparedo datafrom 1993.This
increasecannotbe obseredin the riversWurm andinde. If the monitoringdatareflect
therealsituation,this would suggesbneor moreadditionalindustrialdischagesinto the
river Rur. At samplingsite Kempen(ID 114)bothNTA andEDTA concentrationseem
to be higherthanusual. Thesevaluesmayberegardedasoutlier.

Thelow concentrationsf caffeinearenot promisingwith respecto usingthecompound
for GREAT-ER verificationstudies.

6.3.2. Boron

Sinceboronis neitheradsorbeadhor chemicallyor biologically corverted(Schidderetal.,
1999),consumptiordataand(geogenicpackgrounatoncentratioraretheonly inputdata
necessaryor GREAT-ER simulationgseealsosections2.3.3and6.1.2). Theconsump-
tion figuresarebasedn the consumptiordatafrom 1999(0.0424kg per capityandyear,
IKW, 2000),whereaghevalueof 0.07mg/l determinedn the 1993calculationgseesec-
tion 6.1.2)is usedasthe backgroundconcentration.

The 1993studyshavedthe existenceof additional(industrial)input, whichwasassumed
to occurattheLinnich andHerzogenrattWWTRP, wherein factemissionsrom glassand
paperindustryoccurred seesection6.1.2. Theloadsdeterminedn the 1993studywere
20t/aatHerzogenratWWWTP (river Wurmat 20 km) and70 t/aat Linnich WWTP (river
Rurat105km). To checktheseindustrialloadings,resultsfrom scenariosvithout these
additionalinputsaswell aswith theadditionalloadsaregivenandshavn in Figure6.11.

It canbe seenthat the measuredoron concentrationgre underestimatedh the lower
course®f theRurandWurmriversif only thedetegent-basegercapitaconsumptions
usedasemissiondata,whereasn the scenaricassumingadditionaldischagesaccording

2A recentoverview of differentanalyticaltechniquegor determiningsurfactantsn ervironmentalmatri-
cesis givenby Thieleetal. (1999).
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6.3. Resultsusingthe 2000data

to the 1993scenarioboronconcentrationsreoverestimated.
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Figure6.11..GREAT-ER resultsfor boron vs. measuements(2000data)

At Kirchberg (nearthe mouthof thelnderiver),meanconcentrationsf 174and177 g/l
arecalculatedn thetwo scenariosThesevaluesarecloseto the measured¢oncentration,
i.e. 170ug/l. Thus,thebackgroundconcentrationwhich wasdeterminecdn the basisof
the 1993data,providesgoodresultswhenapplyingthe 2000dataset. The differenceof
3 ng/l calculatedat Kirchberg in the two scenarioss dueto the stochastiovzariabilities.

Whenlooking at the secondscenario,in which additionaldischagesare consideredit
maybe concludedhattheadditionalloadsenteringatHerzogenratlandLinnich WWTPs
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6. GREAT-ER simulationsn the Rur catchment

have changedn quantity However, this changemayalsopartly bedueto the uncertainty
introducedby usingthe percapitaconsumptiorfrom 1999.

By inverse-modellingwhich aims for the optimal agreemenbetweenmodelling and
monitoring at one or more sites, likely quantitiesof additionaldischagesat different
sitescanbe obtained.However, regardingthe smallamountof monitoringdata,it seems
guestionablevhetherthis would give arny new insight. Neverthelessto exemplify inverse
modelling,theadditionaldischage at Linnich waschangedo aloadgiving resultsclose
to the monitoring dataat the next downstreamsamplingsite Hilfarth. This load, 25.66
t/a, wasderivedby a massbalance Theresultingconcentratiorprofile of theriver Ruris
givenin Figure6.12.
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Figure6.12..GREAT-ER resultsfor boron vs. measuements(Rur river, 2000data)

With this adjustmentthe simulationandmonitoringresultsat Hilfarth (113km) arevery
close.Their deviation is only causedy variationsdueto the stochastigartof GREAT-

ER. Also, at Vloodrop (130 km) the deviation hasconsiderablydecreased.Thus, by
collectingadditionalinformationaboutindustrialdischages,furtherinsightinto spatial
borondistributionsmay be derived. However, regardingthe aim of this thesis thisis not
consideredecessary
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6.3. Resultsusingthe 2000data

6.3.3. Anionic surfactants

In the Rur monitoringprogrammeMBAS aswell asthe anionicsurfacantdinear alkyl-
benzenesulphonat€LAS), alcohol(or alkyl) sulphatg(AS), alcohol(or alkyl) ethersul-
phate(AES), andsecondaralkanesulphonatd SAS) weremeasuredFor all thesesub-
stancesemissiondataare available from TEGEWA (2000). Comparison®f measure-
mentsand simulationresultshave only beenconductedor LAS andAS becausemoni-
toring resultsfor SASandAES in all casedut onearebelow thedetectionlimit of 1 ng/l
(seeTable6.1).

LAS

It is clearly visible thatthe measured.AS concentrationsirevery low, since4 out of 8
valuesarebelow the detectionlimit of 1 ug/l. Dueto this facta comparisorof measured
andsimulatedconcentrationss difficult. 1998consumptiorfiguresrevealeda percapita
consumptiorof 0.4777kg per capitaandyear (TEGEWA, 2000). As in the 1993simu-
lations,two scenariosveredefinedusingthe ECETOC andltter substancelatasets.Re-
gardingthevery low measureaoncentrationsio backgroundconcentrations assumed.
Thisdiffersfrom the 1993study where3 .. g/l wasusedasthebackgroundtoncentration.
Thesimulationresultsatthedifferentmonitoringsitescomparedo the measuredlataare
givenin Table6.2.

Table6.2.:GREAT-ER resultsfor LAS vs. measuements(ng/l, 2000data)

SamplingSite  Measured Meansimulationresults River
concentration Itter dataset ECETOC dataset
Krauthausen <1 2.7 3.4 Rur
Hilfarth <1 1.2 2.7 Rur
Vloodrop 3 1.1 3.1 Rur
Kohlscheid 1 12.6 21.3 Wurm
Rimburg <1 5.0 12.5 Wurm
Hommersche 3 5.1 11.5 Wurm
Kempen 3 2.2 6.3 Wurm
Kirchberg <1 2.3 6.0 Inde

In both scenariosoverpredictionof LAS concentration®ccurat mostsites. Especially
in the Wurm river, exceptfor at the samplingsite Kempen systematialeviationsoccur,

which arecausedy the calculated_AS load emittedby the largestmunicipaldischage
of the catchmentat Aachen-SoersThe dominanceof this plantis not reflectedby the
measurementsT his disaccordancevasalreadyobseredin the 1993 study seesection
6.1.3.

Differentstudiesshov WWTP removal efficiencieshigherthan98%(AISE/CESIO,1996,
Schibder et al., 1999). Applying thesehigher elimination efficiencieswould lead to
smallerGREAT-ER simulationresults,andthusto smallerdifferencef measurements
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6. GREAT-ER simulationsn the Rur catchment

andpredictions.

Thein-streamremoval assumedn the Itter datasetleadsto smallerdeviationsfrom the
monitoringdata. This differs from the 1993 study in which the ECETOC datasetwas
moreaccurateat modellingthe measuredoncentrations.

However, with respectto the preseniow rangeof measureaoncentrationsyariability
in the measurementaswell asuncertaintiesn the emissionestimatesnay have large
influenceon the comparisorof monitoringand simulationresults. Therefore,a further
calibrationof LAS substancelatabasedon only thesemonitoringdatadoesnot seemto
bejustified. Shoving thata substancelatasetderivedin a differentstudycanbeapplied
in this studywith only limited variationsbetweenmonitoringandsimulationresultsis a
morevaluableresult.

AS

Thesecondanionicsurfactantor whichcomparisonsf monitoringandsimulationresults
could be performedis alcoholsulfate(AS). Consumptiordatafor 1998 areprovided by

TEGEWA (2000,0.122kg percapitaandyear),while informationaboutthein-streanre-

moval andwastevatertreatmenbehaiour is givenby Painter(1992),Schibder(1995a),
AISE/CESIO(1996),andin aBUA report(BUA, 1997).In generaltheseparametersare

similar to the figuresof LAS. Thereforethe LAS Itter datasetis alsousedfor AS (data
setA in Table6.3). In datasetsB and C, the WWTP removal efficiengy is increased,
becausehe literaturecited above in generalindicateslightly higherWWTP efficiencies
for AS thanfor LAS.

Similar to LAS, at four samplingsitesmeasured\S concentrationgarebelow the detec-
tion limit of 1 »g/l, whichin turnmakesGREAT-ER verificationsvery difficult. Results
for the differentdatasetsare givenin Table 6.4, while the input datasetsare givenin
Table6.3.

Table6.3.:Removalratesfor AS. TheWWTP areof theactvatedsludgetype.
Dataset Sever WWTP In-stream

% % h=!
A 25 98 0.03-0.35
B 25 98.5 0.03-0.35
C 25 98.5-99.3 0.03-0.35

Unlike for LAS, no generaltrendsof over- or underpredictiorcanbe obsered for AS.
Also, thediscrepang obseredfor LAS in theWurmriveris only visible at thesampling
site nearKohlscheid,the first samplingsite belov the WWTP Aachen-Soerswhile in
the LAS modellingthis could be obsered in large partsof the Wurm river. From the
threeAS datasets,thefirst (A) seemgo be the mostappropriatealthoughsucha state-
mentis highly difficult consideringvariabilitiesanduncertaintiesn both modellingand
monitoring.
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6.3. Resultsusingthe 2000data

Table6.4.: GREAT-ER resultsfor AS vs. measuements(u:g/l, 2000data).

SamplingSite  Measured Meansimulationresults River
concentration DatasetA DatasetB DatasetC
Krauthausen <1 0.7 0.5 0.4 Rur
Hilfarth 2 0.3 0.2 0.2 Rur
Vloodrop <1 0.3 0.2 0.2 Rur
Kohlscheid <1 3.2 2.4 1.8 Wurm
Rimburg 1 1.3 0.9 0.7 Wurm
Hommersche 4 1.3 1.0 0.7 Wurm
Kempen 1 0.6 0.4 0.3 Wurm
Kirchberg <1 0.6 0.4 0.3 Inde

6.3.4. Nonionic surfactants - Alcohol Etho xylate

The mostwidely usednonionicsurfactanin Germandetegentsis AE. Surprisingly the
literatureon the fate behaiour of AE is relatively sparsecomparedo the literatureon
LAS, for example.However, somestudiesconcerninghefateof AE wereconductedthe
resultsof which couldbeusedin this thesis.

As for LAS andAS, consumptiordataarebasedon informationprovidedby TEGEWA
(2000,0.697kg percapitaandyear),while measuredVWTP andsewer eliminationef-
ficienciesare given by AISE/CESIO (1996), republishedn Matthijs et al. (2000) and
Feijtel et al. (2000). For saver removal the meanvalue of 42% given thereis usedfor
the simulation. However, the averageWWTP removal reportedthere seemsvery high
(99.8%). Other studies(e.g. Holt et al., 1992) report valuesof only 98% and highet
Therefore 98% and99%areusedasWWTP efficienciesin the standardscenariosData
onthein-streanremoval ratesareamongothersgivenby Steber(1997,usedin datasets
A), and Marcomini et al. (2000, usedin datasetsB andB2). The substancelatasets
usedfor the threescenariosaregivenin Table6.5. Simulationresultsof thesescenarios
aregivenin Figure6.13andin thetext. ThedifferencebetweendatasetsB andB2 lies
in the consideratiorof removal in the severagesystemwhich is notassumedn dataset
B2. Thedifferencedetweertheresultsof thesetwo scenarioshereforedepicttheinflu-
enceof this uncertainparameterThis uncertaintyis causedy the fact thatthe removal
efficiengy in the severagesystemdepend®on the meanresidencdime within the severs
connectedo aspecificWWTP. This valueis highly site-specific.

In the Rur andat the mouthof the river Wurm GREAT-ER underpredictshe measured
concentrationswhile thisis notthecaseatthe othersites.It is mostlikely thatthewaste-
water treatmentefficiency of WWTP Aachen-Soerss betterthanthe average,sincean
overpredictionn the Wurmriverwasalsoobsenablefor theothersurfactantsn the1993
and2000simulations.However, this canonly be presumed At the samplingsite Kirch-
bery (Inde river), meansimulationresultsbasedon the differentdatasetsare 2.5 ug/I
(datasetA), 5.5 g/l (datasetB) and9 ng/l (datasetC), while 2 g/l weremeasured.

93



6. GREAT-ER simulationsn the Rur catchment

Table6.5.:Removalrates for AE. WWTP removal assumedVWTPs of the type acti-
vatedsludge whichis the casefor all plantsin the catchment.
Dataset Sever WWTP  In-stream

% % h-!
A 42 98 0.14
B 42 99 0.012-0.055
B2 0 99 0.012-0.055
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Figure6.13.:GREAT-ER resultsfor AE vs. measuements(2000data)
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6.3. Resultsusingthe 2000data

However, especiallyin the Rur river, deviationsaresmall, i.e. lessthan5 ng/l. The
deviationsmay thereforealsobe causedy variabilitiesin the monitoringdata. Despite
this, the factor of threecriterionis metfor mostof the sitesin all scenarios Exceptions
exist for datasetA atthe samplingsitesHilfarth andVloodropandfor datasetB2 atthe
samplingsite Kirchberg. DatasetB leadsto resultsfulfilling thefactorof threecriterion

at all sites(at Vloodrop the deviation revealsexactly a factor of three). If a choicehas
to be madebetweenone of the threedatasets,dataset B seemsmost appropriatefor

GREAT-ER modellingof AE in the Rur catchment.

6.3.5. NTA

Consumptiordatafor NTA usedn detegentsandindustrialaswell ashouseholdaleaning
agentsareregularly publishedoy IKW (IKW, 2000).For 1999,400t/aaregivenfor Ger

mary, which is equivalentto 0.0049kg per capitaandyear Threescenariosaredefined
accountingor differentWWTP efficiencies,which weredeterminedn threemonitoring
studies. In the first scenarioa uniform distributed elimination of between95 and 98%
(scenaridA, Alder etal., 1997)is assumeasthe WWTP efficiengy. In theseconda uni-

form distributedeliminationof betweer84 and88% (scenaridB, BUA, 1986),andin the
third scenarica uniform distributedeliminationof betweer94.9and96.2%(scenaricC,

Schibder,1998) areassumed.The in-streamremoval rate measuredor NTA in-situ in

the GreifensedUIrich, 1991)is againusedin all scenarioskeepingin mind the potential
sourceof error arisingfrom differenteliminationkineticsin riversandlakes. The first

two substancelatasetswerealsoappliedin the 1993study whereaghethird elimination
efficiency (scenariaC) hasnotyet beenused.Simulationresultsof all scenariosogether
with themonitoringdataaregivenin Figure6.14andTable6.6.

Table6.6..GREAT-ER resultsfor NTA vs. measuements(Rur and Inde rivers,
2000data). Resultsaregivenin ug/l.

Samplingsite Measured Simulatedwith WWTP removal of
84-88% 95-98% 94.9-96.2%
(A) (B) (©)
KrauthausergRur) 21 0.4 0.1 0.1
Hilfarth (Rur) 8 0.6 0.2 0.2
Vlodroop (Rur) 9 1.0 0.3 0.3
Kirchber (Inde) 3 1.6 0.4 0.5

Whenapplyingthe consumptiordataaccordingto IKW (2000),underestimationsccur
in the Rur river and at samplingsite Kirchberg. This was also obsered in the 1993
calculations However, in the Wurmriver suchunderpredictionsrenot clearlyvisible.
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Figure6.14..GREAT-ER resultsfor NTA vs. measuements (Wurm river, 2000
data). The probableoutlier nearthe mouth (Site ID 114, Kempen)is not
shawn.

In asecondsetof scenariosgonsumptiordatafor 1999publishedoy CEFIC(2000,0.031
kg per capitaandyear) are usedthat considerall applications.In this calculation,only
the first two WWTP scenario§A and B) are considered.Sincethe differencesn the
simulationresultsbetweerthe secondB) andthethird (C) datasetareminimal, thethird
scenarids nolongerused.

Theresultsfor theWurmandRurriversaregivenin Figure6.15,while atKirchberg (Inde
river) the calculatedneanconcentrationsire10 (datasetA) and2.5 g/l (datasetB) re-
spectvely, comparedo a measureaoncentratiorof 3 n.g/l.

Thefactor of threecriterionis not generallymet. Sinceboth over- andunderpredictions
occur, thedeviationscannotbeexplainedby erroneousubstanceemoval rates.It is more
likely thatthe assumptiorto uniformly assignthe total amountof NTA thatwasusedin
Germary uniformly to the populationis not valid. Fromtheseresultsonemay conclude
thatthe spatialdistribution of NTA concentrationgn surfacewatersis not predominantly
determinedy privatehouseholdsFurthermoregeneraunderpredictiong theRurriver
aremore likely dueto above-averageindustrialinput. Thus,in orderto accuratelyas-
sesghe spatialdistribution of NTA in the surfacewaterof the Rur catchmentjndustrial
sourcesvould needto beidentifiedandinvestigated.

96



6.3. Resultsusingthe 2000data
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Figure6.15..GREAT-ER resultsfor NTA vs. measuements(2000data). Consump-
tion dataarebasedn CEFIC(2000).Here,theprobableoutlieratthemouth
of the Wurmaswell asa secondn theRurriver areincludedin theplot.
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6. GREAT-ER simulationsn the Rur catchment

6.3.6. EDTA

Germanconsumptiordatapublishedoy CEFIC (2000)aredividedinto differentapplica-
tions. In the 1993 study the bestresultswere obtainedby assigningthe EDTA applied
in householdandindustrial cleaningproductsaswell asthatin cosmeticproductson a
percapitabasis. In 1999,theseapplicationsaccountedor 32% of the total EDTA con-
sumptionof 3,894t/ain Germaly (calculatedasedeticacid),whichis almostidenticalto
thepercentagén 1993(31%),althoughthe partitioningamongthethreeapplicationshas
changed.

Thedifferentkindsof uncertaintypresenin afatemodellingof EDTA have alreadybeen
discussedn the previous EDTA simulationsusingthe 1993 dataset. Due to thesefind-

ings, 3 scenariosare definedwhich accountfor differentin-streamremoval rates. The
emissiondataarebasedn useof EDTA in householdandindustrialcleaningproductsas
well ascosmetigproducts.In the 1993study this assumptiomgave the bestresults.In the
threescenariosno in-streanremoval (scenaricd), anin-streamremoval rateof 0.02888
h=!, which correspondso a half-life of oneday (scenarioB), anda uniform distributed
in-streamremoval of betweerD.02888and0.006h~", areassumedscenaricC). Thelat-

tervaluecorrespond$o a half-life of 48 days.

Theresultsof threescenariogreshavn in Figure6.16. At samplingsiteKirchberg (Inde),
meansimulatedconcentrationsvere 17 1:.g/l (photolysisrate0.03h~!), 28 ng/l (0.0006-
0.03h71) and39 1.g/l (no photolysis)respectiely, while 17 ;.g/l weremeasured.

Two main obsenationscanbe madefrom thethreeEDTA scenarios Firstly, the results
clearly shav thatthe influenceof variablein-streamremoval ratesis limited, asthe dif-
ferencedn the simulationresultsconsideringno in-streamremoval (scenarioA) versus
consideringa half-life of a dayareonly a factorof 2. Secondjarge deviationsbetween
measuremenandsimulatedEDTA concentrationsanbe obsered. In the Rurriverun-
derprediction®ccuratall samplingsites,while in theWurmriver, exceptfor theprobable
outlier nearthe mouthof the Wurm, overpredictionccuratthe monitoringsites.

Thesdindingsaremostprobablydueto thefollowing two reasonsFirst, only 32%of the
EDTA releasedn Germaly hasbeenappliedin thethreescenariosTherefore additional
industrialemissionsarepossibleandlikely. Secondlythegeneratelationreflectedoy the
GREAT-ER model,i.e. the correlationbetweerpopulation-densityn a (sub-)catchment
andconcentratiorievel in the ervironment,is not valid for this monitoring: In the Rur
the measuredconcentrationsare higher thanthosein the river Wurm despitea higher
populationdensityin the Wurm subcatchment.
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6.3. Resultsusingthe 2000data
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Figure6.16..GREAT-ER resultsfor EDTA consideringdiffer ent photolysisratesvs.
measurements(2000data). Consumptiordataarefrom CEFIC (2000).

99



6. GREAT-ER simulationsn the Rur catchment
6.4. Discussion

6.4.1. Simulation using 1993 data

It wasshown that for the threesubstanceboron, LAS, and NTA the desiredaccurag

of a factor of threecould directly be achieved for the main riversof the Rur catchment
by usingaverageconsumptiordataand physico-chemicapropertiesfrom the literature.
For LAS andboron, backgroundconcentrationdiadto be defined. A backgroundcon-

centrationwas assumedn the caseof borondue to its naturaloccurrence. For LAS

this is not obvious. However, in all GREAT-ER catchmentsi.e. in the UK, ltaly, and
Germary, concentrationabove zeroweremeasuredn the headwater¢E CETOC, 2000).
This shouldbe consideredn the designof future LAS monitoringstudies,which aim to

determinethe spatialdistribution of LAS or other surfactants.For EDTA the selected
emissiondatascenariostrongly influencedthe model output, which demonstratefion

carefullytheseimportantdatamustbe derived.

Thecalculatedconcentratiorprofilesof all four substancem the Wurmriver weredom-
inatedby the dischagesof the largestWWTP Aachen-SoersAlthough the monitoring
datadid not contradicttheseresults,the measureadoncentrationslid not shov peaksin
therespectre partof theriver. Reasonsnay betwo-fold. Eitherthe monitoringsitesare
too far away from the dischage site to identify anactuallyexisting peakor, alternatvely,
Aachen-Soer®VWTP hasa bettereliminationefficiency. By measuringeffluentsof the
WWTP, thefirst couldbeinvestigated.

For boron, the concentratiorprofile in the Wurm was lesspronouncedwhich is most
likely dueto industrialdischages. This wasshawn in the caseof HerzogenrattWWTR,
wherea considerableadditionalinput was identified which increasedhe accurayg sig-
nificantly. Besidesboron,the othersubstanceBITA andEDTA might bedischageddue
to industrialuse.For amore precisemodellingof thesesubstancefurtherinvestigations
concerningndustrialuseanddischage would be necessaryHowever, asthis thesisfo-
cuseson householdaundrydetegentsthat neithercontainNTA nor EDTA, this hasnot
beendone.

The influenceof variable in-streamremoval ratescould be seenfor EDTA. Sincein
GREAT-ER the fate of substances surfacewatersdependson both dilution andin-
streamremoval, which is due to the opennatureof this catchment-basedystem,the
differencedetweenconsideringslonv andno in-streamremoval werenggligible. An in-
creasindhalf-life thereforebecomedesssensitve.

The comparisonavere carriedout on the basisthat the meanmeasurectoncentrations
really reflectthe meanconcentration®n anannualbasis. However, measurementwere
not takenover the whole year but only during the period from April to December It
hasnot beeninvestigatedvhetherin-streamremoval or wastavatertreatmentfficiency
is reducedn the Rur catchmenturingthe cold seasorirom Januaryto March. However,
GREAT-ER model doesnot considersucha temperature-dependgneither For this
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6.4. Discussion

reasonthe comparisorof measuremen@ndsimulationmaybeslightly biasedalthough
AISE/CESIO(1996,p. 38f.) cite studiesfrom which they concludethat biodegradation
ratesof surfactant@renot or only to a smallextenttemperature-dependent.

6.4.2. Simulation using 2000 data

Similar findingsasin the analysisusing the 1993 datawere obtainedwhen using the

2000data. The ervisaged'factor of three’ criterion hasbeenmet for the investigated
substanceexceptfor NTA andEDTA. RegardingEDTA, thecriterionwasachievedonly

at somesites,but no agreemenin the spatialdistribution of measuredrersussimulated
concentrationsvasobsered. The mainfactorinfluencingenvironmentalEDTA concen-
trations,andto alesserxtentalsSoNTA concentrationds thereforemostlikely industrial

applicationgatherthanprivatehouseholdsHowever, for theinvestigatedurfactantand

boron,which cantypically beregardedashousehold-relatedlown-the-drain’chemicals,
anaccordancéetweermeasuremenindsimulationresultscouldbeobsered,although
someover- andunderprediction®ccurred dependingn the choiceof substancg@aram-
etersappliedin thedifferentscenarios.

A furtherinterestingaspects thefactthatsubstancedatasetsderivedfor othercatchments
andin the 1993 studycould be transferredy only adjustingthe percapitaconsumption
to actualvalues. This could corvincingly be shavn in the caseof LAS, wherethe data
setsderived from the Itter catchmen(ltter dataset)andin the Englishpilot studyareas
(ECETOC dataset)could successfullype transferredo the Rur catchmentThe fact that
in the1993studythe ECETOC datasetresultedn lower deviations,while with respecto
the2000datatheltter datasetseemsmoreappropriateis only of minorimportance The
only differencebetweerthesetwo datasetsis thein-streanremoval rate,the influenceof
whichis limited, aswasshowvn in theEDTA scenarios.

In the caseof boron,the backgroundconcentratiordeterminedn the 1993 study could
directly be usedin this study Regardingtheresultsat the samplingsite Kirchberg (Inde
river), the chosenvalueseemedo berealistic,whichin turn confirmsthe correctnessf
theassumedjeogenioorigin of thechoserbackgroundtoncentration.

Anothergeneratrendthatcouldbe obsenedin almostall scenario®f the 1993and2000

studiess thefactthatGREAT-ER generallyunderpredictsoncentrationgeartheoutlet

of thecatchmentThis maysuggestheexistenceof unknovn additionalinput(s),besides
the consideredoercapitaones. Nearthe catchmens outlet, discrepanciesan bestbe

seen,sinceat this locationall additionalinputsareadded,aslong asthey have not yet

beeneliminatedfrom thewatercolumn.

All thesepresumptiongould further be investigatedespeciallyby collectingadditional
informationfor relevantindustriesdischaging viathe WWTPs.However, thisis notdone
here,sincewithin the contet of thisthesis thisis notnecessaryf in adifferentcontext a
morethoroughunderstandingf, for example,theNTA andEDTA loadsin theRur catch-
mentis desiredthesenext stepscould be performed.In sucha moredetailedstudy the
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6. GREAT-ER simulationsn the Rur catchment

validity of themonitoringdatashouldalsobe ensuredsincethe monitoringdataareonly
basedon a few measurementsampledon two daysin May 2000. The aforementioned
possibility of a biasedcomparisorof measurementand predictionsis even more likely
undertheseconditions. In addition, besidesthe uncertaintyrelatedto the monitoring,
modelsimplificationsexist, amongthemtheway the ervironmentalfate of substancem
lakesis modelled.

6.4.3. Environmental fate of substances in lakes

Therearelarge waterresenoirs in the upperpartsof the Rur catchment.A modelde-
signedfor lakeswould berequiredfor adequatéatemodelling. However, in GREAT-ER
only avery roughmodelis implementedor lakesat present.This modelis basedon the
GREAT-ER modelfor river stretchessinceit alsoassume®ne-dimensionalransport
and uniform horizontaland vertical mixing. Elimination is modelledby first estimat-
ing theresidencdime within the stretchwhich represents lake andthen calculatinga
one-dimensionaspatialconcentratiorprofile basedon the lumpedfirst-orderin-stream
removal rate. Theresidenceime is calculatedy dividing the volumeof waterpresenin
thelake by theoutflow, i.e. it is calculatedseparatelyn eachMonte Carlo shotbasedon
therandomnumberof theactualshot.

Thisapproacheglectsprocessetypically occurringin lakes,suchasverticalmixing and
theformationof temperaturegoneswith only very little exchangeorocessesAlso, in the
deeperpartsof lakesanaerobiacconditionsmay occur, underwhich the degradability of
somesubstancemaybereducedr eveninhibited. Furthermoresedimentatioms usually
higher Thus,anin-streamremoval ratefor rivers,which shallrepresena combinedrate
accountingfor the differentelimination pathways,is probablynot valid for lakes. For
somesurfactantshisis discussedy AISE/CESIO(1996).

A modelwhich assumewertical transportprocessedy subdviding a lake into differ-
ent layerswith differentervironmentalconditionswas proposedby Ulrich (1991). He
assumes lake with constantvolume,i.e. inflow equalsoutflow, and stratifiedlayers
at differentdepths. The numberof layersandtheir heightscanbe altered. Elimination
processesnay be defineddifferently for the differentlayers. Also, the modelhandles
differentoutflow ratesfor the differentlayers. Simulationresultsfor NTA, EDTA, the
solventtetrachloroethylenPER),andthe herbicideAtrazin werecomparedo measure-
mentstakenfrom the GreifensegSwitzerland)n orderto calibratethe model.

Sucha model could in principle be incorporatedinto the GREAT-ER system. How-

ever, this requiredarge softwaremodificationsand extensionsof data-structureln addi-
tion, calibrationof suchamodelrequiresmonitoringdatapreferablyfrom differentwater
depthsandfrom differentlakes.Giventhe aim of this thesis theintegrationof anappro-
priatelake modelis not feasiblehere.

In orderto applythe GREAT-ER lakemodel,thetemporaldistribution of the quantityof
waterpresenin alakeis needed For someof the waterreserwirs in the Rur catchment
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6.4. Discussion

thesedataareavailable,i.e. for the Olef, Urft, Rur, Wehebachand Obermaubachvater
reservirs (WVER, 1996), while for the Perlenbacland Dreilagerbactwaterresenoirs
thisinformationis not available. However, asthereareno known dischagesabove these
two waterreserwirs, thiswould not posea problem.Thereforejn principle,the GREAT-
ER approachof modellinglakescould be followed. However, in the Rur catchmenthe
waterreserwirs aremodelledasriversdueto thefollowing reasons.

Firstly, comparedo thecurrentGREAT-ER modelthisis aconserative approachsince
in GREAT-ER theonly differencen modellingthefateof chemicalsn riversandlakesis
the calculationof theresidencegime. As mentionedabove, theresidencdime in a stretch
consideredaslakeis calculatedby dividing volumeby flow, whereaghe residencdgime
in ariver stretchis derived by dividing lengthby velocity. The latter givessignificantly
shorterresidencdimes, which is realistic, sincethe residencdime in a lake is usually
longerthanin a river stretch. Also, sedimentations higherin lakes. Thus, it is most
likely thateliminationis higherin lakesthanin rivers. Of course,this only occursfor
substancesvhich are eliminatedto someextent, i.e. for persistentsubstancesuchas
boronthe problemdiscussedhereis notapparent.

Secondly regardingthe modelling of concentration®f detegentingredientsn the Rur
catchmentthe potentialoverpredictiondueto this conserative approachis not impor-
tant. Looking at the resultsof GREAT-ER simulationsperformedin the Rur catchment
shavsthatin thosestretchesepresentingakestheconcentrationaregenerallyvery low,
i.e. nearthe backgrouncconcentrationf oneis assumedr nearzeroif no background
concentratioris assumed.This is shovn in Table 6.7 for all waterreserwirs receving
dischagesfrom upstreamlocationsby comparingthe minimal value, i.e. zeroor the
backgroundconcentrationandthe predictedmeanconcentratiomearthe outlet of the
resenoir.

The tableshaws thatthe errorintroducedfor the substance§AS, NTA, and AE dueto

the consideratiorof the waterreserwirs asriversinsteadof aslakesis alwayssmaller
than1.6 ug/l. Therefore,aslong asthe GREAT-ER lake modelis applied,neglecting
thatsucha stretchis actuallya lake doesnot leadto relevantchangesn the results. For
this reasonjt wasdecidednotto modellakesexplicitly, sinceapplyingthe GREAT-ER

modelwould neithersignificantlyinfluencethe resultsnor improve the understandingf

ervironmentalprocesses.

Table6.7.:Mean GREAT-ER resultsin stretchesrepresenting water reservoirs.
Mean calculatedand smallestpossibleconcentrationgin ¢g/l) are given for
onestretchof eachreserwir.

Waterreseroir LAS NTA AE
Sim Min Sim Min Sim Min

Rur 381 3 023 0 057 O

Urft 461 3 041 O 123 O

Obermaubach 3.78 3 022 0 048 O

103



6. GREAT-ER simulationsn the Rur catchment

6.5. Conclusions

The sufficient accordancdetweenestimatedand measuredconcentration®f detegent
ingredientsshawn for theRur catchmenallows theapplicationof the GREAT-ER model
for anervironmentalevaluationof detegentsusingthe GREAT-ER productmode.The
discrepanciebetweemredictionsandmonitoringdataof NTA andEDTA show thatit is
moredifficult to assessubstancethatarenot primarily usedin awide-dispersre way.

Sensitvity of GREAT-ER resultsmainly dependson the emissiondataand the waste-
watertreatmentwhich determinethe loadsenteringthe surfacewater The influenceof

in-streamremoval is bounddueto the opennatureof eachcatchmentandthe dilution,

which occursfor all substancesegardlesof their physico-chemicgbroperties.Thiswas
shavn in the caseof EDTA. Sincein the GREAT-ER productmodethe percapitacon-
sumptionsarecalculatedthe wastevatertreatmentfficiency is the mostimportantinput
parameterConcerninganapplicationof GREAT-ER within the contect of ERA of sub-
stancesa soundemissionestimate,i.e. concerningconsumptiondataand wastevater
treatmeniparametersis mostrelevant. Thus,further researclconcerningemissionsce-
nariosshouldbe conducted.

A furtherinterestingaspects thefactthatsubstancdatasetsderivedfor othercatchments
canbetransferredf only the percapitaconsumptions adjustedwhichwasshavn in the
caseof LAS. Datasetsderived in the Itter catchmentandin the other pilot studyareas
(ECETOC dataset)could successfullype transferredo the Rur catchmentThe fact that
in the 1993 study applicationof the ECETOC datasetleadsto lower deviations, while
in the 2000studythe Itter datasetseemsmoreappropriatejs only of minor importance
sincetheonly differencebetweernthesetwo datasetsis thein-streanremoval rate,thein-
fluenceof whichis limited dueto the opennatureof the GREAT-ER model.In addition,
substancelatasetsappropriatdor the Rur catchmentould beidentifiedfor boron,LAS,
AE, andAS. Thesedatasetsareusedin the GREAT-ER productmodeassesments.

WhenapplyingGREAT-ER asa valuationtool to comparechemicalsthe opennatureof
the systemmustbe keptin mind. A large fractionof the emittedload may leave the sys-
tem. Especiallyfor persistensubstanceshe fateandexposurein marinesystemsvould
thereforehave to be consideredHowever, sinceexpectedernvironmentaimpactsof deter
gentingredientamorelikely occurin freshwateisystemaeardischage sitesratherthan
in oceansneglectingimpactsoccurringoutsideof the systemis notconsideredsalarge
problem.A morerelevantaspecturrentlynot adequatlyassessedithin GREAT-ER is
sedimentatiomndthe consideratiorof a sedimentompartment.

104



/. Results of the product mode
assessment

It wasshowvn thatGREAT-ER is ableto predictobsenableervironmentalconcentrations
of detegentingredientswhen usingrealisticconsumptiorfigures. For this reasonthe
GREAT-ER productmodeis seenasan appropriatemethodfor performingan aquatic
fateassessmermlf detegents.In this chapterresultsof theassessmemtf aquaticimpacts
of householdaundryby usingthe GREAT-ER productmodearegiven.

First, resultsof the main Rur scenariosaregiven,in which variabilitiesdueto different
usehabitsand productsare analysed.Potentialcombinedtoxic effectsof the detegent
ingredientsare also analysed. Then, the PRR, evaluationis being donedifferently in
orderto reduceits sensitvity to single substancesyhich hasbecomevisible in theref-
erencescenarios.Afterwards,in section7.3, the influenceof differentcatchmentsand
catchment-specifiparameterss analysed.Finally, the ervironmentalrelevanceof the
inorganicingredientss analysedoy comparingresultsfrom GREAT-ER productmode
assessmentsith measurementsf inorganiccompounds.

In all scenariosexceptfor thoserelatedto the catchmentomparisonthe Rur catchment
datasetfrom 1993is used.2000Monte Carlo shotsarealwaysperformed,unlessstated
otherwise.Sincetheresultsarevery numerousafirst discussiorof theresultsis already
performedin this chapter In addition, at the end of eachanalysisof section7.1, the

centralresultsarerepeatedor easierunderstanding.

7.1. Main Rur scenarios

In thisfirst seriesof calculationsthe PLA scenariosreassessebly initially analysinghe
referencescenariosyhich arebasedn the modelhouseholdssdefinedin the PLA (see
Table4.2),andsubsequentlperformingsimulationsof all permutation®f usehabitsand
productspothassuminglosagesccordingto productsandusehabits.It shouldbe noted
thatin the Rur catchmenthereare3174stretches15610f which aredownstreamgrom

WWTP effluents.The averagestretchlengthis 313m.
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7. Resultsof the productmodeassessment

7.1.1. PLA reference scenarios

Thesescenariosare influencedmostby consumerchoices sincethe dosage amountof
laundry laundry per wash,and detegentare chosenby the consumer With thesesce-
narios,the contributionsof both productformulationsandusehabitsto the total critical
lengthcanbe determined.In addition,the mostimportantsubstancesanbe identified.
In Table7.1,thenumberof stretchesn which PRRy;s exceedthegivenvaluesby atleast
onesubstancaresummarised.

Table7.1.:PRRy, evaluation of the reference scenariosThe numberof stretchesn
whichthe PRR,, areexceedinghe givenvaluesarelisted.

Usehabit PRRy Detegent
>1 >0.1 >0.01 >0.001
Smart 0 15 676 1,542 3-componensystem

Wishy-Washy 77 1,249 1,559 1,561 Compactheay-duty
Scrubbed 441 1,528 1,560 1,561 Heary-duty

PRRy, evaluation

The threescenarioresultsshav significantdifferences. Assumingthe Smartusehabit
PRRy,s donotexceedl in ary stretchesFurthermorepnly in 15 stretchesi.e. lessthan
1% of all loadedstretchesthey exceed0.1. Onthecontrary the Scrubbedisehabitleads
to PRRy s thatarelargerthanl in 441 stretchesln addition,in 1528stretchesi.e. 98%
of all affectedstretchesthe PRRys arelargerthan0.1. The Wishy-Washyusehabit pro-
ducesresultsthatarebetweerthe othertwo usehabits.

Furtheranalysingheresultsrevealsa strongdependencenthebleachingagent,sincein
the caseof the Wishy-Washyand Scrubbedusehabitsthe boroncontententirely deter
minesthe numberof stretchesxceedingthe differentchoserthresholddor all stretches.
Besidesboron,the surfactantd. AS, AE, andAS have the highestPRRyys. Sincethe 3-
componensystemneitherusesboronnor LAS, in the SmartcalculationAE is the most
relevantsubstancefpllowedby AS, andsodiumcarbonate.

The resultsdemonstrate high sensitvity of the approach.The PRR,, resultsmay be
dominatedoy a singlesubstanceasherethe casewith boron.If ananalysisonly intends
to compareproductalternatvesasthey are, this sensitvity is acceptable.However, if
the analysisaimsto identify optionsfor productimprovementsratherthanto performa
simplerankingof alternatves,this sensitvity is disturbing.For thisreasonin section7.2
theproductrisk ratio approactwill beslightly alteredto receve furtherinsightsfrom this
thresholdevaluation.

CL evaluation and comparison with the PLA

Thecritical lengths(CLs) arebasedn the ‘less-is-betterparadigm.Table7.2 shavs the
CLs of the differentscenariodasedon the meanconcentratiorincreasesogetherwith
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the contributionsof the differentingredientsanddetegentcomponentsin addition,the
mainresultsof the PLA aregiven. Finally, the resultvariabilities,definedasratio of the
largestandsmallestvalues,arealsogiven. Theseratiosareimportantfigures,sincethey
explainthe variability of thetotal CLs. Thetableis subdvidedfor easierunderstanding.

Table7.2.:CLs of the referencescenarios SomeMax/Min ratioscannot be calculated
dueto divisionby zero.Electricity consumptiordoesnotconsidedrying. The
PLA resultsareperyear

Usehabit Smart Wishy-Washy  Scrubbed Max/Min
Product 3-component Compact Heavy-duty -
system heary-duty
Dosag€gQg) 72.3 103 175.1 2.4
Annualdetegentcons. 3 8.3 22.1 7.4

(kg/cap)

CL (m) 7,836 112,826 279,267 35.6
CL/ann.det.cons. 2,613 13,610 12,637 4.8
(m-cap/kg)

PLA results(per capitaandyear)

Electricity (kWh) 16.6 53.9 101.2 6.1
Water(m?) 2.5 4.0 5.7 2.3
CO, (kg) 17.3 70.8 198.7 11.5
Acid. equi. (g) 61.9 190.3 504.4 8.2
VOCs(9) 70.8 230.1 619.5 8.8
CL persubstancém)

LAS - 5,992 18,880 -

AS 930 1,203 3,545 3.8
Soap 58 26 81 3.2
AE 4,457 4,724 10,556 2.4
Zeolite A 488 714 1,806 3.7
Polycarboxylates - 116 302 -

Sodiumsilicates 97 209 531 5
Sodiumcarbonate 1,771 4,143 8,174 4.6
Sodiumsulphate 2 150 3,178 1,387.6
Sodiumcitrate 1 6 - -

Boron - 94,685 230,447 -

DAS-1 <0.5 778 1,665 -

CMC 33 73 99 3.0
DAED <0.5 76 4 24.7
PVP - - - -

CL perdetegentcomponentm)

Anionic surfactants 988 7,220 22,506 22.8
Bleaching 138 94,693 230,451 1,671.3
Builder 586 1,046 2,640 4.5

107



7. Resultsof the productmodeassessment

TheCLsfor thethreescenariovary by afactorof 35.6. Thisis alargervariationthanthe
variationof the PLA results,whichis alwaysbelow a factorof 11.5. The differentvari-
abilitiesof the PLA resultsis dueto thefactthatelectricity consumptions givenwithout
consideringhedrying step(GrieBhammeetal., 1997,p. 103),while the CO, emissions
andacidificationequvalentsaswell asthe VOC scorealsoconsidervariabilitiesin dry-
ing.

Variabilities of the annualdetegentconsumptiorand of the CLs shav the influenceof
use habit versuschoice of detegent. The first variability reflectsthe influenceof use
habits,asthey determinethe annualmassof detegentused. This valuehasa linearin-
fluenceon the CL variability. Thus,theratio of CL andannualdetegentconsumption
is acombineddescriptorfor the detegentformulation,the catchmentharacteristicshe
simulationmodelandtheimplicite weightingperformedn the CL aggreation. Thevari-
ability of theseratiosis 4.8 andthussmallerthanthevariability dueto varyingusehabits.
It shouldbe mentionedthatthe definitionsof the usehabitslargely determinehis result,
which have not beenderivedfrom purelyscientificknowledge.

Thereis oneconceptuabifferencein PLA resultsandthe CL thatis worth mentioning.
In Table7.2, all dataare basedon a percapitaevaluation,which implies that transfer
to ahousehold-baseelaluationincreaseshe PLA resultsby theaveragehouseholdsize,
whichis 2.26(GrieShammeetal., 1997,p. 153). However, the CL resultsareinvariantto

this transformation Therefore comparingthe PLA andCL resultsshouldonly be based
onacomparisorof theresultsvariabilities,sincetheseareinvariantto the transformation
from householdo capita.Still, the mainadvantageof the CL evaluationis the possibility
to analysetheresultswith respecto the contributionsof the differentingredients.

Dominance of boron

Themostimportantsubstanceés boron,whichwasalreadypointedoutin the PRR, evalu-
ation. Thisoutcomesuggestseparatingolouredandwhite laundry whichis apossibility
for the consumeto reduceemissionswhile the choiceof bleachingagentis controlled
by the producersPleasenotethattherow ‘Bleaching’ combineghebleachingagentand
DAED. The large variability of the bleachingagents’resultsreflectsthe fact thatin the
ScrubbedndWishy-Washyscenarios bleachingagentis includedin eachwash,while
in the Smartscenariadhe bleachingagentsodiumpercarbonatés only usedin 15%of the
cycles.

Influence of surfactants

Apart from boron, the surfactantsare the most relevant substances.For example, the

percentuatontribution of LAS andboronin the Wishy-WashyandScrubbedscenarioss

largerthan89%. TheCLsof theanionicsurfactantsary by afactorof 23,whichis caused
by both emitted massand substancesised. Dividing the CL variability of the anionic
surfactantdy the variability of the annualdetegent consumptionswhich exclusively

reflectsthe usehabits,givesavalueof 2.5. Thus,theusehabitshave alargerinfluenceon

thevariability of the anionicsurfactantshanthe productformulations.
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Variability of the nonionic surfactantAE is very small. However, AE is relevant with
regardto the total CL. Furthermorethe importanceof AE becomesapparenin section
7.3.2.

Analysis of additional ingredients

The highestmax/minratio of a single substanceccursfor sodiumsulphate which is,
however, not of primeimportancedueto its limited contributionsobsenablein thethree
scenariosOn the otherhand,the buildersdo not vary significantly Thisemphasisethat
large room for improvementcannotbe expected,when only taking into accountthose
buildersthatareconsidered.

For somesubstanceghe spanbetweerthe scenarioxannotbe calculatedsincethey are
not presentn all formulations.However, whenanopticalbrighteneiis usedit contributes
only mamginally to the total CL, sincethe contribution of the optical brightenerDAS-1

is either0.7 or 0.6%. This small sharehasnot beenexpected,especiallysincea worst-

caseestimatevasperformedusingDAS-1 asthe only opticalbrightener Finally, sodium
carbonatecontributesconsiderablyto the total CL. However, sincethe applicationof an

ecotoxicitycriterionfor this substanceseemsyuestionablegarbonatas furtheranalysed
in section7.4.

Summary of main results

Summarisingthe mainresultsof this first analysisarethe dominanceof boron,theim-
portanceof the surfactantd AS and AE, the fact that the usehabitsinfluencethe total
CLsstrongetthanthe productformulations,andthe obsenationthatthe PRR, evaluation
canbedominatedy asinglesubstancelt shouldfurtherbe notedthatthevariabilitiesof
the PLA resultsis muchlower thanthevariability of thetotal CLs.

7.1.2. Comparison of products - Dosage according to
product

This analysisexaminesthe differencesn theresultsdueto the useof four differentpro-

duct alternatves. In this first part, dosageaccordingto the productinformationis as-
sumedwhile afterwardghe influenceof inappropriatelydosingis investigated.Dosage
accordingo theproductinformationentirelyassessebedifferencesn theoutcomesiue

to productformulations.Theresultsarethereforeprimarily relevantfor the produceywho

is responsibldor theformulations.

In Table 7.3, the PRR,, evaluationsassumingthe dosageaccordingto the productare
given.

PRRy, evaluation

The numberof stretchesn which the PRRy, of at leastone substancexceedsl varies
significantly A cleardistinctioncanbe seenbetweernthe 3-componensystemandtan-
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demsystemonthe onehand,andthetwo remainingalternatveson theother In addition,
afurtherdistinctionbetweerthe heavy-duty andcompacteavy-duty detegentsis appar
ent. Thisis a similar resultto thatstatedn the PLA (GrielBhammeetal., 1997,p. 14).

The sensitvity of the PRR, approachmentionedpreviously s clearly visible whencom-
paringthe resultsof the tandemsystemand of the compactheavy-duty detegent. The
main differencebetweenthesealternatvesis the fact thatin the colour compactdeter
gent,thatis used85%of thetimesin thetandensystemno bleachingagentis contained.
Whenonly usingthe compactheary-duty detegentinstead poronis usedin eachwash,
whichthendominategshe PRR, results.

In addition,it canbe seenthata PRR, betweenl and0.1 givesthe strongestifferentia-
tion.

Table7.3.:PRRy, evaluation of the product comparison (dosageaccording to pro-
duct)

Product PRR), UseHabit
>1 >0.1 >0.01 >0.001

3-componensystem 0O 15 668 1,542 Smart

Tandemsystem 1 34 1,080 1,559 Smart
Compactheary-duty 11 794 1,556 1,561 Smart
Heary-duty 28 1,093 1,558 1,561 Smart
3-componensystem 1 56 1,115 1,559 Wishy-Washy
Tandemsystem 1 172 1,312 1,560 Wishy-Washy
Compactheary-duty 42 1,141 1,559 1,561 Wishy-Washy
Heavy-duty 163 1,309 1,560 1,561 Wishy-Washy
3-componensystem 1 166 1,273 1,560 Scrubbed
Tandemsystem 2 412 1,430 1,560 Scrubbed
Compactheary-duty 173 1,312 1,560 1,561 Scrubbed
Heary-duty 402 1,423 1,560 1,561 Scrubbed

CL evaluation and comparison to PLA results

CL only allows for arelatve comparison Whenusingthe dosageaccordingto the prod-
ucts,theusehabitsareonly varyingwith respecto the numberof washespeingtheratio
of totalamountof laundryandlaundryperwash.Thisimpliesthatthedifferentusehabits
areonly a linearfactor, which canbe cancelledout. Therefore,only resultsfor oneuse
habitaregivenin Table7.4;in this caseSmartwasarbitrarily chosen.

Smallervariationscanbe found comparedo thereferencescenariosthe CLs only vary
by a factorof 9.9. This decreasef variability hasbeenexpected sincethe variation of
this compounds entirely causedy the productformulations while in thereferencesce-
nariosthe usehabitsfurtherincreasdhe variability. The orderof the productalternatves
is thesameasin the PLA, i.e. the heary-duty detegenthasthe largestCL, followed by
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the compactheary-duty detegent,the tandemsystem andfinally the 3-componensys-
tem. However, whenlooking at the absoluteCLs of the singlesubstancest canbeseen
thatthe rankingof the compactheavy-duty detegentandthe tandemsystemis only due
to the factthatthe latter usesbleachingagentin only 15% of the cycles. For mostof the
substancethetandemsystemhasa higherCL thanthe compactheary-duty detegent.

Table7.4.:CLs of the product comparison(dosageaccordingto product)

Product Heary-duty Compact Tandem 3-component Max/Min
heary-duty system system

Dosage(g/wash) 146 89 86.5 73.7 1.98
CL (m) 78,133 51,642 16,483 7,922 9.86
EU-Points 39 63 66 72 -
PLA results(g/wash)

CO, 241 161 150 137 1.8
Acid. equ. 1.6 1.1 1.2 1.1 15
VOCs 1.3 0.9 1.0 1.0 14
CL persubstancém)

LAS 5,074 2,643 3,458 - -
AS 962 523 704 967 1.9
Soap 23 11 24 58 5.25
AE 2,893 2,101 3,366 4,462 2.1
Zeolite A 491 298 431 488 1.7
Polycarboxylates 84 53 61 - -
Sodiumsilicates 143 92 69 104 2.1
Sodiumcarbonate 2,249 1,850 1,659 1,806 1.4
Sodiumsulphate 896 68 107 2 386.3
Sodiumcitrate - 3 8 1 -
Boron 64,830 43,613 6,444 - -
DAS-1 459 351 4,693 - -
CMC 27 33 24 35 14
DAED 1 3 1 <0.5 11.0
PVP - - 81 - -
CL perdetegentcomponentm)

Anionic surf. 6,060 3,178 4,187 1,025 5.9
Bleaching 64,832 43,616 6,445 141 461.1
Builder 717 446 570 593 1.6

Comparedo the CL variability, the PLA resultsvary only very little. They only refer
to the productionof the detegent. Therefore they mainly dependon differencesn the
dosageHowever, theseresultsdo notreflectpotentialimpactsontheaquaticecosystems.
In the PLA, theseareassessedsingthe EU pointsscheme Accordingto this schemeat
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least63 pointsarenecessaryo aquirethe ecolabel, whichis fulfilled by all alternatves
exceptthe heary-duty detegent. Taking into accountthe large influenceof boron,the
nearlyidenticalscoresof thetandemsystemandthe compacteay-duty detegentseem
guestionable.

Influence of bleaching agent

The CLs of thebleachingcomponentsary by afactorof 461. As previously mentioned,
this is determinedoy the choiceof having a bleachingagenteitherin any wash(heavy-
duty and compactheavy-duty) or only in thosewasheswhereit is necessarftandem
systemand 3-componensystem). In addition, by comparingthe CLs of the different
bleachingcomponent®f the tandemsystemandthe 3-componensystemit canbe seen
thatalsothe type of bleachingagentplaysarole. This is notobsenablein thereference
scenarioslt shouldbenotedthatin the 3-componensystemthebleachingagents apart
of thesodiumcarbonatdraction.

The bleachingactivator TAED, from which a small fraction entersthe surfacewatersin
the form of DAED, turnsout not to be relevant. Therefore,the decisionto choosea
bleachingagentshouldnot dependon the questionwhetheroneor the otheralternatve
needsTAED in theformulation.

Significance of surfactants

Besideghe bleachingagents surfactantaremostrelevantin determiningthe CLs. The
anionic surfactantssary by a factor of 6, which is determinedby the CLs of the alter

natives heavy-duty (maximum)and 3-componensystem(minimum). Comparingthe
heary-duty detegentand the 3-componensystemshaws that they give similar results
for AS. However, the mainanionic surfactantusedin the heary-duty detegentis LAS,

which accountdor 83.7%o0f the anionicsurfactant®of this alternatve. On the contrary
LAS is not containedn the 3-componensystem.Theresultssuggesthatthe variability

of theanionicsurfactantss partly compensatetly the oneof AE, whoseCL is largerin

the 3-componensystemscenariadhanin the heary-duty detegentscenario.The results
alsoshaw thatAS hasin generabk lower CL thanLAS. With respecto thesubstanceata
used this wasexpected.

Further ingredients

Similar to AE, the CLs of the buildersshav only moderatevariationof a factor of 1.6.
Sodiumcarbonatas relevantfor all productalternatves. In the 3-componensystenthe
bleachingagentsodium percarbonatelso contritutesto the CL of sodiumcarbonate.
Consideringthis, the CLs of sodiumcarbonatepresentin the detegentare almostthe
samefor the 3-componenandtandemsystemswhereador the othertwo alternatvesit
is higher

Lt shouldbe mentionedthat the criteria appliedthereinrefer to the first implementatiorof the scheme
(EuropeanUnion, 1995). This was updatedthreeyearslater which led to the samecriteria but with
differentthresholdvalues(EuropeariJnion, 1999a).
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The opticalbrighteneiDAS-1 hasonly limited influenceonthe CL. It is muchmorerele-
vantthan,for example, TAED, but only of minorimportancecomparedo morerelevant
ingredients. Variancebetweencolouredand white laundryis alsovisible in the DAS-1
results,sinceit is notusedin detegentsfor colourediaundry

Summary of main results

Main resultsof this comparisonare the limited variability of the productalternatves,
the importanceof the decisionto distinguishbetweenwhite and colouredlaundry the
importanceof the substancessedfor bleachingandasanionicsurfactantsandthe fact
thatAS is ervironmentallysuperiorto LAS.

7.1.3. Comparison of products - Dosage according to use
habit

In this section,a comparisonof the productalternatvesis madeassuminghat the de-
tergentis dosedaccordingto the usehabits,i.e. not asrecommendean the product.
It focusesthereforeon the uncertaintyintroducedby the consumerwho may not apply
the recommendedosagebut who may dose'as always’. This putsinto perspectie the
resultsof the dosageaccordingto productscenariossinceit cannotbe expectedthatall
consumerdehae accordingo informationsprovided on the products.

Again, the comparisonof the PRRys hasto include all usehabitsdue to the absolute
natureof this value,whereaghe comparisorof the CLs canbe doneby looking at only

oneusehabit. Again, the Smartusehabitis choserfor comparingthe CLs. In Table7.5

the numberof stretchesn which PRRys of at leastone substancexceedthe different
thresholdsaregiven,whereasn Table7.6the CLs arelisted.

PRRy, evaluation

Variabilitiesbetweerthedifferentproductalternatvesdecreaseomparedo theprevious
analyseswhich is dueto the fact thatthe recommendediosageswhich are productat-
tributes,arereplacedby usehabitdosagesyhich are not productattributes. Regarding
thenumberof stretchesvith aPRR,, exceedingl or 0.1,onecanagainclearlydistinguish
betweerthe 3-componensystemandtandemsystemon the onehandandthe othertwo
alternatveson the other Regardingstretchesvith PRRy,s exceeding0.01,this differen-
tiationis only visible for the Smartusehabit.

Change in ranking

Thesecondnajorobsenationis thefactthatthe heary-duty detegentgenerallyturnsout
to beslightly betterthanthecompacheary-duty detegent,whichis dueto wrongdosage.
The compactheary-duty detegentis designedo give the samewashingperformanceas
the heavy-duty detegentusinga smalleramountof detegent. As theingredientsof both
alternatvesarenearlythesamethis canonly beachiezedby 1) reducingthoseingredients
that are not responsiblegor the main washingfunctions, e.g. sodiumsulphate,and 2)
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by optimising the relationshipsbetweenthe ingredients. In fact, thosesubstanceshat
are mostimportantfor the washingprocessare alsomostrelevantin termsof potential
aquaticecotoxicity i.e. boronandthe surfactantsThus,applyingthe samedosagevhen
consideringthe two detegentsleadsto higheremissionsof thosesubstancesvhich are
ervironmentallymostrelevantin thecompacheary-duty scenario.Thisdemonstratethe
sensitvity of emissionestimate$n acomparisorof products.t alsoemphasisetheneed
for asensitvity analysisof varyingconsumebehaiour in acomparisorof detegents,as
beingdonein this section.

Table7.5.:PRRy, evaluation of the product comparison (dosageaccording to use
habits)

Product PRR), UseHabit
>0.1 >0.01 >0.001

>1
3-componensystem 0O 15 676 1,542 Smart
Tandemsystem 0 26 884 1,558 Smart
4
3
1

Compactheary-duty 630 1,538 1,560 Smart
Heary-duty 576 1,535 1,560 Smart
3-componensystem 139 1,252 1,560 Wishy-Washy
Tandemsystem 1 259 1,321 1,560 Wishy-Washy
Compactheary-duty 77 1,249 1,559 1,561 Wishy-Washy
Heavy-duty 47 1,199 1,559 1,561 Wishy-Washy
3-componensystem 10 578 1,532 1,561 Scrubbed
Tandemsystem 11 769 1,547 1,561 Scrubbed
Compactheary-duty 480 1,535 1,560 1,561 Scrubbed
Heavy-duty 441 1,528 1,560 1,561 Scrubbed

CL evaluation

As was alreadyobsenablein the PRR, table, the differencesbetweenthe productal-

ternatveshave decreased.The CLs vary by only a factor of 5.4, which is rathersmall

comparedo the factorof 9.9 by assumingecommendedosageor to the factor of 35.6
in the referencescenariosrespectrely. In addition,asin the PRR, evaluation,the CL

of the compactheavy-duty detegentis larger than of the heary-duty detegent, caused
by the fact that, due to the equaldosageappliedin thesescenarios)arger amountsof

surfactantandbleachingagentareusedin the compactheary-duty scenariahanin the

heary-duty one.

Despitethe fact thatalsothe 3-componenandtandemsystemsareoverdosedtheir total
CLs aresmallerthanthoseof the heary-duty and compactheavy-duty detegents. This
shaws thatthe formulationsalsosignificantlyinfluencethe results. The PLA resultshave
beenderived on the basisof the resultsgivenin the PLA. Again, they only referto the
productionof the detegent. Assumingequaldosageleadsto very similar resultsfor
the differentalternatves. The rankingof the alternatveshaseven changedwhich only
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shaws that the productionof the differentingredientscausedifferentemissions. This
shaws, thatthe LCA performedin the PLA mainly consideredhe productionof thein-
gredients.It alsoshaws thatanassessmerasconductedn the PLA is not sufficient for
theevaluationof detegents.

Table7.6.:CLs of the product comparison(dosageaccording to usehabits)

Product Heary-duty Compact Tandem 3-component Max/Min
heary-duty system system

Dosage(g/wash) 72.3 72.3 72.3 72.3 1.0
CL (m) 38,057 42,376 13,898 7,838 5.4
PLA results(g/wash)

CGO, 119.3 130.8 1254 134.4 1.1
Acid. equ. 0.8 0.9 1.0 1.0 1.3
VOCs 0.7 0.8 0.8 1.0 14
CL persubstancém)

LAS 2,531 2,188 2,864 - -
AS 470 426 585 930 2.2
Soap 11 8 21 58 6.9
AE 1,381 1,706 2,861 4,457 3.2
Zeolite A 243 248 373 488 2.0
Polycarboxylates 39 43 50 - -
Sodiumsilicates 72 77 58 97 1.7
Sodiumcarbonate 1,105 1,504 1,373 1,771 1.6
Sodiumsulphate 444 54 87 2 193.8
Sodiumcitrate - 2 7 1 -
Boron 31,519 35,810 5,488 - -
DAS-1 229 281 38 - -
CMC 13 27 20 33 2.6
DAED 1 3 <0.5 <0.5 8.7
PVP - - 70 - -
CL percomponentm)

Anionic surf. 3,011 2,622 3,471 988 3.5
Bleaching 31,519 35,812 5,489 138 259.7
Builder 354 370 489 586 1.7

With respecto the singlesubstancest canbe seenthatthe variabilitieshave decreased.
Thisdecreasedariability is entirelycausedy thedifferentformulations notby thecom-
binationof formulationanddosagesinceaconstantiosages assumedh thisassessment.
However, thosesubstancebaving large variabilitiesin the previousanalysesagainhave
thelargestvariabilities.
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Summary of main results

Themainresultof thisanalysigs theobsenation,thatarankingof detegentsmaychange
if thesearenotusedasrecommendedn addition,theresultsof the 3-componensystem
shaw thatalsotheformulationisimportantin determiningheresults sincethisalternatve
alwayshasthebestresults.

7.1.4. Mixture toxicity

In section3.3, it is describedhat by assumingadditive toxicity the sumsof the product
risk ratios of the differentingredientsof a productdescribethe combinedproductrisk
of this scenario.Thisis appliedin this subsectiorby deriving mixture productrisk ratios
from theresultsof thethreereferencescenariogndafourthscenariassumingheWishy-
Washyusehabitin combinatiorwith the Tandemsystem.Table 7.7 shavs the numberof
stretchegfrom thosel561loaded)in which the mixture productrisk ratiosexceedl.

Table7.7.:Mixtur e toxicity assessmenof referencescenariosNumberof stretchesn
which the mixture productrisk ratiosarelargerthanl.

Scenario All substances Excludingboron Only surfactants
Smart 1 1 1
Wishy-Washy+ Tandem 11 7 3
Wishy-Washy 126 3 2
Scrubbed 539 25 14

By comparingthefirst two columnsthe large influenceof boronbecomespparent.Not
consideringoorongivesthat the sumof the productrisk ratiosarelargerthanl in only
1.6% of the stretchesvenin the Scrubbedscenariowhile whenconsideringooron,this
is the casein 34.5%o0f the stretchesTheassessmemf mixturetoxicity is thereforealso
dominatedby the useof boron. The relevanceof the surfactantson the otherhandis
limited whichis visible in thelastcolumnof Table7.7.

7.2. Differentiating the number of substances in
the PRR, evaluation

It hasbeenshowvn thatthe PRR. maybe dominatedy themostsignificantlycontributing
substanceTherefore,if this substanceverereplacedby a lessrelevantone,the results
may changedramatically To accountfor this sensitvity, the numberof substancesx-

ceedinghedifferentPRR;sin thedifferentstretchesreinvestigatedn thissection.This
candirectly be obtainedby countingthe stretcheglifferently. This analysisalsoaimsto

determinghenumberof substanceeelevantin thisassessment.

In thefollowing threetablesthe numberof stretchesregiven, for which the PRRys of
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differentnumbersof substancesxceedl (Table 7.8), 0.1 (Table7.9), and 0.01 (Table
7.10). This is donefor the threereferencescenariosandfor a fourth scenariojn which
the Wishy-Washyusehabitis appliedin junctionwith the tandemsystem. The calcula-
tionswereperformedfor the Rur catchment.

With respecto the numberof stretchesn which PRRy,s exceedl, theresultsof all sce-
nariosaredominateduy justonesubstanceThe numbersof stretchegxceedinga PRRyy
of 1 for morethanl substancarenggligible. Evenin the Scrubbedscenariahe PRR,s
exceedl for asecondsubstancén only 8 stretchesi.e. 0.5%of all loadedstretchesThis
finding correspondsvell with the analysisof the CLs shaving a majorrelevancefor only
very few substancegrlable7.2). In fact,borondominategheresults.

Table7.8.:Number of stretcheswith PRRy,s exceedingl

Scenario Numberof substances
1 2 3 45 6
Smart 0O 00O0OO0ODO
Wishy-Washy+ Tandemsystem 1 1 1 0 0 O
Wishy-Washy 77 1 0 0 0O
Scrubbed 441 8 1 1 0 O

Regardingthe numberof stretchesn which PRRy,s of 0.1 areexceededTable7.9), still
a limited numberof substancess significant. However, this numberis larger than 1.
For example,usingthe Scrubbedscenariahe PRRy s areat least0.1for 3 substancem
108 stretches Whenusingthe tandemsystem this is the casein 36 stretcheslit canbe
obseredthatmore substanceappearto be relevantin the tandemsystemscenariathan
in thecompacteary-duty detegentscenariqWishy-Washy).Thisis dueto thefact that
in the compactcolourdetegentusedin 85% of the washeanore surfactantarepresent
thanin the compactheary-duty detegent, whereashe resultsof the latter are entirely
dominatedoy boron. The mostrelevantsubstancef the 3-componensystem(Smartuse
habit)is AE.

Table7.9.:Number of stretcheswith PRRy,s exceeding0.1

Scenario Numberof substances

1 2 3 4 5 6
Smart 15 2 1 0 00
Wishy-Washy+ Tandemsystem 259 83 36 8 4 1
Wishy-Washy 1,249 53 21 9 3 1
Scrubbed 1,528 271 108 42 20 3

An increasinghumberof substancebecomeselevant,whenevaluatingtheresultson the
basisof thenumberof stretchesn whichthePRR,;sexceed).01. Assumingthe Scrubbed
usehabit,in aboutathird of theloadedstretcheshe PRRys of atleast6 substancesxceed
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0.01.If thetandemsystemis appliedaccordingto the Wishy-Washyusehabit, this is the
casein 63 stretchesi.e. in 4% of theloadedstretches.

Table7.10.:Number of stretcheswith PRRgy,S exceeding0.01

Scenario Numberof substances

1 2 3 4 5 6 10
Smart 676 397 103 20 2 1 0
Wishy-Washy+ Tandemsystem 1,321 1,099 880 616 243 63 1
Wishy-Washy 1,559 925 688 608 162 42 1
Scrubbed 1,560 1,305 1,219 1,107 625 523 3

The numberof substancesegardedasrelevantdependsn the chosenPRR, percentile,
i.e. 90 is chosenin this thesis,the chosenthreshold,in this casel, 0.1 or 0.01, and

on the percentagef stretchesn which the PRRy,s are exceedingthe chosenthreshold.
In Table7.11, the substancesare given that are relevant when arbitrarily choosingthat

thresholdsmay be exceededn 5% of the stretcheswhich is equivalentto 78 stretches.
The substancearegivendifferentiatedor the PRRy, thresholdsl, 0.1,and0.01.

Table7.11.:Substances egardedasrelevant in the Rur catchment. The relevanceis
definedby thethreethresholdsl, 0.1and0.01,aresultspercentileof 90 and
thestretchpercentileof 5.

Scenario Relevantsubstancebasedn PRRss largerthan
1 0.1 0.01

AE, LAS, sodium AS, DAS-1, zeolite A, sodium
Scrubbed Boron

carbonate sulphate
Wishy-Washy - Boron,LAS AE, sodiumcarbonateAS
+Tandemsystem
Wishy-Washy - Boron AE, LAS, sodiumcarbonateAS
Smart - - AE, sodiumcarbonateAS

Thetableclearlyshovs the mostrelevantsubstancesVhentakingasreferenceéhenum-
ber of stretchesn which the PRR),s exceed0.001,the resultsof which are not shavn
here,only DAED andsodiumcitrateturn outnotto berelevant.

7.3. Comparison of catc hments

Resultsanalysedso far have all beenderived from calculationsperformedin the Rur
catchment.However, somefactorsthatinfluencethe resultsvary from region to region.
For example,oneimportantfactor that variesbetweendifferentcountriesis the way in
which wastevateris treated.Also, the formulationsandfractionsof cyclesperformedat
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differenttemperaturesary betweendifferentcountries. Furthervariablefactorsarethe
sizesof the washingmachinesandthe dosageperwashaswell asaveragedetegentcon-
sumption.

A country-basedssessmertf enegy consumptionandrequirementaswell aswater
consumptiorof washingmachineshasbeenperformedby the Groupfor Efficient Appli-

ances(1995), wheredistinctionsbetweenthe typesand sizesof washingmachinesand
usehabits,suchastemperaturandnumberof washingcycles,weremade.InternalLCA

studiesconductedoy HenkelKGaA investigatedvariabilities of washingmachinesuse
habits,dosageandnationalenegy scenariogGutzschebaucandKltippel,1998). How-

ever, known LCA and ERA studiesdo not explicitly analysethe influenceof different
typesof wastavatertreatmenfacilities.

In this section,the influenceof parametershat vary betweendifferentcatchmentsare
analysed.In orderto identify the contributionsof the differentparametersthis analysis
is sub-dvidedinto threeparts,eachinvestigatinga specificaspect.n thefirst part,three
methodsof wastevatertreatmentarecomparedy keepingall otherparametersonstant.
This analysisis conductedn just one catchment. Then, a productcomparisoris con-
ductedfor the differentcatchmentsurrently availablein the GREAT-ER databaseln
this analysis,besidesthe differing wastavater treatmentfacilities the meannumberof
washesarecountry-specificwhile thedosageelateso theproduct.Finally, thedosages
derived from meandetegentconsumptionn the differentEuropearcatchmentandthe
influenceof varyingdosages investigated.

Catchmentgurrentlyincludedin the GREAT-ER databasarelocatedin Englandltaly,
Belgium, and Germary. Concerningthe way in which wastevateris treated,threeop-
tionsarerelevant: i) primary settleronly which is relevantfor Belgium,ii) trickling filter
plants,which aremainly usedin England,andiii) actvatedsludgetype plants,whichare
usedin theltalian andGermancatchments.

7.3.1. Comparison of diff erent waste water treatment options

In orderto assestheinfluenceof thetypesof WWTPs,threeproductscenariohave been
definedin the Rur catchmentin which the WWTP typesof all dischage siteshave been
altered. Thus,in the first scenariosall WWTPsare of type primary settler(PS),in the
secondof type PS and activatedsludge(AS+PS),and in the third scenarioof type PS
andtrickling filter (TF+PS).In all scenariosthe Wishy-Washyusehabitandthetandem
systemareusedby assumingherecommendedosageij.e. 86.5g perwash.The AS+PS
scenarids identicalto the scenarian the productcomparisorn(section7.1.2),which as-
sumeghetandemsystemandthe Wishy-Washyusehabit.

Theresultsareanalysedy comparinghedifferentcritical lengths(CL) andproductrisk
ratios(PRR,), the former beingbasedon meanconcentrationincreasesyhile the latter
is basedon the 90 percentilesIn Table7.12,the numberof stretchesregivenin which
the PRRys arelargerthan 1 for a differentnumberof substancesTherefore the previ-
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ouslyanalysedsensitvity in the PRR, evaluationis accountedor. Table7.13shawvsthe
resultsof the critical lengthscalculations differentiatedor the differentsubstanceand
components.

Table7.12.:Number of stretcheswith PRRgy,S exceedingl by assuming differ ent
WWTP types

WW treatment Numberof substances
1 2 3 4 5

AS +PS 1 1 1 00
TF+ PS 51 35 2 1 0
PSonly 679 375 53 1 1

Table7.13.:CLs in the Rur catchmentassumingdifferent WWTP types

Wastevatertreatmentype
AS+PS TF+PS PSonly Max/Min

CL (m) 38,000 160,352 824,122 21.7
Persubstancém)

LAS 7,906 50,517 260,680 33.0
AS 1,646 10,506 58,585 35.6
Soap 54 341 2,331 43.0
AE 7,799 80,211 48,0342 61.6
Zeolite A 1,021 2,010 3,392 3.3
Polycarboxylates 142 297 1,597 11.2
Sodiumsilicates 158 135 134 1.2
Sodiumcarbonate 3,764 3,174 3,273 1.2
Sodiumsulphate 242 209 204 1.2
Sodiumcitrate 20 17 666 40.0
Boron 14,898 12,631 12,395 1.2
DAS-1 105 86 232 2.7
CMC 56 51 62 1.2
DAED 1 1 41 39.1
PVP 187 164 188 1.1
Componentgm)

Anionic surf 9,606 61,364 321,596 33.5
Bleaching 14,899 12,632 12,436 1.2
Builders 1,341 2,459 5,789 4.3

The influence of the wastevater treatmentfacilities is significant. When assuming
WWTPs with only a primary settlertechnique,the numberof stretchesn which the
PRRys arelargerthanl is considerablei.e. 43.5%in thefirst column. On the contrary
in AS+PSscenario,only in onestretcha PRR, exceedsl. The resultsof the trickling
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filter scenaridie betweerthoseof the othertwo scenarios.

The CL evaluationof the WWTP optionsshaws a variationof afactorof 21.7. Thisis a
smallervariationthanin thereferencescenariogfactorof 35.6),butalargervariationthan
thatdueto eitherproductsor usehabits. Variability is mainly causedoy the increasing
influenceof surfactantglueto decreasingVWTP efficiengy.

7.3.2. Product comparison in diff erent catc hments

It wasshawn, thattheway in which wastavateris treatedplaysa significantrole. There-
fore, it is interestingto seewhetherrelative rankingsof the detegentsvary in different
regionsthathave specificwastevatertreatmenftacilities. For this reasona productcom-
parisonof the four model detegentsis repeatedor differentcatchmentdy assuming
recommendediosage.The reasonbehindis to 1) investigatewhetherproductrankings
differ from regionto region and2) analyseheinfluenceof othergeographicaparameters
besidegvastevatertreatment.Thisis achiaved by performingproductcomparisong the
catchmentstter, Rur (bothGermaiy), Rupel(Belgium),Lambro(ltaly), andAire (United
Kingdom). In this assessmendifferentnumbersof washesareassumedor thedifferent
catchmentswhicharebasedn a statisticalanalysisof thewashinghabitsin differentEu-
ropeancountries(Gutzschebauct,999). In this surwey, the averagenumbersof washes
per yearand personwere compiledfor the memberstatesof the EuropeanUnion. The
averagenumberof washegper capitaare 88 in Belgium, 80.6in Germary, 74 in ltaly,
and108.5in the United Kingdom. Assumingrecommendedosageallows for a product
comparisorfor differentcatchment®asedon the averagenumberof washes.

Sincethe productrankingis analysedCL evaluationsaresufficient. Exceptfor the Rur
and Rupel catchmentsthe datasetsare all given on the GREAT-ER 1.0 CD (ECE-
TOC, 2000). The Rupeldatasetwasintegratedasfirst Belgian GREAT-ER casestudy
(Verdoncket al., 1999). Sincethe catchmentgliffer with respecto sizeandpopulation
density the calculatedcritical lengthsare normalisedby the populationliving and dis-
chaginginto the catchmentthusgiving thecritical lengthpercapita.

In Table7.14,normalisedcritical lengthsof the four productalternatvesfor the different
catchmentsaregiven. ColumnWWTP indicatestheway in which wastevateris treated.
In principle, differenttechniquesnay exist within a catchmentHowever, in the consid-
eredcatchmentsthis hasnot beenthe case. The CLs are basedon meanvaluesof all
input parametersThis assureshe exclusionof variabilitiescausedy variableor uncer
tain parameters.

The variabilities of the resultsare very large. For example, with respectto the 3-
componentsystemit is 3 ordersof magnitude. In addition, the ranking has changed
in theRupelcatchmentlin this catchmentthe compactheary-duty detegentrecevesthe
lowestCL, whereasn all othercatchmentshe heary-duty detegentrecevesthe lowest
score. The reasonfor this is discussedelov Table 7.15. A further coreresultis the
factthatthe CLs of the differentproductsaremuchlessvariablein the Rupelcatchment
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thanin thosewith activatedsludgeWWTPs. Furthermorethethreecatchmentsn which
wastavateris treatedn activatedsludgetype plantsshav very similar results.

Table7.14.:Normalised CLs of model detergentsin differ ent catchmentsassuming
averagecountry-specificnumbers of cycles

Catchment WWTP Heary-duty Compact Tandem 3-component Max/Min
heary-duty system system

Rupel PS 1.552 0.975 1.280 1.145 1.59
Rur AS+PS 0.111 0.074 0.024 0.012 9.29
Itter AS+PS 0.097 0.064 0.025 0.012 8.11
Lambro AS+PS 0.013 0.009 0.003 0.001 8.99
Aire TF+PS 0.072 0.046 0.039 0.030 2.40

A comparisorof the Itter and Rur catchmentshows that the influenceof geographical
parameterapartfrom wastaevatertreatmentj.e. populationdensityor theresidencdime
in the catchmentareof minor importance.Although the Itter catchmenis a smalland
very denselypopulatedcatchmentyhile the Rur catchments lessinfluencedby anthro-
pogenicactvities, the normalisedcritical lengthsarealmostthe same. This is aninter-
estingresultwith respecto the questionasto whetherit is sufficient to usea reference
catchmenftor eachcountryin suchanassessment.

A comparisorbetweerthethreecatchmentshathave activatedsludgeplantsshavslarger
differences:The CLs in the Lambro catchmeniare significantly lower thanin the two
Germancatchments.Two reasonseemplausible,which mostlikely both contribute to
this result. First, the country-specifimumberof washeds smallestin Italy. Secondall
WWTPsareconnectedo the mainriver, the Lambro. For this reasonthe dilution ratios
below the dischagesarehigherthanin both Rur andlItter catchmentsgueto which the
predictedconcentratiorincreasesrein generalowerin the Lambroriver. Thevariabil-
ities in the usehabitswill be further investigatedn the following section. In the Aire
catchmentherankingis thesameasin the GermanandItalian catchmentdyut variability
hasdecreasedndthe percapitaCLsaresignificantlyhigher Thereasorfor thedifferent
rankingof theproductobsenredin the Rupelcatchmentanbeinvestigatedvith thehelp
of Table7.15,in which the percentuatontritutionsof the relevantingredientsj.e. the
surfactant@ndboron,aregiven.

Influence of AE

It canclearly be seenthatthe differentrankingin the Rupelcatchmenshavn in the pre-
vioustableis mainly causedoy the nonionicsurfactantAE. The contributionsof AE to
the normalisedCLs is muchlargerin the Rupelcatchmenthanin the othercatchments,
whichis truefor all detegentformulations.

AE undegoesonly limited eliminationin the primary settler while it is efficiently re-
moved from the watercolumnin biological wastevatertreatmentplants(Matthijs et al.,
2000,seealsosection4.5). As the AE precentagén the compactheary-duty detegent
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is significantlylower thanin the otherproductalternatves,in the Rupelcatchmenthis
alternatve hasa smallerCL thanboththetandemandthe 3-componensystem.

Table7.15.:Contrib utions of relevant ingredientsto the normalised CLs (%)

Catchment Heavy-duty Compact Tandem 3-component
heary-duty system system

Rupel

Anionic surf. 47.42 39.20 38.87 13.32
AE 40.01 47.19 58.27 85.10
Boron 10.67 11.58 1.32 0.00
Rur

Anionic surf. 7.90 6.12 24.41 11.77
AE 3.93 4.34 21.65 57.19
Boron 82.39 83.94  38.48 0.00
Itter

Anionic surf. 13.34 10.45 35.40 17.40
AE 451 5.05 21.36 57.34
Boron 76.73 79.16  30.80 0.00
Lambro

Anionic surf. 8.93 6.92 26.68 12.83
AE 4.08 4.52 21.78 57.52
Boron 81.28 83.00 36.75 0.00
Aire

Anionic surf. 31.30 25.25 39.17 12.76
AE 21.81 25.15 48.70 82.23
Boron 43.45 46.13 8.22 0.00

Influence of anionic surfactants and boron

BesidesAE, alsothe contributions of the anionic surfactantsvary considerablywhich

is causedby two phenomenaFirstly, in both 3-componensystemandtandemsystem,
relatively moresurfactantareusedthanin theothertwo alternatves. Secondlytheratios
betweerLAS, AS, andsoapin the differentformulationsvary. Dueto this, the different
wastevatertreatmengefficienciesof theanionicsurfactantsnfluencethedifferentresults.
The alreadyknown dependeng of the boroncontribution on the differentiationbetween
white andcolouredlaundryis againvisible, to someextentevenin the Rupelcatchment.

7.3.3. Comparison of diff erent catc hments

Finally, a generalcomparisorof differentcatchmentsvith respecto aquaticimpactsis
performed.In this section theinfluenceof variabledetegentconsumptionandall catch-
mentcharacteristicss analysed.Thetandemsystemhasagainbeenchoserasthe model
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detegent. The only additionalinformationrequiredis the averageuseof laundrydeter
gentsfor thedifferentcountrieswhich wasprovided by Gutzschebauc(l1999).

The analysisis carriedout for boththe PRR),s and CLs, the latter basedon meancon-
centrationincreases. The statisticalpercapitaconsumptiondor 1997 are 9.67 kg for
Belgium, 7.73kg for Germaiy, 10.77kg for Italy, and9.96 kg for the United Kingdom
(GutzschebaucH,999). Table 7.16 shavs the percentagesf stretchesn which PRRys
exceedl and0.1 for differentnumbersof substancesyhereaslable7.17 shavs there-
sultsof the CL calculations.

Thesescenariosireinvestigatingheaquaticecotoxicologicalmpactsof housesholtaun-
dry in differentcatchmentdy assumingactualdetegentconsumptiongrom 1997. The
only hypotheticalaspects the choiceof the product,i.e. the tandemsystem. A small
uncertaintymay be introducedby the fact thatit is unknovn whetherthe dischage site
dataof the differentregionsreflectrealisticconditionsfrom 1997.

Table7.16.:Percentageof stretcheswith PRRg,s exceedingl and 0.1for the differ ent
catchments(Wishy-Washy Tandemsystem)

Catchment  Numberof substances Numberof substances
1 2 3 4 5 1 2 3 4 5
PRRyys > 1: PRRyys > 0.1:
Rupel 67 40 15 2 1 95 92 92 20 20
Itter O 0 O 0 O 91 55 55 0 O
Rur O 0 O 0 O 14 5 5 0 O
Lambro O 0 O 0 O 27 15 15 0 O
Aire 4 4 0 0 O 66 57 57 13 13

The table shavs the significantinfluenceof wastevater treatment. In catchmentswvith

activatedsludgeplantsthereare no stretchesn which PRRy,s exceed1. In the Aire

catchmentwhich hastrickling filter type plants,this occursin 4% of the stretcheswhich
originatesfrom LAS andAE. However, simulatinga catchmentvith only primary settler
plantsgivesthatthe PRRy,S exceedl in the majority of stretches.

In theRupelcatchmenthethresholdf 0.1is exceededy 3 substances morethan90%
of the stretches.This secondpart of the tablealsoshaws the influenceof the catchment
structure.Higher percentageare estimatedor the Itter thanfor the Aire catchmental-
thoughin the Itter a moreefficient wastevatertreatmentechnologyis used.But because
the Itter catchmenis muchmoreanthropogenicallynfluencedthanthe Aire catchment,
the percentagef considerablaffectedstretchess higherin the Germancatchment.

Furthermorethetableshavs thatthe numberof relevantsubstancebasincreasedn the
differentcatchmentsMost relevantarethe surfactantd AS andAE, followedby boron,
AS, andsodiumcarbonate The mostsignificantchangeby shifting from the thresholdl
to 0.1 occursin the Itter catchment.The percentageshangefrom 0 to 91 and55%. It
demonstratethatlooking at both valuesl and0.1 givesadditionalinsight. It is alsoap-
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parentthatin thosecatchmentfiaving activatedsludgetypeplants thenumberof relevant
substancess restrictedto 3, i.e. LAS, AE andboron.

Table7.17.:Normalised CLs in differ entcatchments(Wishy-Washy, Tandemsystem)
Rupel Rur Itter Lambro  Aire Max/Min

CL (m) 2.5741 0.0379 0.0327 0.0073 0.0563 353.7
Persubstanc¢%o)

LAS 31.15 20.47 26.50 21.34 32.77 -
AS 8.34 4.14 5.39 4.23 6.84 -
AE 57.21 21.08 21.61 20.94 47.09 -
Boron 1.32 38.75 33.07 38.17 8.87 -
Zeolite A 0.87 3.14 2.76 3.22 1.27 -

Sodiumcarbonate 0.35 9.88 8.39 9.61 2.30 -

The CL resultsdiffer stronglybetweerthe catchmentsTheratio of maximumandmin-
imum of the normalisedCLs is aboutten times larger than the ratio of the CLs of the
referencescenarioswhich so far shoved the largestresultvariability (Table 7.2). This
is dueto thetype of wastavatertreatmentcatchmentharacteristicsanddetegentcon-
sumption,whereasvariability in thereferencescenariosvasdueto varyingconsumption
figuresand productformulations. The large variationis above all causedoy variations
of the surfactantshatareusedin large quantities andfor which eliminationefficiencies
vary significantlybetweerthe catchments.

The consumptiorfigureshave alinearinfluenceon theresult,asthey linearly determine
the emittedloads. It is obsenablethatin this analysisthe consumptioreven lowersthe
total variability of thenormalisedCLs: The highestpercapitaconsumptiorof detegents
occursin Italy (10.77 kg, Gutzschebauchl1999). Despitethis fact, the smallestnor-
malisedCL is calculatedn the LambrocatchmentThis resultsummarisesheinfluence
of the wastevatertreatmentechniqueon the one handandof catchmentharacteristics
suchasvariabledilution ratioson the other

7.4. Assessment of inor ganic compounds

It seemsdebatablevhetherall ingredientsshouldbe consideredn the ecotoxicological
evaluation. For example,a combinedevaluationof organic substancesuchas surfac-
tantsor optical brightenern the onehandandinorganicingredientson the otheris only

partly meaningful. However, unwantedmpactsmay alsooccurfrom inorganicdetegent
ingredients for exampleeutrophicatiorresultingfrom the useof phosphate.Also, the

inorganicsaltspresentn detegentscontribute to the total salt content,the sodiumions
increasethe amountof kationsdissohed in surfacewaters,and silicium and zeolite A

emissiongresumablycontributeto the silicon balancean surfacewaters.For thisreason,
theernvironmentalrelevanceof theseemissionss investigatedn this section.
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Firstly, new productformulationsare derived from the four modelformulationsby only
consideringthe sodium,sulphate carbonateandsilicon contents. Productcalculations
arethenperformedior thethreereferencescenariomndthefourth scenaricassuminghe
Wishy-Washyusehabit andthe tandemsystemusingthesenewn detegentformulations.
Theresultsarebasedn 2000Monte Carloshots.The calculatedconcentrationncreases
arethencomparedo monitoringdataand,in the caseof sulphateto existing waterqual-
ity objectves.Thederivationof thenew detegentformulationsis basednthemolecular
weightsandis explainedin detailin appendixC. Thenew productformulationsaregiven
in Table7.18.

Theinvestigatecelementsandcompoundsreregularly sureyed by regional authorities
from the LUA. In addition, the predictedconcentrationncreasef sulphateions can
be comparedo waterquality objectves(Landesumweltanordrhein-Westfalen1997).
For sodium,drinking waterlimits aredefinedin Germariegislation(‘Trinkwasservesrd-
nung’, DeutscheBundestag]1990).No waterquality objectvesareavailablefor carbon-
ateandsilicon. Therefore,n thesecasenly a comparisorto measureatoncentrations
is performed.

Table7.18.:Alter eddetergentformulations only consideringinorganics(%). Thedif-
ferencebetweersilicon A andB is explainedin appenixC.

Substance Heary-duty Compact Tandem 3-component Comment
heary-duty system system

Sodium 12.65 15.48 14.50 14.88
Silicon A 3.12 3.18 4.57 6.18 FromzeoliteA
SiliconB 1.15 1.23 0.93 1.60 Fromsilicates
Carbonate 5.16 7.20 6.51 8.57
Sulphate 12.85 1.62 2.57 0.07

Aluminum and citrate are not includedin this study sinceneithermonitoringdatanor
waterquality objectvesareavailable. However, it wasshavn in the previouscalculations
thatcitratecanbeclassifiedasernvironmentallyirrelevant,whichis supportedy different
authors(Hoyt and Gewvanter 1992, Schbberl and Huber 1988). Thus, not considering
citrate doesnot leadto falseresultsconcerningthe assessmenif water quality. Con-
cerningaluminum,Kurzendrferetal. (1997,p.161)demonstratethatthe quantification
of zeolite-base@luminumto thealuminumbalancean freshwaterslac ksa scientifically
sensiblebadkground”. Thereasoningconsiderghe hugevariety of to a large extentin-
consistenmeasureaoncentrationsywhich dependon the pH condition, the presencef
particulatematter temperatureionic strengthsandfurther factors. Besidesthe discus-
sionoutlinedthere,the non-&istenceof monitoringdatamakesinterpretationsmpossi-
ble. Thus,aluminumis alsoomittedfrom this analysis.
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7.4.1. Sodium

The thresholdvalue for sodiumin drinking wateris 150 mg/l (DeutscherBundestag,
1990). Within the Rur catchmentannualmeanmeasuredconcentrationsn the upper
coursesaretypically about10 mg/l, in the middle partsof the catchmenthey arearound
50 mg/l, and between150 and 230 mg/Il in the lower courses.Interestingly the spatial
concentratiordistribution correspondgo the populationdensity For example, higher

concentrationsre measuredn the Wurm river thanin the Rur river. This may suggest
that riverine sodiumconcentrationsnay identify anthropogeni@missions. This would

not be surprisingwith respecto the percentag®f sodiumin detegentsandmostproba-
bly alsoin othercleaningproducts.

Sinceall sodiumionsarereleasedluringthewashingprocessandarenot eliminateddur-
ing wastevatertreatmentthe total emittedamountis dischagedinto the surfacewaters
andfinally reacheshesea.

GREAT-ER calculationsn the Rur catchmen{1993dataset)areperformedconsidering
no elimination. In Table 7.19, the meanconcentrationncreasesn the Rur and Wurm
riversof the four scenariosare given togetherwith measuredralues. However, moni-
toring datawere only availablefor 1991, while the dischage site datarepresenthe Rur
catchmentn theyear1993.

Dependingon the usehabit, the calculatedfraction of detegent-basedodiumof total
measuredodiumconcentrationyariessignificantly Assumingthe Smartusehabit, a
contribution of between0.4 and 3% is calculated,while assumptionof the Scrubbed
use habit gives percentagess high as 20% (Einruhr samplingsite). The obsenation
mentionedin the introductionof this section,i.e. measuredodiumconcentrationgre
generallyhigherin river stretcheghat dischage wastavatersof moredenselypopulated
areaghanin lessinfluencedstreamsandrivers,canbe seenby comparingthe measured
concentrationat the samplingsitesat Einruhrandabove the Inde confluencewherethe
populationdensityis smaller with theconcentrationat theotherthreesites.

As the Wishy-Washyusehabitwasdefinedto represenaverageGermanwashinghabits,
this scenarids mostprobablythe mostrealistic. With respecto the meansimulatedand
measured@oncentrationghedetegent-basedodiumis betweerl.2and8.1%of thetotal

sodiumcontent.Interestingly the fractionis higherin lessanthropogenicallynfluenced
sites(Einruhr, 8.1%)thanbelow largedischages(belov SoersWWTPR, 4.8%). This sug-
geststhatthe obseredincreaseof sodiumconcentrationsannotfully beexplainedfrom

the useof detegentsalone. Othersourcesalsoexist, whoseemittedquantitiesare most
likely largerthanthe onesrelatedto detegents.
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Table7.19.:Sodium concentrationincreasedr om its usein detergentsAll concentra-
tionsaregivenin mg/l.

Samplingsite River Simulated Measured Sim/Meas
Mean 90%ile Mean Min-Max of meang%)

Scrubbed
Einruhr Rur 1.84 4.19 9.3 6.6-12 19.78
above Inde Rur 1.79 279 315 24-39 5.68
Steinkirchen Rur 411 6.05 1525 97-208 2.7
belov SoersWWTP Wurm 13.12 19.83 122 83-162 10.75
nearmouth Wurm 10.16 14.67 233 185-281 4.36
Wishy-Washy
Einruhr Rur 0.75 1.70 9.3 6.6-12 8.06
above Inde Rur 0.81 123 315 24-39 2.57
Steinkirchen Rur 1.87 2.69 1525 97-208 1.23
belov SoersWWTP Wurm 5.91  8.69 122 83-162 4.85
nearmouth Wurm 4.61 6.53 233 185-281 1.98
Wishy-Washy+ Tandensystem
Einruhr Rur 0.73 1.66 9.3 6.6-12 7.85
above Inde Rur 0.75 1.15 315 24-39 2.38
Steinkirchen Rur 1.74 250 1525 97-208 1.14
belov SoersW€WTP Wurm 5.53 8.20 122 83-162 4.53
nearmouth Wurm 4.29 6.09 233 185-281 1.84
Smart
Einruhr Rur 0.27 0.61 9.3 6.6-12 2.9
above Inde Rur 0.28 0.43 315 24-39 0.89
Steinkirchen Rur 0.64 093 1525 97-20 0.42
belov SoersW€WTP Wurm 2.02 3.01 122 83-162 1.66
nearmouth Wurm 1.60 2.26 233 185-281 0.69
7.4.2. Silicon

Modelling silicon cannot directly be donesince,resultingfrom the useof detegents,it
enterssurfacewatersin two differentforms,i.e. assilicateandboundin zeolite A. Sil-
icateis a degradationproductof the latter Especiallythe fate of silicate and zeolite A
in WWTPsvariessignificantly which is describedn appendixC. For thisreasonjn the
GREAT-ER calculationssilicon is treatedastwo differentsubstancesBy assumingan
instantaneouandcompletehydrolysisof zeoliteA in surfacewater, silicon concentration
increasedasedon usein detegentscanbe calculatedby addingthe two calculatedcon-
centrations.

Due to this assumptionthis is a worst-casescenariofor silicon. Kurzendrfer et al.
(1997)alsousedthis approachn orderto performworst-caseestimateof concentration
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increase®f siliconin surfacewatersdueto theuseof zeoliteA in detegents.

Table 7.20shavs a comparisorof measurecindsimulatedsilicon concentrationsn the
largestriversRur andWurm for the four scenariosMeanand90™" percentilesaregiven
for bothmonitoringandsimulationresults.As describedabove, the simulatedconcentra-
tion increasearethe sumsof the simulationresultsof the two consideredsilicon com-
pounds.

Table7.20.:Silicon concentrationsfr om its usein detergents.Concentrationaregiven

in mg/l.
Samplingsite River Simulated Measured Sim/Meas
Mean 90%ile Mean Min-Max of means
Scrubbed
Einruhr Rur 0.18 0.40 1.98 2.30 9.47
above Inde Rur 0.19 0.28 2.23 3.66 8.52
Steinkirchen Rur 0.43 0.63 3.27 3.74 13.15
belov SoersWWTP Wurm 1.39 2.05 5.50 6.22 25.27
nearmouth Wurm 1.08 1.54 5.24 5.84 20.61
Wishy-Washy
Einruhr Rur 0.08 0.17 1.98 2.30 4.04
above Inde Rur 0.08 0.12 2.23 3.66 3.59
Steinkirchen Rur 0.18 0.26 3.27 3.74 5.50
belov SoersWWTP Wurm 056 0.83 5.50 6.22 10.18
nearmouth Wurm 0.43 0.62 5.24 5.84 8.21
Wishy-Washy+ Tandemsystem
Einruhr Rur 0.07 0.15 1.98 2.30 3.54
above Inde Rur 0.07 0.1 2.23 3.66 3.14
Steinkirchen Rur 0.15 0.23 3.27 3.74 4.59
belov SoersWWTP Wurm 0.49 0.71 5.50 6.22 8.91
nearmouth Wurm 0.39 0.55 5.24 5.84 7.44
Smart
Einruhr Rur 0.04 0.09 1.98 2.30 2.02
above Inde Rur 0.04 0.06 2.23 3.66 1.79
Steinkirchen Rur 0.09 0.13 3.27 3.74 2.75
belov SoersW€WTP Wurm 0.29 0.43 5.50 6.22 5.27
nearmouth Wurm 0.22 0.32 5.24 5.84 4.20

In the Wurmriver andthelower partsof theRurriver, i.e. at Steinfeldenwhichis below
the confluenceof the Wurm to the Rur, the silicon contribution resultingfrom the useof
detegentss considerableApplying theWishy-Washyusehabitscenariowhich bestrep-
resentgealisticconditions approximately8-10%of thesilicon presenin theWurm river
canbeexplainedby emissiongrom theuseof laundrydetegents.Thefactthatmeasured
concentrationsncreasealong the rivers suggestshat obsenable silicon concentrations

129



7. Resultsof the productmodeassessment

have to someextentanthropogeniorigins. However, dueto the highly variablenatural
contentof siliconin differentsoil types,which may be partly washedout, anddueto the
conserative assumptiorof immediateandcompletehydrolysis,theresultshase to bein-
terpretedwith caution.

SchiberlandHuber(1988)reportmeasuredhydrolysishalf-livesfor zeoliteA of between
1 and2 months.Regardingthe muchshortermeanresidencdime in the catchmentpnly
asmallfractionof the silicon emittedin theform of zeolite A may contributeto the con-
centrationof siliconin surfacewaters.Thus,the zeolite-basedontribution is mostlikely
overestimated.

Only 25 to 30% of the predictedsilicon effluent concentration®riginatefrom the use
in zeolite A, while the larger fractionis dueto the useof silicates. This is directly de-
rivedfrom the GREAT-ER resultsof the two silicon compounds.Thus,silicatelargely
determineghesilicon concentrationncreaseesultingfrom the useof detegents.

7.4.3. Carbonate

Sinceno waterquality objectvesexist for carbonatethe interpretationis only basedon
the comparisorof monitoringdataandsimulationresults. In Table7.21,the percentual
contribution of the predicted90™" percentileconcentratiorincreasesof the worst-case
scenaridscrubbedo meanmeasuredaluesn theRurandWurmriversaregiven. Results
of all otherscenariosare muchlower thanthoseof the Scrubbedscenario.In addition,
the ratio 90" percentiledivided by meanvaluesis also a conserative approach. The
realisticcontribuionis thereforemuchsmaller Therefore pthersourcespothnaturaland
anthropogenicaredominatingmeasurablearbonateoncentrationsatherthenemissions
dueto theuseof laundrydetegents.

Table7.21.:90" percentile carbonate concentration increasesof the Scrubbed sce-

nario vs. measuements
Rur samplingsites Wurm samplingsites
1 2 3 4 5 6 7

Chneas,mean (MQ/l)  29.7 64.2 96.4 163.3 170.4 247.9 248.8
Csim,o0 (Mg/l) 16 11 14 24 7.7 6.5 5.8
Percentage 54 17 15 1.5 4.5 2.6 2.3

It is worth mentioningthat in the Smartusehabit percarbonatés usedasa bleaching
agentwhich entershe surfacewatersascarbonateThis bleachingagenttherefores not
a causeof ervironmentalconcerrregardingits fatein aquaticsystems.
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7.4. Assessmerf inorganiccompounds

7.4.4. Sulphate

A classificatioraccordingto the Germanwaterquality schemeexistsfor sulphatewhich
is givenin Table7.22 (LandesumweltamiNordrhein-Westfalen 1997). For deriing the
waterquality classificationthis schemeshall be appliedto monitoringdata,from which
the 90" percentilevaluesareto be used. Therefore,in this analysisthe 90" percentiles
of the simulatedconcentrationsrecomparedo the monitoringdata,given by the mean,
minimum and maximumvalues. The use of measurednaximumconcentrationgloes
mostlikely notinfluencetheinterpretationpecausat sitesatwhich 90 percentilehave
beendeterminedhe deviations betweenthesevaluesand the maximumconcentrations
have alwaysbeenlessthan 3 mg/l. In addition, the procedurefor applying the water
quality classesnstructstheuseof themaximumvalue,if lessthan3 samplesareavailable
at asite (Landesumweltamilordrhein-Westfalen,1997,p. 55). Both measurementand
simulationsarebasedon datafrom 1993.

Table7.22.:Water quality classegor sulphate (mg/l)
Class N 1 | O 1 1 N | | B 1 B AV v
Upperlimit 25 50 100 200 400 800 > 800

Figure7.1shavs comparison®f measure@ndsimulatedconcentrationgor the Rur and
Wurm rivers,the latter beingbasedon the 90" percentiles.Firstly, in combinationwith

Table7.22,it canbe seenthatwith respecto measuresgulphateconcentrationshe water
quality in the Wurm rangedrom staged| to Ill, while in the Rur river sulphateconcen-
trationsare generallylower, leadingto a stagel classificationin the uppercourses.In

thelower courseghe highestmeasureaoncentrationsf slightly abose 100mg/l leadto

stagell-lll. Secondlyit becomeglearthatthe contribution of detegent-basedulphate
doesnotdetermingheactualconcentrationsTheconcentrationncrease$rom usein de-
tergentsaremuchlower thanmeasureadoncentrationsContributionsabove 1%, i.e. 5 to

8%, areonly calculatedwhenapplyingthe worst-caseausehabit Scrubbedjn which the
heary-duty detegentis used.Dueto this worstcaseestimatetherealisticcontributionis

mostlikely to bemuchsmallerthanpredictedn this scenario.

Naturalsulphateconcentrationganbe determinedoy measurementsearthe sourceof

the differentstreams.In the Rur, Urft, and Olef rivers, meanconcentrationsangebe-

tween7 and 13 mg/l, while nearthe sourcesof the Wurm samplescontainingup to 50

mg/l wererepeatediytaken. The naturalvariationis thereforelargerthanestimatedcon-

tributionsfrom detegents. This suggestsghat the shareof detegentsin actualsulphate
concentrationss limited.
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8. Discussion

Thefollowing discussiorfocuseson the methodologyof the GREAT-ER productmode
andontheresultsderivedin the casestudy Finally, furtherpotentialrelevantaspectshat
werenotexplicitly consideredn thisthesisarediscussed.

8.1. Methodology of the product mode

The methodologicalaspectsdiscussedn this sectioninclude the relationshipof the

GREAT-ER productmodeto LCA and ERA, the kind of informationthat can be de-

rived from this method,the numberof substancesonsideredn the PRR, calculation,
thesensitvity of the model,the kind of weightingimplicitly performedn the CL assess-
ment,andfinally a discussioraboutthe differencesandsimilaritiesof the ‘less-is-better’
and‘only-above-thresholdapproaches.

8.1.1. Relation to ERA and LCA

The GREAT-ER product mode combineselementsfrom ERA and LCA. It is not a
methodof ERA, sincethe productscenariosand thereforethe resultsare partly based
on unrealisticassumptions.The resultsdo not even allow an evaluationof all expected
impactsgiventhatthe assumptiongoncerninghe entireuseof a productaccordingto a
specificusehabitwould be true,becausemissionsandervironmentalconcentrationef
the consideredsubstancefrom otheranthropogenisourcesor from naturalorigins are
not considered.For this reasonthe GREAT-ER productmodeis primarily to be seen
in the context of LCA. However, the assessmerand evaluationmethodextendstypical
LCA methods.Theinterpretatiorpossibilitiesoutlinedin section3.2 have a muchlarger
ervironmentalrelevancethantypical categyoryindicatorresults for examplethoseapplied
in section2.2. Thisis only possibledueto two restrictions.First, only the usephasean-
steadof the entirelife cycle is assessedand second,only the impact categgory aquatic
ecotoxicityis analysed.Dueto theserestrictionsthe GREAT-ER productmodeshould
notbeusedasasoleinstrumentput it shouldbecombinedwith otherLCIA methodghat
both adrestherimpactcateoriesaswell asotherstageof thelife cycle of detegents.
Still, the first restrictionis often beingdonein LCAs, sincemary LCAs are basedon
a ‘cradle-to-gate’ratherthan a ‘cradle-to-grae’ approach(e.g. Bretz and Frankhauser,
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1996).

Thedevelopmenbf the GREAT-ER productmodewasnotintendedo bein compliance
with the ISO scheme®n LCA (DIN, 1998). However, the GREAT-ER productmode
correspondsvell with thedefinitionsof LCA andLCIA asgivenin ISO (seealsosection
2.1.2). Especiallyregardingthe LCIA definition, it is not clearhow the significanceof

emissionscan be evaluatedon the basisof resultsas calculatedby the LCIA methods
discussedn section2.2. The GREAT-ER productmodeis more usefulfor this. Due
to theselimitations regardingLCA, someauthors(e.g. Thiel etal., 1999,Udo de Haes,
1996a)proposethe applicationof differentmethodologieandinstrumentson the basis
of anLCA.

8.1.2. CL and PRR, evaluation

In this section,the information derived by evaluatingthe CL and PRR, resultsis dis-
cussed.

Comparison of PLA and GREAT-ER product mode results

Theproductcomparisorscenariogssumingecommendedosageandthereferencesce-
nariosgive the samerankingsasthe PLA. Thisis truefor both CL andPRR, evaluation.
However, the GREAT-ER productmode provides additionalinformation not directly
provided by the PLA. The CL evaluationallows the explicit assessmerdf the contribu-
tionsof thedifferentdetegentingredientswhereashe PRR, evaluationanalysesvhether
thresholdsareexceededy thescenarios.

For example,the major relevanceof boronandthe surfactantprovenin the casestudy
wasnotstatedin the PLA. Furthermorethe ecotoxicologicakvaluationin the PLA gives
very similar resultsfor thetandemsystemandcompacteavy-duty detegent(Griel3ham-
meretal., 1997,p. 108, seealsoTable A.2 in appendixA.2), whereadn this analysis
a major differencebetweenthe two alternatves can clearly be obsered: The tandem
systemdistinguishedetweercolouredandwhite laundry while the compactheary-duty
detegentdoesnot.

Comparison of use habits

In thePLA, anevaluationof aquaticecotoxicologicalmpactsin thecomparisorof house-
holds,or usehabits,asdepictedin this thesis,hasnot beenconducted.There,only acid
formationpotentials emissionof CO, andVOC, aswell asenegy, detegent,andwater
consumptionsrecalculatedor the differentusehabits(GrieRhammeetal., 1997). The
ecotoxicologicakvaluationsystemusedin the PLA only allows anassessmerdf prod-
ucts,but not of differentwashinghabits.In this thesis theinfluenceof variableusehabits
is visible in theresultsof the referencescenariosandby investigatingthe differencesn-

ducedby the assumptiongo eitherdoseaccordingto the productrecommendationer

accordingto the usehabits. Fromthe latter it canbe seenthatthe variability of the CLs

assuminghe sameproductis linearto the dosagegxceptfor smalldeviationsdueto the
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8.1. Methodologyof theproductmode

stochastisimulationprocedureThus,for thiscomparisorthe CL approachdoesnotgive

ary new information,sincethe dosagealoneprovidesthe sameinformation. In fact, the

linear natureof the GREAT-ER modelis responsibldor this. On the contrary evaluat-

ing the PRRyys givesadditionalinformation. Increasinghe dosagdeadsto anincreased
numberof stretchesn which anthresholdis exceeded.The magnitudeof this increase
canonly be determinedvhenperformingthe PRR, analysisbut not from the detegent

consumptioralone.

Combination of intrinsic properties and mass emitted

The heavy-duty and compactheavy-duty detegentsalmosthave the sameingredients.
Thus,thelargelyvaryingresultsobseredin theproductcomparisoraremainly dueto the
emittedquantityperwash,which depend®n the recommendedosage This shavs that
evaluationsystemsasedn purelyintrinsic propertiesof the substancearenotsufficient
for evaluatingthe aquaticfate of laundrydetegents.

Comparison of catchment characteristics

The influenceof catchmentcharacteristichasnot beenanalysedn the PLA. Further
more,themethodologyof the PLA doesnotallow theanalysisof theseparameterssince
no fate analysiswasperformedthere. However, wastevatertreatmenis the mostimpor-
tantfactorin the comparisorof differentcatchmentsin addition,otherspatiallyvarying
factorsalso have someinfluence. Both wasomittedin the PLA but consideredn this
thesis.

Comparisorof the Rur andltter resultsderivedin sections/.3.2and7.3.3demonstrates
differentperspectiesof theCL andPRR, evaluations.ThenormalisedCL is higherin the
Rur catchmenthanin the Itter catchmentwhile the PRR,, evaluationgivesthe opposite
outcome. This canbe explainedin the following way. The PRR), evaluationdescribes
the catchmens stateconcerningconcentratiorincrease®of detegentingredientsin the
surfacewatersresultingfrom theunderlyingassumptiongsoncerningvashinghabitsand
productchoice. Due to the high populationdensityandthe small river dischaging the
populations wastevater concentrationgrefairly high comparedo simulationresultsin
mostriversof thelessdenselypopulatedrur catchmentHowever, thenormalisatiorpro-
cedureperformedin the CL calculationcancelsout the influenceof populationdensity
As a largerpercentagef detegentingredientds flushedout of theltter catchmentom-
paredto the Rur catchmentthe CL is higherin the Rurthanin the Itter catchment.

A limited contribution may alsobe dueto the slight differencesn weightingperformed
by both approachessincethe CL weighsby the lengthsof the river courseswhile the
PRR, approachapportionsequalshareto eachstretch.
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8.1.3. Number of substances considered in the PRR,
calculation

A weaknes®f thebasicPRR, definitionis thefactthatit canbedominatedoy onesingle
substanceFor thisreasonthe PRR, evaluationhasbeenenhancedn orderto reflectthe
numberof substancefor whichthresholdsareexceededn differentnumberf stretches.
This procedurdeadsto arelative rankingof theingredientswhichis very similar to the
resultsof the CL analysis.Thisis notsurprising,sinceboth calculationsarebasedon the
samesimulationresults.

However, it wasshavn thatthe PRR, evaluationmay changeafterthe substitutionof just
onesubstanceThis canbe seenwhencomparingthe resultsof the compactheary-duty
detegentand the tandemsystem. Consideringonly one substancdeadsto a different
ranking than consideringmore than one substance.Thus, by replacingthe mostrele-
vant substanceof the compactheary-duty detegent, the ranking may change. Thus,
PRR. evaluationsinvestigatingoptionsfor improvementsconcerningproductformula-
tionsshouldbeconductedy consideringdifferentnumbersof substancethatexceedthe
thresholdin the calculatednumberof stretchesn orderto identify room for improve-
ments.

8.1.4. Model sensitivity

The sensitvity of the modelcanbe divided into sensitvities of the GREAT-ER model
andof the new productmode.

Sensitivity of the GREAT-ER 1.0 model

A sensitvity analysisof the GREAT-ER modelhasbeenperformedin the EDTA simu-
lationsdescribedn sections5.1.5and6.3.6. Theinfluenceof both consumptiordataas
well asin-streamremoval rateshasbeenanalysed.It wasobsered that concentrations
predictedby GREAT-ER linearly dependon the percapitaconsumptionwhile the in-
fluenceof variablein-streamremoval ratesis limited. This is dueto the opennatureof
the model,dueto which adwective ouflow out of the catchmentxists, which limits the
influenceof thein-streamremoval rate.

Carefulattentionshouldbe givento WWTP efficiencies.For mary detegentingredients
theeliminationefficienciesin activatedsludgetypeplantsarevery high, e.g.usually98%

or higher However, increasinghe efficiency by 1% to 99% halvesthe emittedload and
thereforethe predictedconcentrations.Thus, a carefulchoice of the WWTP efficiency

datais important. Unfortunately a true removal efficiency cannotbe determined.Since
theactualefficiengy in a plantdepend®n plant-specificcharacteristicst is evencritical

to assignthe sameefficiengy for all plantsof the catchment. Therefore,the choice of

WWTP efficiency is alwayspartly subjectve. Oneway to reducethe influenceof this

choiceis to usea stochastidistribution function for the efficiency ratherthana single
value.However, this doesnot completelyeradicateghe problem.
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A similar problemis theeliminationin theseveragesystem.Themeansever lengthfrom
thehouseholdo aWWTP is unknavn. Thus,theresidencaime within the severagesys-
tem,whichalsodepend®ntheslope,cannotbecalculated. Thesewer efficiency is there-
fore a highly uncertainparameterHowever, its sensitvity is limited for substancewith

high WWTP eliminationefficiencies. This canbe deducedrom the following GREAT-

ER modelequation.

Lem = Cous - Pop - (1 — effsewer) - (1 — effwwrp)

wherelL.q is the effluentload of the WWTR, Consis percapitaconsumptionPopthe
populationconnectedo a WWTP, andeff,,, describeghe eliminationefficienciesin the
saveragesystemandtheWWTPsrespectiely!. DuetothisequatioraverylargeWWTP
efficiengy is limiting theinfluenceof the saver efficiengy.

Sensitivity of the product mode

All equationsn the productmodearelinear Thus, the predictedpercapitaconsump-
tionsandalsothe CL calculationsdependinearly on the following parametersdosage,
totalamountof laundry andnumberof washesA changeof percentagef aningredient
influencedinearly the predictedconcentrationncrease®f the respectre ingredient. Its

influenceon the total CL resultdependson its percentagén the detegentformulation.
Thisinfluenceis lessthanlinear.

Thesituationis moredifficult in the PRR, calculation.First, aspreviously discussedthe
PRR, calculationmay be dominatedby a single substance Second,asthe stretchesn
which a thresholdis exceededare counted,small changesn the input parametersnay
have very differentinfluence.If dueto thisvariationin mary further stretcheshresholds
areexceededtheinfluenceis large. If, on the otherhand,the changednput datado not
leadto a changein the numberof stretchesn which thresholdsareexceededthis varia-
tion hasnoinfluenceatall.

However, if the catchments sufficiently large,thereareusuallyheavily, moderatelyand
only slightly influencedstretches.In sucha case,the influenceof the parametershat
linearly influencethe emissiondataon the PRR, resultsmaybecomenearlylinear. This
could partly be obsered in the differentproductmodescenariogperformedin the Rur
catchmentandis furtherdiscussedh section8.1.6below.

Thesensitvity of the toxicologicaldataon the PRR, resultsis comparabldo thatof the
ingredients’percentageslf in a considerablenumberof stretcheghe predictedconcen-
tration increasesrenearthe threshold,small changesnay significantly alter the result.
Onthecontrary change®f the effect dataof lessrelevantsubstancemay have no influ-

enceatall onthe PRR, outcome.In the CL evaluation,the effect datalinearly determine
the CL of the specificsubstance,e. the contribution to thetotal CL is lessthanlinear.

Concluding,generalstatementsegardingthe sensitvity of boththe GREAT-ER model

Typically, the WWTP efficiengy is further dividedinto efficienciesfor the differentsectionsof a plant,
e.g.primary settlerandactivatedsludgetank.
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aswell asthe productmodearedifficult to derive. In addition,dueto the large numbers
of stretchesanddischagesin mostcatchmentsn combinationwith the stochasticsim-
ulation, a systematicsensitvity analysisis not feasible. In fact, a methodologyfor this
hasnot yet beendeveloped. For the moment,differentscenariosareconductedn order
to reduceuncertaintywhich providessomeinsightinto the model's behaiour.

8.1.5. Length- versus volume-based aggregation

Insteadof calculatingcritical lengths(CL), critical volumes(CV) could have beencal-
culated. This approachwould correspondwvith otherLCA methodologiege.g. Consoli
etal.,1993),environmentalaluationschemesuchastheecolabefor laundrydetegents
(EuropearUnion, 1999a)or currentGREAT-ER 1.0 aggreationprocedureswhich cal-
culatea meanconcentrationn a catchmenbasedon weightingby eitherlength,volume
or flow increment(Boeije et al., 2000). However, the volume-basedveighting,i.e. the
calculationof critical volumesinsteadof critical lengths,hasnot beenfollowed for two
reasonsi) technicalrestrictionsandii) consideratiorof avalue-choice.

The value-basedeasonarisesfrom the questionof equialeny of potentialimpacts. A

volume-weighte@pproactwould consideriver sgmentswith thesamevolumeof water,

e.g. at meanflow, asequallyimportant,whereasa length-base@pproachwould assign
equalweightto sggmentswith the samelength.

The differencelis illustratedwith an example. The calculationof both CL andCV only
considerdoadedstretchesin the caseof theltter catchmenthreedischagesexist, from
which river courseswith a total lengthof 18.8 km anda total volume of 23,659m® at
meanflow areinfluenced. The Itter flows into the Rhineriverin a sectionin a southern
district of Dusseldorf Weightingby lengthwould considerthe streamsf theltter catch-
mentto beasimportantasthe Rhineriver 18.8km downstreanfrom theconfluenceof the
Itter, which is nearDusseldorfharbour Weighting by volume, basedon the meanflow,
would consideithestreamf theltter to beasimportantasa Rhineriver sggmenthaving
alengthof only 18.3m (nearthe confluenceof theltter), which hasbeencalculatedrom
aRhineriver dataset(Koormannretal., 1998). Thedifferencein this realisticexampleis
threeordersof magnitude.

Concerningpotential aquaticecotoxicologicalimpactsresulting from the use of laun-
dry detegents,it wasshown in several monitoring programmeshat especiallysmaller
streamsform a major point of concern,sincethe highestconcentrationsan often be
found there. This is most probablydue to smallerdilution ratios mainly occurringin
small streams.For example,in the Itter catchmenthe streamdilution factors,defined
asmeanflow below the dischage divided by meaneffluent flow of the dischages,are
aslow as1.74 at Solingen-GafrathWWTP, 2.06 at Solingen-OhligsWWTP, and4.74
at Hilden WWTP (seealsothe dataon the GREAT-ER CD, ECETOC, 2000). Con-
sequently higher concentration®f detegentingredientscanbe found in the Itter than
in riverswith higherdilution ratios. This is also predictedby the GREAT-ER model,
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which canbe seeby comparingGREAT-ER resultsderivedin the Itter catchmeniwvith

resultsfrom main rivers of the Rur catchment.Also, the highestconcentrationsn the
Rur catchmentcan be found in locationswith small dilution ratios, i.e. in the brook
GereonsweileFliel3 belon SetterichWWWTP andin the upperpartsof the Wurm belon

Aachen-Soer8VWTP. Ontheotherhand,obsenableandpredictedconcentrationbelow

DurenWWTPR, whichis thesecond-lagestWWTP in thecatchmenbut which dischages
into the mainriver of the catchmentare generallylower. For this reasonfocussingon
the smallerstreamdy usinga length-basegggregation seemsamore appropriatefor an
assessmerdf laundrydetegents.

Besideghis value-basedeasorthereis a technicalreasorwhich evenforbidsa volume-
basedpproachTheflow is oneof themostimportantinput parameterg calculatingthe
concentrationsHowever, it alsodetermineshevolumeof waterin a stretch which leads
to aninherentcorrelationbetweerconcentratiorandvolume. CL calculationgerformed
sofar arebasedon the meanconcentratiorincreases.Thesedependon the releaseesti-
mation,the distributedflow, flow velocities,andthe substance-specifioput parameters,
which may also be distributed. Thereis no generalrelation regardingwhich flow and
thuswhich volumecorresponds$o the meanconcentratiomor to ary otherconcentration
percentile.In fact, this relationshipwill in mostcasese differentfor eachstretch. The
relationshipis only known, whenperforminga deterministicsimulation,which is possi-
ble within GREAT-ER. In this casethe calculationis basedon meanvaluesfor all input
data.However, in sucha simulationthe stochasti@aspecbf GREAT-ER is eradicated.

Concluding,weighting of concentrationdy volume of waterin a stretchcanonly be
doneif therelationshipof flow andpredictedconcentrationncreasds available. Within

GREAT-ER, this is typically not the case. Implementinga volume-basedveighting
would requireimmenseeffort, becauseentralpartsof the GREAT-ER modelanddata
structurewould have to be changed. In addition, sinceit is reasonablen the caseof

householdaundryto focuson smallerstreamsa weightingby lengthis performedn the
CL evaluation.

8.1.6. ‘Less-is-better’ versus ‘Only-above-threshol d’

An on-goingdiscussiorin theLCA communityis thedistinctionbetweerless-is-better’
and‘only-above-thresholdimethods MostLCA methodsarebasednthe’less-is-better’
paradigm(Pottingetal., 1999).With respecto toxicologicalimpactcategories,in which,

basedon the‘less-is-betterapproachimpactscoresof completelydifferenttoxic mech-
anismsare added,this is seenas a seriousproblemof LC(I)A (Potting, 2000, p. 6).

‘Only-above-thresholdmethodspn the otherhand,arebasedon the paradigmthatwith

respecto toxicologicaleffectsthresholdconcentrationsftenexist, belov whichno envi-

ronmentaharmis likely to occur This paradigmis typically appliedin ERA. It is usually
notappliedin LCA, sinceathresholdevaluationis generallyinfeasiblewithin anLCA.

However, the GREAT-ER productsimulationsperformedheredo notleadto the conclu-
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sionsthatthe approacheareincompatible.In mostcalculationghereareat leastsome
stretchesn which athreshold expressedn the PRR, evaluation,is exceeded.Therefore
thealternatve giving theleastnumberof stretchesn whicha giventhresholds exceeded
shouldbe preferredwhich givesthe samefindingsasa ‘less-is-betterevaluation.

Concludingfrom this thesis,the ‘less-is-betterapproachs not fundamentallydifferent
to the ‘only-above-threshold’perspectie. This resultis especiallyimportantfor LCAs,
sinceit justifiesthe ‘less-is-betterapproach.

8.2. Case study

8.2.1. Reference scenarios and product comparison

The referencescenariogyive resultsthat are consistentwith thoseobtainedin the PLA.
However, bothCL andPRR, evaluationggive furtherinsights. The CL assessmerliffer-
entiatesmorestronglythanthe LCA-basedmethodologyappliedin the PLA, which can
be seenin the differentvariabilitiesof the results. This variability is dueto variabilities
of both usehabits,which is identicalto the variability of detegentconsumptionsand
productformulations.lt wasshowvn thattheinfluenceof varyingusehabits’is largerthan
theinfluenceof variableproductformulations.However, this resultis largely dependent
onthedefinitionsof the usehabits,which arepartly basedn subjectve choices.

The CL evaluationallows the explicit assessmermdf the contributionsof the differentde-
tergentingredients. This analysisshows that the variability causedby varying product
formulationsis mainly dueto the fact thatthe two mostimportantsubstancesf the de-
tergentsusedin the Scrubbedand Wishy-Washyscenariosi.e. boronandLAS, arenot
containedn the detegentusedin the Smartwashinghabit.

The PRR. evaluationemphasiseshe significantdifferencesn the resultsof the three
referencescenariospecausehe numberof stretchesn which the differentthresholds
areexceededvariessignificantly An importantresultof the two productcomparisonss

the fact that the ranking of the productsmay changeif the detegentsare not dosedas
recommendedThis occurredfor the heary-duty andcompacteary-duty detegents.

8.2.2. Relevance of detergent ingredients

The mostimportantsubstances the CL and PRR, analysesvereboronandboth an-
and nonionic surfactants.Only minor relevancewas assignedo zeolite A, DAS-1 and
sodiumcarbonateSubstancesf noimportancevere TAED/DAED, CMC, PVP, sodium
sulphate sodiumcitrate, sodiumsilicate and the polycarboxylates.Among theseirrel-
evant substancesre all thosesubstance$or which a conserative modellingapproach
wasfolloweddueto lack of appropriatesubstancelata. This conserative approactdid
thereforenotleadto biasedresults.
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The minor significanceof the optical brighteneris surprising,especiallysincea worst-
caseestimatewasperformedby using DAS-1 asthe only optical brightener This small
shareof DAS-1 showvs aweaknes®f the currentGREAT-ER model,sinceDAS-1 may
above all berelevantto thesedimentompartmenor concerningts fatein sevagesludge.
Thisis furtherdiscussedh section8.3.2.

The caseof AE shaws a differentaspecif importance.PredictedAE concentrationslo
not vary largely in the productcomparison. On the basisof the model detegents,no
considerableoom for improvementss seen thusit is not animportantsubstancevith
respectto the variability of the productcomparisorresults. However, dueto its large
absoluteshare AE is indeedoneof themostrelevantsubstancegspeciallywhenlessef-
fective wastevatertreatmenoccurs.In fact, AE is responsibldor the changeof ranking
occurringin the Rupelcatchment.

Zeolite A, andsodiumcarbonatearetheonly inorganicsubstancebesidegperboratehat
have somerelevancewith respecto the CL evaluation. However, the analysisof thein-

organiccompoundsperformedn section?7.4, hasshovn thattheseemissionsontribute
only to a minor extentto obsered concentration®f the respectre substanceskFor this
reason.their ervironmentalrelevanceis consideredimited. Theseexamplesraisethe
qguestionwhetherall ingredientsshouldbe consideredn the ecotoxicologicakvaluation.
For example,Guhl (2000)proposedo useonly the organicingredientgresenin thefor-

mulations.Inorganicsaltswould thenbeignored.Thisis reasonabléor compoundsuch
assodiumsulphate carbonateor citrate. On the otherhand,relevantingredientssuchas
the bleachingagentsodiumperboratenvould be omittedtoo. A differentapproachs the
exclusionof someingredientsclassifiedasirrelevantbasedon toxicologicaldata. Such
classificationhave beenappliedby SchbberlandHuber(1988)andWalz et al. (1996).
However, this would imply a valuationbasedonly on toxicologicalinformationprior to

a fate analysis,which is not desirable. Instead,it hasbeenchosento include all sub-
stancesn the assessmemndto investigatetheir relevance.lt turnedout thatthe number
of relevantsubstancess limited.

8.2.3. Dominance of boron

Theboroncontentin the detegentsdominategheresultsin thosealternatvesthatdo not
differentiatebetweencolouredandlaundry detegent. However, actualmeasuredoron
concentrationsn Germansurfacewatersaswell as perborateconsumptiondatashov
thatoverestimation®f boronconsumptiongndthusemissionsio indeedoccurin those
scenariosn which boronis usedin eachwash,i.e. in thoseconsideringhe heavy-duty or
the compactheary-duty detegent.

In 1993, the highestconcentration®bsenred in the entire Rur were approximately900
1 g/l (seesection6.1.2),whichis lower thanthe valuegivenin the DID-list transformed

2The actual consumptiondatarequiredfor this conclusionare, for example, given in the GREAT-ER
simulationsperformedn the Rur andltter catchmentén section2.3 andchapter®.
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to boron,i.e. 985 ug/l. In addition,Metzneret al. (1999)concludefrom a large surney
of boronconcentrationgn Germauy that“the vastmajority of valuesfromgroundwater
surfacewater and drinking water lie well belowthe maximumacceptableconcentation
of 1mg/I(...)". Haberel(1996)reportsboronmeasuremenisa Germauy, in which 3 outof
100measurementareabose 1 mg/l and10 arebetweerD.5and1.0 mg/l. Thus,boronis
anenvironmentallyrelevantsubstancen freshwatersystemsput it is not likely to cause
ernvironmentalharmin the majority of river coursesn Germary. Due to this outcome,
efforts shouldaim atdecreasindgporonemissiongrom the useof detegents eitherby the
useof colourdetegentsor by its replacemenby percarbonate.

8.2.4. Influence of catchment characteristics

Different waste water treatment techniques

Assuminglessefficient wastevatertechniquesthe increasingmportanceof the surfac-
tantsbecomespparentConsequentlytherelativeinfluenceof borondecreaseslthough
its absoluteCLs remainconstant.The variationof the differentwastaevatertechniquess
considerednorerelevantthanthevariability of thereferencescenarioswhichwasabouta
factor35, becauseheresultsvariability of thereferencescenarioss determinedy both
choiceof productand by usehabit, whereasthe variability dueto varying wastevater
treatmenttechniquesa factor of 21, is entirely dueto the variability of one parameter
In addition, this variability is causedy the considerablencreaseof the contribution of
the mosttoxic substancegaccordingto the DID list), i.e. the surfactantswhereashe
variability of thereferencescenarioss mainly causedy thedifferentbleachingoptions.

Accordingto thePRRy, evaluation theinfluenceof differentmethodsf wastevatertreat-
mentis highly important,sincethe numberof stretchesn which the PRR), exceedsl
significantlyincrease# lessefficientwastevatertreatmenis assumed.

Combined influence of regional characteristics

Therankingof detegentsis differentin the Rupelcatchmentywhichis mainly causedy
thedifferentwastevatertreatmentechniqueswhichis shavnin section7.3.2. Compared
to this, all othergeographidactorssuchasgeographicatharacteristicer variablecon-
sumptionpatternsponly have a limited influence. Theinfluenceof variableconsumption
datawas analysedby comparingRur and Lambroresults. Assumingequaldosageas
wasthecasein section7.3.2,giveshighernormalisedCLs in the Rurthanin theLambro
catchmentyhichis dueto catchmenparametersAlso consideringactualdetegentcon-
sumptionsshawvs thatthe Lambrocatchments mostlikely to bemoreheavily influenced
by detegentsthanthe Rur catchmentThisis causedy higherdetegentconsumptiorin
Italy.
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8.2.5. Contrib ution of inor ganic compounds to measured
concentrations

Theassessmeiaif theinorganiccompoundsperformedn section7.4,estimategotential
contributionsof thesesubstancet® measureadoncentrationshasedon the assumptions
of the differentproductmodescenarios.Concerningsodium,it canbe concludedthat
the sodiumconcentrations the sumof a naturalbackgroundconcentratiorand anthro-
pogenicsourcesto which detegentsonly contributeto a limited extent. With respecto
the existing sodiumlimit for Germandrinking waterof 150mg/l, the ervironmentalrele-
vanceof detegent-basedodiumemissionss limited. Similar conclusionganbe dravn
for sulphateandcarbonate.This limited relevanceof carbonates a furtherargumentto
usepercarbonatasa bleachingagentsinceit is emittedinto surfacewaterin the form of
dissohed sodiumcarbonate.

It wasshavn thatwith oneexceptionthe contribution of detegent-basedilicon to mea-
suredsilicon concentrationss higherthanthe contributionsof the otherinvestigatedn-
organicingredients. The largestfraction of silicon originatesfrom the useof silicon in
silicate, not from zeolite. This is in line with estimationsperformedby Kurzendrfer
etal. (1997),who estimatedhatthe contribution of zeoliteA to thesilicon balancan the
freshwatebalancds below 1%. Sincenaturalvariationsaremuchlarger, they considered
this contribution to beirrelevant. Sctbberland Huber (1988) statethat no ecologically
problematicpropertiesof silicate are known. Falconeand Blumbelg (1992) statethat
anthropogenicsilicate emissionsmay be relevant concerningeutrophicationf natural
concentrationgrevery low, i.e. smallerthan0.1 mg/l, which corresponds$o 0.047mg/!
silicon. Measuredilicon concentrationg theheadwatersf the Rur catchmenaremuch
higher sincemeanvaluesrangingbetweer? and5.5mg/l wererepeatedlyneasuredrol-
lowing the agumentsput forward by Falconeand Blumbeng (1992),this impliesthatin
theRurcatchmenadditionalsilicateemissionsarenotrelevantfor euthrophicationHow-
ever, sincethis may be differentin othercatchmentsthe silicate emissionsnto surface
watersdueto applicationsn detegentsshouldnotbeignored.

8.2.6. Mixture toxicity

Theanalysisof mixturetoxicity by assumingadditivity doesnot give ary furtherinsight.
The substancehat wasalreadyidentifiedasbeingmostrelevant. i.e. boron,alsodomi-
natestheresultsof the combinedoxicity assessmeni he PRRy,s of thedifferentingre-
dientsonly leadto asmallincreasen thenumberof stretchesvith anexceededhreshold.
This resultconfirmsthatonly few substancearerelevantin the ecotoxicologicakvalua-
tion of theaquaticfate of detegents.
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8.3. Further aspects

Somepotentiallyimportantaspectshave not beenconsideredn the assessmentsThe
reasong@reeitherdueto thefactthatthe GREAT-ER modeldoesnot modelthemor due
to factthatthey have notbeenconsideredn the casestudy

8.3.1. Case study

The PLA did not considerthe useof fabric softener The reasongivenfor this wastime
limitations (GrieRhammeetal., 1997,p. 53). In addition,liquid detegentswerenotin-
cludedin thePLA, althoughthe PLA givesaformulationfor aliquid detegent. However,
mary uncertaintieselatedto differentexisting formulationsaswell asthelimited market
sharein Germaly have led to the decisionnot to consideriquid detegentsin the PLA
(GrieBhammeetal., 1997,p. 50). Apartfrom liquid detegentsthemodeldetegentsdo
notspanthefull rangeof availabledetegents.A reasorfor thatwasthelack of adequate
formulations.A secondeasons the emphasi®on detegentsystemgatherthanon spe-
cific detegentsthatwasfollowedin boththe PLA andthisthesis.

A further aspectraisedin the PLA but neitherassessetherenor in this thesisareim-
provementghatmay be achieved by theinstallationof laundrettesn residentialareas If
thesewereefficiently organised pverdosingmay be avoided, which would theneventu-
ally leadto a decreasén waterborneemissionf laundrydetegents.Laundrettesvould
mostprobablyhave furthereconomicsocial,andervironmentalimplications.

Rainwatermay also be usedfor the domesticwashingof clothes. Sincerainwateris in

generakofterthantapwater reductionsn theuseof detegentmaybeexpected.Bronchi
et al. (1999) have analysedhis by using scenariodefinedin the PLA and conducting
anLCA applyingthe CST method(Jolliet and Crettaz,1997). Reductiondn detegent
consumptionsvereindeedcalculated.However, other potentialimpactsincreasede.g.
heary metalconcentrationgn agriculturalsoils (Bronchietal., 1999).

Finally, the model detegentsas definedin the PLA do not reflectthe currentstateof
knowledgeregarding potentialingredients. Other substancesiave beenproposedthat
werenot consideredn the PLA. Examplesarethe nonionic surfactantalkyl polygluco-
side(APG) (Steberetal., 1995,HirsingerandSchick,1995)asanalternatve for AE, the
crystallinelayereddisilicate SKS-6" asanalternatie for zeoliteA (Baueretal., 1999)
or polyasparaginacidasanalternatve for polycarboxylateg¢Pulsetal., 1999).

8.3.2. Model restrictions

Someaspectshatareconsideredmportantin anervironmentalassessmertf detegents
couldnotbe analysedlueto GREAT-ER modelconstraints.
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Sedimentation

A majorcurrentlimitation is theabsencef a sedimentompartmentvithin the GREAT-
ER model. Sedimentationrmay be modelledexplicitly in modes2 and 3 of the current
GREAT-ER modelif the necessarenvironmentaldataare available. However, even
then sedimentatioris only consideredas an elimination process. A calculationof de-
tergentingredientconcentrationsn the sedimentcompartmenivould be a large model
improvement,becausehe ervironmentalrelevanceof somewaterborneemissionss not
within thewatercolumn,but within the sediment Examplesarecationicsurfactantsand
fluorescentvhiteningagents.

Sewage sludge

Themode2 and3 WWTP modelsin GREAT-ER arebasedonthe SIMPLETREA 3.0

model(Struijsetal., 1991)which calculateghe eliminationefficienciesandthe concen-
trationsin savagesludge.However, this modelrequiresa large amountof plant-specific
parameterswhich stronglyrestrictsits usewithin the GREAT-ER scope.The required
dataarevery difficult to obtainfor the large numberof existing WWTPs. Therefore the
concentratiorof detegentingredientsin sevagesludgehasnot beencalculated. How-

ever, giventhe tendeng of somedetegentingredientso partitionto sludgesfor exam-
ple,zeoliteA, polycarboxylatesDAS-1,andLAS, thisaspecshouldbeconsideredn an

ervironmentalassessmertf detegentsthatdoesnot only considerthe aquaticenviron-

ment.

Therelevanceof this ervironmentalpathwaydependsargely on how thesludgeis further
processedi.e. whetherit is usedasa fertilizer or not. Accordingto the WVER (1996,
p. 31),in 1996,26% of the sevagesludgewasusedasfertilizer, while 73% wasburned
and 1% wasdepositedfrom a total of 17,000t). Using assumption®n the fate of the
detegentingredientsn primaryandsecondargludge a very roughestimateof themean
concentrationn sludgecouldbederived. By incorporatingnformationsaboutthefurther
processingf the sludgeandaboutthe areaof agriculturalsoilstreatedwith sludge,con-
centrationsn the soilsmaybederived.

However, this hasnot beendonehere,becauséhe uncertaintiesnvolved areconsidered
to be too large. In addition, the aim of this thesisis to develop a methodfor assess-
ing aquaticimpacts,not thoseoccurringin the terrestrialervironment,althoughthis is a
highly relevantervironmentalcompartment.

Degradation products

Degradationkinetics given in the literature usually only describeprimary degradation.
However, it may occurthatnot the parentcompoundout its transformatiorproductsare
of environmentalconcern.Oneexampleis thenonionicsurfactanalkylphenolethoxylate,
which degradesto the persistentmoretoxic, estrogenicactive, andmore bioaccumula-
tive metabolitealkylphenol(Destaillatset al., 2000). In addition,someof the detegent
ingredientsconsideredn thisthesishave alsobeeninvestigatedconcerningheformation

of metabolitesIn somecasestransformatioroccursalreadyin the WWTP. If the WWTP
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efficienciesas usedin the GREAT-ER productmodeassessmertnly reflect primary
degradation,the degradationproductswould be falsely omittedin the assessmentAn
examplefor thisis AE, which maydegradeto free fatty alcohol(FFA) andpolyethylene
glycol (PEG,Szymansketal., 2000).A secondexampleis LAS. Di Corciaetal. (1999)
analysedheervironmentalfate of its metabolitesandalsothatof LAS coproducts.

Therearetwo reasonsvhy degradationproductshave not beenconsidered.Firstly, the
considerationof degradationproductsis not yet implementedin the GREAT-ER 1.0

model. Secondly and moreimportant,not enoughliteratureis availablein which these
degradationprocesseareinvestigatedvith respecto detegentingredients.In addition,
no studieswerefoundat all from which thekineticsof suchdegradationprocessesould
have beenquantified,which is a prerequisitefor modellingtheseprocessesThe inclu-

sionin GREAT-ER may;, therefore only beervisagedf sufficientresearcthasbeencon-
ducted,from which quantificationof theseprocessesanbederived. Currently metabo-
lites areomitted,sincenotenoughknowledgeof the ervironmentalfate of metaboliteof

thedifferentdetegentingredientds available.
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9. Sustainab le Development
Indicator s

Since 1992, sustainablaelevelopmenthasbecomea main political and ethical principle

on which ervironmentaland developmentalpolicy is based. This principle challenged
scientistd¢o developmethodghatanalysethe degreeof sustainabilityof humanactuities.

This taskhasnot yet beenfulfilled, sincetoolsandmethodsenablingsuchan evaluation
arestill lacking.

In this chapteyit is investigatechow the GREAT-ER productmodecanbeusedto define
sustainabledevelopmentindicators(SDIs) describingcertain ernvironmentalaspectsof
householdaundry Sincethe GREAT-ER productmodehasprovento beausefulmethod
to assessindevaluateaquaticimpactsof householdaundry it may be usedto describe
thesustainabilityof this activity. Thischaptemayberegardedasanoutlookwith respect
to furtherapplicationsof the GREAT-ER productmode.

9.1. Sustainab le Development

Sustainablelevelopmentasaguidingprincipleandparadignfor globaldevelopmentas
first mentionedn areportprovided by the World Commissionon ErnvironmentandDe-
velopment(WCED, Brundtlandcommission),who definedsustainabledevelopmentas
“developmenthat meetshe needsof the presentwithoutcompomisingthe ability of fu-
ture geneationsto meettheir ownneeds”(WCED, 1987). A coreelementof this is the
interdependencof social,economic,andecologicalconstraintssinceit wasrecognised
that, especiallyon a global scale ervironmentalissuescannotbe seendistinctfrom eco-
nomicdevelopment.

At the United Nations Earth Conferencen Rio de Janeiroin 1992, sustainabledevel-
opmentbecamean acceptedyoal of both industrialisedand developing countries. The
conferencendedwith theresolutionof theglobalactionprogrammeor the 215 century
‘Agenda2l’, which wassignedby morethan 170 countries(lUNCED, 1993). The gov-
ernmentghatsignedthe Agenda21 startedo developnationalactionplans.Furthermore,
similar programmesvereinitiatedalsoon regionalandlocal levels.

On aninternationallevel, the ‘Commissionfor SustainableDevelopment’(CSD) of the
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United Nationswas foundedto pursueongoingactuities following the Rio conference
(CSD, 2000). They startedwork on the developmentof SDIs. It soonbecameapparent
thatsuchindicators,andthussustainablelevelopmentmaymeansomethingifferentfor
differentculturesandgenerations.

In Germauy, the FederalErnvironmentalAgeng/ (UBA) publisheda reportentitled‘Sus-
tainable Germany’(UBA, 1997),in which differentdevelopmentpathwaysfor selected
humanactuities were shavn with respectto how they could be classifiedasbeingsus-
tainable.In theauthors’point of view sustainablelevelopmenimplies*“firstly, theinter-
dependencyf ecological,economicsocial and cultural developmentsecondlythe pri-
oritisation of the precautionaryprinciple, and the larger-scaleervironmentalobjectives
and strategies that mustnow be specifiedat national, regional and local level” (UBA,
1997,p. 5).

Focussingon material and substancdlows, as early as 1994 the commissionof en-
quiry (‘Enquete-Kommission’)‘Protecting Humansand the Ervironment’ of the 12"
GermanParliamentpublishedtheir final reportentitled‘Die Industriegesellsbaft gestal-
ten’, in which they usedsustainablelevelopmentasa generaframevork andparadigni
(Enquete-Kbmmission,1994). They definedfour basicrulesthatmay not be disobeyed.
The first two rules demandthat the useof resourceshall be below the renavableand
compensatiomates whereasules3 and4 definerequirementgor emissions.

GrieBhammeetal. (1997,p. 19f.) formulateda setof requirementdor sustainablele-
velopment.They correspondo the four rulesmentionedabore, but further substantiate
them.Requirementsnentionedareinter- andintragenerationag¢quity, limitation of pop-
ulation growth, humanrights, replacemenbf non-sustainableroductionand consump-
tion structuressolving substance-specifervironmentalproblems andthe preventionof
risks. However, asalreadyadmittedby theauthors someof theserequirementsieedclar-
ification andconsensus+blding. For example which risksshallbe avoidedandwhatare
(non-)sustainablgroductionandconsumptiorstructures?

It is likely thatdueto theinterdependencof economicsocial,andecologicalaspectshe
decisionon the sustainabilityof a certainactivity mayturn out to bedifferentin different
regions. Accordingly, the sustainabilityof a productmay be differentbetweerregionsif

someimportantaspectvary betweenthe regions. Also, for reason®f economicequity
it may be sustainableghat oneregion producedarger emissionghananotherwhich has
alreadyreceved economidcbenefitsn the past. A prominentexampleis the useof pesti-
cidessuchasDDT. While DDT hasbeenbannedn industrialiseccountriesit is still used
in developingcountriesdueto its importantrole in combattingmalaria(UNEP,1998).

1To further pursuetheseefforts, the 13" GermanParliamentalso setup an commissionof enquiry
(‘KonzeptNadhaltigkeit’, Enquete-Kbommission,1998).
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9.2. Existing SDI approaches

An indicator can be definedas a figure describingthe stateof a system(Walz, 1999).
Differentaspectandinformationmaybe combinedn oneindicator

In orderto derive SDIs,internationabswell asnationalbodieshave publishedapproaches
for indicatorsets. Sincemary of themarehaving a generalcharacterspecificationgor
differentapplicationsarerequired. Sandldvel (1999) givesan overview of existing in-
dicator sets. Of these,thosedevelopedby the CSD (CSD, 1999) and the Organisation
for EconomicCo-OperatiorandDevelopment{OECD, 1999) canbe seenasfoundation
stones.

Botharebasednthe pressure-state-resporeggproach{\Walz, 1999). With respecto en-
vironmentalaspectof sustainablelevelopmentpressue indicators describeemissions
into the environment,for example,givenasmeasuredonsumptiordata(e.g. percapita
waterconsumptiorin aregion CSD, 1999)or ascarbondioxide equivalents.In the CSD
approachthe term ‘pressure’is replacedby the term ‘driving force’. State indicators
describethe stateof an ernvironmentalsystemin aregion. Finally, responseandicators
describehumanactuities aiming at sustainablelevelopment.Using freshwatersystems
asan example,pressurendicatorsmay thereforebe phosphatemissionsor eutrophica-
tion equivalentsemittedin aregion. A stateindicatormay, for example bethepercentage
of riverswith a definedwaterquality, anda responsendicatormay be the percentagef
wastevatertreatmenplantsin aregion thatcarry out tertiary treatmemt. Therefore for
eachernvironmentalimpactcateyory or problemarea threeor moreindicatorsmay exist.
In fact, the CSD approactcontainsfor eachchapterof the Agenda21 threesetsof indi-
catorswhich represendriving force, state,andresponsespects Due to this, numerous
indicatorsmay be definedwhich may leadto a rejectionof suchanindicatorsetdueto
impracticability For example,during efforts to develop a nationalindicator systemfor
Germalry, basednthe‘pressure-state-responsgproach400indicatorswereproposed,
of which 140 wereselectedor furtherinvestigatiod (Walz, 1999). For this reasonthe
numberof SDIsrequiredfor describinga humanactiity shouldbe assmallaspossible.

Marny of the proposedndicatorsaremeasurabléndicatorsdescribingthe pressurestate,
andresponseén aregion. However, if thefocusis drawvn to a specifichumanactvity or a
productfamily, it maybecomdifficult orimpossibleo derivedirectly measurablendica-
tors,becausehe contribution of a specificactvity to ameasurabléndicatoroftencannot
be derived from measurementsk-or example,waterquality is also classifiedaccording
to measureatoncentration®f total organiccarbon(TOC, Landesumweltamiflordrhein-
Westfalen,1997,p. 56). However, whethertheseobsenableconcentrationsesultfrom
surfactantaisedin detegentsor from other sourcescannotbe measured.Models need
to be appliedto derive this information. If the resultsobtainedby suchmodelssupport

2Pleasanotethattheseindicatorsareall spatiallyaggreyatedfiguresdescribinga region.
%In differentregional programmesfurther choicesfor the implementatiorof indicatorsat a regional to
local level have beencarriedout (Schepelmanr], 999, Franke 1999,Lthmann,1999).
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obsenations,the ervironmentalrelevanceand thusthe value of the informationfor the
decision-makingprocesss atits greatest.

A furtherimportantdifferentiationof SDIsis whetherthey aresectoralj.e. they describe
only sustainabilityaspect®f a specificsector or general.The indicatorproposedy the

the CSD areall generalwhereasconcerningsectoralindicators,the OECD interim re-

port on the developmentof sustainabledevelopmentindicatorsconcludeghat“there is

consideable interestin developingindicatorsthat considerhow sectorl policies may
impactontheernvironment...)” (OECD,1999,p. 80).

9.3. Indicator s describing the environmental
sustainability of household laundry

Ratte(1999)givesalist of criteriafor thechoiceof SDIsto beusedin Germary. In anini-
tial phase Ratteproposes prioritisation. Importantcriteriadefinedin this prioritisation
are compatibility to the Agenda21, comprehensibility screeningcharacter sensitvity
concerningemporaltrends,anda maintainableeffort to derive theindicator Furthercri-
teriaconsideredmportantfor householdaundryarea limited numberof indicators,the
consideratiorof fateandtoxicologicalinformation,andthe ability to quantifytherespec-
tive influenceof the differentactors.

It shouldbe notedthatin the Agenda21 ervironmental,economic,social, andinstitu-
tional dimensionf sustainabilityarementioned For this reasonjndicatorsfor all these
aspectarerequiredin a completeindicatorset. However, in this chapteronly indicators
describingthe ervironmentalaspect®f householdaundryaredefined.

9.3.1. Pressure indicator s

In the caseof householdaundrythe mostobvious pressurendicatoris percapitadeter

gentconsumption However, suchanindicatoronly partially considergegional variabil-

ities. Sinceregionalvariabilitiessuchaswastavatertreatmensignificantlyinfluencethe
ernvironmentalevaluationof detegents whichwasshawn in section7.3,indicatorthatdo

not takeregional variabilitiesinto accountarenot suitedfor describingthe sustainability
of householdaundry A betterpressurendicatoris the critical lengthnormalisedoy the
population,which describeghe quantity of emissionsn a region on a percapitabasis,
but additionallyincludesfate andtoxicologicalinformationregardingthe ingredientsof

the detegent. It is proposedo calculatethe CL assumingaveragewashinghabitsand
an averagedetegentformulationin a referenceregion. Sinceinformationon average
washinghabitsand productformulationsarein generalavailable,suchan indicatorcan
be calculatedwithout further datarequirementsFor example,in Germairy the definition
of averageproductformulationsand washinghabitsmay be performedby the Federal
EnvironmentalAgeng, which alreadyhastherequiredinformation.
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Thenormalisatiorbasedon the populationincludesa furtherrequiremenbf sustainabil-
ity, i.e. intra-generationakquity, sinceit allows a comparisorbetweenregions. In ad-
dition, temporaltrendsmay be analysedy calculatingthe CL for differentyears. One
furtheradwantageof the CL indicatoris its independencé&om specificdetegentingredi-
ents,sinceit canbecalculatedor ary detegent.

A measurabl@ressurendicatorwhich is derived from the productmodeanalysisis the
regional percapitaboronconsumptiorfrom usein detegents.The predictedmportance
of theboroncontentin thedetegentformulationmakeghe percapitaboronconsumption
suitablefor describingervironmentalaspectof householdaundry However, it is pos-
siblethat suchanindicatormay be outdatedsoon,for example,if boronwassubstituted
by percarbonateThis may occurfor ary indicatorthatis basedon a specificdetegent
ingredient. For this reasonanindicatorsuchasthe CL thatdoesnot dependon specific
substancess to be preferred.

9.3.2. State indicator s

The mostcommonindicatorfor describingthe ervironmentalstateof surfacewatersis
the percentagesf river stretcheghat have a definedwaterquality (Ratte,1999). With
respecto householdaundry a substancexclusively usedin laundrydetegentsmay be
choserasthebasisfor anindicator, whichis similarto anindicatordescribingvaterqual-
ity. The percentag®f stretchesn which measurableoncentrationsirenearor above a
thresholdchoserfor this substancevould thenbe a stateindicator Currently LAS and
AE may be candidatedor this, sinceboth substanceare ervironmentallyrelevant, and
they arealmostexclusively usedin detegents.However, aspreviously discussedtheuse
of substance-specifindicatorsdoeshave somedisadwantages.

Therefore,anindicatorthat doesnot dependon a specificcompounds preferable.The
productrisk ratio (PRR,) calculatedrom the samescenaricasthe pressurendicatorCL
is suitedasstateindicator, sinceit providesinformationaboutaguaticimpactsin aregion
dueto householdaundry Theindicatorshouldbe givenasa percentagger catchment
in orderto be ableto comparedifferentregions. A furtheradwvantages the fact thatthis
indicator, like the CL, canbe estimatedyhereasnostproposedstateindicatorsaremea-
surableindicators.However, ervironmentalmonitoringis time-consumin@ndexpensve.
For thisreasonthe modelledindicatorPRR. shouldbeusedin afirst screeningln order
to gainfurtherinsight, otherindicatorsmay beusedin a secondstep.

9.3.3. Response indicator s

Responséndicatorsmeasurghe reactionsof humango ernvironmental,economicor so-
cial threats.As wasshawn in the casestudy the choiceof detegents,their formulation,
the amountof laundry and wastevater treatmentare the main factorsinfluencing the
likelihood and quantity of aquaticecotoxicologicalimpacts. Basedon the casestudy
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the marketshareof the tandemand3-componensystemsn aregion maybe a response
indicatorfor householdaundry However, in this indicatorthe mostrelevantfactorsare
omitted,e.g.theconsideratiomf theproductformulation,washinghabits,andwastevater
treatment.Therefore the previously proposedressureandstateindicatorsaresuficient
for describingaquaticaspectf householdaundry sincethe productchoicein aregion
is implicitly consideredn theseindicators.

A furtherresponseéndicatorthatis relevantfor the sustainabilityof householdaundryis
the percentagef WWTPsthat performactvatedsludgeor eventertiary treatment.This
indicatoris alreadyincludedin existing indicator sets(e.g. asproposedor the region
Lower Saxoty, Germauy, by Schilling, 1999).

9.4. Discussion of proposed indicator s

It is shawvn thatpressurestate andresponséndicatorsmaybedefinedfor householdaun-
dry. TheCL is mainlyameasurdor emission®f laundrydetegents adjustedy fateand
toxicological information without describingthe stateof the erwvironment,whereashe
PRR.-basedndicatordescribesaspectof the aquaticervironments expectedstatewith

respectto detegentingredients. Both indicatorsare sectoral,sincethey only rely on

householdaundry Thisis anadwantage sincethe needfor sectoralindicatorshasbeen
expressedt the beginning of this section. A further advantageis the fact that both in-

dicatorsdo not dependon specificdetegentsingredients.A minor disadwantageof both
indicatorsis their dependeng on all actors,sinceusehabits,productformulations,and
wastavater treatmentinfluencethe indicators. This disadwantagecan be eliminatedby
calculatingdifferentscenariosasperformedn chapter7 of this thesis.

Both CL andPRR, fulfill thecriteriaproposedy Ratte(1999).Botharecomprehensible,
sincethey are calculatedusinga transparenGIS-basednodelthatis basedon realistic
inputdata.Dueto thefactthatthey canbe modelledthey have a screeningharacteand
canbecalculatecht alimited expenditure.They alsoallow to tracktemporakrends since
the indicatorscanbe calculatedor differentyears.Finally, they arecompatiblewith the
Agenda2l. sincethe indicatorsallow the comparisonof regions, which is requiredto
analyseheintra-generationatquity mentionedn the Agenda21l.

A probleminherentto all indicatorsdistinguishingsustainablérom unsustainableondi-
tionsis to definethe thresholds.Sucha decisioncannotbe madeby scientistsalone,but
alsohasto considerdifferenthumanperceptionsandvalues.Oneway in which to over-
comethis problemis to identify andtracktemporaldevelopmentsf chosenndicatorsin
orderto analysewhethera societyis moving towardsa sustainabletate. This stratgy is
alsomentionedy Ratte(1999)andmaybe conductedisingthe proposedndicators.

152



10. Conclusions

Theaim of this thesiswasto developamethodologyfor assessingndevaluatingaquatic
ecotoxicologicalimpactsof householdaundry The methodologywastestedusingthe
casestudy definedin the comprehensie product assessmentVashingand washing
agents’(PLA, GrieBhammeet al., 1997). As a further application,pressureand state
indicatorsdescribingthe aquaticecotoxicologicabspectf the sustainabilityof house-
hold laundryhave beenproposedn the basisof the GREAT-ER productmode.

10.1. Combination of LCA and ERA

An environmentalkisk assessmemtf chemical{ERA) typically calculateernvironmental
concentrationsf substancebasedn emissionscenarioswhich mayvaryin theirdegree
of compleity andrealism. Theseconcentrationgre comparedo effect concentrations
in orderto derive arisk characterisationThis procedurepermitsan evaluationbasedon
obsenableimpacts,aslong asthe modellingof both emissionandervironmentalfateis
donein arealisticway. Dueto the pretensef Life Cycle AssessmenLCA) to consider
all emissionsandresourceonsumptiongccurringduringtheentirelife cycle of aninves-
tigatedproductsystem sucha high level of predictve poweris in generanotachiezable
within anLCA. Advantage®f LCA comparedo ERA arethefocuson a productrather
thanonasinglesubstancandtheconcepibf afunctionalunit, which allows comparisons
of differentalternatvesfulfilling thesameservice.LCA only performscomparatie ana-
lyses,while ERA analysesindevaluatesabsolutempactsrelatedto the useof achemical
compoundn adefinedmanner

In this thesis,the conceptof a functionalunit hasbeenappliedin orderto compareal-
ternatvesfulfilling the sameservice ,whichis the annualhouseholdaundryin a region.
FromERA, the GREAT-ER modelandits capabilityto predictrealisticconcentrations
freshwatersystemsvaschosen.Dueto this combination,it is only possibleto calculate
concentrationncreasegatherthan concentrationsbecausahe backgroundconcentra-
tions of the detegentingredientsareunknovn. Thesebackgroundconcentrationsnay
be of both geogenicandanthropogeniorigin. In addition,dueto the productscenarics
assumptiorthat a single productis exclusively usedin a definedmanney the predicted
concentrationncreasesrenot expectedto berealistic. Neverthelessit hasbeenshovn
thatan evaluationof thresholdexceedancerovidesusefulinformationevenunderthese

153



10. Conclusions

restrictions. For this reasonthe centralpurposeof the GREAT-ER productmodeis to
estimateconcentratiorincreaseshat are expectedto occurin the surfacewatersof the
selecteccatchmentassuminghe entirepopulationwereto usethe choserproductin the
definedmanner

The evaluation of the resultsof thesescenarioss performedin two ways using con-
ceptsfrom both LCA andERA. The critical length(CL) evaluationis similar to typical

LCA methods,sinceit follows the ‘less-is-better’paradigm,while the productrisk ra-
tio (PRR,) evaluationis an ‘only-above-threshold’'methodtypically appliedin ERA. It

could be shavn that, dueto the geographicatompleity of the river network, both ap-
proachegive similar conclusionsThe advantageof the PRR, approachs thefactthatit

givesresultsthataremorecloselyrelatedto measurablguantities. The advantageof the
CL evaluationis the fact thatit givesa relative measurandependenbf further choices,
whereasn thePRR, evaluationtheacceptableatio,e.g.1 or 0.1,onwhichtheevaluation
is basedhasto be chosen.In addition,if the exceedanc®f this choserPRR, is consid-
eredacceptablén somestretchesthis percentagef stretcheslsohasto bedefined.

Concluding,the GREAT-ER productmodeis relatedmorecloselyto thegeneralframe-
work of LCA thanto the basicconceptof ERA. Obviously, basicelementof LCA are
not consideredn the method,suchasthe consideratiorof all relevantimpactcateyories
andtheassessmerf all emissiong&ndresourceeonsumptionsccurringin all life stages.
However, it hasbeenshavn thatLCA studiescanbe usedasa basisfor the definition of
GREAT-ER productmodescenarios.Weightingand the interpretationphasecanthen
jointly be basedon the resultsfrom the LCIA methodandon thosefrom the GREAT-
ER productmode. How the weighting can be donedependsalso on the chosenLCA
methodology

10.2. Case study

The productmodewastestedusingthe scenarioglefinedin the PLA. The mainresultis
the cleardifferentiationof the heary-duty andcompactheary-duty detegentson theone
hand,andthe 3-componenandtandemsystemson the other The reasonis the signifi-
canceof boronin thefirst two productalternatves. Concluding,from an ervironmental
pointof view consumershoulduseseparateletegentsfor colouredandwhite laundry

Furthermoreijt hasbeenshowvn thatthe surfactantarehighly relevant. Basedon there-

sultsof the scenariosalculatedn this thesis,AS provedto be ervironmentallysuperior
to LAS, which could be expectedwith respecto the substancelataused. Comparedo

the surfactantsand boron, all otheringredientsare ervironmentallylessrelevant. This

conclusionwasalsosupportedn the analysisof the mixture toxicity whenassumingad-
ditive toxicity.

A furtherresultderived from the referencescenarioss the fact thatthe variabilitiesdue
to dosagevariationshave a largerinfluenceon theresultsthandifferencesn theformula-
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tionsof thedetegents.Thisis largely dependenbn the definitionsof the usehabits(the
realismof which maybedebatable)Neverthelesstheinfluenceof washinghabitsproved
to behighly relevant.

The largestresultsvariability was obsered when differentwastevater treatmenttech-
nigueswerecompared.t wasshavn thateventherankingof the differentproductswas
changing. Wastevatertreatmenis neithercontrolledby producersof detegentsnor by
consumersbut by regional authorities.For this reasonthesethreesocietalgroupshave
theability to influenceenvironmentalimpactsof householdaundry

Theresultsof thecasestudywerepartly expected.In fact,theingredientshathaveturned
outto be mostrelevant,i.e. the surfactantsandboron, arethosethatare mostoftenin-

vestigatedby scientists. However, the predicteddominanceof boronin someproducts
wassurprising.Iln addition,theminor relevanceof almostall substanceapartfrom boron
andthe surfactantsvas not expected. The fact thatin the casestudy modeldetegents
were analysedhat have alreadybeenin existencefor several years,suggestghattheir

mostrelevantervironmentalimpactswere alreadyknown. Having theravith confirmed
theapplicabilityof the GREAT-ER productmode,it wouldbeinterestingo analysecase
studieswith lessinvestigategarametersoncerningheregion, thedetegentingredients,
and washinghabits. Furthermore the analysisof new productgroupspromisesto be
highly interesting.

10.3. Required effort

Performinga productmodeassessmentecessitatesonsiderablesffort. This effort can
bedividedinto threedifferentparts:i) thedevelopmenbf the GREAT-ER productmode,
i) theincorporationof the Rur catchmentata,andiii) the casestudycalculations.

Thefirstaspecivasperformedwith limited expenditure sinceit is basednthe GREAT-
ER 1.0 model,which did not have to be developedwithin this thesis. The largesteffort
wasrequiredfor the incorporationof the Rur catchment.Onemay arguethatthis hasto
be doneonly once,but this is only partly true, sincedataneedto be updated. Finally,
someefforts is requiredfor the casestudy First, substancelatahave to be derivedfrom
theliterature.Secondthecalculationshave to be performedandevaluated.

Concluding,collecting all the requiredgeographicadatais the most time-consuming
task.Regardingthenew technologieswvailable this seemsurprising.Thequestiorarises
whetherthis substantiakffort is dueto the fact thatdatado not exist or thatthey arenot
publically available. For the datanecessaryn the GREAT-ER productmode,the latter
is mainly the case.The discussiorshouldthereforeberaised,how this problemcouldbe
solved.

An alternatve might be to work with a limited numberof referenceregions. This would
amelioratethoughnot solve the previously mentionedproblem. The first datacollec-
tion phasemight be achiezed with limited expenditure,but keepingthe dataup-to-date
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requiresa constantamountof work, unlessmeanscould be establishedo performthis
updatingautomatically Again, this raisesthe needfor discussiorwith the ownersof the
data.

Judgingthe effort necessaryo develop a methodimpliesthe analysisof the valueof in-

formationandits potentialusein otherapplications.For this reasonthe applicationof

the GREAT-ER modelwithin differentcontets shouldbe thoroughlyevaluated,if the
generalusefulnes®f the GREAT-ER systemwould be agreedupon. An applicationof

the GREAT-ER modelapartfrom ERA hasbeenproposedvith the developmentof the
productmode. Thinking beyond this thesis,it seemseasily possibleto assessiewv de-
tergentsandwashinghabits,but alsootherproductgroupswith the GREAT-ER product
mode,aslong asthe usepatternis in accordancevith the emissionpathwaysmodelled
by GREAT-ER. For example,cleaningagentsandcosmetigproductssuchashair sham-
pooor shasing creamsmay be modelled.In addition,with respecto GREAT-ER model
developmentsandextensionsptherproductgroupsmay be assessedndevaluatedn the
future. New productscanbe enteredby directly specifyingtheir formulations,while the
incorporationof new usehabitsis facilitatedby a brief manualgivenin appendixD.

10.4. Value of information

The value of the additionalinformationdependson the questionfor which theinforma-
tion hasbeenderived. The questiondepend®n the personaskingthe question.Thus,the
valueof informationof the GREAT-ER productmodeis differentfor thedifferentstake-
holdersinvolved. Consumergrincipally have the choicebetweerdifferentproducts.For
them, the informationaboutthe contribution of a singleingredientto the total impactis
not of primeimportance sincethey do not have the possibilityto replacea singleingre-
dientby another To actervironmentallyconsciouslyconsumersieedinformationabout
therankingof thedifferentalternatvesbasedn the sameservice.ln addition,they need
easyguidanceregardingthe dosageandthe choicewhich productto usefor which laun-
dry.

Producerspn the otherhand,may be interestedn productoptimisation. They have the
possibilityto alterdetegentformulations.As suchadecisionrmayhave largeeconomicas
well asecologicalconsequencethedecisionshouldbebasednamgumentdeyondthose
typically providedby anLCA. Forthem,thevalueof informationof the GREAT-ER pro-
ductmodeis very high comparedo otherapproachessincemostLCA methodsdo not
evaluatethecontribution of singleingredientdo aquaticemissionccurringaftertheuse
phase Rggionalauthoritiegypically decideuponthewastevatertreatmentechniquethe
relevanceof which wasdemonstrateavithin this thesis.Potentialimprovementgpossible
dueto differentwastavatertreatmentechniquesomparedo the influenceof both con-
sumerandproduceris animportantinformation.

The value of information also dependson the paradigmpreferredby the user i.e. ei-
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ther'‘less-is-betteror ‘only-above-threshold’ Althoughthe resultshave turnedout to be

similar, the usersshoulddecidethemseleswhetherto follow oneor the otherapproach.
Thischoicedepend®nthesuitability for theactualdecision-makingrocessn whichthe

studyis usedaswell ason differentcultural perspecties. An exampleof how to include

differentculturalperspectieswithin LCA hasbeenproposedspartof the Eco-Indicator
99 methodology(Hofstetter 1998, Goedkoopand Spriensmal999).

10.5. Sustainab le Development indicator s

It is a political aim of all countriesthatsignedthe Agenda21 to aim towardssustainable
development. As hasbeendiscussedindicatorsdescribingthe sustainabilityof human
actvites arerequiredto achieve this aim. Besidesthe purposeof comparingproductal-
ternatvesas previously explored, the CL and PRR, figurescanbe usedassustainable
developmentindicators. The normalisedCL is proposedas pressurdandicator andthe
percentuaPRR, is proposedasstateindicatorfor describingrelevantaspectof the sus-
tainability of householdaundry

Suchan applicationis beyond the scopeof a simpleproductcomparisonsinceit judges
the erwvironmentalsoundnessf householdaundryin aregion basedon averagewashing
habitsand a typical detegent. Repeatingthis analysisin constantintervals allows the
analysisof temporaltrendsof detegent-relatecemissiongnto andimpactsoccurringin

freshwatesystemsThe succes®f regional actvities performedby the differentactors-

consumersproducersandregional authorities- may be analysedwith theseindicators,
whichis importantespeciallyin regionsandcountrieswith lesssophisticatedvastevater
treatmentfacilities. From this analysis,optimal solutionsmay be derived for different
regions.

10.6. Concluding remarks

Finally, which detegentshouldbe boughtat the supermarketSincethis thesisfocused
on detegentsystemgatherthan on single products,no specificproductcanandis in-
tendedto be named. Still, comparedto corventionalheary duty detegents,compact
detegentscausdessemissionsaandthereforelessimpactin regionswhereimpactsmay
occur In addition,separateletegentsshouldbe usedfor the differentclothes,i.e. white
andcolouredaundry Theappropriateehoicebetweeratandensystenmor a3-component
systemis difficult for customerssince,which wasalsostatedin the PLA, the formula-
tions of the specificalternatvesdeterminetheir ervironmentalcompetitveness.In this
casestudy the 3-componensystemn generalgave betterresults.However, thiswasdue
to thefactthatin the tandemsystemperborateas usedasbleachingagentandLAS is the
mainanionicsurfactantyvhile the 3-componensystemcontaingpercarbonatandAS for
thesepurposesin other3-componenbr tandemsystemst may bethe otherway round,
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which would thenmostprobablyaltertheresults.

ERA is capableof andusefulfor controlling and preventingenvironmentaland human
risks resultingfrom the useof chemicals.For this regulatory purpose an evaluationof
thresholdsy assumingactualemissiondataseemseasonableHowever, therearemary
uncertaintiegelatedto ervironmentalfate modelling, realistic emissionscenariosthe
consideratiorof degradationproducts,toxicity of chemicalmixtures,the spatiallyvari-
abledilution ratiosin rivers,and differencesn wastevatertreatmentefficiencies. The
subsequenapplicationof a ‘less-is-better’principle seemshereforeappropriateor re-
sponsibleandsustainablg@roductdevelopment.Suchan approactshouldnot be applied
within regulatorypurposesinstead produceranay consideiit within anappreciatiorof
ervironmental,economicandsocialvalues which is demandedy sustainablalevelop-
ment. For suchanevaluation,methodsarenecessaryvhich characteris¢he addedvalue
of a decision. Concerningdetegentsandrelatedproductgroups,the GREAT-ER pro-
duct modemay sene asa methodto evaluatethe aquaticaspectsf sucha combined
evaluation. Thefactthatthe CLs andPRR,s arealsosuitedas SDIs further supportshe
usefulnes®f the GREAT-ER productmodein decision-makingprocesseaimedat sus-
tainabledevelopment.

Even thoughit seemghat the largestand mostvisible aquaticervironmentalproblems
relatedto householdaundryhave beensolvedin Germaly by usingefficient wastevater
treatmentechniquesn combinationwith degradablesubstancegncumbrancestill may
occurin otherregions. Regardingthe global scopeof sustainablelevelopmentthereare
mary countriesandcontinentsn which wastevatertreatments insufficientor evenlack-
ing. Similarly, detegentformulationsand washinghabitsmay differ significantly In

thesecountriesthereis a moreurgentneedfor controlling ervironmentalimpactspoten-
tially occurringin surfacewaters. Apart from the mentionedcurrentmodelrestrictions,
anappropriateassessmemindevaluationmethodfor householdaundryis now available.
Theintegrationof a casestudyareafor sucharegion, however, remaingo be carriedout.
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A. Data appendix

A.1l. Substance data

In TableA.1, all substancelatausedin the productmodeassessmentregiven. Unlike
the GREAT-ER 1.0 calculations percapitaconsumptiordataare not input parameters
but areestimatedvithin themodel.lt shouldbe notedthatthe actualefficiency of a plant
is calculatedrom thevaluesof the threetechniquesctivatedsludge trickling filter, and
primarysettler

TableA.1.: Substancedata usedin the product assessmentsAS, TF andPSdescribe
thethreecurrentlyconsideredVWTP techniquesctivatedsludge(AS), trick-
ling filter (TF), andprimarysettler(PS).The LTE concentratiorns takenfrom
theDID list (EuropeariJnion,1999a).

Substance In-stream WWTP efficiency Sewer LTE
removalrate  AS TF PS efficienoy conc.
h-! % % % % mg/I
LAS 0.03-0.35 975 8125 20 25 0.3
AS 0.03-0.35 97.7 815 35 25 0.55
Soap 0.006- 1.71 98 85 45 0 1.6
AE 0.012- 0.055 98.67 84 25 42 0.24
Zeolite A 0 70 42 67 0 120
Polycarboxylates 0 89-96.3 81.7 18 0 124
Sodiumsilicates 0 0 0 0 0 1000
Sodiumcarbonate 0 0 0 0 0 250
Sodiumsulfate 0 0 0 0 0 1000
Sodiumcitrate 0.198 96-99 96-99 O 25 85
Boron 0 0 0 0 0 0.985
DAS-1 0.011 62 62 50 0 1
CMC 0 27 20 0 0 250
DAED 0.002 96-99 96-99 O 0 500
PVP 0 14.3 143 125 0 100

In theDID list thevalue6 mg/lis given(Europearlnion, 1999a) which refersto metaboratéEuropean
Union, 1999c¢).A molecularweightbasedransformatiorgivesthe listed valueof 0.985mg/l.
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A. Dataappendix

A.2. PLA main results table

In Table A.2, the centralresultsof the LCA conductedwithin the PLA (GrielBhammer
et al., 1997,p. 108) aregiven. Unlike the PLA, the emissionsof the usehabitsare

given per capita,not per household.The transformatiorfactor, i.e. the averageGerman
householdsize,is 2.26 (GrieBhammeetal., 1997,p. 153). In the PLA, anLCA of the

total Germanwashingactwities hasalsobeenconductedyhichis notshovn here.

TableA.2.: PLA main results
CO, Acid. equv. VOCs EU-points

Model detegent(g perwash)

Heavy-duty 241 1.64 1.32 39
Compactheary-duty 161 1.09 0.93 63
Tandemsystem 150 1.21 1.01 66
3-componensystem 137 1.07 0.97 72
Modelusehabits(kg peryearandcapita)

Smart 17.26 0.06 0.07 -
Wishy-Washy 70.80 0.19 0.23 -
Scrubbed 198.67 0.50 0.62 -

It shouldbe mentionedthatthe usehabitsalsoconsiderdifferencesn the washingtem-
peratureln addition,in the Smartusehabitno electricaldryingis assumedwhich differs
from the otherusehabits.

A.3. Further data and sour ce code

Both final GREAT-ER datasetsaswell asall raw dataincluding hydrologicaldata,dis-
chage sitesand attributes, substancelata, and backgrounddata are storedin the file
tree/ hone/ gr eat dev of thefile systematthe Instituteof EnvironmentalSystem$Re-
search,University of Osnabiick. Next to the data,sourcefiles of all developedscripts
andbinariesarekeptthere.
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B. Additive mixture toxicity

In this appendixtheproofis giventhatthe sumof the productrisk ratiosfor the different
detegentingredientss equalto a mixture productrisk ratio of the detegent,if additive
toxicity is assumed.

If additive toxicity is assumedmixture ecotoxicityof a productcanbe describedaccord-
ing to the modelgivenby Loewe (1953)in the following way (Guhl, 1997).

ECpoa=1/( Y. (a/ECY)

ingredients i

or, equialently,
1/ECproa = Y, (a/EC))

ingredients i
wherec; is the percentagef ingredient in the product,EC, is theeffect concentratiorof
ingredient andEC,, .t is thecorrespondin@ffectconcentratiorof theproduct.However,
until having reachedhe surfacewaters,the compositionof the producthaschangediue
to the differenternvironmentalfate behaiour of the ingredientsin the severagesystem,
the WWTP, andfinally the surfacewaters. Thus, c; hasto be replaced. The predicted
in-streampercentagef ingredient: in the productcanbe describedasfollows:

C; = Cr,z/ Z C-Ty]'
ingredients j

whereC, ; is the predictedx-percentileconcentratiorof ingredient: in the surfacewater
Combiningbothequationgjives

C’I‘,Z/ Zingredientsj ny]'

]./ECprod = Z EC.

ingredients 1

whichis thesameas

1/ECpoa = >, ( !

ingredients i Eingredient.s 7 CT,] EC1

)

Thesecondjuotientin the previousequations simply theproductrisk ratiofor substance
i andpercentilex. Thereforethe equationcanberewritten as

PRR,;
1/ECproa = Y, !

ingredients i Zingredients J Cx,j
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B. Additive mixturetoxicity

which canbetransformedo

Z PRR. . — Zingredientsi Ca.",i _ Cx,prod
o ECprod ECprod

ingredients 1

Usingthe LTE concentratiorfrom the DID-list (EuropeariJnion, 1999a)aseffect con-
centration,EC; isreplacedoy LT E;, which gives

Z PRRW’Z _ Zingr@dients i CIE,Z' _ C:l?,pTOd
ingredients 1 LTEPTOd LTEPTOd
Thus,the sumof the PRR; s for the differentingredientsequalsa risk ratio of a product,
whenadditive toxicity is assumedThe advantageof usingthe PRR, s is the fact thatthe
valueLTE,,.q is notknown. However, it may easilybe calculatecusingthis equation.

It is stressedhat no actualrisk ratios as usedin ERA are consideredn the previous
equationsbut only the productrisk ratiosascalculatedy achoserproductscenarioThe
actualcompositiorof thedetegentingredientsn theriversis unknovn, sincesomeof the
substancemay alsohave beendischageddueto otherapplications.Soapis anexample
for this. In addition,geogeniaconcentrationgxist for someof theinorganicingredients.
Finally, sincein reality not only one productis used,but rathera considerablenaumber
of differentdetegentsdependingon a time-dependenmarketshare the actualaverage
compositionof detegentingredientsis unknowvn. Therefore,the sole purposeof the
assessmerdf mixture toxicity asconductedn this thesisis the comparisorof different
detegentalternatvesandwashinghabits.
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C. Sodium, salt and silicon contents
IN model detergents

In orderto derive the concentratiorincrease®f sodium,silicon, sulfate,and carbonate
dueto theirusein laundrydetegents theformulationsof the four modeldetegentshave
beenchangedwith respectto the contentsof thesedifferentcompoundsn the formula-
tions. Thesealtereddetegentformulationsaregivenin TableC.1. In this appendixthe
necessargalculationgo derive thepercentagesf thesecompoundsn theadjustednodel
detegentsaregiven. Sincefor thesehypotheticadetegentsandsubsequentlfor thesub-
stancesnentionedelow calculationswvith the GREAT-ER productmodeareperformed,
the necessargubstancelataconcerningvastevatertreatmentandinstreamremoval are
alsogiven.

TableC.1.: Alter ed detergentformulations only consideringinorganics (%)

Substance Heary-duty Compact Tandem 3-component Comment
heary-duty system system

Sodium 12.65 15.48 14.50 14.88

Silicon A 3.12 3.18 4.57 6.18 Fromzeolite A
SiliconB 1.15 1.23 0.93 1.60 Fromsilicates
Carbonate 5.16 7.20 6.51 8.57

Sulphate 12.85 1.62 2.57 0.07

Sulphate

The amountof sulphateions (SO;~) presentin detegentsis derived from the percent-
ageof sodiumsulphate. The fraction is calculatedfrom the molar mass. M(SQO;™) =
96.07g/mol andM(Na,SQ,) = 142.07g/mol, which resultsin sodiumsulphatecontain-
ing 67.62%sulphate Sulphates not furthereliminated.Thereforeno eliminationin the
savers,the WWTPs,andthe surfacewatersis assumed.
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C. Sodium,saltandsilicon contentsn modeldetegents

Carbonate

The percentag®f carbonatdons (CO3~) presentin detegentsis derived from the per
centage®f sodiumcarbonatendsodiumpercarbonaten thedetegentsandthefractions
of carbonatevithin thesesalts.

The molar massof CQO;5~ is 60.01 g/mol and the molar massof sodium carbonate
(Na,C0;) is 106.01g/mol, giving 56.61%carbonateontentin sodiumcarbonateBased
on the molecularformula Na,C O}~ - 1.5( H,0,) for sodiumpercarbonatethe fraction
of sodiumcarbonaten sodiumpercarbonates 68%. Thisis alsothe correctionfactorto
be usedin the calculationof the EU-points(EuropeartJnion, 1999c).Combinedwith the
figuresabove, this givesa carbonatdractionof 38.5%in sodiumpercarbonateThetotal
fractionof carbonaten adetegent(f(C037)) is therefore

f(CO%) = 0.385 - perc(sodiumpercarbonate) + 0.5661 - perc(sodiumcarbonate)

wherepercis the percentileof sodiumcarbonateandpercarbonatgivenin the detegent
formulation. As in the caseof sulphate,no elimination processesre considerechere
either

Silicon

Thessilicon balancein surfacewatersis influencedby two detegentingredientsnamely
sodiumsilicatesandzeolite A. However, thesetwo sourcesannotdirectly be combined
sincetheir ervironmentalfate behaiour differs. Therefore,calculationsare carriedout
separatelyfor silicon containedin zeolite A (called silicon A) andin sodiumsilicate
(calledsilicon B). The concentrationsirethenaddedin orderto derive predictedsilicon
concentrationncreasesn surfacewatersdueto the useof silicon compoundsn laundry
detegents.

Concerningsodiumsilicate, the sameapproachasfor sulphateis followed, exceptthat
the silicon fraction ratherthan the silicate fraction is used. This is comparableto the
calculationof boron, which alsooccursin surfacewatersasborate,but which is mea-
suredasboron. The silicon (molecularweight 28.09g/mol) fraction of sodiumsilicate
(Nay0 - 4510,) is 37.16%.This silicon s calledsilicon B.

The assessmertf silicon presentin zeolite A is moredifficult. In surfacewaters,zeo-
lite A undegoeshydrolysis(Kurzendrferetal., 1997). This processs time-dependent,
i.e. not all of the silicon dischaged as part of zeolite A into the ernvironmentwill be
transformednto watersolublesilicon compounds.This is an exampleof the formation
of atransformatiorproductin surfacewaterswhichis currentlynot modelledwithin the
GREAT-ER model.Only few studiescanbefoundin theliteratureanalysinghekinetics
of this hydrolysis. One studywas found reportinga half-life betweenl and2 months
(SchbberlandHuber 1988).
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In orderto assesshe silicon contribution from the useof Zelithe A in detegents,some
studiesfollow a conserative approachn orderto determineanupperboundfor the con-
tribution by assuminga completeandinstantaneousransformationKurzendrfer etal.,
1997). This approachis also followed here, which allows a direct applicationof the
GREAT-ER model.

Therefore firstly the contentof silicon in zeolite A is calculatedfrom the molar mass,
which is 15.38%. This is basedon the zeolite A molecularformula givenin the PLA
(GrieBhammeet al., 1997,appendixp.78),which is Na;,[(AlO;)12(5103)12] - 27TH,0
and hasa molecularweight of 2191 g/mol. For the GREAT-ER calculation,this sili-
conis calledsilicon A. The substancelataregardingtransportin the saversandfatein
wastavatertreatmentaretakenfrom zeoliteA (see4.5), sincetheassumednstantaneous
hydrolysisoccursin the surfacewaters.As for silicon B, instreanmremoval of silicon A is
nottakingplace.

Sodium

Almost all detegentingredientsareaddedto the productassodiumsalts. In the wash-

ing machine thesesaltsare dissolved immediately Thus, afterthe washingprocesshe

sodiumionsaredischagedvia the saveragesystemanda possiblewastevatertreatment
plantinto the surfacewaters.Eliminationprocesseso notoccut

In orderto estimatethe sodiumloadsenteringfreshwatersystemsdue to their usein
detegentformulations their fractionsin thevariousingredientgfrac;(Na)) have to bees-
timatedbasedon themolecularweight. In the secondstepthetotal percentagef sodium
(perc(Na))in a detegentformulationis derived by addingthe productsof the sodium
fractionin ingredient andthe percentagef theingredient(percg)) in theformulation:

perc(Na) = Z (fraci(Na) - perc(t))

Ingredients 1

Thesodiumpercentagem thedetegentingredientsandhow thesehave beenderivedare
givenin TableC.2.
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D. Implementation of the
GREAT-ER product mode

In this chapteydifferentaspect®f thegraphicaluserinterface(GUI) of the productmode

aredescribedFirstly, implementatiorprinciplesaregiven,followedby brief descriptions
of thedifferentdialogues.This secondpartalsoseresasa shortusermanual.Finally, a

shortguideon how to includea new usehabitis given.

D.1. Implementation principles

Main structure

The productscenariadatastructurewasdevelopedandimplementedon the basisof the

existing GREAT-ER scenariconceptWhilein the GREAT-ER 1.0softwareascenario
is basicallydefinedby a substancenda catchmentthe productscenarics maincompo-
nentsare a catchmenta product,which mainly consistsof a setof substancesogether
with their percentagesand a usehabit, whoseattributesdependon the kind of product
assessedA currentlyuseddefinitionfor the usehabitof doingthelaundryconsiderghe

total amountof laundry pertime unit, the averageamountof laundry perwash,andthe

detegentsdosagegerwash.A usehabitfor hairwashing however, would probablyonly

be definedby the two parametersiumberof hair washegperyearandthe dosageof the
shampo@erwash.

Thus,the implementatiorof a productassessmemteedso be flexible enoughto handle
differenttypesof usehabits,i.e. it mustbe easilypossibleto includenew scriptsanddia-
loguesthatallow theassessmemif nenv usehabits. This opennesss preseredby ashort
guideon how to includea new usehabit given at the end of this appendix. So far, two
differentusehabitsfor assessingaundry detegentsareimplemented.Oneis basedon
the scenarioglefinedin the PLA (GrielBhammeetal., 1997),andthe secondeflectsthe
informationgivenin Europeardetegentconsumptiorstatistic§ Gutzschebauci,999).

Oncea productscenarias defined,i.e. afterhavzing chosena name,a catchmenta pro-
duct, a usehabit, the model,and ervironmentalparametersa simulationcanbe started.
Then, annualpercapitaconsumptionsare calculatedfor all substanceshat are part of
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D. Implementatiorof the GREAT-ER productmode

the product,which is the figure neededby the simulator The equationfor calculating
the percapitaconsumptiondependson the definition of the use habit. The percapita
consumptionsare written to the resultsfile resultslog.txt, which is storedin the sce-
nario’s subdirectoryGREAT-ER thencalculatesypotheticalconcentrationncreasesn

the surfacewatersof the chosencatchmenbasedon the assumption®f the actualsce-
nario. The resultsarethenshovn asa themefor eachsubstancei.e. by shaving the
meanCiim internaiS- The calculationof the critical lengthsCL andthe productrisk ratios
PRR, canthenbe carriedout. Theresultsarealsowritten to dBase-filesthe namesof

which have to be provided by the user In addition,the CLs arealsowritten to the file

resultslog.txt.

Furthermorethe analysistools of the original GREAT-ER softwarehave beenadjusted
to alsoallow the analysisof GREAT-ER productmoderesults. Therefore PEC..¢chment
andPEG,.;.1 Valuesaswell asconcentratiomrofilesfor furtherplotting canbeobtained.
Dependingon whetherthe active scenariois a productmode scenarioor an ordinary
GREAT-ER scenariothe appropriatescriptsareinvoked.

Definition of products and use habits

The definition of new usehabitsand productsencountergifferentkinds of difficulties.
Typically, productformulationsreflectthe detegentsasthey enterthewashingmachine,
while theloadsleaving the machinearerequiredfor GREAT-ER calculations.Thus,the
productformulationsare adaptedo reflectthe loadsand substancesenteringthe sever-

agesystemby eithersubstitutingsomeof the substanceand/oradjustingtheir percent-
ages.The substitutiongerformedn the casestudyof this thesisareshavn in Table4.1.:

TAED is substitutecdy DAED, sodiumperboratdetrahydrates substitutedy boron,and
sodiumpercarbonatés includedin the sodiumcarbonatdraction. In addition,the per

centageof the whiteningagentDAS-1 accountdor the fact thathalf of the massremains
on the laundry (Richner 2000). If the definition of otherproductgroupsis intended,it

mustthereforealsobeassuredhatthe productformulationsaregivenin the composition
in whichthey enterthe severagesystem.

In the caseof usehabits,the compleity dependson the questionasto whetherthe new
usehabitfits into oneof the two currentlyimplementedschemeslf thisis the case the
procedureasgivenin the following sectionmay easily be followed. If, however, a not
yetconsideredypeof usehabitshallbe defined appropriatescriptsandmostlikely addi-
tional dialogueshave to be developed.To facilitate this proceedingguidances supplied
in sectionD.3.

LAl thesefunctionsareexplainedin detailin the GREAT-ER usermanual(ECETOC, 1999b).
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D.2. Main dialoguesandUsermanual

D.2. Main dialogues and User manual

All new functionscanbeaccessetlia anenv menucalled‘Product’,whichwasintroduced
into the GREAT-ER graphicaluserinterface(GUI), see

! Active Product Scenario: pla

E roduct

GRE&T-ER Substance
Mew Product Scenano

Open Product Scenario
Edit Preduct Scenano
Lloe Product Scenaria
Save Product Scenario
Save Product Scenano az

Delete Product Scenano

Export
Lmpaort
Beport

Mew Product
Edit Product

Save active Product
Delete Product
Change Product D atabaze

Mew Uze habit

Edit Uze habit

Save active Use hahit
Delete Uze habit

Change Llzs Habit Databaz=

Edit Effect Data
Calculate product risks

Calculate whitical lengths

FigureD.1. It is launchedwvhenswitchingto the Product
modeor to the Expertmode. In this menu,the mainfea-
turessuchasdefining,editing, saszing, deleting,andclos-
ing productscenariosproducts,and use habits, as well
asimportingandexportingthe productscenariosarehan-
dled. Theimportandexport functionsusethesamemech-
anismasthe GREAT-ER software.In addition,afterhav-
ing openedmary productscenariosthis menuoffersthe
possibility to switch betweerthem. The scriptsbeingin-
voked from within the other menussuch as Substance,
CatchmentModel, Analysis, andDisplay were changed
or substituted.Dependingon the type of the active sce-
nario, the appropriatescriptis used. This allows working
simultaneouslyvith differenttypesof scenariosAlso, the
look-and-feelof the GREAT-ER GUI hasremainedthe
samewhichmakesdt easyfor userdamiliar with GREAT-
ER 1.0 to work with the productmode. The dialogues
have beenimplementedusingC++. They areincludedin
the updateddynamiclibrary greatedIl. Their look-and-
feelis very similarto thedialoguesof GREAT-ER which
hasadwantagesoth concerninguserfriendlinessandde-
velopmentime.

Theimplementatiorof thedialoguedo define,edit, open,
and deleteproductscenariogirectly follows the princi-
ples of the GREAT-ER 1.0 dialogues. The dialog for

1 placleverleT definingandeditinga productscenariowhichis invoked
Al from the entries‘'New ProductScenario’and ‘Edit Pro-
FigureD.1.: TheGREAT-ER pro- ductScenario’,is shavn in FigureD.2. The dialoguefor
ductmenu choosinga productscenariois invoked from the ‘Open

ProductScenario’and‘Delete ProductScenario’andis shovn in FigureD.3. Theirfunc-
tionality andthat of a small dialogueinvokedby the item ‘Save ProductScenaricas’ is
identicalto thatin the GREAT-ER 1.0scenariadialogues.

The dialoguefor editing an existing or defininga new productis the mostcomplex one,
sinceit allows the ingredientsandtheir percentagesvithin the productto be edited(as
mentionedabove, in the compositionthe productentersthe severagesystem). From
within thisdialogue ptherwindowsmaybeopenedy eitherusingtheappropriatduttons
to addafurthersubstancéo theformulationsor by double-clickingon asubstancéo alter
its percentageln addition,the nameof a productmay be editedanda commentmay be
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D.

inserted.It shouldbenotedthatalteringthe nameof anexisting productimplicitly defines
a new product,since productsare internally identified by their names. The dialogues

Implementatiorof the GREAT-ER productmode

relatedto editinga productaregivenin FigureD.4.

Edit Product 5cenario

Fleaze zpecify a product zcenano ble. Ophionally pau may
zelect a product, a catchment and a use habit,

Title: |m

Comment...

Froduc!

Catchment I Fur 1953

Ilze hahit

I PLA-T andem j
=l
[ wischitwaschi =l

Cancel

i

]|

FigureD.2.: New/Edit product scenariodialogue

Open Product Scenario | x|
—Scenaria — Information oK I
Please zelect a praduct scenario. -~ Product
B aukastenzystem Cancel |
||-E| =10
tlamtandT b =] RN e ine
itlamtandz Fur 1333
placlev3es }
placlewvch — Use habit
placlevershd Wischi‘w/azchi
placleverlsT
pIawh!teBcs J — Comment
p::mn:::ﬁg FLA reference scenario, 3 component .«
Iawhilet system, wishiveazhi use habit, dozage
according to uze habit ;I
plavizhihd — Diirectary
plawishit ;I plawizhidcs

FigureD.3.: Open/Deleteproduct scenariodialogue

Furtherdialoguesarerequiredfor selectinga product,eitherfor the purposeof editing
or deletingthe chosenproduct,andfor changinga productdatabaseBoth dialoguesare
identicalto correspondinglialoguedrom the GREAT-ER 1.0GUI'ssubstancenenuand

arethereforenot explicitly shavn.
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D.2. Main dialoguesandUsermanual

Edit Product

.

Praduct NameIF'L.-'-‘«-T andem

Cancel

Double click ko change percentage. Canmmant

P

|ngredient | Fercentage
Alzahal ethawlate [63429-50-9] 75
Boron [7440-42-8) 023
CHC [009004-32-4) nz
DAED [1-1-5] 04
Dias-1 [1222-05- 5] 0oz
FA5 [BE955-13-1] 38
LAS [2R496-37-0) 7
Palycarbosylates [1-2-1] 4B
PP [009003-39-8] 04
Soap [F1032-11-1) na
Sodium carbonate [437-13-9) 15
Sodium citrate [G3-04-2] A2
Sodiur gilicate [112926-00-8) 25
Sodium sulfate [7757-32-E] 38
T etraacetylethyldiamin [10543-57-4] 1]
Zenlithe A [1:344-00-9) 297

FAS [68955-19-1) |
Enter a percentage Ok I

Im Cancel |
K I

Sum of percentages IBE.EI % Add sul:ustann:E:I Jelete selecten:l

FigureD.4.: New/Edit product dialogue

The dialoguesfor working with usehabitscan be divided into thosethat are usedfor
working with ary type of usehabitandthosewhoseshapesiependn theusehabit. The
former are developedfor selectinga usehabitto eitheredit or deletethis usehabit and
for changinga usehabitdatabaseln all thesecasesthedialoguesarethe sameasfor the
correspondingroductandsubstancéialogues.Thedialogueto editor defineausehabit
depend®ntheshapeof theusehabit. Currently two typesof usehabitsexist, onehaving
two andthe otherhaving threeparametersBoth dialoguesaregivenin FigureD.5.

If a new usehabitis to be defined,the userfirst getsa list of availableusehabittypes.
Dependingon the users choice,anappropriatedialoguewill be opened.Thus,the ‘New
UseHabit’ itemonly allowsthedefinitionof anew usehabit,whichis of anexistingtype.
If ausehabitof anotyetimplementedypeis to be defined first the new usehabittype
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D. Implementatiorof the GREAT-ER productmode

hasto beincorporatednto the system.This incorporationhasto be performedaccording
to the guidanceagivenin sectionD.3.

Edit Use Habit EHE
Usze habit name Wischi-w asch Edillisellishi 7]
Annual washing |2212-'1— ka ﬂl Uze habit name Germany (1] 4 I
Clothes per wash 275 kg m’ e e ISDB— i Cancel |
Dosage 103 g Dosage =g . Comment... |

FigureD.5.: New/Edit use habit dialogues The left dialogueis basedon the washing
habitsas definedin the PLA, while the right dialogueis basedon studies
concerningdetegentusagesn differentEuropearcountries.

Usehabitsmay be storedin differentfiles, which are objectdatabasdiles (*.odb). Dif-
ferenttypesof usehabitsmay be storedin the samefile. However, a usehabitbelongs
explicitly to onetype of usehabit. Internally, thistypeis represente@dy anidentifier.

Performing a simulation and investigating results

Onceascenarids defined,a simulationcanbe started Firstly, adatacheckis performed.
If thistestpasseshehypotheticabnnualconsumptions calculatedor eachsubstancef
theproduct.Theresultsareautomaticallystoredin thefile resultslog.txt. ThenGREAT-
ER simulationsarecarriedout. Theresultscreeriookssimilarto the GREAT-ER screen,
exceptthatnotonly one,but oneresultthemeperingredientexists (seeFigureD.6). They
canall beinvestigatedisingthe ldentify tool (seeFigureD.7) known from GREAT-ER
1.0.
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@2 Active Product Scenario: plawishit [-[=]x]
Product GREAT-ER Substance Catchment Model Analysis Display GREAT-Help alpha

B EE

92.29¢ - 190.595
190,675~ 456,872

A

o FAs (68955 19-1)gs]
AV

A 0-0.519
0.314- 0.696
0.695- 1.65

165

o Sodiam citrate (68-04-2)iugi]
FAVAL)
A\ fo-0373
0.379- 1.02
1.02-2.717
Y.y

o DAS-1(1222-05- Bjnai ]
‘o

'0- 121711

421711~ 245.709

245.708 - 582.579
582.679

o Sodivw carbonste (497-19-B)uas ]
//' ol
MSo- 535 164

639.164- 1116.87
1116.87- 2697.68

AP res

o DAED (t-1x )i}
A\ /.0

NS o- 355313
358.313- 734761
734.761- 1770.53

177053

o S0sp (910321 1- g ]
VA
AN So-21609

| 21619 50.782
50,752 - 130,198

AP e

| cumc (009004-22-Dp g ]
VA

o Boron (7440-42-8)1u3]

0-8556
2.656- 17.76 =

=5
F=

FigureD.6.: Resultscreenof the GREAT-ER product mode

Identify - FAS (68955-19-1)[ug/L]: Rur

FAS5 [6B955-159-1)[ugsL]
river class data of plawishit

Cancel |
ariable | Walue | Lrit
Hame Fur
mean flow 2221786 [m™34 3]
B-percentile flow 12.03933 [m™34 5]
mmean flav welocity  1.01000 [m s 2]
B-percentile flow .. 099300 [m/s]
Length 398.4147640000 [m]
mean depth 210807 [m]
S-percentile depth 168318 [m]
Czimn =tart mean 0.453130000000 [ugsL]
Caimn start gtandar...  0.5438823000000 [
Cairn end mean 0453165000000 [uasL]
Caimn end standar... 0541510000000 [
Cszim intemal mean  0.455641000000 [ugsL]
Cszim intemal stan...  0.542533000000 [

FigureD.7.:1dentify dialogueof the GREAT-ER product mode



D. Implementatiorof the GREAT-ER productmode

Evaluating the results

As definedin the thesis,evaluationis carriedout usingthe two quantitiescritical length

(CL) andproductrisk ratio (PRR;). Both dependon toxicologicalinformation, which

have to be given for all productingredients. In addition, they have to be comparable.
As outlinedin section4.5, within the casestudythe LTE concentrationgisgivenin the

DID-list areused. The dialoguesfor editingthesedataarenot complex. A list dialogue
is usedfor choosingthe substanceand a text entry dialogueis invokedfor editing the

effect concentratiorof the chosersubstanceDueto their easystructure they have been
developedin Avenue ratherthanin C++.

Thecalculationof the CLsandPRR, s candirectly beinvokedusingtheappropriatenenu
entries.CLsandPRR,s maybederivedfrom ary result’s percentile. Thereforewhenin-
voking eitherscript, the useris askedto choosebetweenmeanpredictedconcentration
increaseger stretchor ary otherresults percentile. Then,CLs or PRR,s arecalculated
after having chosena resultsfilename. The resultsare storedin dBasefiles in the pro-
duct scenarics directory In addition, the resultsof the CL evaluationare also written
into thefile resultslog.txt. For the PRR. calculation further Avenue scriptshave been
developed,which allow the evaluationof typically large tables. The columnsrepresent
theingredientswhile in therowsthedifferentstretche®f thecatchmenarerepresented.
Within the newv Avenue scripts,the stretchesn which a definedPRR, is exceededby
differentnumbersof substancearecounted.Resultsareagainstoredin a dBasefile.

Besideghesenew evaluationmethodsthe GREAT-ER 1.0 analysistools accessibleria
the Analysis menuhave beenextendedfor usewithin productscenarios.The features
‘CalculateRiver Ci X', ‘PEGinitial’, ‘'PECcatchment,» ‘COncentrationProfile’ and‘Export
Profile’ have beenextendedto alsofunctionwith productscenariosDueto the fact that
thesecalculationsare performedfor all substanceshey may be time-consumingwhich
dependn the catchmensizeandthe hardware . The calculationof theriver percentiles
hasnot changedexceptthatnot only one,but asmary newv themesassubstances the
productaregeneratedor eachpercentile.The resultsof the PEC calculationshowever,
areno longerprinted on the screen but arewritten directly into the file resultslog.txt,
which is storedin the basedirectoryof the correspondingproductscenario.The calcu-
latedper capitaconsumptiongrealsostoredin this file. The Reportitem in the Product
menuallows the displayof the contentsof thisfile.

D.3. Steps to incorporate a new type of use habit

Someprogrammings necessaryo incorporatenew usehabits.In ary casesomeAvenue
scriptshaveto beextended.In somecasesnew dialoguehaveto bedevelopedwhichcan
bedoneusingAvenue, C++ or ary otherlanguagedependingntheuserspreferencelt
only hasto be assuredhatthe dialoguescanbeinvokedfrom within Avenue. The main
stepsare 1) writing the dialogueandembeddingt into the GREAT-ER productmode
scripts,2) writing an Avenue scriptthatcalculateghe predictedoercapitaconsumption,
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D.3. Stepsto incorporatea new type of usehabit

and3) including the newv codewithin the currentGREAT-ER productmodescripts. In
thelaststep,it is alsodescribedchow to includenew kindsof products.

Writing the dialogue and embedding it into GREAT-ER

The currentedit use habit dialogueshave beendevelopedin C++. They are storedin
thedynamiclibrary greater.dll andarecalledfrom the scriptf_EUDetHabitDlg.ave and
f_DetHabitDIg.ave. A new dialogueshouldalsobe wrappedby an appropriatescript.
Thesescriptsareinvokedfrom within the scriptsEditHabit.ave andNewHabit.ave for
eithereditingor defininga new usehabit (of alreadyknown shape) Incorporatinga nev
type of usehabitrequiresaddingsomecodeto thesescripts.The correspondingplacesin
thescriptsaremarkedby asteriskg*******),

Firstly, in the scriptNewHabit.ave thelist availHabits hasto be extendedoy a nameof
the new type of usehabit. Secondlyin the samescript, a further if-clausehasto bein-
cluded,in whichthescriptwrappingtheusehabitis started.Thirdly, this new scripthasto
bewritten. The currentlyexisting scriptsf_EUDetHabitDIg.ave andf_DetHabitDlg.ave
may be usedasa referenceor developingthis new script. Fourthly, the scripthasto be
includedin thefile scripts.Ist, whichis locatedin the samedirectoryasthe Avenue files.
Finally, the secondstephasto berepeatedn the script EditHabit.ave. Pleasenotethat
this hasto be doneattwo placesin the script (seethe asterisks). Examplesyntaxof the
codemaybetakenfrom the codeof theincorporatedisehabits,whichis self-explanatory

Writing a script to calculate per-capita consumptions

Dependingon the characteristicef the new usehabit, the percapitaconsumptioris cal-
culateddifferently. ThereforeanAvenue scriptthatis similarto thecurrentlyusedscripts
f_CalculateDetergentCons.ave andf_CalculateEUDetergentCons.ave hasto be de-
veloped,which calculateson the basisof both active usehabit and active productper
capitaconsumptiondor all ingredients,and createsthe internal dictionary Consump-
tions, in which the calculatedoercapitaconsumptionsrestored.In addition,the calcu-
lated percapitaconsumptionshall be written to thefile resultslog.txt. The mainstruc-
ture of this scriptcanbetakenfrom the aforementionedwo scripts.

Inclusion into the GREAT-ER scripts

The script to calculate percapita consumptionsis invoked from the script
f_StartProdSim.ave. Therefore,in this script, a further if-clausealso hasto be added
attheappropriateplace.Within thisif-clause thenew scriptthatcalculategshepercapita
consumptionsf all ingredientss invoked.Within thisif-clauseit is alsocheckedvhether
productanduse-habifit together Eachproducthasanidentifier describingthe kind of

product. Currently all productsare of type ‘Laundry’. If a new productgroupis to be
included,theif-clausein the scriptf_StartProdSim.ave hasto be alteredto accountfor

this. The productidentifieris definedattheendof thescriptf_DetergentDIlg.ave. There-
fore, if anew productgroupis alsoto bemodelled the scriptNewProduct.ave needgo

be extendedby anif-clauseanda dialoguepromptingfor the kind of product.
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