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Abstract

Within this thesisan environmentalassessmentand evaluation methodfor analysing
aquaticecotoxicologicalimpactsof householdlaundry is developed. The methodology
allows comparative assessmentsof different productalternatives, washinghabits, and
wastewatertreatmenttechniquesin orderto identify their relevancewith respectto wa-
terbornedischarges.Elementsfrom bothanalyticaltoolsLife CycleAssessment(LCA)
andEnvironmentalRisk Assessmentof chemicals(ERA) arecombinedin thismethodol-
ogy. Thecoreconsistsof theGeography-referencedRegionalExposureAssessmentTool
for EuropeanRivers(GREAT-ER), whichcalculatesconcentrationsof ‘down-the-drain’
chemicalsin surfacewatersdueto point releases.In orderto simulatetheaquaticfateof
detergents,anew GREAT-ER emissionmodelis developed,calledGREAT-ER product
mode,whichcalculatescalculatesconcentrationincreasesof detergentingredientsin sur-
facewatersbasedon productformulationsandassumptionsconcerningwashinghabits.
Two evaluationmethods,the Critical Length(CL) andthe ProductRisk Ratio (PRR� ),
aredefinedfor evaluatingtheresults.CL is thesumof meanconcentrationincreases,di-
videdby substance-specificno effect concentrations(NECs),over all river stretchesand
all ingredientsweightedby thelengthsof thestretches.PRR� is the(percentual)number
of river stretchesin a region, in which the x-percentilesof the predictedconcentration
increasesof at leastoneingredientexceedasubstance-specificNEC.Theemissionmodel
requiresinput datathatcanbederivedfrom thefunctionalunit of anLCA, which allows
anassessmentof otherimpactcategoriesby usingany existing LCA method.

Themethodologyis appliedto acasestudywhich is basedonscenariosgivenin thecom-
prehensive productassessment‘Washingandwashingagents’(‘Produktlinienanalyse’,
PLA). In orderto apply the GREAT-ER productmode,the Rur river basinin Western
North-RhineWestphaliais chosenasstudyarea.Thecatchmentintegrationincludesthe
developmentof a simplehydrologicalmodelthatcombinesa nonlinearregressionanaly-
siswith a local refinementprocedure.Thequalityof theintegrationof theRurcatchment
datais analysedby a comparisonof monitoringdataandpredictedconcentrationsof de-
tergentandcleaningagentingredientsusingactualconsumptiondataof the two years
1993and2000.Theproductmoderesultsshow thatusehabitshave a largerinfluenceon
theresultsthanproductformulations.However, thelargestinfluenceis causedby varying
wastewatertreatmenttechniques.Boron andthesurfactantsarethemostrelevantdeter-
gentingredients.Furthermore,usingdifferentdetergentsfor white andcolouredlaundry
lowersthepredictedemissionssignificantly.

Basedon this methodology, sustainabledevelopmentindicators(SDIs)for describingthe
aquaticaspectsof householdlaundryaredefined. CL is proposedaspressureindicator
andPRR� asstateindicatorfor describingaquaticaspectsof thesustainabilityof house-
hold laundryin a region. Dif ferentregionscanbe comparedby normalisingtheCL by
theregion’s populationandexpressingthePRR� asa percentageof stretchesin a region.
Annually evaluatingregionalCLs andPRR� s allows theassessmentwhethera region is
moving towardsa moresustainablestate.
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Falstaff : You shall hear (...) they conveyedmeinto a buck-
basket.

Ford : A buck-basket?

Falstaff : Yea,a buck-basket:rammedmein with foul shirts
andsocks,foul stockings,andgreasynapkins;that,
masterBrook, there was the rankestcompoundof
villainoussmellthateveroffendednostril.

William Shakespeare(1564- 1616): Merry wivesof Windsor
(Act III, SceneV)
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1. Intr oduction

Throughouthumanhistory, but especiallyduringthelastcentury, negative impactsof hu-
manactivities on the environment,including plants,animals,andthe humankinditself
have becomeapparent.More recently, it hasbecomeobvious that the uncontrolledde-
pletionof resourcesandemissionsinto air, water, andsoil canno longerbepursued.For
this reason,the differenthumanactivities andneedsshouldbe analysedandoptimised
with respectto minimal environmentalimpacts. However, for many humanactivities,
methodologieswhicharecapableof analysingenvironmentalimplicationsarelacking.

1.1. The human activity and need household
laundr y

Due to the ubiquitousthoughspatially varying humandesireto cleanhimself and his
clothes,householdlaundry posesa large potential threat to the environment. In fact,
several negative environmentaleffectshave alreadyoccurredthat could be ascribedto
householdlaundry. Theseeffects mainly occurredin surfacewatersbelow municipal
discharges,which shows that theusephaseis highly relevant for theenvironmentalper-
formanceof this activity.

In themiddleof the20��� century, theformerly usedanionicsurfactantsoapwasreplaced
by non-degradablesyntheticsurfactants,above all the branchedtetrapropylenebenzene
sulphonate(TPBS).This led to theformationof hugemountainsof foamin many rivers.
In Germany, thisproblemwassolvedby thepassingof thedetergentslaw in 1961,which
definedminimumcriteriafor theprimarydegradabilityof theanionicsurfactantsusedin
laundrydetergents(Stache,1981,p. 540). Due to this law, TPBSwasreplacedby the
non-branchedandthereforedegradablesyntheticanionicsurfactantlinear alkylbenzene
sulphonate(LAS). This led to a significantreductionof surfactantconcentrationsin sur-
facewaters(Stache,1981,p. 541).

Dueto a coactionof differentpolitical aspects(Stache,1981,p. 542),in 1975thedeter-
gentslaw wasreplacedby theGermanlaw ondetergentsandcleaningagents(‘Wasch- und
Reinigungsmittelgesetz’, WRMG, DeutscherBundestag,1987). This legislationdefined
degradabilitycriterianot only for anionic,but alsofor nonionicsurfactants.In conjunc-
tion with thearea-wideoperationof activatedsludgetypewastewatertreatmentplantsin
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1. Introduction

Germany, a further significantreductionof environmentalconcentrationsof surfactants
wasachieved. In addition,a furtherenvironmentallyrelevantaspect,which hasbecome
apparentasa consequenceof the steadilygrowing useof laundrydetergents,could be
regulatedby this law. Increasingemissionsof phosphate,whichwasusedin detergentsas
abuilder, raisedtheproblemof eutrophication.Dueto thesurplussupplyof nutrientsthe
algalbloomincreasedconsiderably. Decompositionof theselargerquantitiesof biomass
led to decreasesof availableoxygen.Finally, in somesurfacewatersinversionoccurred.
Consequently, maximumlimits of phosphatewere definedby an ordinancepertaining
theWRMG (‘Phosphatḧochstmengenverordnung’, DeutscherBundestag,1980). In par-
allel, phosphate-freedetergentswereputon themarketdueto thedevelopmentof zeolite
A, which in combinationwith polycarboxylatesandsodiumcarbonateis ableto replace
phosphate1 (VollmerandFranz,1994,p. 32). This substitutionis a goodexamplefor the
fact that in generaldetergent ingredientsmay be substitutedby alternative compounds.
Therefore,a methodjudgingtheenvironmentalsoundnessof laundrydetergentsneedsto
beableto assesstheinfluenceof ingredientsubstitutions.

Unwanteddetergent-relatedenvironmentalimpactsmostly occurredlocally below dis-
chargesites.Themagnitudeof theimpactthereforedependson site-specificlocal condi-
tions,e.g. thedilution ratio below thedischargesites,aswell ason regionalcharacteris-
tics, e.g. theway in which wastewateris treated.In addition,laundrydetergentscontain
considerableamountsof differentsalts,mainly sodiumbased,which arealsodischarged
afterusevia thewastewaterpath.Hence,they contributeto thetotal saltcontentin fresh-
watersystems,thesignificanceof whichagaindependson thelocaldilution ratiosbelow
thedischargesites2. Assessmentof theenvironmentalsoundnessof detergentsshouldbe
donespatiallyexplicit for bothanalysingthefateof detergentingredientsandestimating
thecontributionsof detergent-relatedsaltemissionsat measurablesaltconcentrations.

It maybestatedthatdueto legislationandthe inventionof new andimproveddetergent
ingredients,themostobviousnegative aquaticimpactsof doing thelaundryin Germany
have beeneliminated.However, thedevelopmentof moderndetergentshasincreasedthe
numberof ingredientspresentin detergentformulations.For this reason,largernumbers
of differentchemicalswith low concentrationsareexpectedto occurin theenvironment.
Interactionsand toxic effectsof mixturesmay thereforeposegreaterconcernthan the
unwantedeffectsof singlesubstances.Thus,environmentalassessmentmethodsshould
addressthepotentialcombinedaquaticimpactsof detergents.

Besideswaterborneemissions,energy-relatedemissionsarealsorecognisedasbeingen-
vironmentallyrelevant (CHAINNET, 1999,Grießhammeret al., 1997). Therefore,sev-

1Currently, further alternatives exist, which, however, have not yet reachedeconomicalrelevance. A
comparisonof differentavailabledetergentbuilderswascarriedout by Baueret al. (1999).

2Theenvironmentalrelevanceof thesesaltemissionsis discussedcontroversially. Accordingto Osnowski
andRubik (1987),problemsmayoccurin slow-flowing rivers,while Scḧoberl andHuber(1988)con-
cludethatthecontributionof detergent-basedsalt to thetotalGermansalt loadis negligible. However,
the latter study is basedon calculationsof the total salt load ratherthan on an investigationof the
situationsin differentrivers.This is a largesimplification.
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eral studieswerecarriedout in order to assessenergy usagesof householdlaundryby
assumingdifferent typesof washingmachinesandwashinghabits,andconcerningthe
temperatureusedfor washing(e.g. Group for Efficient Appliances,1995). However,
energy-relatedandwaterborneemissionsarerelatedto eachother. Thedecreaseof theav-
eragewashingtemperaturehasbecomepossibledueto thedevelopmentof new detergent
ingredientssuchasthebleachingactivator tetraacetylethylenediamine(TAED) andvari-
ousenzymes(Vollmer andFranz,1994). TAED enablesbleachingwith perborateeven
at temperaturesbelow 60� C, while enzymesallow for an efficient removal of proteins,
starch,andfat at theselower temperatures.Thisdemonstratesthatenvironmentalproduct
assessmentmethodsshouldaccountfor differentenvironmentalareasof concern.

Finally, it maybestatedthatmoststudiesconcludethattheusephase,in termsof environ-
mentalimplications,is themostimportantphaseof householdlaundry. This waspointed
out, for example,by Grießhammeret al. (1997,p. 15) andin theCHAINNET (1999,p.
24) project. Both concludethat this is alsotruefor energy-relatedemissions.Regarding
waterborneemissionsit is evenmoreobvious.Thishasledto theestablishmentof respec-
tivecriteriaof anecolabelfor laundrydetergentsaimedat thereductionof waterpollution
from detergentingredientsoccurringaftertheusephase(EuropeanUnion,1999a).

1.2. Instruments, tools, methods, and models

In order to assessandevaluateenvironmentalimplicationsof humanactivities and the
productsfulfilling or facilitating theseneeds,methodologiesarerequiredwhich support
environmentaldecision-makingprocesses.In this context, it is importantto distinguish
betweenmodels,methods,anddecisionsupportinstrumentsor systems,whicharesome-
timesalsocalledanalyticaltools(Wrisberg andUdodeHaes,2000).Therelationshipand
interconnectivity of analyticaltoolswith managementandpolicy instrumentsis shown in
Figure1.1(Wrisberg andUdodeHaes,2000).In thisfigure,thecoreof theenvironmen-
tal aspectsconsistsof so-called‘analytical tools’ which arenecessaryfor (sustainable)
decision-making3.

Thedenotation‘analyticaltool’ is debatable,sincethiswordimplicitly raisesassociations
of a technicalaid in orderto solve a task. ‘EnvironmentalDecisionSupportInstrument’
(EDSI) is a betterterm than ‘analytical tool’, while ISO (DIN, 1998) calls them ‘en-
vironmentalmanagementtechniques’.In this thesis,the term ‘EnvironmentalDecision
SupportInstrument’(EDSI) is used.

EDSIsareprocessesaimedatevaluatingenvironmentalaspectsof humanactivities. Their
resultsareusedin environmentaldecision-making.Examplesof EDSIsareLife Cycle
Assessment(LCA) andEnvironmentalRisk Assessment(ERA).

3Onemayarguethat theenvironmentalaspectshave too largea sharecomparedto the technical,social,
andeconomicaspects.This is mostlikely dueto thefact that thestudyfrom which thefigure is taken
focuseson theenvironmentalaspects.
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Figure1.1.:Relationship betweenelementsnecessaryin decision-makingprocesses
(from Wrisberg andUdodeHaes,2000)

Methodsaremeansto performtheevaluationwithin anEDSI, i.e. amethodis in general
a formal evaluationscheme.Methodsare developedfor their applicationin a specific
EDSI.Examplesof methodsdevelopedin thecontext of LCA arethe ‘Eco-Indicator99’
methodology(Goedkoopetal.,1998,GoedkoopandSpriensma,1999),the‘Environmen-
tal Designof Industrial Products’methodology(EDIP, Hauschildet al., 1998),andthe
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1.3. Aim of thesisandresearchquestions

‘Critical SurfaceTime’ method(CST, Jolliet andCrettaz,1997).Thecentralmethodap-
plied in ERA is the calculationof deterministicrisk characterisationratios. Within this
context, modelsareformal representationsof environmentalprocessesbasedon natural
sciences4. They alsohave implicit assumptionsinherentto them.Modelsmaybeapplied
to differentmethodsandthereforewithin differentEDSIs. Often modelsareadaptedin
orderto applythemwithin differentmethods.In suchanapplication,theconsequencesof
suchadaptionshave to beanalysedcarefully, sincesmallchangesmaycausesignificant
impacts.An exampleof a modelthat is usedin differentmethodsis themultimediafate
model ‘ SIMPLEBOX ’ (Van de Meent,1993),which wasdevelopedfor andprimarily is
appliedwithin ERA (Commissionof the EuropeanUnion, 1996a). More recently, it is
usedin theLCA methodEco-Indicator99.

1.3. Aim of thesis and resear ch questions

Section1.1pointedoutenvironmentalaspectsof householdlaundrywith aspecialempha-
sisonwaterborneemissions.In orderto assesstheenvironmentalsoundnessof detergents
andhouseholdlaundrytheseissuesneedto beconsidered.Thus,specificEDSIs,methods,
andmodelsarenecessary, sincesomepecularitieshave to beconsidered.Thesecomprise
the importanceof local and regional variabilities, the fact that differentsubstancesare
emittedsimultaneously, andthe largequantitiesof emittedsubstances.Thelatteraspect
wasoutlinedby theEuropeanCommission,whichstatedthat“washingour laundryis not
an innocuousactivity. Laundrydetergentshavea significantcontribution to waterpollu-
tion. Thisis duenotonly to chemicalscontainedin theformulationsbut alsoto thesheer
volumeof thequantitiesused” (EuropeanUnion, 1999b).For this reason,anevaluation
schemefocussingonwaterpollution from theuseof detergentshasto considertheingre-
dientsof differentproductsaswell asthequantitiesrequiredto fulfill thespecificservice
of washing.In orderto identify optionsfor improvementsof thestateof theenvironment,
informationaboutthemostrelevantfactorsandactorshave to beprovided.

Theaim of this thesisis to developanenvironmentalassessmentandevaluationmethod-
ology for assessingaquaticecotoxicologicalimpactsof householdlaundry. It shallallow
comparative assessmentsof differentproductalternatives,differentwashinghabitsand
differentwastewatertreatmenttechniques.In addition,theaspectsmentionedat thebe-
ginning of this section,i.e. dependency on regional andlocal conditions,potentialtox-
icity of chemicalmixtures,andquantitiesemittedversuswashingperformance,should
beincluded.Sinceotherenvironmentalimpactsof householdlaundryareknown besides
aquaticimpacts,it oughtto bepossibleto link resultsderivedusingthis instrumentto out-
comesof othermethodologieswhich analyseotherenvironmentalimpactsof household
laundry.

4In general,amodelis definedasasimplifiedmapof arelevantexcerptfrom reality. Its definitiondepends
on themodel’s purpose(Bossel,1992).Therestrictionto naturalscienceis thereforeonly valid for the
useof modelswithin thiscontext.
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1. Introduction

Basedon this aim the following researchquestionsarealsoaddressed(in the orderof
appearancein thethesis):

1. Is therealreadyaninstrumentavailablewhichfulfills therequirementsgivenabove?
Whatarethelimitationsof currentEDSIs,methods,andmodels?

2. How cansuchaninstrumentbedesigned?

3. What is the magnitudeof aquaticimpactsof householdlaundryandwhat arethe
relevantfactors?

1.4. Outline of disser tation

In thefollowing chapter, it is shown thatLCA andERA andmethodsdevelopedfor them
arebestsuitedfor the assessmentandevaluationof aquaticimpactsof householdlaun-
dry. Their underlyingconceptsare thereforebriefly introduced. After this theoretical
introduction,existing LCA methodsas well as a fate model developedin the context
of ERA, the ‘Geography-referencedRegional Exposure AssessmentTool for European
Rivers’ (GREAT-ER) model, are appliedto detergent ingredientsin order to evaluate
their usefulnessto assessaquaticimpactsof householdlaundry. Subsequently, results
from a literaturereview of existing studiesaddressingdifferentenvironmentalaspectsof
householdlaundryaresummarised.From thesefindingsconclusionsaredrawn, which
show that thedevelopmentof a new methodbasedon thegeneralframework of LCA is
mostappropriate.Themethodcombineselementsfrom bothERA andLCA.

Basedon thefindingsdescribedin chapter2, thenew methodGREAT-ER productmode
is definedin chapter3. ThismethodusestheGREAT-ER modelasits coreenvironmen-
tal fatemodelandallows theassessmentandevaluationof theaquaticfateof detergents
andwashinghabits.A casestudyin whichtheproductmodeis appliedis thenintroduced
(chapter4).

Chapter5 focuseson the main studyarea,the Rur river basinin WesternNorth Rhine-
Westphalia,Germany. SincetheGREAT-ER modelhasconsiderablegeographicaldata
requirements,thesettingup of thecatchmentdatabaseandthemodellingstepsnecessary
for this are presented.In chapter6, the outcomeof this integration is evaluatedby a
comparisonof GREAT-ER simulationresultsobtainedin theRur catchmentwith mea-
surementsof differentdetergent ingredients.Scenariosbasedon datafor two different
years,i.e. 1993and2000,areused.

In chapter7, resultsof the GREAT-ER productmodeanalysingthe casestudyarere-
ported.A discussionof theproductmodeandof theresultsobtainedin chapter7 is laid
down in chapter8.

As afurtherapplicationof thenew evaluationmethod,sustainabledevelopmentindicators
(SDIs)describingaquaticaspectsof sustainablehouseholdlaundryareproposed(chapter
9). Finally, in chapter10,centralconclusionsaredrawn.
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2. Existing approaches

In this chapter, existing approachesarereviewedandanalysedwhetherthey aresuitable
for this thesis.Firstly, in section2.1, theprimeimportanceof theEDSIsLCA andERA
is shown, Their coreelementsandcharacteristicsarediscussed.Then,four existingLCA
methodsareanalysedconcerningtheway in which they modelaquaticecotoxicological
impacts. Afterwards, the GREAT-ER 1.0 model is applied to the Itter catchmentin
orderto judgeits capabilityin predictingriverineconcentrationsof detergentingredients.
Subsequently, anoverview of existingstudiesdealingwith environmentalimplicationsof
householdlaundryis given.Sincedetergentsanddetergentingredientshave beensubject
to numerousstudiesinvestigatingdifferentenvironmentalaspects,only themostrelevant
arediscussed.Finally, conclusionsaredrawn from this review.

2.1. Envir onmental Decision Suppor t Instruments

Dif ferentEDSIsusedin environmentaldecision-makingprocesseshave beendeveloped,
seesection1.2. Sincethey have beendevelopedwith regardto certainobjectives,they
emphasisedifferentaspects.In thissection,thetwo mostrelevantonesfor evaluatingthe
environmentalsoundnessof detergentsaredescribed.Prior to thisdescription,thereason
for choosingthemis given.

2.1.1. Choice of EDSIs

In orderto assessandevaluatethe environmentalsoundnessof householdlaundry, it is
necessaryto analysetheir environmentalimpacts. Consideringemissionand resource
consumptionalonewithout an assessmentof the likelihood of unwantedenvironmental
effectsis not sufficient. Therefore,EDSIsthatdo not have an impactassessmentphase
areexcluded.Fromthelist of availableEDSIs,whicharegivenin Figure1.1asanalytical
tools,theonly onesthatperformanevaluationof (eitherpotentialor actual)environmen-
tal impactsareLCA andERA.Thus,aspectsof LCA andERA will beexploredin further
detail,sincetheseinstrumentsareindeedbestsuitedfor assessingandevaluatingtheen-
vironmentalimplicationsof householdlaundry. In fact, in almostall studiesrelatedto
householdlaundryeitherLCAs or ERAswerecarriedout. For example,theappropriate-
nessof bothLCA andERA in thecontext of householdlaundrywasstatedby Wrisberg
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2. Existingapproaches

andGameson(1998)in thedefinitiondocumentof theCHAINET project,which is fur-
therdescribedin section2.4.3.

Another EDSI that has beenapplied in the context of householdlaundry is material
flow accounting(MFA), which is similar to substanceflow analysis(SFA) (CHAINNET,
1998).SFA consistsof threesteps:definitionof thesystem,quantificationof stocksand
flows,andinterpretationof theresults(VanderVoetet al., 1995a,b),but it doesnot per-
form an assessmentof environmentalimpactsof the materialflows. Baccini andBader
(1996)usedtheexampleof householdlaundryasa casestudyfor anSFA, which helped
to identify the quantityof substanceflows. However, their environmentalrelevancehas
notbeenevaluated.In addition,Grießhammeretal. (1997)performedanSFA for thetotal
quantityof Germanhouseholdlaundry. By this, thecontributionof householdlaundryto
the total Germanemissionsof selectedparametersin 1993wasdeterminedin order to
prove the environmentalrelevanceof householdlaundry. Nevertheless,the influenceof
consumerwashinghabitsandvariableproductformulationswasanalysedby performing
an LCA. The two reasonsfor refraining from the useof SFA/MFA approachesare the
lackof theconceptof workingwith functionalunitsandthelackof animpactassessment
phase.

2.1.2. Lif e Cycle Assessment

Whenfocussingon ancomparative environmentalassessmentof products,in mostcases
an LCA is carriedout. A broaddefinition of LCA is given by Walter Kl öpffer on the
WWW presentationof theInternationalJournalof LCA1: “LCA is a processto evaluate
theenvironmentalburdensassociatedwith a product,process,or activity by identifying
and quantifyingenergy and materialsusedand wastesreleasedto the environment,to
assesstheimpactof thoseenergy andmaterialusesandreleasesto theenvironment,and
to identifyandevaluateopportunitiesto affectenvironmentalimprovements”.

Thebasicideaof anLCA is to performa comparativeassessmentby workingwith func-
tional units. Thesearedefinedaccordingto thescopeof thestudy. It allows thecompar-
isonof differentproductor servicealternativesthat fulfill thesamefunctionalunit with
respectto all resourceusagesandemissionsoccurringthroughoutthe entire life cycle.
Thus,LCA is not anabsoluteassessmentof environmentalimpactsof a specificproduct
system.Due to this principle, a lack of accordancebetweenan impactpredictedby an
LCA and the oneactually being observablemay occur (Potting,2000,p. 7). This is
causedby the lack of informationregardingthe time, duration,andlocationof anemis-
sion analysedin an LCA (White et al., 1995). Although many impactsonly occur if
thresholdsarebeingexceeded,mostLCA methodsaddall marginalemissionsregardless
of whetherthresholdsarebeingexceeded,whichin turnmayleadto unrealisticoutcomes.
This approachis known asthe ‘less-is-better’principle (Potting,2000,p. 17). This ap-
proachis accepted,since“LCA is primarily a tool for resourceconservationandpollution

1http://www.ecomed.de/journals/lca/welcome.htm

8



2.1. EnvironmentalDecisionSupportInstruments

prevention” (UdodeHaes,1996a,p. 12).

The basicframework of LCA waslaid down by ISO (DIN, 1998). According to ISO,
LCA is a “compilation and evaluation of the inputs and the potential environmental���! #"$ #%'&
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Figure 2.1.: TheISOLCA framework

implicationsof a productsystemthroughoutits
life cycle”. It consistsof the four stepsGoal
and Scope Definition, Life Cycle Inventory
(LCI), Life Cycle Impact Assessment(LCIA),
and Life Cycle Interpretation. Their relation-
ship is shown in Figure 2.1. As an LCA is a
process,thefindingsfrom onestepmay leadto
a reiterationof anotherstep,which is denoted
by thearrows.
In the first step, goal and scopeof the study
are defined. This includes the definition of
the functional unit, the product system, the
boundaries,the allocationprocedures,assump-
tions,limitations,typesof impactassessed,data
requirementsandtheirquality, andinformations
aboutthetypeof critical review (DIN, 1998).
The secondphaseis the LCI, which aims to
compile andquantify inputs and outputsfor a

given product system throughout its life cycle
(DIN, 1998).Accordingto Kl öpffer (1997),theLCI phaseis “the central, bestdeveloped
andmostscientificcomponentof LCA” . Its resultis theinventorytable,which is a list of
all inputsandoutputsperfunctionalunit (Kl öpffer,1997).

TheLCIA stepfollows theLCI. ISO definesLCIA asa “phaseof LCA aimedat under-
standingand evaluating the magnitudeand significanceof the potentialenvironmental
impactsof a productsystem”. In this step,the itemsof theinventorytablearetranslated
into potentialimpactsof definedimpactcategories. Its aim is to understandandevalu-
atethemagnitudeandsignificanceof thepotentialenvironmentalimpactsof theproduct
system(DIN, 1998).LCIA consistsof thestepsclassification, i.e. theassignmentof the
inventory table’s items to the definedimpact categories,andcharacterisation, i.e. the
calculationof themagnitudeof thepotentialenvironmentalimpacts,the lattergiving the
category indicator results(LCIA profile, DIN, 1999). Thus,all emissionsconsideredto
contribute to thesameimpactcategory thatoccuranywherein theworld areaggregated
in a singlevalue. Optionaladditionalstepsare the normalisationto a referencevalue,
thegrouping, i.e. a first aggregationof thecategory indicatorresults,weighting, i.e. the
final aggregationinto onesinglevalueandthedataquality analysis, which is mandatory
for comparative assertionsthat are intendedto be published. The characterisationstep
is usuallyperformedusinganexisting method,e.g. CSTor theEco-Indicator99. How-
ever, suchLCIA methodsoften have differentequivalency principles,which determine
the results. This hasto be consideredin the interpretation,which is the stepfollowing
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the LCIA. In this step,conclusionsaredrawn with respectto the goal andscopeof the
studybasedon theLCI and/orLCIA outcomes.Finally, a critical review shouldbecon-
ducted.In thecaseof acomparativeassertion,acritical review is mandatory(DIN, 1998).
Possibilitiesandlimitationsof LCA wereoftendiscussed(e.g.Barnthouseet al., 1998).
Methodologicaldevelopmentsarestill processing,especiallyfor the Life Cycle Impact
Assessment(LCIA) phase,which is alsostatedby ISO (DIN, 1999). Overviews of the
state-of-the-artof LCIA aresuppliedby Potting(2000)and,earlier, in the reportof the
first SETAC EuropeworkinggrouponLCIA (UdodeHaes,1996b).In thesepublications,
severalproblemsregardingLCIA arediscussed,amongthemtwo of themajordiscussion
points:the‘less-is-better’versus‘only-above-threshold’debate,andthequestionregard-
ing theneedfor andtheextentof spatialdifferentation.Both aspectsareexplainedlater.
They arealsorelatedto theaforementionedpossiblelack of accordanceof predictedand
observableimpact.A furtherreasonfor this is theaggregationof ahugenumberof emis-
sionsandresourceusesin only asmallnumberof values.

Thefirst approachesto characteriseecotoxicologicalimpactswithin theLCIA phaseonly
regardedthe toxicologicalhazard.For example,in thecaseof theaquaticenvironment,
the volume of freshwaterbeing pollutedduring the life cycle of a functionalunit to a
maximumtolerableconcentration(MTC) wascalculated(Heijungset al., 1992). More
recently, differentapproachesof varying complexity alsoconsideredthe environmental
fatebehaviour of substancesin their characterisationsteps,e.g. asdoneby Guinéeet al.
(1996), Hauschildet al. (1998), Jolliet andCrettaz(1997) or Huijbregts et al. (2000).
Their differencesand the implicationson the outcomeof a casestudy are analysedin
section2.2. However, all thesemethods,regardlessof their inclusion of fate, have in
commonthat they arebasedon the ‘less-is-better’assumption.‘Less-is-better’favours
that option causingthe lowestscore,regardlesswhetherthis alternative actuallycauses
environmentalimpacts.Suchmethodsmaybeusedto compareproductsystemsserving
thesameneedon this basis,but they areinsufficient in assistingthedecisionwhetherthe
useof, for example,a productis environmentallysoundor not. This is a clear limita-
tion for the useof LCA in many applications,which hasoften beenpointedout (DIN,
1998,Barnthouseet al., 1998). Therefore,it hasbeenproposedto combineLCAs with
otherapproaches.For example,Udo de Haes(1996a)introducestwo trackswhich can
be followed from a life cycle startingpoint. “Track 1 dealswith the assessmentof po-
tential impacts. (...) In contrast, track 2 dealswith the prediction of actual impacts.”
(Udo deHaes,1996a,p. 12). He continues,statingthata relationshipbetweenthe two
trackscanbeestablishedin orderto furtherassessimportantprocessesof theactualcase
study. Also, Owens(1999)concludesthat“decisionsshouldbenefitfromboththerelative
LCA approach andtheactualapproachesof othertechniquessuch asenvironmentalfate
modelling,environmentalmodelling,environmentalimpactassessmentandenvironmen-
tal risk assessment”.

A questionoftendebatedconcernsspatialdifferentiation.UdodeHaesetal. (1999)state
that “quitea numberof applicationsmaywell needa spatially differentiatedimpactas-
sessment”. However, in generaltemporalandspatialinformation on all emissionsare

10



2.1. EnvironmentalDecisionSupportInstruments

not available. This implies thatbackgroundconcentrationsof emittedsubstancescannot
be obtained.However, againdependingon theapplication,somespatialinformationis
oftenavailablefrom the inventory:Someof theassumptionsandchoicesof bothsystem
boundariesand functionalunit madein the goal andscopeanalysismay imply spatial
informationthatmaybeusedin theLCIA step.For example,theassessmentof transport
processesin generalrequiresgeographicalinformation. In addition,a productis often
intendedto besoldin only onecountry, whichmayalreadyimply somespatialcharacter-
istics.Kl öpffer (1995)statesthat“in favourablecasessite-specificdatamaybeavailable
(...) In thiscase,exposure analysismaybeperformed.” However, from ageneralpoint of
view especiallythe lack of temporalandspatialinformationfor many emissionsaswell
asfor backgroundconcentrationsinhibits thedeterminationof actualimpactsin anLCA
(Saur,1997).This is in generalattemptedin ERA.

Facingtheseproblems,differentopinionsexist abouttherelevanceandvalueof informa-
tion gainedfrom LCIA results. Someauthorsbelieve that LCIA resultsneitherpredict
actualor potentialeffectsnor estimaterisks,but only analysesystemin- andoutputs(e.g.
Owens,1999). Otherauthorsbelieve that“LCIA shouldhelp us to decidewhetherand
how much we shouldbe concernedaboutcertain emissionsor resource usesconnected
with a product(...)” (HertwichandPease,1998).Heijungsetal. (1992)statedthat“LCA
is not concernedwith the degree to which a NOEC is actually exceeded,but with the
degree to which it is potentially filled up” . The latter two statementsimply that LCA
attemptsto analysepotentialeffects.Kl öpffer (1995)statesthat“we do nothaveenough
datato calculateactualconcentrationsneededfor risk assessment.Hazard assessmentis
lessdemandingwith regard to dataandis therefore all wecanexpectto bemanageable
in impactassessmentwithin LCA” .

More generally, HertwichandPease(1998)seeLCA as“a tool that collects,organises,
andevaluatesscientificinformationusefulfor decisionmaking”. Thisbroadunderstand-
ing of anLCA allows for theapplicationof differentmethodsandmodelsdependingon
the specificapplication. An examplefor sucha methodof procedureis givenby Thiel
et al. (1999),who takean LCA asa basis,but extendit usingenvironmentalfatemod-
elsandcomplex expertsystemsin orderto derivenecessaryinformation.They conclude
thata “r egionaldecisionsystemfor theenvironmentalassessmentof anthropogenicemis-
sionsshouldtherefore consistof thefour elementsLCA, fatemodelling,assessingexpert
systemsandGIS”.

2.1.3. Envir onmental Risk Assessment

Unlike LCA, ERA addressesactualimpactsor at leastthe likelihood of actualimpacts.
The main objective of ERA is to assesschemicalsubstancesor contaminatedsitesthat
posea hazardto man and/orthe environment. Other risks, e.g. by accidents,are not
consideredwithin ERA. Furthermore,in this thesisERA meansenvironmentalrisk as-
sessmentof singlesubstanceswith respectto ecotoxiceffects.
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In general,ERA is not concernedwith productsor humanactivities assuch. Theseap-
plicationsaremainly assessedby theEDSIsLCA andSFA, dependingon thepurposeof
theassessment.ERA investigatessinglesubstanceswith respectto humanandecotoxic
effects. Of course,thesesubstancesareemitteddueto theuseof productsandfrom hu-
manactivities,but ERA dealswith singlesubstances,andnot with productsor activities.
The mainareaof applicationof ERA is risk managementandchemicallegislation. For
example,themethodologyof environmentalrisk assessmentof existingandnew notified
substancesin theEuropeanUnionis definedin theTechnicalGuidanceDocuments(TGD,
EuropeanEconomicCommunity, 1996).

Themostcommonmethodto performanERA consistsof thestepshazard identification,
effectsassessment,exposure assessment, and risk characterisation, which are followed
by four furtherstepsimplementingthe risk managementphase(VanLeeuwenandHer-
mens,1995). Hazardidentificationis the initial identificationof adverseeffectsthat “a
substancehasan inherent capacityto cause” (VanLeeuwenandHermens,1995,p. 3).
The result is a list of potentialeffectsa substancemay causewithout quantificationof
their probability. Effect assessmentis the stepin which predictedno-effect concentra-
tions (PNECs)arederived from toxicologicaldata. In the TGD, assessmentfactorsare
used,themagnitudesof which dependon thedataavailability. For example,in orderto
derivePNECsfor aquaticandterrestrialcompartmentsthetoxicologicaldataaredivided
by either10,50,100,or 1000.Theresultis asetof PNECsfor thedifferentcompartments.
Exposureassessmentaimsat estimatingpredictedenvironmentalconcentrations(PECs)
in the differentcompartments.The modelsappliedin the exposureassessmentassume
emissionscenariosdependingon thecharacteristicsof thesubstanceandtheproducedor
importedtonnage.For the risk assessmentof existing substances,actualemissiondata
needto be provided, while for new substancesthe intendedproductionvolumeis used.
Afterwards,a setof environmentalfatemodelsof varyingcomplexity calculatesconcen-
trationsin thedifferentenvironmentalcompartmentsbasedon theemissionscenarios.In
the risk characterisationa comparisonof PECandPNECis carriedout for thedifferent
environmentalcompartments.Accordingto theTGD this ratio is calledthe risk charac-
terisationratio (RCR).

Thus, the objective of an ERA is to estimateactualrisks of a substance,which canbe
seenin the fact that the TGD alsodefinesa procedureto useenvironmentalmonitoring
datafor thederivationof PECs(EuropeanEconomicCommunity, 1996,Part II, section
2.2). Although themethodsto performan ERA aremoreadvancedandmorescientifi-
cally acceptedthanthoseof LCIA, someproblemsstill needto besolved. For example,
theemissionscenariosarecurrentlyonly roughestimates.An evaluationof theexposure
partof thesystemcurrentlyusedin theEuropeeanUnionwasperformedby Berdingetal.
(2000).They concludedthatsomemodelpartsmeettheirobjectives,while othersrequire
improvements.

Singlemediumaswell asmultimediamodelssuchasSIMPLEBOX (VandeMeent,1993),
CALTOX (McKone,1993)or CHEMCAN (Mackayet al., 1996)areused. Their advan-
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tageis the fact thata largenumberof chemicalscanbeassessedusingthesamemodel,
sincethey includeall environmentalcompartments.However, this implies introducinga
numberof simplifications,e.g.regardingthedegreeof spatialvariability. Thesesimplifi-
cationsmaybeavoidedby usingmodelsthataredesignedfor specificgroupsof chemicals
with specificemissionpathways.An exampleis theGREAT-ER model,which is specif-
ically designedfor ‘down-the-drain’chemicalssuchasdetergentingredients.However,
sincethis modelalsohasdisadvantages,suchasthe lack of a sedimentcompartment,it
hasto bedecidedwhichmodelshouldbeusedfor theenvironmentalrisk assessmentof a
specificcompound.

2.2. Review of LCIA methods regar ding aquatic
ecoto xicity

In orderto analysethecapabilitiesandlimitationsof currentLCIA methodsfor assessing
aquaticecotoxicimpactsof householdlaundry, four publishedmethodshave beenre-
viewedandappliedto acasestudyof domesticclotheswashingin formerWestGermany
(Schulzeet al., 2001a).In this section,a brief summaryof thestudyis given,from which
someconclusionsrelevantfor this thesisaredrawn.

Theoriginalpurposeof thereview wasto answerthefollowing setof questions:In which
way andto what extent doesthe inclusionof fatemodelsaffect the LCIA results?Is it
necessaryto differentiatebetweensea-andfreshwatercompartments?Canthedominant
degradationand inter-mediatransferprocessesbe identified? The analysiswascarried
outon thebasisof thesubstancespecificcharacterisationfactors(aquaticecotoxicitypo-
tentials,AETP), i.e. theproductof Fq andEq , andof thecategory indicatorresults.

In orderto analysethemethodsratherthanacompletecasestudy, emissionsof only four
ingredientshavebeenconsidered.Theemissionsoccuraftertheusephase.Thefunctional
unit is theoverall amountof householdlaundrybeingwashedin Germany in 1984. The
substancesaretheanionicsurfactantLAS, ethylenediaminetetraacetate(EDTA), thefluo-
rescentwhiteningagentDAS-1, a diaminostilbene(4,4’-bis-[(4-anilino-6-morpholino-
1,3,5-triazin-2-yl)amino]stilbene-2,2’-disulfonate),and finally the polycyclic musk oil
HHCB (1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethyl-cyclopenta-[g]-2-benzopyrane).

EDTA wasusedasableachstabiliserduringthe1980s,but is no longerusedin Germany
dueto its chelatingpropertiesandpersistence.DAS-1 is oneof thetwo mostwidespread
detergentwhiteningagents,andHHCB is usedasa representative of perfumeoils. For
furthersimplification,it wasassumedthatLAS is theonly anionicsurfactant,DAS-1 the
only opticalbrightenerandHHCB theonly perfumesubstanceusedin detergentsin 1984.
Dueto this,consumptiondataof detergentcomponentspublishedby Osnowski andRubik
(1987)couldbeused.Datadescribingthefateandeffectbehaviour of thesubstanceshave
beenderivedfrom aliteraturereview. Basedontheconsumptiondataandonassumptions
concerningtheir fatein thewashingmachineandwastewatertreatment,anLCI tablehas
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beenderived providing quantifiedemissionsof the four substancesinto surfacewater,
agriculturalsoil (from sludges),andair (in thecaseof HHCB dueto volatilisationduring
wastewatertreatment)(Schulzeet al., 2001a).

The four chosenLCIA methodsconsideringecotoxicityrepresentthe developmentthat
hastakenplacewithin this impactcategory. Themethodsare(1) CMLr�sut , i.e. theimpact
assessmentproceduredevelopedin 1992by researchersat theCentreof Environmental
Sciencein Leiden(CML, Heijungsetal., 1992),(2) EDIP (EnvironmentalDevelopment
of IndustrialProducts),a methoddevelopedby theInstitutefor ProductDevelopmentat
the TechnicalUniversity of Denmark(Hauschildet al., 1998), (3) the approachbeing
developedat theSwissFederalInstituteof TechnologyLausannecalledCritical Surface-
Time (CST, Jolliet and Crettaz,1997), and (4) USES-LCA (Uniform Systemfor the
Evaluationof Substances,adaptedto LCA, Huijbregts et al., 2000,Huijbregts, 1999),
which wasproposedfor usein the new Dutch guidefor LCA (Guinée,2000). All four
methodscanbeappliedwithin the framework asdevelopedby thefirst SETAC working
grouponLCIA (Jolliet,1996).Accordingto this framework, thecategory indicatorresult
for theimpactcategory aquaticecotoxicity(aquaticecotoxicityscore,AETS) is thesum
over all emittedsubstancesi classifiedascontributing to aquaticecotoxicityof the pro-
ductof massM q emittedaccordingto theinventorytable,a substancespecificfatefactor
Fq andasubstancespecificeffect factorEq :vxwzy�{}| ~

�����E�����j�����B� q
��� qS� w qS����qB�

Thecorrectnessof thetermeffect factor is controversial,sinceanLCA in generalis not
capableof assessingwhetheraneffectactuallyoccursfrom theuseof thefunctionalunit
or not. However, in line with the SETAC nomenclatureandthe largemajority of LCA
literature,thetermeffect factorhasbeenused.Themaindifferencebetweenthemethods
is thewaythefatefactoris derived.Apart from thefatefactor, theestimationof theeffect
factorEq partly differs.This turnedout to be,however, only of minor relevance.

Fromthecharacterisationfactorsthefollowing conclusionsweredrawn.

1. Fatematters.Its introductioncausesa changein theresultsof over several orders
of magnitude. Also the relative comparisonis largely affectedby it, which, for
example,canbeseenin thecomparisonof LAS andEDTA results.

2. It is necessaryto distinguishbetweenfresh-andseawater. AETP variability in the
USES-LCA seawatercompartmentby emissionto freshwatercoversmorethan5
ordersof magnitude.This is dueto theclosedglobalmodel. However, detergents
mainly causenegative impactsin freshwater. For this reason,a specificfreshwater
evaluationis necessary, asotherwisethefreshwaterassessmentwouldbedominated
by theseawaterassessment.

3. Onthecontrary, thedifferentwaysof extrapolatingtoxicologicaldataperformedin
theCML r�sut andEDIP methodshave only limited influenceon thecharacterisation
factors.
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2.3. Applying GREAT-ER to theItter catchment

In thissection,it is investigatedwhetherthefour methodsareableto contributeto theaim
of this thesis.This discussionis basedon thecategory indicatorresults(impactscores,
AETS) for aquaticecotoxicitywhich have beenestimatedfrom theAETPsandtheLCI
table.They aregivenin Table2.1. Thepurposeof thetableis to demonstratetherelative
contribution thedifferentmethodsassignto thesubstances.

Table2.1.:Categoryindicator resultsfor aquatic ecotoxicity(AETS). Thesubstances’
percentualcontributionsto thetotal scoresareshown.

ImpactScore LAS EDTA DAS-1 HHCB Total
CML r�sut 26.6 40.9 0.6 31.9 100
EDIPacute 44.0 31.2 0.1 24.7 100
EDIPchronic 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 99.0 0.3 0.7 100

Thecategory indicatorresultsshow therelative importanceof thefour ingredientsin the
assessmentof the investigatedexample,ascalculatedby the four methods.The results
differ largely. Theintroductionof fateparametersdecreasesthecontributionof LAS sig-
nificantly. USES-LCA apportionsgreatersignificanceto HHCB than to LAS, which
seemsdebatable.In addition,thedominanceof EDTA, which only accountsfor 0.3%of
thedetergentcomparedto 8% for LAS, surprisesandseemsalsodebatable.

However, no informationregardingthe environmentalsoundnessof the ingredientscan
bederivedfrom thefigures,sincethecategory indicatorresultsdo not containinforma-
tion of theenvironmentalrelevanceof theemissions.Theadvantageof anLCA approach
remainsthereforein theconceptof relative assessmentsbasedon a functionalunit. This
approachonly allows theevaluationof differentproductalternativesor washinghabits.

Furtherconclusionsmaybe andhave beendrawn with respectto the applicationof the
four methodsin LCIAs. Thesearepresentedin thearticle(Schulzeet al., 2001a).How-
ever, they do not give further insight relevant for theaim of this thesis.For this reason,
they arenot furtherelaboratedhere.

2.3. Appl ying GREAT-ER to the Itter catc hment

Having reviewedandtestedexistingLCIA methodsregardingthewaythey assessaquatic
ecotoxicologicalimpacts,anaquaticfatemodeldevelopedin thecontext of ERA is anal-
ysedin thissectionwith respectto its usefulnessin this thesis.
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2.3.1. The GREAT-ER model

The Geography-referencedRegional Exposure AssessmentTool for European Rivers
(GREAT-ER) is specificallydevelopedto assessthefateof ‘down-the-drain’chemicals,
to which detergentingredientsbelong. This makesGREAT-ER highly suitablefor use
in the fate assessmentof detergents. In this section,GREAT-ER’s coreprinciplesare
explainedandits ability to predictobservableconcentrationsof detergentingredientsin
surfacewateris investigated.

Model concepts
GREAT-ER is a simulationmodelto calculatedistributionsof predictedenvironmental
concentrationsof ‘down-thedrain’ chemicalsin differentriverstretches.It simulatesthe
environmentalfateof chemicalsin riverinewater, which is pollutedby pointsourceemis-
sionsvia theseweragesystemanda wastewatertreatmentplant. Thesteady-statemodel
calculatesconcentrationsthatarelikely to befoundin riversdueto aregularuseof these
chemicals;it is thusnota modelsystemaddressingaccidentialreleases.A moredetailed
descriptionof the modelapproachandthe backgroundleadingto its developmentwas
givenby Feijtel et al. (1997),andMatthieset al. (1997,2000).

GREAT-ER combinesthe GeographicalInformationSystem(GIS) ARCV IEW �/� and
its possibilitiesto store,analyseandvisualisegeoreferenceddatawith a setof models
simulatingtheemissionof chemicals,treatmentin wastewatertreatmentplants(WWTP)
andfatein thereceiving riverinewaterby consideringvariouseliminationprocesses.

Theheartof themodelsystemis adigital representationof arivernetworkwhich is repre-
sentedby thecoordinatesof riversegments,in GREAT-ER calledstretches,togetherwith
topologicalinformation,e.g. flow directions,confluences,or bifurcations,andthe river
attributedatafor eachstretchsuchasthe lengthof a stretchandits flow statistics,given
aslognormaldistributions.Themainpartof thesimulationmodelis anapplicationof the
CEMOS/WATER MODEL (TrappandMatthies,1998)whichcalculatesalongitudinalone-
dimensionalspatialconcentrationprofile in asingleriverstretchdownstreamfrom apoint
source.A possibleupstreamconcentrationis includedby performinga mass-balanceto
estimateaninitial concentrationin thestretch.Theconcentrationprofile in a riverstretch
is obtainedby consideringremoval processes.Dif ferentmodesof complexity exist which
calculatetheeliminationprocessesin avaryingdetail.

Thismodelis appliedto thecomplex rivernetworkby simulatingtheconcentrationprofile
separatelyfor eachstretch.Theemissiondatain GREAT-ER arebasedon a per-capita
consumptionof thesubstance.As thepopulationconnectedto a dischargesite is partof
the input data,the load enteringthe seweragesystemcanbe determinedfor eachsite.
Basedon this information GREAT-ER simulatesthe environmentalfate in the sewer-
agesystem,theWWTP andfinally thereceiving surfacewaters.GREAT-ER offersthe
possibility to modeladditionalinput into thesurfacewaters,givenasadditionalload at
thedefineddischargesites.Furthermore,a(possiblygeogenic)backgroundconcentration
canbeentered.
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2.3. Applying GREAT-ER to theItter catchment

GREAT-ER combinesdeterministicandstochasticpartsin orderto dealwith theuncer-
taintiesandtemporalvariationsof the input parametersby meansof MonteCarlosimu-
lations: A simulationconsistsof carryingout a chosennumberof runs,e.g. 10,000. In
eachrunavalueis estimatedfor eachdistributedinputparameterdependingonarandom
number. All parametersexceptfor theconsumptionratemaybedistributed.At leastthe
hydrologicalparameters,i.e. flow andflow velocities,arelognormallydistributed,since
they belongto thecorecatchmentdata.Whena simulationrun,calledMonteCarloshot,
is defined,the deterministicsimulationfor this run is carriedout. This is repeatedthe
chosennumberof times,resultingin a two-dimensionaldistributionof predictedenviron-
mentalconcentrationsfor eachstretchof the river network. A graphicaluserinterface
(GUI) developedon top of theARCV IEW GUI permitsthat theuseof themodelis easy.
A typical GREAT-ER screencanbeseenin Figure2.2.

GREAT-ER results
The GREAT-ER model calculatesvariousresults. In general,GREAT-ER calculates
a two-dimensionalspatialandtemporaldistribution of predictedenvironmentalconcen-
trationsfor eachriver stretch. The spatialaspectis describedby concentrationprofiles
for eachstretch,which are describedby threedifferent concentrations,i.e. the start-
ing (C�;�u��� � ������� ), the end (C���u��� �E� t ), and the meanconcentration(C���u��� �u� � � � � � s ). The data
uncertainty-andvariability-baseddistribution is dueto theMonte Carlo analysisandis
expressedby themeanandstandarddeviation for eachof the calculatedconcentrations
mentionedabove. From this information,differentpercentilesof calculatedconcentra-
tions canbe derived. This seconddistribution implicitly includessometemporalvaria-
tions,becausethehydrologicaldatareflectannualflow distributions. Resultsarestored
in dBasetablesfor furtherprocessing.Theuserinterfacedisplaystheresultsandallows
to examinethem.

An attemptto aggregatethe numerousresultscalculatedin a scenariointo only a few
figuresis thecalculationof two concentrationsfor thewholecatchment,i.e. PEC� �
� � � ��� � �
andPEC�u��� � � � s . PEC� ��� � � ���E� � canbecomparedto PEC� � ¡�� r � � s , asdefinedin theTGD, and
representsa meanconcentrationin the catchment,whereasPEC�u��� � � � s canbe interpreted
analogouslyto PECsur � � s of theTGD, andrepresentsa meanconcentrationdirectly below
discharges. Dif ferentoptionsconcerningthe weightingof the PEC� ��� � � ��� � � are imple-
mented.Both valueshave a certainpower to describetheenvironmentalconcentrations
on a catchmentscale. The advantagesandproblemsof thesenew PECdefinitionsare
discussedby Boeijeet al. (2000).Oneaspectis alsoaddressedin thediscussiongivenin
section8.1.5.

2.3.2. Case stud y Itter catc hment

In orderto assesswhetherandhow GREAT-ER is capableof predictingobservablecon-
centrationsof detergentingredientsin Germany, theItter catchmentis usedasatestcatch-
ment,asit is the only Germancatchmentprovidedon the GREAT-ER CD (ECETOC,
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2000). Thesesimulationsarealsousedto generallyjudgetheaccuracy of GREAT-ER
in predictingLAS andboronconcentrations2. In this context, accuracy is definedasan
agreementbetweenestimatedandobservedconcentrations.

TheItter is a smallertributaryof theriverRhine.It dewatersa catchmentareaof 45km¢
andis stronglyimpairedby treatedwastewater. Watermanagementin thecatchmentis
carriedout by thelocal waterauthorities‘Bergisch-Rheinischer Wasserverband’ (BRW),
whichcollectsandmaintainsall necessaryinputdatarelatedto hydrology, discharges,and
environmentalmonitoringof waterquality. Thecatchmentareaandrelevantgeographical
informationareshown in Figure2.2.

Figure2.2.:The Itter catchment: WWTPs(dots),monitoringsites(asterisks),theriver
networkandthecatchmentarea

Dischar ge site data
ThreeWWTPs (i.e. Solingen(Sg)-Gr̈afrath,Sg-Ohligs,andHilden) discharge treated
wastewater into the Itter. Theseare all activatedsludgeplants. 70% of the meandry

2An articleaddressingthiscontainingresultsgivenhereaswell asfurtherresults,waspublished(Schr̈oder
et al., 2001).
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2.3. Applying GREAT-ER to theItter catchment

weatherflow at the confluencewith the Rhine consistsof treatedwastewater, which
shows thesignificanceof anthropogenicinfluences.Thedischargesitedataaregivenin
Table2.2.

Table2.2.:Dischargesitedata in the Itter catchment
Sg-Gr̈afrath 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 theheadwatersof the Itter, which areonly moderatelyimpairedby humanactivities,
severalsmallertributariesflow into theItter. Also, Sg-Gr̈afrath,asmalleractivatedsludge
typewastewatertreatmentplant,dischargesinto thissectionof thecatchment.In themid-
dlepartof theItter, thelargestWWTP, Sg-Ohligs,andthelargesttributary, theLochbach,
discharge into the Itter: At Sg-Ohligs,a meaneffluent flow rate of 0.314m¤ /s is dis-
chargedinto theItter whichupstreamfrom thispointonly hasameandry weatherflow of
0.22m¤ /s. Immediatelyafter theSg-Ohligsdischarge theLochbachflows into the Itter,
which increasestheItter meanflow by 0.07m¤ /s. Thus,below this point theItter’smean
flow is morethandoubled.

Furtherdownstream,upstreamfrom theHilden WWTP, which hasa meandischargeof
0.173m¤ /s, theItter bifurcates:Assumingmeanflow conditions,0.72m¤ /s flow into the
Itter and0.1m¤ /s leave thecatchmentvia theHorsterFlutgraben.A secondbifurcationis
locatedupstreamfrom theItter’s confluencewith theRiver Rhine.Theaddedmeanflow
of thesetwo river coursesthatbothdischarge into theRhineis 0.89m¤ /s. Hydrological
scenariosderivedfrom theBRW datawerepublishedby Schulzeetal. (1999).Apart from
thedischarges,otherhumanactivities suchasthestraighteningof the lower coursealso
have a largeimpacton theriver’secosystem.

Monitoring data
Theobjective of the Itter monitoringprogramme,setup in 1996,wasto determinecon-
centrationsof LAS andboronaswell aswaterqualityparameters(Schr̈oderetal., 2000).
Altogether, thirteensites,includingtheeffluentsof thethreeWWTPs,weresampledus-
ing automaticsamplers.Additional grabsamplesweretakenin all tributariesof theItter
andat additionalsitesof interest.All measuredconcentrationsreferredto in this section
aremeanvaluesbasedon12 to 72singlemeasurements.

All measureddataaregivenasmeansandasstandarddeviations.However, nostatistical
analysiswasconductedwith respectto the distribution type of the monitoringdata. It
hasnot beenanalysedin themonitoringprogramme,whethera symmetricdistribution is
realistic.
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Model input parameter s
The main input parametersrequiredby the GREAT-ER modelarethe releaserate(i.e.
amountof chemicaldischargedpertimeunit into theriver),theflow rateof theriver, and
the in-streamremoval rate. In thecaseof detergentingredients,thereleaseinto theriver
canbecalculatedif consumptionfiguresandinformationon theremoval in thesewerage
systemandWWTP areknown.

The test substancesof the GREAT-ER developmentphase,i.e. LAS and boron, are
chosenasexamplesubstances.For thesesubstances,IKW 3 andTEGEWA4, theGerman
associationsof detergentandsurfactantmanufacturers,collectproductionfiguresfor Ger-
many. In 1996,theyearof themonitoringprogramme,LAS andboronconsumptionfrom
theusein detergentsandcleaningagentswereestimatedto be39,000t LAS (TEGEWA,
1994), i.e. 0.4875kg per capitaand year, and 66,000t sodiumperboratetetrahydrate
(IKW, 1994)respectively, which is equivalentto 0.0579kg boronpercapitaandyear.

Physico-chemicalparameters,which are requiredfor simulationsapplying the mode1
models,are suppliedwith the GREAT-ER model. For the seweragesystem,mode2
wasapplied,i.e. a constanteliminationfactorfor modellingthe lossesthatoccurduring
transportin the sewerswaschosen.10,000Monte Carlo shotswereperformedin each
simulation.

2.3.3. Results

Boron waschosenasan inert tracerthatdoesnot undergo eliminationprocesses.Thus,
the accuracy of the hydrologicalscenariosmay be judgedby comparingthe goodness
of simulationresultsfor boron. Therefore,first the boronsimulationresultsaregiven.
Afterwards,theresultsconcerningLAS arepresented.

Boron
During the washingprocess,the bleachingagentsodiumperboratetetrahydratebreaks
down into dissolvedborate,whichremainsstableduringtransportin theseweragesystem
andduring wastewater treatment.In addition,no eliminationprocessesfrom the water
columnoccur in the surfacewaters,so that the only factorsdeterminingriverineboron
concentrationsareemission,dilution in the differentstretches,andthe geogenicback-
groundconcentration.As boroncanbeanalysedrathersimply in watersamples,it is a
suitablecompoundfor checkingthequality of thehydrologicalpartof the GREAT-ER
system.

Anthropogenicboronemissionsaremainlydueto its usein detergentsandothercleaning
products.Additionally, it is usedin thephotochemical,glass,andgalvanic industriesas
well asto someextentasa fertilizer in agriculture(Metzneret al., 1999). Furtherinfor-
mationon the useof boroncompoundsaswell asresultsof monitoringprogrammesis

3IndustrieverbandKörperpflege-undWaschmittele.V.
4VerbandderTextilhilfsmittel-, Lederhilfsmittel-,Gerbstoff- undWaschrohstoff-Industriee.V.
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2.3. Applying GREAT-ER to theItter catchment

given by Dietz (1975),RaymondandButterwick (1992),Haberer(1996),andMetzner
etal. (1999).

An annualper-capitaconsumptionof 0.0579kg boronanda backgroundconcentration
of 55 	 g/l wereused.Thebackgroundconcentrationwasdeterminedby analyticalmea-
surementsin theheadwatersof theItter. In addition,anadditionaldischargeof 5470kg
boronper yearwasassumedto occurat Sg-OhligsWWTP. This is basedon measure-
mentstakenfrom theeffluentsof theWWTP, whichwerehigherthanexpecteddueto the
useof perboratein detergents.Theseadditionaldischargesaremostprobablydueto in-
dustrialactivities. In Solingenabout70companiesareactive in thefield of electroplating
(BRW, 2000),in which boronis usedfor cleaningmetallicsurfacesor for neutralisation
processes(Dietz, 1975). GREAT-ER resultscomparedto monitoringdataaregiven in
Figure2.3.
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Figure2.3.:GREAT-ER resultsfor boron in the Itter vs. measurementsAt Sg-Ohligs
WWTP (near9 km), an additionalboron input of 5 470 kg/a wasapplied,
basedon measurementsfrom theWWTPeffluent.

Despitesomeminor deviations betweenmeasuredandpredictedmeanconcentrations,
GREAT-ER gives an accuratepicture of the actualboron concentrationsin the Itter.
Therefore,it maybeconcludedthatgenericconsumptionfiguresareaptto describecon-
centrationsin the watercolumn. The only necessarysite-specificexpert knowledgeis
theadditionalinput at Sg-OhligsWWTP, thevalueof which wasdeterminedcomparing
monitoringandsimulationdata,andwhichmaywell beexplainedby industrialeffluents.
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LAS default scenario - ECETOC data set
LAS is oneof themajorsurfactantsusedin detergents.Unlike boron,LAS canbeelim-
inatedfrom wastewaterandsurfacewatersby adsorptionandby biodegradation.In the
easiestGREAT-ER complexity moderemoval in theWWTPis calculatedonthebasisof
a percentageremoval while removal in the river is basedon pseudo-first-orderkinetics.
Bothvaluesarelumpedfigureswhichcombinebothbiodegradationandadsorption.

A first simulationwascarriedout basedon genericGermanconsumptiondataandsub-
stancedataprovided by ECETOC (2000,i.e. 25% sewer removal and98% removal in
the WWTP respectively aswell as a pseudo-first-orderin-streamremoval rate of 0.06
h ¦Y§ ). In the remainderthis datasetis referredto asthe ECETOC dataset. In addition,
a backgroundconcentrationof 5 ¨ g/l is applied,which seemssurprising,but which was
repeatedlymeasuredin theheadwatersof thecatchment.Run-off from agriculturalsoils
thatarefertilisedwith sewagesludgecontainingLAS maybeareasonfor this.
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Figure2.4.:GREAT-ER results for LAS in the Itter vs. measurements(ECETOC
data set)

It canbeseenin Figure2.4 that GREAT-ER overestimatesmeanriverineLAS concen-
trationsby lessthana factor of 2, which is a goodresult for a first simulation. How-
ever, calibrationis carriedout to increasethe model’s accuracy. As the resultsof the
boronsimulationrevealedthatthebasicassumptionsaboutthehydrologyarecorrectand
thatgenericconsumptionfigurescanbeapplied,theeffect of theWWTP andin-stream
removal figureswasinvestigatedin subsequentsteps,while the sewer removal rate re-
mained.

22
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Improved LAS scenario - Itter data set
Dif ferentcombinationsof in-streamremoval ratesandWWTP efficienciesweretested,
from which a combinationof 25%sewer removal efficiency, 98%WWTP efficiency (for
activatedsludgeplants)and an in-streamremoval rate, which is uniformly distributed
between0.03and0.35h ¦Y§ , givesbestresults.Theuppervaluewasdeterminedin theRur
(Schr̈oder,1995a)andthe Anger (Schr̈oderandReichensperger, 1998,Schr̈oderet al.,
1999) rivers, while the lower value correspondsto a half-life of 23 hours,which was
determinedin theItter stretchesbelow HildenWWTP. Figure2.5showssimulationresults
for the Itter river by usingthis dataset,which in the remainderis referredto asthe Itter
dataset.Again,theabove-mentionedbackgroundconcentrationof 5 ¨ g/l wasassumed.
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Figure2.5.:GREAT-ER results for LAS in the Itter vs. measurements(Itter data
set)

Only closeto thecatchment’soutletasmalldiscrepancy betweenmeasuredandsimulated
meanvaluescanbeseen,whichis dueto thefactthattheretheobservedin-streamremoval
rateis very small,i.e. equalto thelowerboundof thein-streamremoval ratedistribution
usedin thesimulation.

2.3.4. Discussion

Theaim of this sectionwasto assesswhetherGREAT-ER is ableto predictconcentra-
tionsof detergentingredientsthatarein therangeof themeasuredvalues.As afirst result
it canbestatedthatby usingdefaultvaluesnext to genericGermanconsumptiondatathe
aimof GREAT-ER, i.e. anaccuracy of up to a factorof 3, is achievedwith respectto the
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calculationsof boronandLAS in theItter catchment.Theresultscanbefurtherimproved
by applyingmoresite-specificvalues.In addition,thework revealsthatreleaseratesplay
a crucialrole in thepredictionof environmentalconcentrations.

An analysisof the boronresultsrevealsthat for the meanconcentrationsthe margin of
error wasa maximumof 30% andthat the calculatedconcentrationprofile givesa true
pictureof theboronconcentrationsin theItter. This leadsto theconclusionthatgeneric
consumptiondatacanbeusedfor thesimulationof typicaldetergentingredients.

While boronis not removed from wastewater, LAS is eliminatedby adsorptionaswell
asbiodegradation.Theseprocessescantakeplacein sewersaswell asin WWTPsand
surfacewaters. GREAT-ER is able to takethesevariousprocessesinto account. The
amountof dataGREAT-ER needsdependson thechosencomplexity modeof the cal-
culation. In its simplestmode,eliminationin theWWTP is basedon simplepercentual
removal figures. ECETOC (2000)suggesteda genericdatasetfor removal in sewerage
systems,WWTPs,andriverswhich wasmainly basedon datageneratedin theUK. Ap-
plicationof thesedataleadsto deviationsbetweenmonitoringandsimulationresults.By
adjustingthe in-streamremoval ratestheaccuracy is significantlyimproved. As this de-
rivedin-streamremoval rateis notafixedvaluebut is ratherdescribedasadistribution,it
is morelikely thatthis parametercanbetransferredto adifferentcatchment.

An observationcurrentlynot reflectedby themodelis spatialvariability of the in-stream
removal rates. In principle, the GREAT-ER softwarecould beextendedto accountfor
this if modelequationsfor differentsubstancesandcatchmentswereavailable.A statisti-
calapproachto deriveLAS in-streamremoval ratesbasedonthewaterqualityparameters
TOC andammoniawasformulatedandcalibratedfor theItter catchment(Schulzeet al.,
1999),but no similar studiesareknown for othersubstancesand/orcatchments.It is,
however, questionable,whetherthis increasedaccuracy is neededin thecontext of anen-
vironmentalrisk assessmentof chemicals,for which GREAT-ER wasdeveloped.With
respectto a comparisonof detergentsas intendedin this thesis,it is even more ques-
tionable,assuchaccuratemodellingwould thenhave to beconductedfor all considered
detergentingredients.

Concluding,it canbestatedthatGREAT-ER is ableto predictrealisticLAS andboron
concentrationsin the watercolumnof the Itter. It is thereforea potentiallyuseful tool
in assessingaquaticecotoxicologicalimpactscausedby householdlaundry. However, a
currentweaknessof themodelis thefact thatnoconcentrationsin theriversedimentsare
calculated.
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2.4. Envir onmental assessment studies related to
household laundr y

Within thefirst threesectionsof this chapter, a theoreticaldiscussionof ERA andLCA
anda practicalapplicationof methodsandmodelsdevelopedfor theseinstrumentshave
beenperformed.Within this section,existing studiesareintroduced.This analysisaims
to identify existing approachesandstudiesuseful in the context of this thesis. Studies
usingboth LCA andERA arereviewed. Furthermore,this overview demonstratesthe
relevanceof thewaterborneemissionsoccurringaftertheusephaseof householdlaundry,
sincealmostall listed studies,exceptfor the LCI given in section2.4.4,analysedthese
emissionsto someextent.

2.4.1. Comprehensive product assessment ‘Washing and
washing agents’

Thegoalof thecomprehensiveproductassessment‘WashingandWashingAgents’(Pro-
duktlinienanalyse‘Waschen& Waschmittel’, PLA) was“to optimisetheuseof washing
agents,to determinethe washingagentconceptsthat are particularly suited for such
optimisation,and to establishthespecificcontributionsof thevariousactorsto product
systemoptimisation” (Grießhammeret al., 1997,p. 9). The optimisationgoalsfollow
from the modelof sustainabledevelopment.The coreof the studyconsistsof an LCA
for which a methodologyhasbeendevelopedon the basisof the methodprovided by
CML/SETAC (Consoliet al., 1993).In addition,theecoscarcitymethod(Müller-Wenck,
1994)hasbeenappliedandnormalisationhasbeenperformedwith respectto national
andinternationalenvironmentalpolicy targets(Grießhammeretal., 1997,p. 10). Finally,
a scoringmodel to assesspotentialaquaticecotoxicologicalimpactsresultingfrom the
useof laundrydetergentshasbeenapplied.This scoringsystemis partof theevaluation
systemusedby the EuropeanUnion in the EcolabelAward Scheme(EuropeanUnion,
1995,1999a). The LCA wascarriedout in a collaborative effort by industry and the
Öko-Institute.V., which hasbeenthe leadingorganisationin this project. In addition,
differentstakeholders,amongothersindustrialandgovernmentalorganisationsaswell as
consumerassociations,accompaniedtheprocess.ThePLA is peer-reviewed.Next to the
LCA, anMFA with respectto overallhouseholdlaundryin Germany hasbeenperformed,
whichcalculatedthecontribution to selectednationalpollutantemissions.

Within thePLA, modeldetergentsandusehabitsweredefined.Themodeldetegentsare
basedon informationprovidedby industry, while theusehabitsarebasedon statistical
data. Both modeldetergentsandusehabitsaregiven in chapter4. Thestudyidentified
aquaticecotoxicity, global warming,acidification,andphotochemicalsmogasthemost
relevantimpactcategories,thefirst dueto waterbornereleasesof detergentingredientsaf-
teruse,thelatterthreemostlydueto energy-relatedemissions(Grießhammeretal.,1997,
p. 12).
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The scoringsystemfor evaluatingaquaticecotoxicologicalimpactsoccurringafter the
usephaseanalysesdetergent ingredientswith respectto the eight criteria total chemi-
cals,critical dilution volume,phosphates,insolubleinorganics,solubleinorganics,non-
biodegradableorganics(aerobicand anaerobic),and biological oxygendemand. The
scoringsystemis accompaniedby the DetergentIngredientsDatabase(DID), in which
85 detergent ingredientsare listed with valuesfor the eight criteria are given. From
this databaseanda productformulation,a productspecificscoreis estimated(European
Union, 1999a)usinga definedprocedure.However, this scoringsystem,andespecially
thethresholdsandexclusionhurdlescontained,aredifficult to interpret,sincethey donot
allow for theverificationof their appropriatenessby environmentalmonitoring. Theen-
vironmentalrelevanceof thissystemcanthereforeonly beevaluatedwith greatdifficulty.

Besidesanecologicalevaluation,economicandsocialaspectshave alsobeenaddressed.
It wasconcludedthat theecologicallypreferableoptionwasalsotheeconomicallyopti-
malalternative. An interestingsocialaspectconcernsthetimerequirementsof household
laundry, whichhaveremainedconstantin recentdecadesdespitetheintroductionof wash-
ing machines.Onereasonfor this is thesteadilyincreasingamountof laundrywhich is
observablefor thesametimespan(Grießhammeret al., 1997,p. 16).

The studycloseswith recommendationsfor further improvements,namelythesubstitu-
tion of conventionalheavy duty detergents,theoptimisationof productswith respectto
energy consumptionandemissionsaswell asa reductionof theecotoxicologicalpoten-
tial by improvementsor substitutionsof singlesubstances(Grießhammeret al., 1997,p.
154).

2.4.2. Envir onmental risk assessment of deter gent chemicals

Duringtheninetiesajoint projectwascarriedoutby theDutchMinistry of Housing,Spa-
tial PlanningandtheEnvironment(VROM) andtheDutchSoapandDetergentsAssoci-
ation (NVZ) aiming at anenvironmentalrisk assessmentof detergentchemicals.Based
on this, the EuropeanIndustrialAssociationsrelatedto detergents,AssociationInterna-
tionaledela Savonnerie,dela DétergenceetdesProduitsd’Entretien(AISE) andComit́e
EuropéendesAgentsdeSurfaceet leursIntermédiairesOrganiques(CESIO),organised
a seriesof workshopsin which theexperiencesgainedin theprojecthave beenreviewed.
Proceedingshave beenpublished(AISE/CESIO,1996).Themainresultshave alsobeen
publishedin areportreleasedby theDutchNationalInstituteof PublicHealthandtheEn-
vironment(RIVM Feijtel andVandePlassche,1995)andin a seriesof articles(Matthijs
etal., 2000,Feijtel etal., 2000,VandePlasscheetal., 2000).

The ERA wascarriedout for four major surfactantsusedin detergents,which are the
3 anionicsurfactantslinearalkylbenzenesulphonate(LAS), alkyl ethersulphate(AES),
andsoap,andthenonionicsurfactantalcoholethoxylathe(AE). It wasconcludedthatthe
four surfactantsneitherposedsignificantrisks to Dutch river ecosystemsnor to thema-
rine environment,providedsecondarytreatmentis performedin theWWTPs.Regarding
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theterrestrialenvironment,a lack of effect datawasemphasised,which madeanoverall
conclusiondifficult. However, no immediateconcernwasindicatedby the assessment.
(AISE/CESIO,1996,p. 53).

As part of the ERA a monitoringprogrammeaimedat the determinationof WWTP ef-
ficienciesfor the consideredsurfactantsaswell asfor boronandBOD wascarriedout
in 7 WWTPs(Matthijs et al., 2000). Efficienciesweredistinguishedbetweenprimary,
i.e. afterhaving passedtheprimarysettler, andtotal removal. Model calculationsusing
theWWTP modelsSIMPLETREAT (Struijsetal., 1991)andWWTREAT (Cowanet al.,
1993)werethencomparedto themeasurements.In addition,averageremoval efficiencies
in theseweragesystemswereestimatedby comparingmeasuredinfluentconcentrations
to calculatedemissionsbasedon genericDutchconsumptiondata.Finally, predictedin-
streammeanconcentrationsat 1000 metresbelow a discharge consideringan average
dilution ratio (determinedby De GreefandDe Nijs, 1990)and assumingdifferent in-
streamremoval rateswerecalculated(Feijtelet al., 2000,AISE/CESIO,1996,p. 20).

Besidesexposureassessment,bothaneffect assessmentanda risk characterisationwere
carriedout. Toxicological datawere takenfrom literature. Normalisation,which in-
tendsto achieve comparabilityof the differenthomologuesof a substance,wascarried
out within theERA. For themarineenvironment,PNECswerederivedfrom freshwater
PNECs(AISE/CESIO,1996,p. 52),which is seenasreasonablewith respectto existing
experimentaldatapublishedby Feijtel andVandePlassche(1995).However, someopen
questionsandresearchneedswereaddressedin this topic, suchassedimentationof sur-
factantsinto anaerobicenvironmentsanddiffering speciationandbioaccumulatonrates
in salinewaters(AISE/CESIO,1996,p. 52).

Further investigatedaspectsare the toxicity of mixtures, uncertaintiesin both expo-
sureandeffect modelling,andthe risk characterisationof sediments.Finally, remain-
ing questionsanduncertaintiesin theassessmentwerediscussed.Among thesearethe
temperature-dependency of microbialdegradationandtheextrapolationin spaceandtime.
Concerningthemixture toxicity of surfactants,additive toxicity is seenastheappropri-
ateconservative approach(AISE/CESIO,1996,p.46). Geographicalextrapolationsneed
to takeinto accountspatialvariabilitiesof many parameters,e.g. hydrologicalvariabil-
ities or the percentageof populationbeingconnectedto a WWTP. The aforementioned
GREAT-ER modelis seenasapossiblewaytoconsiderthesevariabilities(AISE/CESIO,
1996,p. 55-56).

Within this thesis,themeasuredeliminationefficienciesof the4 compoundsareused.In
addition,theconclusionsdrawn in thestudyconcerningmixture toxicity arereferredto
laterin this thesis.

2.4.3. CHAINET case stud y ’Domestic washing of clothes’

CHAINET is a concertedactionof theEU environmentandclimateprogramme.It was
initiated in December1997andendedin October1999(Wrisberg andGameson,1998).

27



2. Existingapproaches

Theaim of CHAINET wasto developa guidebookadvisingpractitionerson how to se-
lect themostrelevantandhelpful environmentalassessmenttoolsfor a specificdecision.
The guidebook,which is not yet complete,includesresultsfrom 3 casestudies,oneof
which is domesticwashingof clothes.Preliminaryresultsof this casestudyaresampled
in the2©�ª draft report(CHAINNET, 1999).

Within this draft report,no resultsof actuallyperformedenvironmentalassessmentsare
given,but aspectsof householdlaundryrelevantfor anenvironmentalassessmentarelaid
out. In addition,stakeholderscontrollingtheseaspectsareidentified.At theend,pastand
ongoingresearchactivities relatedto householdlaundryarelisted.

The project explicitly mentionsthe decision-orientedapproach. Dif ferent instruments
shouldbeused,eitherexclusive or combined,dependingon thespecificquestions.Con-
cerninghouseholdlaundry, LCA is mentionedin orderto identify thedominantimpacts
and ERA is proposedfor the environmentalassessmentof the detergent constituents,
which shall considerlocal conditions(Wrisberg and Gameson,1998,p. 26). Further
mentionedtools areMFA for solid wastedisposalandboth Material IntensityAnalysis
(MIA) andCumulative Energy RequirementsAnalysis(CERA) for assessingpossibili-
ties to improve the eco-efficiency of the productchain. In line with the findingsof the
CHAINET casestudy, elementsfrom bothLCA andERA arecombinedin this thesis.

2.4.4. European LCI for deter gent surfactants production

In 1995, the outcomeof a Life Cycle Inventory (LCI) for the major surfactantsLAS,
alkohol sulphate(AS), AES, soap,secondaryalkanesulphonate(SAS), AE, andalkyl
polyglucoside(APG) waspublished.TheLCI wasconductedby theEuropeanLCI sur-
factantstudygroup(CEFIC/ECOSOL).A largedatabaseshouldbedevelopedcontaining
datafor all processesinvolved in the productionof thesecompounds(Tenside,Surfac-
tants,& Detergents,1995). Energy andmaterialrequirementsaswell asenvironmental
emissionsandsolidwasteassociatedwith all phasesof thesurfactantproductionwerecol-
lected(Stalmanset al., 1995). Conclusionsof thepeer-review werepublished(Kl öpffer
etal., 1995).

Besidesproductionof the detergent ingredients,an LCI for the confectionof typical
householddetergentswasperformed(Frankeet al., 1995). Sinceonly thesestepsof the
life-cycleareconsideredandno link is drawn to detergentusages,thestudiesareonly of
limited relevanceto this thesis.In addition,no impactassessmenthasbeenperformedin
this LCI. Thus,it doesnotpermitto draw conclusionsabouttheenvironmentalrelevance
of thevariousproductionprocesses.However, dueto thelargeeffort involvedin develop-
ing this databaseandsinceit providesa basisfor theaforementionedPLA, it is touched
uponhere.Furthermore,somesubstancedatagivenin theLCI areusedwithin this thesis.
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2.4.5. Fur ther related studies

In this section,somefurtherstudiesarelisted.Many of thesewerecarriedoutby a small
group,in contrastto thelargerprojectsdiscussedabove. Almostall studieseitherperform
anLCA or anERA.

A large numberof studiesinvestigateenvironmentalrisks dueto the useof singlesub-
stancesin detergents.Thesestudiescombinelaboratorytests,field studiesandmodelling.
Sinceall existing studiesin this field aretoo numerous,they arenot listed in this thesis,
unlesstheir resultsarelater referredto. ‘The Germanstandingtechnical committeeon
syntheticdetergents’performeda literaturereview of ecologicallyrelevantdatafor deter-
gentingredients,both surfactantsandotheringredients.They investigatedaspectssuch
astoxicity, degradability, bioaccumulation,metabolites,interactionwith metalsandcon-
tribution to eutrophicationandsalt content. The resultswerepublishedin two articles,
onediscussingthesurfactants(Scḧoberlet al., 1988),theseconddealingwith theother
ingredients(ScḧoberlandHuber, 1988).

A coupleof studiesattemptto assessthemixturetoxicity of detergentsandtheir ingredi-
ents.Laboratorytestson detergentsaswell ason their ingredientsareconducted(Warne
andSchifko,1999,Warne,1995). Most authorsconcludethatadditive toxicity is anap-
propriatemodelfor describingmixturetoxicity of detergents(Guhl,1997,1999,Grimme
etal., 1996,AISE/CESIO,1996).

A currentactivity in thefield of ERA, which hasnot yet beenpublished,is the ‘Human
andEnvironmentalRiskAssessment’(HERA) projectcarriedoutby theEuropeanDeter-
gentIndustry. HERA aimsto improve risk assessmentfor detergentingredients.Oneof
thefirst resultsis thedevelopmentof animprovedemissionscenariofor detergents,which
wasdevelopedfor boron(Wind, 2000).

ExistingLCA studiesmainly dealwith theproductionstep,i.e. they performa ‘cradle-
to-gate’ insteadof a ‘cradle-to-grave’ approach,for examplethe LCI discussedabove.
However, somestudiesalso focus on the usephase.For example,the Group for Effi-
cientAppliances(1995)analysedtheinfluenceof consumerwashinghabitsin Denmark,
but only concerningenergy consumptionfrom the useof washingmachinesanddriers.
GutzschebauchandKl üppel (1998)analyseddifferencesin CO« emissions,theoretical
oxygendemand(ThOD) of waterborneemissions,energy consumption,andsolid waste
dueto variabilitiesin formulationandwashinghabits,i.e. dosageandfilling thewashing
machine,energy scenario,andfurther variables.However, only an LCI, but no impact
assessmentwascarriedout.

2.5. Conc lusions

An instrumentasenvisagedin theresearchaim is not yetavailable.Furthermore,current
EDSIsdo not directly permitthedevelopmentof a new methodwithin theframework of
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a singleEDSI that meetsall requirements.Limitations of directly usingLCA concern
the lack of ability to calculateenvironmentallyrelevant quantitiesand to include local
variabilities.Limitationsof ERA arethelack of theconceptof a functionalunit which is
usefulfor comparingdifferentproductalternatives. Someof the limitationsof LCA are
solvedby theGREAT-ER model,sinceit is ableto calculateobservableconcentrations
of detergentingredientswhenusingactualconsumptiondata.For thisreason,acombina-
tion of thebasicLCA conceptandthe GREAT-ER modelfrom ERA is suitablewithin
thiscontext.

An approachcombiningLCA andERA wasalsoenvisagedfor suitablecasestudies(Udo
deHaes,1996a,p. 13). In addition,Kl öpffer (1995)explicitly mentionssurfactantsemit-
tedto surfacewatersasanexamplefor which concentrationmaybeestimatedwithin an
LCA framework.

A furtheradvantageof theGREAT-ER modelis its focuson freshwatersystems.Since
detergentsmainly consistof degradableorganicsubstancesandinorganicsalts(see,for
example,Table 4.1), the marinecompartmentis not of prime concern. For example,
AISE/CESIO(1996,p. 53) concludethat the risk ratio of surfactantsin marineecosys-
temsis smallerthanthe risk ratio in freshwater. Thedegradableorganicsubstancesare
eliminatedby the time thewaterhasreachedtheocean,andinorganicsaltsdo not pose
an environmentalhazardin seawater. Consequently, Udo de Haes(1996a)proposedto
differentiatebetweenfresh-andseawatercompartmentsin someLCAs in orderto more
appropriatelyassesssaltemissions.
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3. The GREAT-ER product mode

Basedon theconclusionsderivedin thepreviouschapter, theGREAT-ER productmode
is definedin thischapter. It allowsto performcomparisonsof products,usehabits,waste-
water treatmenttechniques,andof further spatially varying characteristics.A product
comparisonis important,sinceconsumershave thepossibility to choosebetweendiffer-
entalternativesandproducershave theoptionof varyingformulationsor promotingone
or theotheralternative by meansof marketing.Usehabitsareimportant,sincethey may
varyfrom countryto countrybutalsoevenbetweenneighbouringhouseholds.Wastewater
treatmentis highly relevant,sincetheorganicingredientsmaybeeliminatedfrom thewa-
ter columnif wastewatertreatmentis conducted.Finally, a spatialexplicit assessmentis
important,sincelocally andregionally varying factorssuchasdilution ratiosbelow dis-
chargesor thepopulationdensityin a regionmayhave largeinfluencesontheprobability
of environmentalimpacts.

In the following, the methodologyis described.This descriptionis subdivided into the
principlesof themodelandpossibilitiesto interprettheresults.Theimplementationprin-
ciplesandthe main userdialogsarepresentedin appendixD. Finally, a first approach
to assesspotentialtoxic effectsof mixturesis describedthatis basedon theGREAT-ER
productmode.

3.1. Model Principles

Theconceptof themodelis basedon thefunctionalunit ‘annualhouseholdlaundryin a
region’. Thisfunctionalunit maybefulfilled usingdifferentproductalternativesavarying
numberof timesa yearat varyingdosages.Themainstepsof themethodarei) calcula-
tion of per-capitaconsumptionsof detergentingredients,ii) GREAT-ER simulationsof
theseingredients,andiii) evaluationof theGREAT-ER results.

Per-capitaconsumptiondatacanbecalculatedfor all detergentingredientsasa function
of usehabitanddetergentformulationbasedon someassumptions,which aredescribed
in section3.1.1.ThesubsequentGREAT-ER simulationspredictconcentrationincreases
for all ingredientsasa functionof thepredictedper-capitaconsumption.Sincein these
GREAT-ER simulationsonly thoseemissionsareassessedthatarerelatedto aninvesti-
gatedproductwhereasotheranthropogenicsourcesor naturalbackgroundconcentrations
arenot considered,only concentrationincreases,or increments,arepredictedratherthan
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3. TheGREAT-ER productmode

concentrations.Thedenotationconcentrationincreaseis usedthroughoutthisthesis,since
this termis commonlyusedin literaturerelatedto LCA.

Finally, evaluationis carriedoutusingtwo new quantitiescalledCritical Length(CL) and
ProductRiskRatio(PRR¬ ). ThePRR¬ evaluationis following the‘only-above-threshold’
approach,while theCL evaluationis basedon the‘less-is-better’paradigm.Basedon the
functionalunit chosenabove, conventionalLCA methodsareusedto derive category in-
dicatorresultsof otherimpactcategories.Theprincipleof thismethodis shown in Figure
3.1.

Figure3.1.:GREAT-ER product modeflowchart

TheGREAT-ER productmodeis locatedin theframework of LCA, sincethe life cycle
conceptinherentto LCA providesthebestbasisfor acomparisonof products.It allowsto
comparedifferentproductalternativesandwashinghabitsonaregionallevel by acombi-
nationof bothLCA methodsandthe GREAT-ER productmode.Simultaneously, LCA
resultsandpredictedconcentrationincreasesin surfacewatersareevaluated.Although
this thesismainly addressesthe latter part, within the casestudyboth LCA resultsand
resultsof theGREAT-ER productmodeareanalysed.

3.1.1. Emission estimates and aquatic fate modelling

GREAT-ER 1.0calculatesconcentrationprofilesin surfacewatersdueto actualemission
data. Thecalculationof concentrationincreasesdueto theuseof a specificproducthas
notyetbeenconsidered.TheGREAT-ER 1.0modelderivesemissiondataatadischarge
site by multiplying per-capitaconsumptiondataof the selectedsubstanceby the con-
nectedpopulationof thedischargesite.For this reason,anemissionmodelprecedingthe
GREAT-ER calculationshasto provide per-capitaconsumptionsfor singlesubstances.
Thesearederivedfrom theformulationof aproductandassumptionsaboutits usage.

The centralassumptionof the GREAT-ER productmodeclaimsthat during the whole
year the entire populationin a region usesthe sameproduct. Having alsodefinedthe
averagenumberof times the productis usedby a certaindosageper usage,per-capita
consumptionsof theproductarecalculated,from which per-capitaconsumptionsof the
different ingredientsare derived. The washinghabitsmay be derived from statistical
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3.1. ModelPrinciples

surveys or have to be basedon assumptions.By alsochoosinga region, hypothetical
concentrationincreasescanbe predictedfor eachingredientusingthe GREAT-ER 1.0
model. Theseconcentrationincreasesareexpectedin thesurfacewatersof theselected
catchment,if the assumptionsmadein the definition of the productscenariowould be
valid.

Consumerwashinghabits,hereaftercalledusehabits,maybedefinedin differentways.
In the PLA (Grießhammeret al., 1997),a usehabit is describedby the choiceof a de-
tergent,total massperyearof laundry, laundryperwashingcycle andfinally dosageper
washingcycle, given either per capitaor per household. The productsare definedby
their formulations,which is a list of substancesincludingtheir percentages.However, in
this modela detergentformulationhasto reflect the detergentas it entersthe sewerage
system,not asit is pouredinto thewashingmachine,sincesubstance-specificprocesses
occurduringthelaundry.

Summarising,within theGREAT-ER productmodeaso-calledproductscenariois char-
acterisedby thechoiceof aproduct,ausehabit,andacatchment.Concentrationincreases
in theselectedcatchmentarethencalculatedfor all productingredientsbasedontheirper-
centagewithin theproductformulation,their fatepropertiesin wastewatertreatmentand
surfacewaters,as well as on the usehabit. The predictedconcentrationincreasesare
analysedusingeitheran‘only-above-threshold’or a ‘less-is-better’approach.

3.1.2. ‘Onl y-abo ve-threshold’ evaluation - PRR ­
The‘only-above-threshold’evaluationis carriedouton thebasisof potentialproductrisk
ratios(PRR¬ ). Thesearedefinedfor eachingredientandin eachstretchasthe ratio of
the predictedconcentrationincreasecalculatedin a productscenario1 and a no effect
concentration(NEC). x depictsthe percentileof the GREAT-ER productmoderesults
which is to be used. This givesa resultstableof productrisk ratioswith onecolumn
for eachingredientanda row for eachstretch.ThesePRR¬ do not representactualrisk
characterisationratios known from ERA, sincenot all emissionsof the substancesare
takeninto account,but only thoseresulting from the useof the product in a manner
definedby theusehabit.Theabsoluteor percentualnumberof stretchesof acatchmentin
whichadefinedthresholdis exceededby atleastonesubstanceis thenusedfor evaluation.
Themostobviousvaluefor theproductrisk ratiothresholdis avalueof 1. However, since
only specificemissionsgivenby theselectedproductscenarioaretakeninto acount,the
usermayspecifyanotherpreferredvalueandperformtheevaluationon thebasisof this
value.

A reasonableworst-casevaluefor thepercentilex is 90, sincethis is a percentageoften
usedin ERA. For example,accordingto theTGD concerningtheuseof monitoringdata
within ERA of notifiedsubstances(Commissionof theEuropeanUnion, 1996b,Part II,
Section2.2) this percentilehasto beused.

1In this analysis,theC®�¯u°-± ¯u²B³�´�µ�²�¶B· sareused,seesection2.3.1.
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3. TheGREAT-ER productmode

If the environmentalsoundnessof the resultsof a productscenarioshall be judged,a
furtherdecisionhasto bemade.Typically, therivernetworkin a catchmentconsistsof a
largenumberof stretches.Often,thresholdsareexceededin only a few of thesestretches.
Therefore,in suchan applicationit hasto be decided,which percentageof stretchesin
which thresholdsmaybeexceededis consideredacceptable.

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

If, on thecontrary, a ‘less-is-better’evaluationis intended,thecritical length(CL) canbe
estimated.TheCL of a productscenario,i.e. theexclusive useof aspecifiedproductin a
catchmentaccordingto a chosenusehabit,is definedas
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where
¸ ¾�Ê Å representsthepredictedmeanconcentrationincreaseof ingredienti in stretch

s,
¹ Å is the lengthof thatstretch,andNEC¾ is a no-effect concentrationfor ingredienti.

CL is a hypotheticalvalue,whichdescribesthetotal lengthof river stretchespollutedby
the differentingredientsof the detergentto the ingredient-specificNECs. CL allows to
aggregatethepredictedconcentrationincreasesof thedifferentsubstancesin thedifferent
river stretchesinto a singlefigure. If a comparisonof differentcatchmentsis performed
in anactualcasestudy, theCLs maybenormalisedby thepopulationliving in thecatch-
ment.

Next to theCL, theCLs of thesinglesubstancesarestored,which allows to analysethe
contributionsof the ingredients.TheCL is similar to thecritical volumeusedin earlier
LCIA methods(for exampleHeijungset al., 1992). However, more aspectsare influ-
encingtheCL assessment.Firstly, it is basedon a fateassessmentconsideringinstream
removal andwastewatertreatmentbehaviour. Secondly, it considersdetailedspatialcon-
ditions,which areimportantto appropriatelyreflectlocal impacts.Thirdly, it is basedon
an openmodel,whereasin many LCIA methodsclosedmodelsareapplied,e.g. in the
Eco-Indicator99 methodology. The differenceof an openmodelcomparedto a closed
model lies in the fact that in a closedmodel persistentsubstancesare receiving much
moreweigt. This is unwantedin an environmentalassessmentof detergents,in which
degradableandpersistentsubstancesarebeingaggregated(Schulzeetal., 2001a).

3.2. Interpretation of the results

Within thissection,possiblewaysto interpretPRR¬ s andCLs arelaid down.
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3.2.1. Product Risk Ratios

ThePRR¬ doesnot provide the informationnecessaryfor anenvironmentalrisk assess-
mentof substances.However, theresultsarevaluablefor a comparisonof differentpro-
ductalternatives,usehabits,andregionalconditions.This is shown by discussingdiffer-
entpossibleoutcomes.

If thePRR¬ of a substance,basedon a chosenprecentilex, in a productscenariois very
low, i.e. far below 1, thenits aquaticecotoxicologicalpotentialcanbeomittedor at least
consideredlessrelevant. This is dueto the following reason.If an ERA of this single
substance,basedonactualemissiondatafor thissubstance,concludedthatno risk exists,
the right decisionwould have beentaken. If, on theotherhand,suchanERA indicates
a risk, thentherisk reductionmeasuresshouldfirst aim to tacklethoseapplicationscon-
tributingmostsignificantlyto thisrisk,andonly in laterstagesfocusonthoseapplications
with only a smallshare.Thus,theuseof sucha substancein theproductassessedin the
GREAT-ER productmodeassessmentwouldnotbeof immediateconcern.

On thecontrary, if thecalculatedPRR¬ werenearto or above 1 in a considerablenumber
of stretches,thentheuseof thissubstancein theanalysedproductshouldbereviewed.In
this case,if anactualERA for this substancealsoconcludesthata risk is indeedpresent,
theproductcalculationwouldrightly have identifiedanenvironmentalconcern.If, on the
otherhand,anERA basedonactualemissiondatagivesnoreasonfor concern,thefalsely
prognosticatedpotentialrisk is mostprobablycausedby thetwohypotheticalassumptions
concerningchoiceof productandusehabit. In sucha casetheseassumptionsshouldbe
reviewed. If the resultsremainsimilar whenassumingdifferentusehabits,this product
shouldnot beclassifiedasenvironmentallysoundor sustainable,astheexclusive useof
this productaccordingto theunderlyingusehabitswould indeedposea risk. No regu-
latory decisionshouldbe basedon this result,sincetheexclusive useof this productis
anunrealisticassumption.However, theenvironmentalsoundnessof productalternatives
canbejudged.Concluding,withouthaving performedanERA basedonactualconsump-
tion andemissiondata,decisionsconcerningproductformulationscanbe madeon the
basisof anevaluationof a thresholdexceedance.

Next to the productformulation,PRR¬ s dependon usehabitsandregional conditions.
Wastewatertreatmentis importantin the caseof laundrydetergents,which is a conclu-
sionstatedin mostERA studies(e.g.AISE/CESIO,1996,p. 49). For thisreason,different
usehabitsandregional conditionsshouldbe analysedin a setof scenariosprior to any
decisionsin orderto derivewhich factorsaremostrelevant.

Sometimesa productis only intendedfor salein a specificcountry. For example,de-
tergentformulationsvary with countries.Thus,assessmentof the influenceof regional
conditionscanbelimited to realisticvariabilitiesin theregion theinvestigatedproductis
used.Still, a scenarioconsideringbestavailabletechniquesconcerningwastewatertreat-
mentshouldalwaysbe performed. This allows for the assessmentof the potentialfor
improvementsconcerningwastewatertreatment.
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3.2.2. Critical Lengths

Most LCA methodsarebasedon a ‘less-is-better’approach.This is justifiedby thefact
that informationon thebackgroundconcentrationandthesite andtime of emissionsof
all processesrelatedto a functionalunit aregenerallyunknown. The CL is developed
for a ‘less-is-better’evaluation. As alreadymentioned,theCL is definedin a way such
thatnotonly thetotal valueof ascenario,but alsotheCLsof thedifferentingredientsare
calculated.It is thereforepossibleto examinecontributionsof differentsubstancesto the
totalCL.

This informationcanbe usedwhendeterminingoptionsfor potentialimprovementsof
productformulations. For example,detergentsconsistof differentcomponents,which
have different functionsin the washingprocess.In mostcases,thesefunctionscanbe
fulfilled by differentsubstancesin differentsubstance-specificloadingsper alternative.
An examplefor this is thechoicebetweendifferentanionicsurfactants,thewashingper-
formancesof whichvary. In orderto comparedifferentanionicsurfactants,theirmassper
washingprocess,environmentalfatebehaviour, andtoxicologicalinformationneedto be
broughttogether. TheCL is awayof achieving this. This informationcannotbeobtained
from thePRR¬ s.

Of course,bothtypesof information,PRR¬ sandCLs,arerelatedto eachother, sincethey
bothdependon thesamesimulationresults.However, they emphasisedifferentaspects,
whichwill befurtherexploredin thediscussionof theresultsof thecasestudy.

3.3. Mixture toxicity

Whenanalysingandevaluatingtheaquaticfateandeffectof products,thecombinedtox-
icity of the ingredientsshouldalsobeadressed.However, risk assessmentof chemicals
primarily focusesontheassessmentof riskscausedby theuseof asinglesubstance,since
in mostcasestoxicologicaltestsanalysetheresponseof a singlespeciesto a singlesub-
stanceunderlaboratoryconditions.

Although the toxicity of mixtureshasbeensubjectto researchfor a long time (Grimme
et al., 1996),applicationof this knowledgein the evaluationof productsor substances
is limited. This is presumablydueto the fact, that the actualmixturesoccurringin the
environmentareunknown. Dif ferentconceptsto describecombinedtoxic effectsof sub-
stanceshave beendevelopedthat canbe subdivided into thoseassuminginteractionbe-
tweenthedifferentsubstancesandthoseassumingnointeraction(Guhl,1997).If thefirst
is expected,no generalstatementsconcerningthe mixture toxicity canbe made,asall
forms of interactionbetweenall differentsubstanceswould needto be understoodand
quantified(Guhl,1997).Thelattergroupcanbesubdividedinto thetwo groupsassuming
eitheradditiveor independenttoxicity. Theformercanbequantifiedfollowing themodel
from Loewe(1953),while thelatterimpliesanabsenceof mixturetoxicity (Grimmeetal.,
1996).
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Somestudieshave addressedthe mixture toxicity of detergent ingredients.Warneand
Schifko(1999)testedthetoxicity of detergentsusedin Australia.A comparisonof acute
toxicity of detergentsassumingdifferent builders was also carriedout (Warne,1995).
AISE/CESIO(1996,p. 46) proposeto assumeadditive toxicity for surfactants.This ap-
proachhasbeentestedand judgedasappropriateby Guhl (1997,1999). Furthermore,
Grimmeet al. (1996)investigatedthecombinedeffectsof selecteddetergentingredients
andalsoconcludedthat additive toxicity is bestsuitedfor assessingmixture toxicity of
thisgroupof compounds.

Following the model for additive toxicity given by Loewe (1953), the ecotoxicityof a
productcanbecalculatedin thefollowing way(Guhl,1997)
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whereEC
Î ÁBÏBÃ is thecorrespondingeffect concentrationof theproduct,derivedfrom the

effectconcentrationsEC¾ of thedifferentingredientsi beingin theproductatpercentages
c¾ . Obviously, theECvalueshave to becomparable.

Typically, thisequationis appliedto detergentformulationsasthey arefilled into awash-
ing machine,but not as they enter the surfacewaters(e.g.Grimme et al., 1996,Guhl,
1997).However, theexpecteddetergent’scompositionin surfacewatersis morerelevant,
asorganismsareexposedto thedetergentingredientsin thesurfacewatersratherthanin
the washingmachine.For this reason,the resultsof the productmodecalculationsare
usedto calculatea mixtureproductrisk ratio.

In appendixB it is proven thatby assumingadditive toxicity, i.e. basedon theequation
givenabove, thesumof thecalculatedproductrisk ratiosof thedifferentingredientsin a
stretchdescribesthehypotheticalproductrisk of theproductin thatstretch,i.e.
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In this equation,PRR¬ Ê ¾ is theproductrisk ratio of substancei in a stretchbasedon the
predictedx-percentileconcentrationC¬ Ê ¾ . C¬ Ê Î ÁBÏBÃ is thepredictedconcentrationof theen-
tire productandEC

Î ÁBÏBÃ is the effect concentrationof the product. Basedon this proof,
themixtureproductrisk ratio of a productscenariocanbecalculatedfor eachstretchby
addingtheproductrisk ratiosof thesinglesubstances.However, it is debatable,whether
all ingredientsshouldbeconsideredin suchananalysis.Onemayarguethata combined
toxicity assessmentof surfactantson theonehandandinorganicsaltson theotheris not
meaningful.In fact,mostof thestudiesabove analysedonly thesurfactantsandomitted
the inorganiccompounds.However, most LCA methodstypically aggregateall emis-
sions.Dueto thesecontradictingapproaches,differentoptionshave beenanalysedin the
casestudy.

However, the significanceof thesemixture productrisk ratios is limited, sincethe ac-
tual compositionof substancespresentin theenvironmentis not considered,but only the
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concentrationincreasesdueto the useof a productin a mannerdefinedin the product
scenario.For this reason,it is only a first steptowardsanassessmentof combinedtoxic
effectsof detergentsoccurringin theenvironment.In anactualrisk assessment,theback-
groundconcentrationsof othersubstancespresentin theenvironmentwouldalsohave to
beconsidered.
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The detergentsandusehabitsarederivedon thebasisof thePLA (Grießhammeret al.,
1997). In addition,usehabitsbasedon Europeandetergentconsumptionstatisticsare
usedin the catchmentcomparison.Consequently, scenariosaredefinedon the basisof
thesedatasets.

4.1. Model deter gents

ThePLA considered4 differentdetergentsin theiranalysis,whichrepresentformulations
from the1990s.They werechosento describedifferentwashingagentconcepts.In the
PLA thesedetergentformulationshavebeenanalysedasthey aresoldandenterthewash-
ing machine.This is warrantablefor anLCA which mainly looksat theproductionsite.
However, if thefateof detergentingredientsin surfacewatersis tobecalculated,detergent
formulationsasthey areexpectedto entertheseweragesystemarerequired.Therefore,
theformulationsgivenin Table4.1comprisetwo percentagesfor eachsubstance,oneas
it enters(columns‘in’) andthesecondastheingredientis assumedto leave thewashing
machine(columns‘out’). Transformationsarebasedon the molecularweights. Here,
sodiumperborateis substitutedby boron(7%), sodiumpercarbonateis includedin the
sodiumcarbonatefraction (68%),andTAED is replacedby DAED (63%). In addition,
it is consideredthathalf of theopticalbrightenerremainson thetextile (Richner, 2000).
Thesepercentagesare further describedin section4.5. In the table thesechangesare
markedin bold face.It shouldbenotedthatthereleaseof thesodiumkationstakingplace
during thewashingprocessis not reflectedin Table4.1 andin thecalculations.This is
dueto thefact thatthetoxicologicalinformationusedreferto thesalts.

Theheavy-duty detergentrepresentsthetraditionaldetergentwhich is still on themarket.
Thecompactheavy-duty detergenthasanaverageformulationof compactpowderdeter-
gentswhich arecurrentlywidely in use.The tandemsystemconsistsof two detergents:
a compactheavy-duty anda compactcolourdetergent,by assumingthat85%of thetotal
laundry is coloured,i.e. it needsno bleaching. Finally, the 3-componentsystemcon-
sistsof threeseparatepowders,abasicdetergent,a bleachingagent,andawatersoftener.
Dependingon the typesof laundryandwaterhardness,an optimal formulationcanbe
obtained.Theusedformulationis basedontheassumptionof 85%colourlaundryandan
averagewaterhardnessfor Germany. It wasdefinedby theGermanFederalEnvironmen-
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tal Agency (‘Umweltbundesamt’, UBA). Consensuswasreachedamongtheparticipating
stakeholdersregardingthis formulation(Grießhammeret al., 1997,p. 50). Watercontent
hasnot furtherbeeninvestigatedin thePLA, neitheris thisbeingdonewithin this thesis.

Table4.1.:Model detergentsas defined in the PLA (in) and as they are discharged
into the seweragesystem(out) (%)

Heavy-duty Compact Tandem 3-component
heavy-duty system system

in out in out in out in out
Recom.Dosage(g) 146 146 89 89 86.45 86.45 73.7 73.7
LAS 6.9 6.9 5.8 5.8 7.7 7.7 0 0
AS 3.1 3.1 2.8 2.8 3.8 3.8 6.1 6.1
Soap 0.5 0.5 0.4 0.4 0.9 0.9 2.6 2.6
AE 3.7 3.7 4.5 4.5 7.5 7.5 11.5 11.5
ZeoliteA 20.3 20.3 20.7 20.7 29.7 29.7 40.2 40.2
Polycarboxylates 3.6 3.6 3.8 3.8 4.6 4.6 0 0
Sod.silicates 3.1 3.1 3.3 3.3 2.5 2.5 4.3 4.3
Sod.sulphate 19 19 2.4 2.4 3.8 3.8 0.1 0.1
Sod.citrate 0 0 1.7 1.7 5.2 5.2 0.5 0.5
Sod.carbonate 11.9 11.9 16.6 16.6 15 15 17.8 19.3
Sod.percarbonate 0 0 0 0 0 0 2.2 0
Sod.perborate/Boron 19.1 1.3 21.1 1.5 3.3 0.2 0 0
TAED/DAED 0.8 0.5 3.8 2.4 0.6 0.4 0.4 0.25
DAS-1 0.12 0.06 0.15 0.08 0.02 0.01 0 0
CMC 0.2 0.2 0.4 0.4 0.3 0.3 0.5 0.5
PVP 0 0 0 0 0.4 0.4 0 0
Water remainder

4.2. Model households

Threemodelhouseholdsor usehabitsweredefinedin thePLA. They weredevelopedwith
regardto households,whereasin this thesisthewashinghabitsareneededwith respectto
capita.This transformationis basedon theaveragehouseholdsizein Germany, which is
2.26(Grießhammeret al., 1997,p. 153).Thethreeusehabitsaregivenin Table4.2.

TheWishy-Washyusehabitis definedto reflectaverageGermanwashinghabitsbasedon
consumerstatistics.Thetwo otherhabits,SmartandScrubbed,representa realisticspan
aroundthis average.In thePLA, usehabitsalsoincludeassumptionsaboutwashingtem-
peraturesandtheuseof dryers,which is necessaryfor determiningenergy consumption.
Furtherexplanationsof theseassumptionsaregivenin thePLA. Within theGREAT-ER
productmode,thesefurtherassumptionsarenot relevant.
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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
Dosage(g) 72.3 103 175.1
Detergent 3-componentsystem Compactheavy-duty Heavy-duty

4.3. Stud y areas

ThePLA considersGermanconditionsfor detergentsandusehabits.Therefore,aGerman
catchmentis primarily usedfor thecasestudyin this thesis.However, at thebeginning
of this thesisonly the Itter catchmentwasincludedin the GREAT-ER database,which
is a verysmallcatchment,aswasshown in section2.3. For this reason,it wasdecidedto
integratea furtherGermanregion into theGREAT-ER database.Sincemonitoringdata
of detergentingredientsin theRur river andits tributariesexist, theRur river basinhas
beenchosenasmain studyarea. The monitoringdataserve to judgethe quality of the
catchmentintegration.TheRur riverbasinis locatedin WesternNorth Rhine-Westphalia
andcoversanareaof approximately2,500km« . Its integrationis discussedin detail in
thefollowing chapter, whereasthecapabilityof GREAT-ER to predictrealisticconcen-
trationsof detergentingredientsin thiscatchmentis analysedin chapter6.

Othercatchmentsaretakeninto accountin section7.3,sincein thissectionthevariability
of the resultsdueto changesin the catchmentcharacteristicsareanalysed.The catch-
mentsandfurtherusehabitsthatarebasedon Europeandetergentconsumptionstatistics
(Gutzschebauch,1999)aredescribedthere.

4.4. Effect data

Effect dataarerequiredin orderto calculateproductrisk ratiosandcritical lengths.As
theseareusedto aggregatethedifferentdetergentingredients,they haveto becomparable.
Therefore,datafrom an existing databasecompiledfor a similar purposearepreferred,
sincethis ensuresdataconsistency. In addition,in orderto estimatehypotheticalproduct
risk ratios,no-effect concentrationsor predictedno-effect concentrationsarenecessary
insteadof acutedata,while the CL estimationmay in principle alsobe donewith any
otherconsistenteffect dataset. The DID-list developedin the context of the European
Union schemefor the award of an ecolabelfor detergents(EuropeanUnion, 1999a)is
suitablefor this. A manualwaswritten for guidanceon how to usethe data(European
Union,1999c).

In this database,two entriesfor eachsubstancereflect toxicological information. One
field contains(preferably)a measuredNOEC value,while the secondfield containsthe
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valueto beusedfor calculatingthecritical dilution volume(CDV) criterionof theeval-
uation scheme,called ‘Long Term Effect’ (LTE). Dependingon the toxicological data
givenin theNOECfield,anextrapolationprocedureis performedto assignthedataof the
differentsubstances’equivalentmeanings,which aretheLTE concentrations(European
Union, 1999a).This extrapolationprocedureis lessconservative thanthe effect assess-
mentprocedureaslaid out in theTGD (Commissionof theEuropeanUnion,1996b).

Accordingto the manual(EuropeanUnion, 1999c,p. 15), adjustmentshave to be per-
formedfor thetwo substancesboronandzeoliteA. Thesetransformationsareexplained
in section4.5.

4.5. Considered substances

Thechoiceof investigatedsubstancesis determinedby themodelformulationsgiven in
thePLA. For thesesubstancesdifferentkindsof dataarerequiredfor theproductmode
calculations.Unlike for GREAT-ER verifications,actualemissiondataarenot needed
in the productassessment.Thesemay be usedin the interpretationof resultsin order
to determinethe actuallikelihood of thedifferentscenarios,but arenot necessaryinput
parameters.Physico-chemicalparametersarerequired,asfor all GREAT-ER calcula-
tions.For calculationsperformedhere,i.e. mode1 for WWTPandrivers,andmode2 for
sewers,only percentualeliminationefficienciesfor theseweragesystemsandWWTPs,
aswell asfirst-orderin-streamremoval ratesfor surfacewatersarenecessary. In addition,
toxicologicalinformationgivenin theDID list is usedfor thecalculationof bothCL and
PRR¬ .
All valueschosenfor the substancedataaregiven in the following sections.They are
subdividedaccordingto theDID list (EuropeanUnion,1999a),which relatesto thefunc-
tionsof the ingredients.The fate-relateddataarederived from a literaturereview while
the toxicological information is takenfrom the DID list. In this section,the dataand
shortexplanationsareprovidedfor all consideredsubstances.A tabular overview of the
substancedatais givenin appendixA.1.

4.5.1. Anionic surfactants

Therearemany differentanionicsurfactants,of which threewereconsideredin thePLA
(Grießhammeret al., 1997),i.e. linearalkylbenzenesulfonates(LAS), alcoholsulphates
(AS),andsoap.Themainfunctionof surfactantsis tounhingedirt from thelaundryandto
keepit in thewatercolumn,i.e. to inhibit theredepositionof theparticleson thetextiles.
In mostdetergentsthe latter is assistedby carboxymethylcellulose(CMC). In addition,
soapalsofunctionsto preventthecreationof foam(VollmerandFranz,1994).

42



4.5. Consideredsubstances

LAS
A hugenumberof studiesthatexaminedifferentaspectsof toxicity, degradability, sorp-
tion, anduseexist for LAS. Within theGREAT-ER project,simulationswith LAS were
carriedout, from which necessarydatacould be obtained. In the productassessment
calculations,the Itter dataset is used(seesection2.3.3). In sections6.1.3and6.3.3 it
is shown that this datasetis alsoapplicablein the Rur catchment.For this reason,the
Itter dataset,given in thefollowing, is used:25%eliminationin sewersand98%in ac-
tivatedsludgetype WWTPs,of which 20% is assumedto be eliminatedin the primary
settler(Matthijs et al., 2000). This lattervalueis anaveragevalueof measuredefficien-
ciesreportedin therespectivestudy. In addition,anin-streamremoval rateassumedto be
uniformly distributedbetween0.03and0.35h ¦Y§ is used.For trickling filter typeWWTPs,
a total eliminationof 85%is assumed(ECETOC, 2000).Again,20%is consideredto be
alreadyeliminatedin theprimary settler, which is thereforethe valueusedfor WWTPs
thatonly have a primary settler. The toxicologicalinformationgivenin columnLTE of
theDID list is 300 ¨ g/l.

AS
For AS, only a few measuredkineticsexist. Thecomparisonof GREAT-ER resultsde-
rived from the Rur 2000datasetandmonitoringdatarevealedthat a similar substance
datasetasfor LAS resultsin realisticconcentrations.Although someauthorsreporta
bettereliminationbehaviour for AS thanfor LAS in bothWWTPandrivers,with respect
to the GREAT-ER calculationsperformedin the Rur catchment(seesection6.3.3) the
samein-streamremoval rateis usedasfor LAS. RegardingWWTP behaviour, 35%re-
moval in the primary settler, 98.5%total removal in activatedsludgetype, and88% in
trickling filter typeplantsarechosen(seealsoMatthijs et al. (2000)andPainter(1992)).
Sewer removal is assumedasfor LAS, i.e 25%. In thePLA andin this thesis,AS made
from palm oil is considered,i.e. a fatty alkohol sulphate(FAS). The appropriateLTE
valuefor FAS is 550 ¨ g/l.

Soap
Even fewer dataareavailablefor soapthanfor AS. The only studyknown andusedis
the Dutch environmentalrisk assessmentof detergentchemicals(AISE/CESIO,1996),
the resultsof which werealsopublishedby Matthijs et al. (2000),Feijtel et al. (2000),
andVandePlasscheet al. (2000).Unlike for LAS andAS, no removal of soapoccursin
thesewers. TheDutchmeasurementsevenidentifieda concentrationincreaseoccurring
in the sewers, which is explainedby the hydrolysisof fats and oils. In the WWTPs,
removal efficienciesof 45%for theprimarysettlerand98%in theactivatedsludgetanks
areassumed,which give a total WWTP removal efficiency for activatedsludgeplantsof
98.9%.Thisis consistentwith thevaluesgivenby Matthijsetal. (2000,ameanof 99.0%).
For trickling filter typeplants,a total removal of 91%is assumed,asa betterelimination
thanfor LAS canbeexpected.Thisassumptionis basedon testresultsgivenby Scḧoberl
et al. (1988),which show that in generalsoapis degradedbetterthanLAS. Thereported
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resultsfrom screeningtestsontotaldegradabilityalwaysgavehighervaluesfor soapthan
for LAS. A similar reasoningwasappliedfor in-streamremoval. As soapis believedto
bedegradedfasterthanLAS, a uniformdistributedraterangingbetween0.06and1.71is
used.Dueto this largespan,theuncertaintyrelatedto thisparameteris partly reflected.

Concerningaquatictoxicity, theLTE concentrationfor soapswith achainlengthbetween
12and22C-atomsis 1.6mg/l.

4.5.2. Nonionic surfactants

In currentlaundrydetergentsin Europemainly alcoholethoxylathes(AE) areused.Fur-
thernonionicsurfactantsformerlyusedin Europeandstill usedin theUSarealkylphenol
ethoxylates.Dueto thepersistenceandestrogenicactivity of theirmetabolites(Destaillats
etal.,2000),thesewerereplacedin Europeandetergentsby AE. Morerecentnonionicsur-
factantsarebasedonrenewableresources,e.g.alkyl polyglucoside(APG).Theseproved
to be an alternative (HirsingerandSchick,1995,Steberet al., 1995),but arenot (yet)
commerciallyrelevant.For this reason,in boththePLA andin this thesisAE is theonly
nonionicsurfactantconsidered.

Behaviour of AE in sewers,WWTPs,andriversis thesubjectof severalstudies.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 dataof
2000.Basedonthisanalysisanin-streamremoval ratewhich is uniformly distributedbe-
tween0.012and0.055h ¦Y§ (Marcominiet al., 2000),a sewer removal efficiency of 42%
(AISE/CESIO,1996),anda WWTP eliminationefficiency of 99% in activatedsludge
plantsareassumed.25%of this totalWWTP removal is assumedto occurin theprimary
settler(Matthijs et al., 2000). In trickling filter plantsa total removal of 88% is used
(AISE/CESIO,1996,Holt et al., 1992),which alsoincludes25%eliminationin thepri-
marysettler.

A petrochemical-basedAE of chainlengths12 to 14 with 7 ethoxylategroupsis consid-
eredin thePLA (Grießhammeret al., 1997,p. 50). Theappropriateentry from theDID
list hasanLTE concentrationof 0.24mg/l.

4.5.3. Builder s

Buildersarenext to surfactantsmain ingredientsof detergents. In Europeansupercom-
pactpowdersthey representone-halfof theformulation(Baueret al., 1999).Their main
purposesareto adjustthepH-value,to preventhydrophobicparticlesfrom redeposition
onthelaundry, to reducethewaterhardness,andto facilitateremoval of dirt from textiles.
In addition,somebuildersareableto assistthebleachingprocess(Baueretal., 1999)and
in somepowder detergentsthey are usedto keepit powdery in order to permit longer
storage.This latter applicationis alsoachieved by sodiumsulphate,which is listed in
accordancewith theDID list in section4.5.6.
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During theeighties,phosphatecompounds,mainly pentasodiumtriphosphate,wereused.
However, dueto its contribution to eutrophicationphosphatewasreplacedin mostEuro-
peancountriesby acombinationof zeoliteA, polycarboxylates,citrate,sodiumcarbonate,
and(mainly sodium)silicate.

Zeolite A
Zeolitesareeithernaturalor syntheticcrystallinealuminosilicates.Thenamecameinto
beingfrom anobservationmadein 1756by a Swedishamateurmineralogist.He discov-
eredthat somemineralsreleasea large amountof waterwhenheated.He calledthese
mineralszeolites,which is Greekmeaningboiling (zeo)stones(lithos) (Christophliemk
etal., 1992).In thesecondhalf of theseventies,zeoliteA, a syntheticsodium-basedzeo-
lite, beganto beusedin detergentsasawatersoftener, which is achievedby ion exchange.
It is currentlyusedin almostall phosphate-freelaundrydetergents.

Dif ferentstudiesexaminedthe behaviour of zeoliteA emittedvia the wastewaterpath
resultingfrom usein detergents. Field studiesconcludedthat no sedimentationoccurs
in the seweragesystems(Christophliemket al., 1992,ZEODET, 2000). For this rea-
son,no eliminationin thesewersis assumedin thecalculations.Concerningfate in the
WWTPs,differenteliminationefficiencieswereobserved that in mostcaseswereabove
90%, e.g. 96% accordingto ZEODET (2000). The dominantelimination pathwayis
transferto sewagesludge(Baueret al., 1999,Christophliemket al., 1992).Kurzend̈orfer
et al. (1997)reportdifferenteliminationefficienciesin thesandtrapandtheprimaryset-
tler, i.e. from 21%to 80%.Reportedeliminationefficienciesin theactivatedsludgetanks
are89%and77-87%,while in trickling filter plants81% removal wasmeasuredfor bi-
ological treatment(Kurzend̈orfer et al., 1997). Therefore,67% removal in the primary
settler(Christophliemketal., 1992),70%in theactivatedsludgeplant,and42%in trick-
ling filter plantsis assumed,leadingto totalremovalsof 90and81%respectively for these
typesof plants.

Reportedvaluesfor in-streamremoval indicatenoor only veryslow elimination,whichis
thendueto hydrolysis(ZEODET,2000,Kurzend̈orfer et al., 1997).Therefore,a conser-
vativeapproachis followedby assumingnoin-streamremoval. Thiswill bekeptin mind
for theinterpretationof theresults.In addition,this will bechangedin theassessmentof
theinorganiccompoundsconductedin section7.4.

An entry for zeoliteA with an LTE concentrationof 120 mg/l is given in the DID list.
Accordingto the manual(EuropeanUnion, 1999c)this valueshouldnot directly beset
in relationwith thezeoliteA contentin thedetergent; thepercentagehasto be reduced
by a factor of 0.79, as wasmentionedabove. No explanationis given in the manual,
but it seemsplausiblethat this correctionis due to the fraction of water boundin the
crystallinestructure. A molecularweight-basedrevision supportsthis hypothesis,al-
thoughit givesa deviation of 1 percent:Basedon the molecularformula for zeoliteAËÝÜ § «ßÞ ÓBà�áBâ « Ö § « Ó�ãåä�âçæ Ö § «jè É æVé7ê « â thecristallinewateraccountsfor 78%of themolecular
weight. Nevertheless,thecorrectionfactorgiven in themanualof 0.79 is consideredin
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theproductassessment.

Polycarbo xylates
Polycarboxylatesusedin detergentsaremainly water-solublelinearpolymers.They are
usedasco-buildersin conjunctionwith zeoliteA in orderto bind thoseionsthathave the
potentialto increasewaterhardness.

Behaviour in wastewaterand in WWTPshasbeeninvestigatedin somestudies. Both
ScḧoberlandHuber(1988)andOpgenorth(1992)cite studiesreportingeliminationeffi-
cienciesin biologicalWWTPsabove 90%.Hennes(1991)reportsfield studiesindicating
removals of 97 to 98%. Basedon this, a uniform distribution between91 and97% is
assumedfor total removal in theseweragesystemandactivatedsludgeWWTP. As this
eliminationis partlyalsodueto degradation,thoughmainlydueto sorption,a lowerelim-
inationefficiency, i.e. 85%,is assumedfor trickling filter plants.Fromthesetotalremoval
figure,18%areconsideredto occurin theprimarysettler(Opgenorth,1992).No studies
havebeenfoundrelatedto fatein theseweragesystems.With respectto WWTPefficien-
cies,someremoval seemsplausible,but asno datacouldbe found in the literature,the
conservativeapproachis followedandeliminationin theseweragesystemis neglected.

A similar approachis usedconcerningin-streamremoval. Someauthorsstatepossible
biodegradationin surfacewaters,which is thenexpectedto be slow (Opgenorth,1992).
However, availableinformationis only scarce.For thisreason,despitepotentialbiodegra-
dation, in order to follow the conservative approachno in-streamremoval is assumed.
Again, this will bekept in mind for the interpretationif thepolycarboxylatesturn out to
berelevant.

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

Citrate
Citrate is a “prime exampleof an environmentallyacceptabledetergentbuilder” (Hoyt
andGewanter, 1992).It hasaubiquitousnaturaloccurrenceandcanbefoundin mostor-
ganisms,whereit is acommonmetabolite.In detergentsit functionsasawatersoftener.

Biodegradationof citrate in WWTPs and in rivershasbeeninvestigated. Concerning
WWTPs, valuesrangingfrom 96 to 99 and from 67 to 100% were reportedin differ-
ent studiesfor biological treatment(Hoyt andGewanter, 1992). As no sorptionoccurs,
this is only dueto biodegradation.No studieswerefoundconcerningsewers. But since
biodegradationmay alsooccurduring transportin the seweragesystem,an elimination
efficiency of 25% wasassumed,which is the samevalueasfor the anionicsurfactants
LAS andAS. In addition,in biologicalWWTPs,bothactivatedsludgeandtrickling filter
types,a uniformly distributedefficiency rangingfrom 96 to 99% is assumed(Hoyt and
Gewanter, 1992,p. 237).However, basedonHoyt andGewanter(1992,p. 238)noelim-
inationin theprimarysettleris considered.

Biodegradationalsooccursin surfacewaters.Kineticswith half-livesrangingfrom 0.2to
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3.5hoursarereportedby Hoyt andGewanter(1992).Fromthesestudies,theuppervalue,
whichcorrespondsto arateof 0.198h ¦@§ , is used.

TheLTE concentrationgivenin theDID list for citrateis 85mg/l. Beyondthisconcentra-
tion toxic effectsmayoccurdueto apH-reductioncausedby citrate(ScḧoberlandHuber,
1988).

Sodium silicate
Sodiumsilicatesareusedin laundrydetergentsin orderto optimisethealcalinity, to pre-
ventcorrosionof themachine’s metallicparts,andto keepthedetergentpowdery. In the
aquaticenvironment,sodiumsilicatesexist in ionic forms.

Studiesof eliminationbehaviour in wastewateror in surfacewatersarevery scarce.Fal-
coneandBlumberg (1992)statethatbiochemicalweatheringprocesseshave thepotential
to decomposesilicates,but thattheseprocessesarenotyet fully understood.Pulli (1997)
assumesnoeliminationin wastewateror rivers.As biochemicalweatheringprocessesare
consideredto be ratherslow comparedto the residencetime in a typical catchment,the
approachassumingnoeliminationis followedhere.This is confirmedby studiesreported
by ScḧoberlandHuber(1988).

The LTE concentrationgiven in the DID list is 1 g/l, which demonstratesthat no toxic
effectsarelikely to occurfrom theuseof silicatesin detergents.

Sodium carbonate
Sodiumcarbonateemissionsinto theseweragesystemresultingfrom usein laundryde-
tergentsmayoccurdueto two functions. If sodiumpercarbonateis usedasa bleaching
agent,thenthis is transformedto sodiumcarbonateduringthewashingprocessandthus
emittedasdissolvedsodiumcarbonate.In addition,sodiumcarbonateitself servesto ad-
justanoptimalpH-value.

The salt is dissolved in watersolution. Their ionic partsremainstableduring theentire
wastewaterpath. Eliminationdoesnot occurin thesewers,nor duringwastewatertreat-
ment.Also no in-streamremoval occurs.For this reason,theonly informationneededis
thetoxicologicalinformationgivenin theDID list, i.e. 250mg/l asLTE concentration.

4.5.4. Bleac hing agents

Two mainoptionsexist for chemicalbleaching.Eithersodiumperboratetetra-or mono-
hydrateor alternatively sodiumpercarbonateis used.Thesebleachingagentsaretypically
appliedtogetherwith the bleachingactivator tetraacetylethylendiamine(TAED), which
allows for an effective bleachingprocessevan at lower temperatures,i.e. below 60ë C.
Thebleachingagentsaloneareonly active at temperaturesabove 60ë C.
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Sodium perborate tetrah ydrate
During thewashingprocesssodiumperboratetetrahydrateis transformedto borate.Dur-
ing transportin theseweragesystemandtheWWTPsno eliminationoccurs.Therefore,
the total amountof boratepresentin the detergententersthe surfacewaters,whereno
eliminationoccurseither. As in environmentalmonitoring boron ratherthan borateis
generallymeasured,boronsimulationsareconductedin the casestudy. The contentof
boronin thedetergentis derivedfrom themolarmass.Theonly necessaryparameterfor
theproductmodeassessmentis thereforethetoxicologicalinformation,which is givenin
theDID list. An LTE valueof 6 mg/l is givenfor borate.However, themanualfor apply-
ing thesecriteriastipulatestheuseof a correctionfactor, asthegivenLTE valuerefersto
sodiummetaborate(NaBO« ). In addition,boronis usedin theGREAT-ER simulations
ratherthanperborate.For thesereasons,amolecularweight-basedadjustmentof theLTE
concentrationhasto bedone(factor6.09)(EuropeanUnion,1999c).

Sodium percarbonate
Aswith sodiumperboratetetrahydrate,sodiumpercarbonatealsoundergoesatransforma-
tion processduringthebleachingprocesstakingplacein thewashingmachine.It enters
theseweragesystemasdissolvedsodiumcarbonate.In theproductformulationtheper-
centageof sodiumpercarbonateis thereforeaddedto thesodiumcarbonatefractionbased
onmolecularweight.Thetransferfactorof 0.68is identicalto thecorrectionfactorgiven
for theecolabelcalculation(EuropeanUnion,1999c).

No eliminationoccursfor sodiumcarbonate,nor for theions. Therefore,theonly neces-
saryparameteris theLTE concentrationfor sodiumcarbonateasgivenin theDID list, i.e.
250mg/l.

TAED
The following informationabouttetraacetylethylenediamine(TAED) andits metabolite
diacetylethylendiamine(DAED) is extractedfrom Gilbert (1992). In orderto reduceen-
ergy useduringlaundryprocesses,TAED is addedto thedetergentformulationto enable
aneffective bleachingevenat lower temperatures.In addition,TAED possessesantimi-
crobial propertieswhich deliver significanthygienebenefitsat low temperatures,which
couldotherwiseonly beobtainedin a boil-wash.Onedisadvantageof TAED is thefact
that theunwantedbleachingof colouredclothesmayoccurat lower temperatures.This
canonly beavoidedby separatingcolouredandwhite laundry.

Duringthewashingprocess,TAED undergoesperhydrolysis,leadingtoDAED, whichen-
terstheseweragesystem.Therefore,GREAT-ER calculationsarecarriedout for DAED
insteadof TAED, with a percentagereducedaccordingto themolecularweights,giving
a reductionof 63%. Sincestudiesshow a comparabletoxicity of TAED andDAED, the
toxicologicalvaluegivenfor TAED in theDID list candirectly beappliedto DAED. In
addition,TAED andDAED show similar fatepropertiesconcerningbiodegradability in
sewers,WWTPs,andfinally in surfacewaters.
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Both TAED andDAED arehighly watersolublecompoundswith low octanol-waterpar-
titioning coefficientslimiting its likelihood of sorptionto sludgeor sediment.However,
high eliminationefficienciesweredetectedin WWTP measurements,which aredueto
biodegradation.For this reason,auniformdistributionbetween96and99%wasassumed
asthetotal removal efficiency for sewer systemsandWWTPs. However, in theprimary
settlerno removal is assumed.This is conservative sinceGilbert (1992)only reportsthat
noDAED wasfoundin sewagesludges,However, no informationis availableconcerning
eliminationin theprimarysettlerstep.

No degradationkineticswerereportedwith regardto in-streamremoval. Therefore,the
methodologyof theEUSESmodelis used,which usesa half-life of 15 daysfor readily
biodegradablesubstances.This is mostprobablya too conservative estimate,compared
with substancesfor which kineticsweremeasured,e.g.LAS. If DAED provesto besig-
nificant in theproductassessment,theseconservative assumptionswill bekept in mind.
TheLTE concentrationgivenin theDID-list for TAED is 500mg/l.

4.5.5. Optical brightener s

Two different optical brightenersor flourescentwhitening agents(FWA), are used
in detergents, which are both included in the DID list, i.e. FWA 1 and FWA 5.
FWA 1 is a disodium4,4’-bis (4-anilino-5-morpholino-1,3,5-triazin-2-yl)amino stilbene-
2,2’-disulfonate(DAS-1), while FWA 5 is a disodium4,4’-bis(2-sulfostryryl)biphenyl
(DSBP).Accordingto Richner(2000),85%of opticalbrightenersin Germandetergents
consistof FWA 1, while only 15% areFWA 5. Thus,asFWA 1 is the moreimportant
opticalbrightener, FWA 1 is usedin theproductmodecalculations.This leadsto a slight
overestimationof thecontribution of theopticalbrighteners,sinceFWA 1 is moretoxic
thanFWA 5 (accordingto EuropeanUnion, 1999a, by abouta factorof 3) andbecause
FWA 5 degradesfasterin riversthanFWA 1 (Poigeret al., 1999). Their behaviour in
WWTPsarecomparable(Kramer,1992). It shouldbenotedthatFWA 5 wasusedin the
PLA. However, dueto its minor marketshare,it is notusedin thisanalysis.

Fate behaviour in WWTPs is mainly determinedby sorptionto sludges,while Poiger
et al. (1999)determinedsorptionto sedimentsanddegradationby photolysisaselimi-
nationpathwaysfrom thesurfacewatercolumn. Both measuredeliminationefficiencies
andin-streamremoval ratesvary throughoutthedifferentstudies.The total elimination
efficiency of 81%for sewersandWWTPs(bothactivatedsludgeandtrickling filter type)
canbeconsideredasconservative,regardingtherangeof reportedvalues(Kramer,1992).
Thevalueis takenfrom Pulli (1997)andis basedon unpublishedinformationfrom Ciba
Geigy. 55%of WWTP removal is assumedto takeplacein theprimarysettler(Kramer,
1992). For in-streamremoval, a mediumvaluewaschosen,i.e. 0.0108h ¦Y§ , which is
givenasa rateconstantundersunny conditionsthatshouldnot beexpectedto occurun-
der cloudy skies. However, asfastervaluesarealsoreported(Pulli, 1997)andsorption
alsousuallyoccurs(Poigeretal., 1999),this valuecanberegardedasanaveragevalue.
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Theprominentpropertyof opticalbrightenersis their ability to fluorescence.This is the
ability to absorbUV-light andto emit it asblue light, which compensatestheunwanted
yellow appearanceof laundryandgivesthe coloursmorebrightness.Their purposeis
thereforenot to cleantextiles but to remainon the textile. The percentageof FWAs re-
mainingon the textiles after the laundryprocessmayvary to a considerabledegree,i.e.
Kramer(1992)givesvaluesof between20and95%.Accordingto Richner(2000),50%is
areasonablemeanvalue.Thisvalueis thereforeusedin thecalculations.Thispercentage
is consideredin theproductformulationssincethesearegivenasthey enterthesewerage
system,i.e. thepercentageaccordingto thePLA is reducedby a factorof 0.5.

4.5.6. Miscellaneous

Besidesthemaindetergentcomponentssurfactants,builders,bleachingagents,andopti-
calbrightenersothersubstancesarealsousedin detergents.Someof themareconsidered
in thePLA. Thesearelistedhereasmiscellaneous,which is analogousto thesubdivision
givenin theDID list.

Polyvin ylp yrr olidon
Polyvinylpyrrolidon(PVP)is usedin detergentsfor colouredlaundry. It preventscolours
fading betweendifferent textiles. Informationregardingits environmentalfate proper-
ties is very scarce.TheDID list classifiesPVPsasneitheraerobicallynor anaerobically
degradable.Thereforein-streamremoval andremoval in theseweragesystemis not as-
sumed.On thecontrary, a25%eliminationefficiency for bothactivatedsludgeandtrick-
ling filter WWTPsis assumedin thecalculations,whichis basedoninformationprovided
by Taylor (1999). Sinceno further information relatedto the fate of PVP in WWTPs
couldbeobtained,it is assumedthathalf of theremoval occursin theprimarysettler. As
the fate-relatedparametersareconsideredhighly uncertain,this will have to be further
analysed,if PVPturnsout to berelevant.

Accordingto the toxicological informationgiven on the DID list PVP doesnot posea
significanthazard,sincetheLTE concentrationis 100mg/l.

Carboxymeth ylcellulose
Carboxymethylcellulose(CMC) is usedto inhibit the particlespresentin the washing
liquid duringthewashingprocessfrom redepositingontothelaundry. Like polycarboxy-
lates,CMC belongsto thegroupof water-solublepolymerswhich caneitherbenatural,
syntheticor semisynthetic.CMC belongsto thelattergroup.

Accordingto ScḧoberlandHuber(1988)andBafelaanet al. (1992),biodegradationmay
occurin bothWWTPsandin rivers,which is, however, ratherslow andonly partial. Re-
sults reportedin Scḧoberl andHuber (1988) from EPA-activatedsludgetestsare used
in thecalculations.This testgave aneliminationefficiency of 27% for activatedsludge
plants. No dataareavailablefor trickling filter. But sincethe removal is mostprobably
dueto biodegradation,a lowerefficiency is assumed,i.e. 20%wasarbitrarily chosen.No
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eliminationis assumedin theprimarysettler. However, nostudieswerefoundsupporting
or rejectingthis thesis.Thechoiceis basedon thewatersolubility of CMC andon Bafe-
laanet al. (1992),who statethat only degradationbut no sorptionoccurs. Concerning
in-streamremoval, a conservative approachbasedon ScḧoberlandHuber(1988)is fol-
lowedby assumingno in-streamremoval. This choicemaybeseenastoo conservative,
sinceBafelaanet al. (1992)reportdegradationpathways.For this reason,this potential
overestimationof CMC will bebornein mind during interpretationif CMC turnsout to
berelevant.

All testdataavailable for CMC indicatevery high concentrationsat which effectsoc-
curred.This is documentedin theDID list, in which theLTE concentrationis 250mg/l.

Sodium sulphate
Theinorganicsaltsodiumsulphateis usedto increasethedrynessof thedetergentpowder,
which facilitatesbetterstorageand dosageof the powder (Grießhammeret al., 1997,
appendixp. 59). Sodiumsulphateis dissolved in water. The ionsareneithereliminated
in wastewaternor in surfacewaters(ScḧoberlandHuber,1988),limiting the necessary
datato the toxicological informationgiven in theDID list. The LTE concentrationof 1
g/l showsthatit is not relevantin termsof aquatictoxicity. Theuseof sodiumsulphateis
controversialdueto thefact, that it increasesthesaltcontentin thefreshwaters.As more
recentdetergentformulationsdo not requiresodiumsulphate,althoughit is still usedin
others,this debateis not yet over. In section7.4 this questionis evaluatedwith regardto
thescenariosdefinedin thecasestudy.
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5. The Rur catc hment - Integration
into the GREAT-ER model

5.1. Intr oduction

As wasdescribedin section2.3, the Itter catchmentwas incorporatedas the first Ger-
man study areainto the GREAT-ER systemduring its developmentphase. However,
in order to assessthe aquaticecotoxicologicalimpactsof householdlaundryusing the
GREAT-ER productmode,the Itter catchmentis consideredastoo small a catchment.
Sincethe incorporationof further catchmentsfrom different partsof Europewas one
aim following theGREAT-ER developmentphase,theRur catchmentin WesternNorth
Rhine-Westphaliawaschosenasa furtherGermanstudyarea.Theprimereasonfor this
catchmentwastheavailability of monitoringresultscollectedby HenkelKGaA between
1993and1995(Schr̈oder,1995a,b).A comparisonof monitoringandsimulationresults
allowsto calibratecatchment-specificsubstancedatasetsto beusedin theproductassess-
mentaswell asto checkthequality of theincorporationof a new catchment.

In this chapter, the integrationof theRur catchmentinto the GREAT-ER systemis de-
scribed,which alsoincludesthedevelopmentof a simplehydrologicalmodel. Because
thedischargesitedatachangedduringthenineties,twodatasetsweredeveloped.Thefirst
considersthesituationin 1993,calledRur 1993,while thesecondreflectsnewestavail-
abledata,calledRur 2000.However, thedifferenceis only with respectto thedischarge
sitedata.Sincehydrologicalinformationis basedonlong-termstatistics,thedevelopment
of two differenthydrologicaldatasetsis not considerednecessary. Besidesthedischarge
sitedataalsothemonitoringdata,whicharedescribedby their meanvaluesandthespan
of data,aredifferentiatedaccordingto theyearsof sampling.Monitoringdatasampledin
1993areavailablefor thedetergentandcleaningagentingredientsboron,LAS, nitrilotri-
acetate(NTA), andEDTA. In thefollowing chapter6, resultsof GREAT-ER simulations
calculatedfor theRur catchmentareshown togetherwith themonitoringresultsin order
to judgethequality of the incorporationandthecapabilityof the GREAT-ER modelto
predictconcentrationsthatarein therangeof measuredconcentrations1.

1Theintegrationandthesimulationresultsusingthe1993datasetweresubmittedfor publication(Schulze
andMatthies,2001).
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5.2. The Rur river basin

TheRur riverbasinhasanareaof approx.2,500km« . It dischargeswastewaterfor about
1 million inhabitants,which is increasedby industrialdischargescontributingwastewater
for an additionalequivalentof 900,000inhabitants.The largestcity is Aachen/Aix-La-
Chapelle.Theuppercoursesof theRurandits tributariesarecomparableto low mountain
rivers,whereasthe lower coursesaresituatedin a flat region wheresignificantanthro-
pogenicimpactsoccur. The borderbetweenthesetwo partsis markedby large water
reservoirs,e.g.the‘Rurtalsperre’which is oneof thelargestin Germany. Thesearepartly
usedasdrinking waterreservoirs. Nonetheless,smallerdischargesarelocatedupstream
from thewaterreservoirs,e.g.atMonschau.

Themostrelevantdischargesconcerningdetergentsandhouseholdcleaningproductsare
DürenWWTP (River Rur) andAachen-SoersWWTP (River Wurm). In the upperpart
of the study area,anthropogenicimpactsare only moderate,while in the lower parts
they leadto a significantimpacton the waterquality (Schr̈oder,1995a). However, due
to improvementsperformedby the local water authorities‘WasserverbandEifel-Rur’
(WVER), discharge loadsinto theRur andits tributariesweresignificantlyreduceddur-
ing thenineties(see,for example,WVER, 1996).Monitoringdatacollectedby theNorth
Rhine-WestphaliaStateEnvironmentalAgency (‘Landesumweltamt’, LUA) show similar
findings(LandesumweltamtNordrhein-Westfalen,1997).

5.3. Data collection and assemb ly

5.3.1. River netw ork

Theriver networkmustbegivenin vector-typedata,sincetopologicalinformationsuch
asconfluencesor bifurcationsare usedby the model. The datamustbe given in line-
format, i.e. a polygonrepresentationof a large river would needto be transformedin
a line feature. For Germany, the FederalEnvironmentalAgency (UBA) hasdigitised
the FeinesGewässernetzDeutschland, which is an extensionof a dataset createdby
the FederalAgency for Cartographyand Geodesy(‘Bundesamtfür Kartographie und
Geod̈asie’, BKG). The level of detail of the river networkis comparableto a 1:200000
map(Treffler, 1999).

For usein GREAT-ER, someerrorsexisting in the river networkhad to be removed.
In addition,someof the line segmentshad to be flipped, i.e. their directionhad to be
changedsuchthatall line segmentsaredirecteddownstreams.In addition,thenumberof
line segmentswasincreasedby splittingexistingones.Thisincreasedsegmentationis not
of importancefor thecalculationsassuch,but visualisationof theresultsbecomesmore
detailed.However, thegreaternumberof riverstretchesincreasessimulationtime.

The lengthsof stretchesshouldnot be too variable,sinceotherwisethe aggregationof
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resultsacrossriver stretchesbecomesbiased. For this reason,the lengthsare mostly
shorterthan1000metres,only 6 of the 3187stretchesarelonger. Finally, the dataset
hasto beprovided in geographicprojection. The river networktogetherwith the water
reservoirs anddischargeaswell asmonitoringsitesof the1993campaignconductedby
HenkelKGaA areshown in Figure5.1.

Figure5.1.:The Rur river network. The river stretches,water reservoirs (polygons),
discharge (points)andmonitoringsites(stars)in the GREAT-ER 1.0 envi-
ronment.Datasource:UMPLIS-Umweltbundesamt.

5.3.2. River attrib utes

For eachriverstretchGREAT-ER requiresflow distributions,lengthsin metresandflow
velocities. The waterdepthsareonly needed,if the eliminationprocessesvolatilisation
andsedimentationare to be modelledexplicitly. This is not the casefor GREAT-ER
mode1 calculationsbeingperformedin theRur catchment.
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5. TheRurcatchment- Integrationinto theGREAT-ER model

Flow

Flow dataarethemostimportantriver attributes. GREAT-ER assumesthe annualdis-
tribution of the meandaily waterflows at a site to be log-normallydistributed. Under
this assumption,thehydrologicalsituationin a stretchcanbedescribedby themeanand
the95ì�í percentilelow flow, i.e. the flow that is exceededfor 95% of thedays. There-
fore, thesetwo values,in theremainderreferredto asQî andQï , mustbegivenfor each
stretch. However, in generalmeasuredflow statisticsareonly availableat the gauging
stations.Hence,flow statisticsat ungaugedsitesneedto becalculatedusingappropriate
models.For the Rur catchment,a modelhasbeendevelopedfor this purpose,which is
explainedin section5.4.

Flow dataat thegaugingstationsareprovidedby two sources,namelytheWVER andthe
regional sectionof the LUA, the ‘StaatlichesUmweltamt’(StUA) Aachen. From these
sources,bothmeandaily flow datafor somegaugingstationsandaggregatedlong-term
statisticalmainvaluesfor all gaugingstations,amongthemthenecessaryQî andQï , and
thecorrespondingwaterdepthsareobtained.Thesestatisticaldataarebasedonsamplings
overdiffering lengthsof time, i.e. between25and50years.

Stretch lengths

The lengthscanbe derived from the digital river networkdataset. This introducesan
error, the magnitudeof which dependson the level of detail of the river dataset. To
quantify this error, the lengthsderived from the river networkhave beencomparedto
datafrom public authorities.Attributedataof the gaugingstationdataprovidedby the
LUA includethegaugingstation’sdistanceto themouthof theriverin which it is located.
Thus,for eachof themainriversRur, Wurm,andIndethedistancesbetweentheupstream
andthemostdownstreamgaugingstationscanbecalculatedfrom thesegivendata.The
differencecanbecomparedto distancesbetweenthetwo pointson thebasisof theriver
network.

Table5.1.:River lengthsderived fr om GIS vs. data fr om public authorities
River From-gauging To-gauging Estimatedfrom ... Deviation

station station GIS givendata (%)
Rur Zerkall Stah 65.21km 68.97km 5.45
Wurm Kalkofen Randerath 33.68km 35.60km 5.39
Inde Kornelimünster Kirchberg 27.45km 29.56km 7.14

For theWurm river, the lengthderivedfrom the river networkis 5.39%shorterthanthe
given value. Dif ferencesfor the Inde andRur riversare7.14%and5.45%respectively
(seeTable5.1). In the caseof the Rur river, the mostupstreamgaugingstationbelow
thewaterreservoirs is used.With respectto the limited influenceof river lengthson the
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5.3. Datacollectionandassembly

simulationresults,whichis dueto theexponentialdecayfunction,thiserroris acceptable.
Thus,river lengthsasderivedfrom thedigital rivernetworkareused.

Flow velocity

Analogously, themeanand95ì�í percentileflow velocitiesareneededfor eachstretch.If
no measuredflow velocitiesareavailable,regressionequationsderiving flow velocities
from flow datacanbeused,e.g.asproposedby theInstituteof Hydrology(1995).There
arealternativesthatalsoconsiderotherparameters,which have beenanalysedandcom-
paredby KlepperanddenHollander(1999). However, theseregressionequationswere
developedfor specificcatchmentsin specificareasandarenotvalidatedfor otherregions.
Evenmoreimportantis thefact thathydraulicconstructions,suchaswaterreservoirs in
theRur catchment,decreasetheapplicabilityof suchapproaches.For this reason,mea-
suredflow velocitiesareusedwheneverpossible.

In theRur catchment,flow velocity dataareonly availablefor themain river below the
water reservoir Rurtalsperre.Thesewere provided by the WVER. For thesesections,
measuredmeanand95ì�í percentilelow flow velocitiescandirectly be used,while for
the otherstretchesvelocity is estimatedfrom flow, usingthe approachproposedby the
Instituteof Hydrology(1995).A comparisonof measuredandcalculatedflow velocities
in thelowerpartsof theRur river is givenin Table5.2.

Table5.2.:Measured vs. calculatedflow velocitiesin the lower coursesof the Rur
Section Measuredmeanvelocity Calculatedmeanvelocity
Heimbach- Zerkall 1.46m/s 0.51m/s
Zerkall - Obermaubach 0.56m/s 0.53m/s
Obermaubach- Düren 1.51m/s 0.54m/s
Düren- border 1.01m/s 0.63m/s

The deviationsbetweenmeasuredandestimatedflow velocititesareratherlarge. How-
ever, the resultssuggestthat by using the regressionapproachmainly underpredictions
occur, leadingto higherpredictedresidencetimesin theriverstretches.On thecontrary,
theunderestimatedriver lengths,givenabove, reduceresidencetime. Thus,theunderes-
timatedriver lengthpartly compensatestheoverestimatedresidencetime.

5.3.3. Disc harge site data

Concerningthedischargesituation,GREAT-ER needsinformationabouttheconnected
population,industrialequivalents,themeanwastewaterflow, i.e. thewaterquantityper
time emitted,thetypeof wastewatertreatment,andoptionally theseparationof theflow
into domestic,industrialandrunoff parts. For theRur catchment,thesedatahave been
provided by the LUA andthe WVER separatelyfor eachyearsince1993. In the Rur
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5. TheRurcatchment- Integrationinto theGREAT-ER model

catchment,all dischargesitesareof theactivatedsludgetype(WVER, 2000).

An investigationof thedatarevealedthat thenumberof discharge sitesdecreasedfrom
1993to 2000,which is dueto currentandpastactivities of theWVER, which is closing
smallerandlessefficient WWTPs. Theseactivities are further describedin the annual
reports(WVER, 1996).Hence,two datasetshave beendeveloped.Onedatasetreflects
thesituationin 1993,while theotherreflectsthesituationin 2000.

5.3.4. Monitoring data

Monitoring datafrom threedifferentsourcesareavailable,two of which couldbe used
for evaluatingthemodel’saccuracy. In 1993,HenkelKGaA conductedamonitoringpro-
grammeaimedat the determinationof steady-stateconcentrationsfor LAS, boron,and
orthophosphateconcentrationsin the Rur river and its main tributaries. Data from 15
samplingsiteswerecollected(Schr̈oder,1995b). Theselocationsareshown in Figure
5.1. From1993to 1995,Henkelcarriedout a secondmonitoringprogrammein theRur
catchment(Schr̈oder,1995a). The purposeof this monitoringcampaignwasthe deter-
minationof instreamremoval ratesfor selectedanionicsurfactantsbelow thedischarges
of thetwo municipalwastewatertreatmentplantsMonschauandDürenWWTP. Sincein
thissecondmonitoringprogrammedatawereonly collectedin riverstretchesbelow these
discharges,they arenotusedfor comparisonwith thesimulationresults.

The LUA performsdifferent long-term monitoring programmes,the main resultsof
whichareregularly publishedin thewaterquality reports(LandesumweltamtNordrhein-
Westfalen,1997). On request,monitoringdatafor about150parametersfrom 1990on-
wards,comprisingbiological,physical,andchemicalwaterquality parametersaswell as
differentsinglesubstancesandsumparametersfor anthropogenicsubstances,e.g.surfac-
tantsor adsorbedorganichalogens,couldbeobtainedin digital format. Thesedatahave
beenintroducedinto theGREAT-ER system.However, boththenumberof sitesandthe
numberof samplespersitevary considerablybetweenthesubstances.For example,pes-
ticidesareonly measureda very few times,whereasstandardparameterssuchasTOC or
BOD aremeasuredregularly2. In this thesis,monitoringdatafor EDTA, NTA, andboron
wereused.

In addition,theWVER conductsa waterquality monitoringprogramme,which is much
smallerregardingsizeandamountof datathantheLUA programme.In this programme,
about30parametersat17sitesaremeasuredbetweentwo andfour timesayear. As these
aremainly metalsandsumparameters,the datawerenot applicablefor evaluatingthe
accuracy of GREAT-ER.

2Therefore,Avenue scriptshave beendevelopedfor easiervisualisationin theGREAT-ER software.
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5.3.5. Additional backgr ound data

Additional backgroundmapscanprovideaninsight into thestudyareafor thosewho are
not familiar with theregion. For theRur catchment,sitepicturestakenat themonitoring
stationsaswell asa mapof thewaterreservoirs areavailable(seeFigure5.1). Also, as
for all GREAT-ER catchments,thefreelyavailableDigital Chartof theWorld datawere
includedin theRurcatchmentdata.

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

5.3.6. Substance data

Substancedatacanbedividedinto thecategoriesemissiondata,parametersdetermining
fatebehaviour, andeffect data.Thelatterarenot requiredfor GREAT-ER calculations,
but areusedin theGREAT-ER productmode.

Actual emissiondataarenecessaryfor risk assessmentandalso for the comparisonof
monitoringandmodelresults.For detergentingredients,emissiondataarepublishedan-
nually by the GermanmanufacturersassociationsIKW andTEGEWA. The only river
fate-relatedparameterrequiredfor GREAT-ER mode1 calculationsis an aggregated
first-orderinstreamremoval rate,which representsall processescontributing to thesub-
stance’seliminationfrom thewatercolumn.Furtherinputparametersquantifypercentual
eliminationefficienciesin theseweragesystemandthesewagetreatmentplant.

5.3.7. Generation of a GREAT-ER data set

Thedifferentkindsof geographicinformationarekeptin awell-definedformatin theGIS,
which is describedin ECETOC (1999a).This formatconsidersthetopologicalrelations
betweenthe differentgeographicalobjectssuchas river stretchesand discharge sites.
Sincethis format is quitecomplex andthedatasetsmaybevery large,scriptshave been
developedby Wagner(1999)to facilitatethegenerationof GREAT-ER datasets.

5.4. Hydr ological modelling

Theaimof hydrologicalmodellingin this thesisis thederivationof Qî andQï valuesfor
eachriverstretchfrom theinformationgivenatthegaugingstations.Dif ferentapproaches
have beenproposedthatvary from process-basedmodelsto easierempiricalapproaches.
Aschwanden(1995) investigatedseveral of theseapproacheswith respectto conditions
in Switzerland. As the flow regimesin Switzerlandare uplands,the findings are not
applicableto theRurcatchment,whoselowercoursesaresituatedin lowlands.However,
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thestudyprovidesa goodoverview of thefield.

Complex hydrologicalmodelsattemptto model all ongoingprocesses,which requires
a large amountof dataconcerningland use,soil types,precipitation,andclimatic data
(e.g. theSoil MoistureRoutingmodel,SMR,Frankenbergeret al., 1999).Othermodels
are basedon a phenomenologicalblack-boxstructureusinga regression-typeanalysis
(Dyck, 1980a,b).In thefirst case,the uncertaintiesof all the processes,e.g. the actual
evapotranspiration,and the high detail of requireddata,e.g. digital elevation models
and preciseland useinformation, have to be considered,which typically leadsto the
calibrationof themodelusingexisting measureddatafrom thegaugingstations.Given
the intention to integratelarge Europeancatchmentsinto the system,full hydrological
modelling is at presentbeyond the scopeof the GREAT-ER system. Sincecurrently
only theflow datawithin theriversareneeded,it is alsonot necessary. For this reduced
purpose,empiricalor statisticalapproachescanbeused3.

Themethoddevelopedin this thesisconsistsof two steps:anonlinearregressionfollowed
by a local refinement.Theoryandresultsobtainedfor the Rur catchmentaregiven. It
shouldbenotedthat,sincethemeasuredhydrologicaldatausedarebasedon long-term
statistics,thereis noneedto derivedifferentdatasetsfor differentyears.For this reason,
thesamehydrologicalinformationis usedin the1993and2000datasets.

5.4.1. Nonlinear regression

Both Rodriguez-IturbeandRinaldo(1997)andDyck (1980b)give a generalrelationship
betweentheflow atalocationandthecorrespondingsubcatchmentsize,whichmostoften
follows theequation ð » Õ § É à

Ç�ñ
whereQ is the flow andA is the sizeof the subcatchment.Regardingmeanflow, c« is
typically between0.5and1 (Aschwanden,1995,p. 37),whereasDemuth(1993,p. 110)
proposesa linear relationshipbetweenQ andA, i.e. c« = 1. Dyck (1980b)alsogives
a relationshipbetweenthe accumulatedriver length at a location,

à Õ�ÕÛòSóÝò á ò , and the
correspondingsubcatchmentsizeA, following theequation

àô» Õöõ É à Õ�ÕÛòSóÝò á ò Ç�÷
Thesetwo equationscanbecombinedleadingtoð » Õ ï É à ÕÛÕ�òSóÝò Ç�ø
with Õ ï » Õ § É Õ

Ç�ñõ and Õ�ù » Õöú É Õ « . Theadvantageof usingtheaccumulatedriver length
insteadof thesubcatchmentsizedirectly is thefact thatthesizesof thesubcatchmentsare
only known at the gaugedsitesandnot at theungaugedsites,whereastheaccumulated
river lengthscanbecalculatedfor all river stretcheswithout further input datafrom the

3Thedifferencebetweenempiricalandstatisticalapproachesis explainedby Demuth(1993).
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river network. Deriving subcatchmentsfor any stretchis typically basedon a digital
elevationmodel,whichwasnotavailablefor theRurcatchmentin a sufficient resolution.

Relationship between accum ulated river length and subcatchment area
The hypothesisof the relationshipbetweenaccumulatedriver lengthandsubcatchment
sizewastestedfor thegaugingstationsin theRur catchment.In Figure5.2 this relation-
ship is plotted. Theregressionequationis

àû»ÚÐ�ü�ý�ý�æ É à ÕÛÕ�òSóþò!ÿ�� � ú ÿ ú , with � « »��=ü��	�	

.

TheregressionwasperformedusingthesoftwareSPSS�
� (SPSSInc.).

In theRur catchmentsomeartifical channelsexist in which gaugingstationsareoperat-
ing. In this plot, thesegaugingstationshave beenomitted,sincein generalthesedo not
have acatchmentarea.A similar plot canbederivedfor thewell-establishedrelationship
betweensubcatchmentareaandflow.
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Figure5.2.:Relationshipbetweenaccumulatedriver length and subcatchmentsize

Application of the regression in the Rur catchment
In orderto performthe regression,eachgaugingstationwasassignedto a river stretch,
sincetheGREAT-ER modelis basedon informationon a river stretchbasis.Then,the
accumulatedriver lengthwascalculatedfor eachriver stretchusingstandardGIS meth-
ods,thusestablishingtherelationshipbetweengaugingstationdataandtheaccumulated
river length.After this preparation,thenonlinearregressionwasconducted.Theregres-
sionwasdonetwice to determinerelationshipsfor thetwo requiredvalues,Qî andQï .
Following theregressions,thederivedequationswereappliedto all river stretches,thus
giving a consistentpreliminaryflow profile containingQî , andQï for all river stretches
in thecatchment.
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It shouldbenotedthatDemuth(1993,p. 111)statesthatthis approachcanprimarily be
appliedfor deriving meanflows. Concerningthemoreextremelow andhigh flow rela-
tionshipshestatesthatsuchanapproachmaybeapplied,but thatdeviationsmayoccur.
Verdoncketal. (1999)appliedthisapproachin theRupelcatchment(Belgium).However,
studiesjudgingthegoodnessof thisapplicationarenotyet available.

Thenonlinearregressionwasperformedfollowing theequationfrom aboveandusingthe
Levenberg-Marquartalgorithm,leadingto:ð î »��=ü����	�/Ð�Ðßý É à ÕÛÕ�òSóÝò � � ����� ú

ð ï »��=ü���ý�� É Ð������ É à ÕÛÕ�òSóþò ÿ�� « õ ÿ�ÿ
In this analysis,

à ÕÛÕ�òSóÝò wasgivenin metres,whereastheflows arecalculatedin ó õ Ò��
.

Thefact thattheexponentfor thesecondequationis greaterthan1 while it is smallerthan
1 for Qî wasobservedin othercatchmentsaswell, e.g.in theRuhrandLahncatchments
in Germany (unpublished)andin theRupelcatchmentin Belgium(Verdoncketal.,1999).
Thisoutcomesuggeststhatflow distributionsaremoredensedownstream.In thecaseof
theRur this is not surprisingsincedueto thehugewaterreservoirsandthecontrollingof
thewaterflow by theWVER, flows in thedownstreampartsarelessvariable.r « was0.98
for bothequations.Themeanof thesquareresiduesare0.587 ó õ Ò��

for theQî and0.182ó õ Ò��
for theQï equation.

5.4.2. Local refinement

Limitations of this simpleapproachareobvious. Deviationsmay occurdueto natural
variationssuchasrainfall, soil type, or vegetation,aswell asdueto anthropogenically
influenceddisturbancesof naturalwaterflows, suchaslanduseandhydraulicconstruc-
tions.Especiallythelatterfactormakesaccurateflow predictionsbasedonphysicalmod-
els very difficult, assuchsite-specificdeviationsfrom naturalconditionswould have to
beincludedin aprocess-basedmodel.

The goodnessof the regressionmay be judgedby comparingcalculatedandmeasured
Qî andQï valuesat thegaugingstations.Thesedeviations,expressedasaratio between
calculatedandmeasuredflows,arecalledlocal adjustmentfactors(LAF) andareplotted
in Figure5.3againsttheaccumulatedriver length.

The plots show that in the lower coursesdeviationsaregenerallysmall, whereasin the
uppercourseslargerdeviationsoccur. This shows that theregressiongivesbetterresults
in themoredownstreamsection.It impliesthat in thecatchmentareasneargaugingsta-
tionswith anLAF farawayfrom 1, theneedfor localadjustmentis higher. Fromtheplots
it may thereforebe concludedthat whenonly intendingto performGREAT-ER calcu-
lations in the lower courses,the regressionalonemay be sufficient, but if intendingto
performsimulationsin theentirecatchmentandthereforealsoin smallersubcatchments,
asit is thecasehere,theregressionis insufficient. Thelocal refinementprocedure,which
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performsanadjustmentof theresultsgivenby theregression,wasdevelopedfor this rea-
son. The local refinementprocedurehasbeenimplementedusing the GAWK scripting
language,dueto which it couldbeintegratedinto theexisting GREAT-ER preprocessing
routinesdevelopedby Wagner(1999).
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Figure5.3.:Local adjustment factors for Q î and Q ï as functionsof the catchment
area.They-axis is logarithmicto betterdemonstratedeviationsfrom LAF =
1, which indicatesanagreementbetweenmeasuredandcalculatedvalues.
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5. TheRurcatchment- Integrationinto theGREAT-ER model

Calculation and application of local adjustment factor s
The discrepancy betweenestimatedandmeasuredflow at eachgaugingstationfor both
Qî andQï canbe quantifiedasa ratio of estimatedandobserved flow, which are the
LAFs determinedfor bothQî andQï .

� �"!$#&%('*)�+-,&.0/1#32 46587(49%('*)�+-,;:	/<#32 #$58=�>�%('*)�+-,
� �"!@?A%�'*)B+C,D.E/*? 2 46587�4 %�'")�+C,F:	/G? 2 #$5H=�> %('*)�+-,

whereGID is thegaugingstation’s ID. TheseLAFs arenow assumedasalsobeingrepre-
sentative for the ungaugedriver stretchesnearthis station. Thus, in a secondstepthe
regression-estimatedmeanand low flows in ungaugedriver stretchesare adjustedby
stretch-specificlocal adjustmentfactors(LAF

#32 ?
(SID)), which arebasedon the nearest

gaugingstations’LAFs.

Nearestgaugingstationsof astretcharedefinedasthenext gaugingstationin downstream
andin upstreamdirection.Fromthesetwo values,theLAF for anungaugedstretchis de-
rived.If astretchhasonly onenearestgaugingstation,whichusuallyoccursatthesources
andnearthemouth,thentheLAF at theungaugedsiteequalsthatat thenearestgauging
station.Therefore,if only onenearestgaugingstationexists,adjustedflowsarecalculated
asfollows /<#32 =�IKJK%�LD)B+C,3.E/1#32 46587(49%(LD)�+-,;:	� �"!$#&%KM$'")�+C,

/ ? 2 =�IKJK%�LD)B+C,D.E/ ? 2 46587�4K%�LN)�+C,F:	� �"! ? %KMO'*)�+-,
whereSID depictsthestretchID andnGID is thenearestGID.

If a river stretchhasnearestgaugingstationsup- and downstream,their influenceis
weightedby the inverse-distancemethod,i.e. the shorterthe pathfrom the actualriver
stretchalongtheriver networkto a gaugingstation,themoreimportantthegaugingsta-
tion is consideredto be.This is doneby first calculatingadjustedflowsaccordingto both
gaugingstationsandthenderiving thefinal flow by takingthe inverse-distance-weighted
meanof thesetwo flows. Again, this is executedfor QP andQ

?
separately, i.e.

/<#32 =�IKJ9%(LD)B+C,D. Q	R
Q	RTSUQ	VXW

/1#32 46587(48%�LN)�+C,
� �"!Y#T%9MO'*)B+[Z\, S Q	V

Q	RTS]Q	VCW
/<#32 4^5H7�4K%�LD)B+C,
� �"!$#&%KM$'*)B+ Q ,

/ ? 2 =�IKJK%�LN)�+C,N. Q	R
Q R S]Q VCW

/ ? 2 46587�4K%�LN)�+C,
� �"!@?_%KMO'*)�+`Z\,aS Q	V

Q R SUQ VXW
/ ? 2 4^5H7�49%(LD)B+C,
�3�*!@?A%9MO'*)B+ Q ,

dR anddV depict the distancefrom the startof a stretchto the nearestdownstreamand
upstreamgaugingstationsrespectively. Analogously, nGIDu andnGIDd arethe IDs of
therespective gaugingstations.

Processing of confluences and bifur cations
Finding the nearestgaugingstationis not alwaystrivial, sincecomplex situations,as
for examplegiven in Figure 5.4, needto be processed.In the caseof the absenceof
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5.4. Hydrologicalmodelling

bifurcations,the nearestdownstreamgaugingstationcan directly be found by tracing
down theriver network. If bifurcationsexist, thenearestgaugingstationsin bothwings
are searchedfor by startingat the bifurcationstretchand tracingdown in both wings.
From thesetwo gaugingstations,distance-weightedLAF

#
andLAF

?
valuesfor a new

virtual gaugingstationlocatedat thebifurcationstretcharecalculated.The bifurcation
is thenconsideredasthenearestgaugingstation.The lengthof thepathfrom theactual
stretchto thebifurcationis usedasthedistance.
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Figure5.4.:Complex topological situation

A similarmethodis appliedto find thenearestupstreamgaugingstation.Insteadof bifur-
cations,confluencesneedto besolved. Theseoccurmuchmoreoften thanbifurcations.
Therefore,aslightly differentstrategy is usedto find thenearestupstreamgaugingstation
of eachriverstretch,which increasesthespeedof thealgorithm.

Firstly, for eachgaugingstationall downstreamconfluencesaresearchedfor. Thisdown-
streamsearchstopswhenthenext gaugingstationin thedownstreamdirectionis found.
Within this step,theinformationaboutthenearestupstreamgaugingstationis storedfor
eachconfluence.Thus,afterwardsthenearestupstreamgaugingstationandits distance
areknown for eachconfluence.With this information,thenearestupstreamgaugingsta-
tion and its distancecanbe calculatedfor eachstretch,sincein sucha searcheithera
next gaugingstationor a next confluenceis found. The quality of the resultsis further
improvedby someplausibility checksandmanualimprovements,which canbedoneby
definingfurthervirtual gaugingstations.
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5. TheRurcatchment- Integrationinto theGREAT-ER model

Consideration of dischar ges
TheLAF considersall deviationsbetweenmeasuredandregression-estimatedflows oc-
curringat thegaugingstations,regardlessof whetherthey areof naturalor anthropogenic
origin. Therefore,dischargesfrom WWTPsareincludedonly implicitly, but not explic-
itly.

For largeplantswith only asmallstreamdilution factor(SDF, Feijtel etal., 2000),which
is definedasthe ratio of meaneffluent flow divided by the meanflow of the receiving
stretch,thismayleadto unrealisticresultsin thestretchesdirectly aboveandbelow these
discharges,which in factoccurredfor someplants.

To solvethisproblem,theSDFshavebeencalculatedfor all WWTPs.If anSDFis smaller
than10, the meandischarge flow of thatplant is consideredasnot beingnegligible. In
sucha case,virtual gaugingstationshave beendefinedin thereceiving stretchaswell as
in thestretchdirectlyupstreamof thedischarge.Thedifferencein theflowsat thestations
equalsthemeaneffluentflow of thedischargesite.Dueto thisconstruction,thedifference
in waterflow up-anddownstreamof thedischargeis appropriatelyconsidered.

5.4.3. Results obtained in the Rur catc hment

In Figure 5.5, the QP and
/G?

flow profiles of the main river are given togetherwith
thegaugingstation’sdata.TheRur riverwaschosenasanexample;analogousplotshave
beenobtainedfor theotherrivers.It canbeseenthatat thegaugingstations,observedand
measuredflows areidentical,which follows directly from theconstruction.In theother
stretches,theflow profile givesa consistentpicture. In addition,realisticflow increases
dueto confluencescanbeidentified.

66



5.4. Hydrologicalmodelling
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Figure5.5.:Calculatedand observedflow profile in Rur catchment

5.4.4. Discussion of methodology

Hydrologicalmodellingin thecontext of theGREAT-ER modelaimsat deriving values
which describethe annualflow variability in a river stretchunderthe assumptionthat
thesearelog-normallydistributed.An understandingof hydrologicalprocessesis not the
aim of this modelling. Therefore,process-basedmodelsmay be replacedby empirical
ones,which may be extendedby GIS techniquesto accountfor local to regional varia-
tions.

The proposedmethodologyappliesthe relationshipof catchmentareaandflow asa ba-
sis. Fromthis startingpoint, improvedpredictedflows arederivedby consideringlocal
variationsgivenasadeviationof observedandestimatedflow. Dueto thisandtheconsid-
erationof discharges,thisapproachusesall existing informationfor deriving flow data.

Thegoodnessof this approachdependson thedensityof thegaugingstations.Themore
gaugingstationsexist, thebettertheresultsareexpectedto be.Deviationsfrom measured
flow statisticscannotbe calculated,sinceat the gaugedstretchesthe calculatedflows
equalthe measuredones,dueto this construction.A further checkof the hydrological
data,apartfrom plotssuchastheonegiven in Figure5.5 maybedonewith thehelpof
boronsimulations. Due to its conservative fate behaviour, boronmay be usedto judge
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5. TheRurcatchment- Integrationinto theGREAT-ER model

the consistency of the hydrologicaldata. This wasshown in section2.3 usingthe Itter
catchmentasanexample.

There is one aspectomitted comparedto existing hydrological modelssuch as M I-
CROLOWFLOWS (Institute of Hydrology, 1995): Water abstractionsare not explicitly
considered.However, comparisonsof measuredflows at the gaugingstationsindicate
that waterabstractionsdo exist. Nevertheless,it wasdecidednot to considerwaterab-
stractionsexplicitly, sincethehydrologicaldataderived from this modelareto be used
within the GREAT-ER model. Becausethecurrentdatastructurein GREAT-ER does
notallow for anadequateconsiderationof waterabstractionswithin thefatemodellingof
substances,their explicit considerationin the hydrologicalmodellingdoesnot improve
the hydrologicalinformationusedin the GREAT-ER model. This is explainedin the
following reasoning.

If in GREAT-ER theflow decreasesata transitionfrom onestretchto anotherdueto wa-
ter abstraction,theconcentrationof a simulatedsubstance,assuminganinert compound,
would increasedueto themassbalanceperformedat the startof the stretch.This is of
courseunrealistic,sincedrawing off wateralsoeliminatesafractionof thesubstanceload
from theriver, i.e. theconcentrationwould remainconstant.This GREAT-ER-inherent
problemcannotbe solved within the currentdataandmodelstructure. Accountingfor
thisprocesswouldrequiresimultaneousmodellingof thehydrologyandtheenvironmen-
tal fateof the active substance,thusimplying a reconstructionof the coreGREAT-ER
model. Regardingthe intendedapplicationof themodel,which wasoriginally environ-
mentalrisk assessmentof chemicals,andwhich in this thesisis acomparativeassessment
of detergents,not consideringwaterabstractionsdoesnot leadto modelrestrictions.
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6. GREAT-ER sim ulations in the
Rur catc hment

In orderto judgethegoodnessof theincorporationof theRurdatasetsinto theGREAT-
ER system,simulationresultsarecomparedto existing monitoringdatafrom 1993.The
conformityof measurementsandpredictedconcentrationsis calledaccuracy. In addition,
in May 2000a furthermonitoringprogrammewasconducted,theresultsof which were
usedto judgethe accuracy of simulationsapplying the Rur 2000dataset. The second
purposeof this monitoringprogrammeis to calibratecatchment-specificsubstanceinput
parametersfor the monitoreddetergent ingredients. The substancesusedin the 1993
simulationswereagainmonitored,but alsofurtherdetergentingredientswereincludedin
themonitoringcampaign.

In this chapter, first the accuracy of GREAT-ER predictionsis judgedon the basisof
the1993catchmentandmonitoringdatasets.Then,the2000monitoringprogrammeis
briefly described.Furthersimulationresultsarethenpresentedthatcorrespondto theyear
2000dataset. Finally, conclusionsaredrawn. The comparisonis madeby comparing
meansimulationresultswith the meanvaluesof the monitoring data,whosespansof
valuesarealsoplotted.

6.1. Results appl ying the 1993 data set

6.1.1. Number of Monte-Carlo shots

Anotherinput parameterof GREAT-ER is thenumberof Monte-Carloshots.Statistical
theoryclaimsthat the statisticalerror of the probability distribution function decreases
with anincreasingnumberof shots.In addition,anincreasingstatisticalerrorcanbeex-
pectedwith anincreasingnumberof distributedinput parameters,dueto thepropagation
of variance.Therefore,prior to performingsimulations,anappropriatenumberof Monte
Carloshotshasto bechosen.

In orderto determinea reasonablenumberof shots,testsimulationswith differentnum-
bersof MonteCarlo shotsarecarriedout andbothmeanand90

}�~
percentileconcentra-

tionsin all stretchesarecompared.In Figure6.1,boronandLAS simulationresultsin the
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6. GREAT-ER simulationsin theRur catchment

riverRurareshown. In thecaseof boron,only thecatchmentparametersweredistributed,
while in theLAS scenario,thein-streamremoval rate(uniformbetween0.03and0.35per
hour),theseweragesystemelimination(uniformbetween15and35%)aswell asthetwo
WWTPefficienciesfor theprimarysettler(uniformbetween10to 20%)andtheactivated
sludgetanks(uniform between96 and98%) aredistributed. Thus, thesetwo scenarios
reflectextremaconcerningthenumberof distributedparameters.
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Figure6.1.:GREAT-ER results for differ ent numbers of Monte-Carlo shots in the
Rur river (boron and LAS). Resultsaregiven for 1000,2000,5000,and
10,000shots. The uppersequencesof functionsshow the 90
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whereasthelowershow themeanresults.
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6.1. Resultsapplyingthe1993dataset

In the caseof boron,small differencesin the resultscanbe found. Facingothermodel
uncertainties,e.g.regardingemissionestimates,theseareconsideredto beof only minor
importance.Thus,achoiceof 2000MonteCarloshotspersimulationseemsto bejustified
in the caseof boron. In the caseof a degradablesubstancesuchasLAS, for which all
inputparametersexcepttheper-capitaconsumptionaredistributed,thevariationof results
is even smaller. This unexpectedresult is most likely dueto in-streamremoval, which
lowersvariationsdueto the exponentialdecayfunction. Equalresultswerederived for
theotherriversin theRurcatchment.

Concluding,2000MonteCarlosimulationsaresufficient for bothsubstances.Thisvalue
is thereforeusedin theremainderof this thesis.

6.1.2. Bor on

In order to determinethe quality of the catchment’s integration into the GREAT-ER
system,a substancethat is not subjectto transformationprocessesis bestsuited. As it
wasshown in section2.3.3,this is thecasefor boron,which is usedin detergentsin the
form of sodiumperboratetetrahydrateasa bleachingagent(seesections2.3.3and4.5).
Theonly factorsdeterminingriverineboronconcentrationsareemission,dilution in the
differentstretches,andthegeogenicbackgroundconcentration.

Background concentration
Geogenicboronlevels in theenvironmentvary to a considerabledegree. Metzneret al.
(1999)reportresultsfrom differentcountries,in whichgeogenicconcentrationsarebelow
0.1mg/l, 0.1to 0.3mg/l, smallerthan0.02mg/l or even15.2mg/l (Chile). For Germany,
typical valuesof 0.01to 0.05mg/l arereported.In the Itter, 0.055mg/l weremeasured
andsuccessfullyappliedin GREAT-ER simulations,seesection2.3.

For theRurcatchment,therearetwo waysin whichto determineabackgroundconcentra-
tion. The fastestway is to directly usemeanconcentrationsmeasuredin theheadwaters
of theRur catchment.A secondmethodis to calculatethedeviationsbetweensimulated
andmeasuredvaluesby assumingazerobackgroundconcentrationfor all samplingsites.
Thesedifferencescan thenbe minimisedto derive a backgroundconcentration.How-
ever, thesecondprocedurerequiresthatall anthropogenicsourcesareconsidered,which
is mostprobablynot the case,sincenot all emissionsourcesareknown andpublished.
For this reason,thefirst methodis usedto determinethebackgroundconcentration.

Thereare threesamplingsitesin stretchesof the Rur catchmentthat are more or less
freefrom anthropogenicimpacts.Meanconcentrationsat thesesitesrangefrom 0.026to
0.11mg/l. Sincein GREAT-ER onebackgroundvaluefor theentirecatchmenthasto be
entered,themeanvalueof 70 � g/l is used.
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6. GREAT-ER simulationsin theRur catchment

Simulation without additional input
As outlinedabove, 2000Monte-Carloshotswerechosen.Boron consumptionin deter-
gentsandcleaningagentsfor 1993accordingto IKW (1994,0.0893kg per capitaand
year) is usedasa basis. This originatesfrom the useof 97,865tonsof sodiumperbo-
ratetetrahydratein theseapplications.Thetransformationis basedon thefact that7% of
sodiumperboratetetrahydrateis boron(RaymondandButterwick,1992). Sincealmost
all samplesweretakenin the threeriversRur, Wurm, andInde,simulationresultsfrom
theseriversaregiven. Themeanof thesimulatedconcentrations,togetherwith all avail-
ablemonitoringdatafrom 1993areshown in Figures6.2and6.3.

The first simulationshows that the agreementbetweenmeasuredand simulatedmean
concentrationsis approximatelya factorof 2. Therefore,theaim of GREAT-ER, i.e. a
factor of 3 (Feijtel et al., 1997), is fulfilled for boronusingnationalconsumptiondata.
In the Inde river, no generaltrendregardingover- or underpredictionscanbeobserved.
In the lower coursesof the Wurm andRur rivers, however, concentrationsare mainly
underpredicted.Themostobviousreasonfor this is additionalinput from industry.

0

100

200

300

400

500

600

0 20 40 60 80 100 120 140 160

B
or

on
 c

on
ce

nt
ra

tio
n 

[

�

µg
/l]

River Rur from source to mouth [km]

Mean GREAT-ER results
Henkel Monitoring 1993 (mean, min-max)

LUA Monitoring 1993 (mean, min-max)

Figure6.2.:GREAT-ER resultsfor boron vs. measurements(Rur river, 1993data).
Emissionis basedondetergentconsumptiondata.
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Figure6.3.:GREAT-ER resultsfor boronvs. measurements(Wurm and Inde rivers,
1993data). Emissionis basedondetergentconsumptiondata.
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6. GREAT-ER simulationsin theRur catchment

Simulation considering additional input
Sinceunderpredictionsoccurredin the lower coursesof theRur andWurm rivers,addi-
tional industrialemissionsourceswereinvestigated.Two dischargesthatarepotentially
relevantfor boronwereidentified. An indirectdischarge into theWurm river from pho-
tochemicalindustriesoccursvia HerzogenrathWWTP. Via Linnich WWTP an indirect
discharge from the paperindustryexists into the river Rur. Both branchesare known
sourcesof boronemissions(Metzneret al., 1999).However, actualboronloadsfor 1993
could not be determined.Therefore,two scenariosarecalculatedassumingadditional
borondischargeat thesetwo plants,the loadsof which werederivedon thebasisof the
deviation betweenmonitoringandsimulation. In the first scenario,an additionalinput
in theWurm river is assumed,occurringat HerzogenrathWWTP. An annualborondis-
chargeof 20 tonswasdeterminedby performinga massbalanceat thenext downstream
samplingsite.Figure6.4shows meansimulationresultsandthemonitoringdata.
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Figure6.4.:GREAT-ER results for boron vs. measurements (Wurm river, 1993
data). Additional dischargeof 20 t/a at HerzogenrathWWTP (near20 km)
wasassumed.

Assumingan additional input at HerzogenrathWWTP, meansimulationresultsin the
Wurm river arevery closeto themonitoringdata. In thesecondscenario,anadditional
discharge into the Rur river is alsoconsidered,occurringwith a quantityof 70 tonsper
year at Linnich WWTP. The resultsare shown in Figure 6.5. It can be seenthat by
assumingthesetwo additionalinputs,meanGREAT-ER resultsin theRurriverareclose
to themeanvaluesof themonitoringdata.
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Figure6.5.:GREAT-ER resultsfor boron vs. measurements(Rur river, 1993data).
A secondadditionaldischargeof 70t/aatLinnich WWTP(near105km) was
assumed.

6.1.3. LAS

Anothercompoundwhichcouldbecomparedto monitoringdatais theanionicsurfactant
LAS. In contrastto boron,it is degradableandadsorbsto surfaces,i.e. sedimentationis
a relevantprocess.Consequently, it alsoundergoeseliminationprocessesin thesewerage
systemandin wastewatertreatmentplants.Dif ferentin-streamremoval ratesandwaste-
water treatmenteliminationefficiencieshave beenpublishedto date,amongothersby
Bernaet al. (1989),Schr̈oder(1995a),AISE/CESIO(1996),Scḧoberl (1996),Holt et al.
(1998),Schr̈oderandReichensperger(1998),andSchr̈oderetal. (1999),seealsotheItter
study(section2.3).

In general,no geogenicLAS backgroundconcentrationis expected. However, experi-
encesfrom theItter catchmentrevealedthatalsoin headwatersof theItter, which canbe
regardedasfreefrom point sources,LAS concentrationsof 5 � g/l wererepeatedlymea-
sured.Thesamewasobservedin all othermonitoringcampaignsthatwerepartof thefirst
GREAT-ER phase,seethemonitoringdataon the GREAT-ER CD (ECETOC, 2000).
LAS wasalsodetectedin theheadwatersof theRur catchment.Basedon thesefindings,
abackgroundconcentrationof 3 � g/l is usedfor theLAS calculations,which is themean
of measuredLAS concentrationsin uppercoursesof theriver Indeupstreamfrom known
dischargesites.Thepotentialsourcesof theseLAS loadsarenotknown.
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6. GREAT-ER simulationsin theRur catchment

Calculation with default data sets
In section2.3, two substancedatasetswereusedandcomparedin the Itter catchment,
calledtheECETOC andItter datasets.They arealsoappliedin thiscatchmentto investi-
gatewhethersubstancedatasetscanbetransferredbetweendifferentcatchments.

Both datasetsassumea sewer removal efficiency of 25% andanactivatedsludgeplant
efficiency of 98%, which givesa total eliminationof 98.5%beforeenteringthesurface
water. TheECETOC datasetconsidersanin-streamremoval rateof 0.06perhour, which
translatesinto a half-life of 12 hours,while the Itter datasetconsidersa uniform dis-
tributedin-streamremoval rateof between0.03and0.35perhour, which correspondto
half-lifes of 24 and2 hoursrespectively. Resultsobtainedusingthe GermanLAS con-
sumptiondatafor 1993(0.5757kg per capitaandyear, IKW, 1994)andapplyingboth
datasetsareshown in Figure6.6.

As for boron,the‘factor of three’criterionis achieved.Moreover, atall samplingsitesthe
simulationresultslie in therangeof themeasuredvalues.However, a generalunderpre-
diction of themeanconcentrationscanbeobserved in theRur river, while in theWurm
river the discharge at Aachen-Soers(nearto 10 km) dominatesthe simulationresults.
Thisdominanceis not directly observablein themeasurements.However, thesimulation
resultsin theWurmarenot rejectedby themonitoringdata,sincethenearestmonitoring
site is already4 km downstreamfrom thedischarge,permittingbiodegradationto occur.
Theunderpredictionsin theRurmaybecausedby (i) too little consumptiondata,(ii) too
high assumedwastewatertreatmentefficienciesor (iii) too high in-streamremoval rates.
Regardingtheoverpredictionsin theWurmriver, explanation(i) canmostprobablybeex-
cluded,whereasexplanations(ii) and(iii) cannotbedecidedwith this informationalone.
In addition,regardingthevery low LAS concentrations,a simplefirst-orderdegradation
ratemight notbeappropriate.

Concluding,GREAT-ER is ableto predictobservableLAS concentrationprofileswhen
usinggenericconsumptiondataandsubstancedataderivedin othercatchments.
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Figure6.6.:GREAT-ER resultsfor LAS applying the ECETOC and Itter substance
data setsvs. measurements(1993data).
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6. GREAT-ER simulationsin theRur catchment

6.1.4. NTA

In Germany, theuseof NTA in householdproductssuchasdetergentsdecreasedduring
thenineties.Sincethesecondhalf of thedecade,NTA hasbeenmoreor lessreplacedin
householddetergents.However, it is still usedin differentindustrialapplications,includ-
ing industrialcleaning.In 1993,2360tonsof NTA wereused(CEFIC,2000),of which
453.7tons(calculatedasnitrilotriaceticacid)wereusedin productsunderlyingtheGer-
mandetergentandcleaningagentslaw (CEFIC,2000,IKW, 1994). Both consumption
dataareusedfor simulationsin orderto determinetheappropriatenessof eitherdataset.
Sinceno informationon thespatialdistributionof theconsumptionis available,the2360
tonsareassigneduniformly distributedto theconnectedpopulation.This impliestheas-
sumptionthatindustrialactivity is higherin moredenselypopulatedareasthanin remote
regions.

Substancedatadescribingthefateof NTA canbefoundin theliterature,e.g.Kuhnet al.
(1987),Alder et al. (1990),Ulrich (1991),andAlder et al. (1997).An in-streamremoval
rateof 0.035d��� is used,whichis basedonin-situmeasurementsfrom theGreifensee(Ul-
rich, 1991),althoughin-streamremoval ratesin lakesandriversarelikely to differ. For
the WWTP behaviour, a uniform distribution of between95 and98% is usedasthe to-
tal efficiency (comprisingboththeseweragesystemandthewastewatertreatmentplant).
This value is basedon Alder et al. (1997,1990). A report for NTA provided by the
GDCh-Beratergremiumfür Altstoffe (BUA, 1986)citesotherstudiesthat reportedelim-
ination efficienciesfor activatedsludgetype WWTPsof 84 and88%. For this reason,
in a third simulationa uniform WWTP eliminationefficiency rangingfrom 84 to 88%is
assumedto checkthesedata,togetherwith theemissiondataaccordingto thetotal NTA
consumptionin Germany. Resultsof the threescenariostogetherwith monitoringdata
aregivenin Figure6.7.

Regardingthe riversRur and Wurm, in the first two scenariosGREAT-ER underpre-
dictsmeanconcentrationsatall sites,while themodeloverpredictsat all sitesin thethird
scenario.The sameis true for the Vicht river exceptfor its mouth. Regardingthe Inde
river, no trendcanbeobserved. Nevertheless,by directly usingthesubstancedatafrom
the literaturethefactorof threecriterion is metwhenusingthetotal NTA consumption.
However, in thelowerpartsof thecatchmentthedeviationsaremoreor lessa factorof 3.
Keepingin mind theunderlyingassumptionsconcerningemission,improvementsin the
predictionscanmostprobablybe obtainedby incorporatingmoredetailedinformation
concerningtheuseof NTA in theRurcatchment.
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6. GREAT-ER simulationsin theRur catchment

6.1.5. EDTA

Dif ferent kinds of uncertaintyhave to be takeninto accountwhen simulatingEDTA.
Firstly, consumptiondataof EDTA vary in differentstudies. As for NTA, CEFIC reg-
ularly conductssurveys of EDTA productionandconsumptionin Europe(CEFIC,2000).
Resultsof thesestudiesarealsogivenin theBUA report(BUA, 1996)andpartlyby Gar-
tiser(1997).Theapplicationsof EDTA in differentbranchesarealsogiven. A difficulty
whichcausesuncertaintyarises,similar to thecaseof NTA, in decidingwhichapplication
canbe translatedinto a per-capitabasis,sinceonly someinformationaboutthepercent-
ageof EDTA beingdischargedinto waterdueto differentapplicationsis available(UBA,
1998).However, it is unclearwhethera ‘wide dispersiveuse’assumptionis valid atall or
for acertainpercentage.Therefore,variousscenarioswerecarriedout, in whichdifferent
usesof EDTA aretransferredinto theper-capitabasis.A furtheruncertaintyarisesfrom
the fact thatonly an(unknown) partof theEDTA masseslistedareeventuallyusedand
dischargedin Germany (UBA, 1998).

Removal efficiency in wastewatertreatmentis alsoa ratheruncertainparameter. Many
studiesstatethatEDTA is not eliminatedduringwastewatertreatment,for exampleWolf
andGilbert (1992),Alder etal. (1990),andAlder etal. (1997).However, theBUA report
(BUA, 1996)citesstudiesin which eliminationefficienciesbetween10 and53%arere-
ported.ThereareEDTA-specificeliminationtechniqueswhichcanbeappliedto increase
wastewaterefficiency. Nevertheless,becausemostof thestudiesconcludethatEDTA is
noteliminatedin wastewatertreatment,no removal is usedasdefault.

Thethird uncertaintyis relatedto in-streamremoval. Accordingto theliterature,photol-
ysisis theonly significantremoval process.However, it only occursif EDTA is complex-
boundwith iron. NowackandBaumann(1998)reportthatvaluesfrom 20 to 90%of the
EDTA presentin effluentsof wastewatertreatmentplantsform acomplex with iron.Thus,
it is not surprisingthatmeasuredin-streamremoval ratesvary from no eliminationto a
half-life of only a few days(Wolf andGilbert,1992).TheBUA report(BUA, 1996)cites
studiesshowing evenbiodegradabilityof EDTA undersomeconditions.

Basedon thesefindings,two classesof scenariosweredefined. Dif ferentconsumption
databy assumingfixedeliminationbehaviour, i.e. no eliminationin theseweragesystem
andwastewatertreatmentandanin-streamremoval half-life of 48 days,areinvestigated
in the first setof scenarios.In the secondclassof scenarios,the influenceof different
in-streamremoval ratesareanalysedby keepingtheemissiondataconstant.As for NTA,
monitoringdatafor 1993canbetakenfrom theLUA monitoringcampaignsfor thefour
mainriversRur, Wurm,Inde,andVicht.

Varying consumption scenarios
Four scenarioshave beendefinedwhich considerthedifferentEDTA applicationsmen-
tionedin theBUA (1996)reportin theper-capitatranslation,i.e. differentpercentagesof
thetotalconsumptionin Germany in 1993(4270t, BUA, 1996)areusedin thescenarios.
In the first scenarioonly industrialandhouseholdcleaningproductsandcosmeticsare

80



6.1. Resultsapplyingthe1993dataset

considered(31%, C & C scenario). In the secondscenario,photochemistryis also in-
cluded(58%,C& C & P scenario).Thethird scenarioalsoconsiderstextile andgalvanic
industries(65%),while in thelastscenariothetotal amount(4270t, or 100%)is consid-
ered. The remaining35% betweenthe third andfourth scenarioarisefrom agricultural
use(3%)andfrom furtherapplicationsincludingwaterpurification(32%).

The first set of plots, shown in Figure6.8, shows that EDTA concentrationsare over-
predictedin mostcases.The factor of threecriterion is only met whenusing the C &
C scenario.The overpredictionsmay be causedby the fact that not all EDTA usedin
cosmeticalapplicationsentersthe surfacewaters,which is mentionedby UBA (1998).
However, this applicationaccountsfor only 3% of the total EDTA consumption,hence
beingresponsiblefor 10% of the releasein the C & C scenario.A secondreasonmay
have beendue to removal processeseither during wastewater treatmentor in the sur-
facewatersthemselves.Regardingtheaverageresidencetime of waterin thecatchment,
which is aboutonedayfrom theRurtalsperreto thecatchment’s outlet,48 daysis a slow
eliminationconstant.Thishasbeenexaminedin thesecondseriesof EDTA-scenarios.

Varying in-stream removal rates
In thesecondsetof simulationsthreefurtherscenariosbasedon theC & C scenariowere
defined,i.e. assumingno photolysis(scenarioB), a half-life of 1 day(scenarioC) anda
uniformly distributedhalf-life of between1 and48days(scenarioD). Theresultstogether
with theoriginalC & C scenario(half-life of 48days,datasetA) areshown in Figure6.9.

ScenariosC andD giveresultsthatin mostcasesarein therangesof themeasuredconcen-
trations,while scenariosA andB overpredict.Thestatementmadeabove thata half-life
of 48 daysis quiteslow is provenhere,asthedifferencesbetweentheresultsof thetwo
lastscenariosareonly verysmall.

It is thusshown thatonly whenassumingasignificantphotolysisratein combinationwith
theC & C scenario,EDTA predictionsin therangeof measuredconcentrationscanbeob-
tained.However, this alsoshows thesensitivity of theGREAT-ER modelto parameters
determiningthereleaseinto surfacewaters,i.e. theproductionfiguresor thewastewater
treatmentassumptions.It canalsobeseenthattheinfluenceof in-streamremoval cannot
beneglected,but thatit is comparedto thereleaseestimationbound.
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6. GREAT-ER simulationsin theRur catchment
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6. GREAT-ER simulationsin theRur catchment

6.2. Rur 2000 data set and monitoring

Futuresimulationsbeyond this thesiswill mostprobablyaim at portrayingcurrentsitu-
ations. As newestdischarge site datawereavailable,a seconddatasetwith thesedata
wasalsointegratedinto theGREAT-ER system.Thisseconddatasetis characterisedby
efforts of theWVER to closesmallerandlessefficient WWTPsin favour of larger and
moreefficient WWTPs. Thus,thenumberof dischargesiteshasdecreased.In orderto
verify this dataset,a small monitoringprogrammewasconductedin cooperationwith
HenkelKGaA, which wasfinancedby theEuropeanRisk AssessmentSteeringCommit-
tee(ERASM).

As in the previous section,this verification is carriedout by comparingthe monitoring
resultswith GREAT-ER 1.0 calculationsbasedon 2000monitoringanddischarge site
data.However, sinceemissiondatacouldonly bebasedonnewestavailablemarketdata,
which for thesurfactantswerefrom 1998(TEGEWA, 2000)andfor theothersubstances
from 1999(IKW, 2000),thecomparisonis subjectto this uncertainty.

Becausea generalverificationwith thecatchmentdatasetwasalreadyconductedin the
previous section,the modelcannow alsobe usedto explain measuredconcentrations.
This mayaid the interpretationof monitoringdataif only few monitoringdataareavail-
able.

A furtherpurposeof thismonitoringis to determineinputparametersfor furtherdetergent
ingredientsconcerningin-streamremoval andWWTP efficiency, asthesearenecessary
for the productmodeassessments.This purposeis relevant for the surfactantsAS and
AE. TheRurcatchmentis thefirst catchmentfor whichtwo datasetsfrom differentyears
exist. For this reason,it canbeinvestigatedfor thefirst time whetherparameterssuchas
backgroundconcentrationsor wastewatertreatmentefficiencies,which werederivedon
thebasisof dischargesite,emission,andmonitoringdatafrom 1993,canbesuccessfully
appliedin the2000modelling.This is conductedfor boron,LAS, NTA, andEDTA.

In this section,thedesignof theRur monitoringcampaignis described.Then,theresults
of the monitoringprogrammeaswell ascomparisonswith GREAT-ER 1.0 resultsare
given1. Finally, conclusionsconsideringthewholechapteraredrawn.

6.2.1. Choice of substances

Themonitoringdesigncomprisestheselectionof themonitoringsites,thefrequency, and
thenumberof parametersandsubstancesto bemeasured.Thisdecisionis typically based
on both the purposeandresourcesto reveal representative dataof the catchment(Holt
etal., 2000).

Sincethecurrentwork in theRurcatchmentaimsatcomparingpotentialaquaticecotoxi-
cologicalimpactsdueto theuseof differentlaundrydetergentsby usingtheGREAT-ER

1An articlehaving thesecontentshasalsobeenprepared(Schulzeetal., 2001b).
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6.2. Rur 2000datasetandmonitoring

software,thechoiceof substanceswasprimarily focussedondetergentandcleaningagent
ingredients.Furtherprerequisitesfor thechoiceof suitablesubstancesweretheexpected
environmentalconcentrationsthatshouldbeatdetectablelevels,andthequalityandquan-
tity of informationaboutthesubstance-specificemissiondata.

This led to theparametersandsubstanceslisted in Table6.1. Thelist consistsof typical
water quality parameters,detergent ingredientssuchas boron as well as an- andnon-
ionic surfactants,thechelatingagentsNTA andEDTA, andfinally caffeine.Caffeineis a
substancewhichmayberegardedas‘down-the-drain’.However, its environmentalemis-
sion pathwaysarenot completelyunderstood.Therefore,samplesweretakento assess
whetherit canbefoundatdetectablelevelsin theenvironment.

6.2.2. Choice of sampling sites

GREAT-ER estimatesthe spatialdistribution of ‘down-the-drain’chemicalsin surface
waters.Thusnot only thehot spotsareof interestbut thewhole rangeof moreheavily
andmoderatelyloadedstretches,aswell asalmostunloadedstretches.Thesamplingsites
aregiven in Figure6.10. Therisk of measuringanoutlier is higherin very small rivers,
becausemonitoringmayreflectanextremesituationof only ashort-termduration.Thus,
mainriversaremoresuited.Dueto technicalrestrictions,themonitoringprogrammewas
limited to thelowercoursesof thecatchment,i.e. nosamplesweretakenabove thewater
reservoirs. Monitoring wasperformedon two sunny daysin May 2000. The average
watertemperaturewas17.2+/- 1.3� C.

6.2.3. Sampling frequenc y

With thedefinedsubstancesandsamplingsites,thesamplingfrequency dependson the
availableresources.Compositesamplesover time weresampled.At eachof the eight
monitoringsites,12 sampleswerecollectedover 24 hoursusingan automaticsampler
in order to derive a meandaily concentration.At two sites,however, due to technical
problemsacompositeof 2 and3 samplesrespectively couldonly beattained.

6.2.4. Incorporation into GREAT-ER

A geographicaldatasetwasderived in which the locationsandsomeattributesof the
samplingsitesarestored.The monitoringresultswerealsoaddedto this dataset. The
datawere then transferredto a digital format accessibleby the GREAT-ER software.
The dataset is kept asadditionalbackgroundinformation,due to which the datamay
bedisplayedwithin GREAT-ER’s ‘Easy-To-Use’mode.A furthergeographicaldataset
wasdevelopedcontaininglocationsof thosemonitoringsitesat whichphotographswere
takenduring the monitoring. The dataandphotographscanbe loadedin GREAT-ER
usingthe‘Show SitePictures’entryin the‘Display’ menu.
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6. GREAT-ER simulationsin theRur catchment

Figure6.10.:Sampling sites of the 2000 monitoring programme in the Rur catch-
ment. Samplingsitesaregivenasasterisks,whereasthedischargesitesare
representedby dots.IDs referto thesamplingsites.

6.3. Results using the 2000 data

In orderto providea first insight into thedatasets,this sectionis dividedinto a first part
presentingthe combinedmonitoringdataanda secondpart comparingthe monitoring
datawith simulationresultsof theGREAT-ER software.

6.3.1. Monitoring results

All monitoringresultsaregiven in Table6.1. The waterquality parametersshow mod-
eratepollution at thesites.For TOC andthenutrients,anevaluationaccordingto a Ger-
manchemicalwaterquality classificationprovidedby theLandesumweltamtNordrhein-
Westfalen(1997, LUA) can be performed. With respectto TOC, all measuredriver
stretcheswould be rankedin stageII-III (critically loaded).Accordingto ammonia,the
stretchesin theriversRur andIndewouldbeclassifiedasclassI (veryslightly polluted),
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6.3. Resultsusingthe2000data

while the four sitesin the Wurm river would eachrepresenta differentclass,i.e. I, II,
II-III andIII (heavily polluted). Thenitrite-basedclassificationis almostidenticalto the
ammonia-basedone. Referringto nitrate,Krauthausenwould be classifiedasclassII,
while all othersiteswouldbeclassifiedasclassII-III.

Table6.1.:Overview of the Rur catchmentmonitoring results(May 2000). For each
river the orderof the samplingsitesis from left to right downstream. The
sites are locatednear Krauthausen(119), Hilfarth (115), Vloodrop (113),
Kohlscheid(102), Rimburg (116), Hommersche(101), Kempen(114), and
Kirchberg (110).

Rivername Rur Wurm Inde
SiteID 119 115 113 102 116 101 114 110
DOC(mg/l) 4.8 4.9 5 7.6 6.8 8.8 7.3 5
TOC (mg/l) 5.1 5.6 5.9 8.8 8.1 9.2 7.8 5.5
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 2.97 3.21 4.37 3.6 4.18 4.16 2.47
NH � -N (mg/l) 0.03 0.03 0.05 0.03 0.84 0.41 0.15 0.03
MBAS (mg/l) 0 0.01 0.02 0.03 0.03 0.05 0.03 0
LAS ( � g/l) � 1 � 1 3 1 � 1 3 3 � 1
SAS( � g/l) � 1 � 1 � 1 � 1 � 1 � 1 � 1 � 1
AS ( � g/l) � 1 2 � 1 � 1 1 4 1 � 1
AES( � g/l) � 1 � 1 � 1 � 1 � 1 2 � 1 � 1
AE ( � g/l) 6 3 8 11 6 8 13 2
Bor (mg/l) 0.11 0.16 0.22 0.34 0.39 0.44 0.42 0.17
NTA ( � g/l) 21 8 9 2 5 2 35 3
EDTA ( � g/l) 71 80 55 25 50 9 160 17
caffeine( � g/l) � 0.5 � 0.5 5 � 0.5 � 0.5 � 0.5 � 0.5 � 0.5

With respectto the measuredortho-phosphateconcentrations,the samplingsitesin the
riversIndeandRur areassignedto classesII or II-III, while in theriver Wurm themea-
suredconcentrationsareclassifiedto stagesII-III, III, andIII-IV (veryheavily polluted).
It canthusbe seenthat theWurm is moreheavily affectedby ortho-phosphatethanthe
otherriversin thiscatchment.However, becauseamorerobustwaterqualityclassification
requiresfurthermeasurementsandprobablyalsowaterquality modelling,theclassifica-
tion givenabove canonly be regardedasscreeningfor theanthropogenicimpactof the
catchment.

Althoughanthropogenicinfluencescanbepresumedfrom this waterquality monitoring
programme,concentrationsof detergentingredientsareratherlow. This is especiallytrue
for theanionicsurfactants.Thetakingof measurementsof anionicsurfactantsin surface
waterswasundertakenusingtwo methods:determinationof thesum-parameter‘Methy-
leneBlue Active Substances’(MBAS) and‘High PerformanceLiquid Chromatography’
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6. GREAT-ER simulationsin theRur catchment

(HPLC). The latter enablesthe determinationof the differentsingleanionicsurfactants
andtheir homologues2. For the singlesubstancesmorethanhalf of the measurements
arenearor below thedetectionlimit, while theMBAS concentrationsarecomparableto
thosedeterminedby theLUA duringthenineties.It canbeseenthatthesumsof measured
anionicsurfactantsarealwayssmallerthantheMBAS concentrations.Theselow values
do notallow verydistinctGREAT-ER verifications.Concentrationsof thenonionicsur-
factantalcoholethoxylathe(AE) arealsomoderate,but show a distinctprofile usablefor
a comparisonof monitoringandsimulationresults.

Themeasuredboronconcentrationsin theRurandInderiversarecomparableto concen-
trationsmeasuredin 1993,while concentrationsin theWurmriverseemto havedecreased
from 1993to 2000.For NTA, attwo sites(114,119)highmeasuredconcentrationsarere-
markable,asthey arealsohigherthanaveragevaluesmeasuredby theLUA in 1993.The
othersitesshow concentrationssimilar to the valuesfrom 1993. EDTA concentrations
especiallyin theRur riverhave significantlyincreasedcomparedto datafrom 1993.This
increasecannotbeobserved in the riversWurm andInde. If themonitoringdatareflect
therealsituation,thiswouldsuggestoneor moreadditionalindustrialdischargesinto the
river Rur. At samplingsiteKempen(ID 114)bothNTA andEDTA concentrationsseem
to behigherthanusual.Thesevaluesmayberegardedasoutlier.

Thelow concentrationsof caffeinearenotpromisingwith respectto usingthecompound
for GREAT-ER verificationstudies.

6.3.2. Bor on

Sinceboronis neitheradsorbednor chemicallyor biologicallyconverted(Schr̈oderetal.,
1999),consumptiondataand(geogenic)backgroundconcentrationaretheonly inputdata
necessaryfor GREAT-ER simulations(seealsosections2.3.3and6.1.2).Theconsump-
tion figuresarebasedon theconsumptiondatafrom 1999(0.0424kg percapityandyear,
IKW, 2000),whereasthevalueof 0.07mg/l determinedin the1993calculations(seesec-
tion 6.1.2)is usedasthebackgroundconcentration.

The1993studyshowedtheexistenceof additional(industrial)input,whichwasassumed
to occurat theLinnich andHerzogenrathWWTP, wherein factemissionsfrom glassand
paperindustryoccurred,seesection6.1.2.Theloadsdeterminedin the1993studywere
20 t/aatHerzogenrathWWTP(riverWurmat20km) and70 t/aatLinnich WWTP(river
Rur at 105km). To checktheseindustrialloadings,resultsfrom scenarioswithout these
additionalinputsaswell aswith theadditionalloadsaregivenandshown in Figure6.11.

It canbe seenthat the measuredboronconcentrationsareunderestimatedin the lower
coursesof theRurandWurmriversif only thedetergent-basedper-capitaconsumptionis
usedasemissiondata,whereasin thescenarioassumingadditionaldischargesaccording

2A recentoverview of differentanalyticaltechniquesfor determiningsurfactantsin environmentalmatri-
cesis givenby Thieleetal. (1999).
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6.3. Resultsusingthe2000data

to the1993scenariosboronconcentrationsareoverestimated.
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Figure6.11.:GREAT-ER resultsfor boron vs. measurements(2000data)

At Kirchberg (nearthemouthof theInderiver),meanconcentrationsof 174and177 � g/l
arecalculatedin thetwo scenarios.Thesevaluesarecloseto themeasuredconcentration,
i.e. 170 � g/l. Thus,thebackgroundconcentration,whichwasdeterminedon thebasisof
the1993data,providesgoodresultswhenapplyingthe2000dataset. Thedifferenceof
3 � g/l calculatedat Kirchberg in thetwo scenariosis dueto thestochasticvariabilities.

Whenlooking at the secondscenario,in which additionaldischargesareconsidered,it
maybeconcludedthattheadditionalloadsenteringatHerzogenrathandLinnich WWTPs
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6. GREAT-ER simulationsin theRur catchment

have changedin quantity. However, thischangemayalsopartlybedueto theuncertainty
introducedby usingtheper-capitaconsumptionfrom 1999.

By inverse-modelling,which aims for the optimal agreementbetweenmodelling and
monitoring at one or more sites, likely quantitiesof additionaldischargesat different
sitescanbeobtained.However, regardingthesmallamountof monitoringdata,it seems
questionablewhetherthiswouldgiveany new insight.Nevertheless,to exemplify inverse
modelling,theadditionaldischargeat Linnich waschangedto a loadgiving resultsclose
to the monitoringdataat the next downstreamsamplingsite Hilfarth. This load, 25.66
t/a,wasderivedby a massbalance.Theresultingconcentrationprofile of theriverRur is
givenin Figure6.12.
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Figure6.12.:GREAT-ER resultsfor boron vs. measurements(Rur river, 2000data)

With this adjustment,thesimulationandmonitoringresultsatHilfarth (113km) arevery
close.Their deviation is only causedby variationsdueto thestochasticpartof GREAT-
ER. Also, at Vloodrop (130 km) the deviation hasconsiderablydecreased.Thus, by
collectingadditionalinformationaboutindustrialdischarges,further insight into spatial
borondistributionsmaybederived. However, regardingtheaim of this thesis,this is not
considerednecessary.
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6.3. Resultsusingthe2000data

6.3.3. Anionic surfactants

In theRur monitoringprogramme,MBAS aswell astheanionicsurfacantslinearalkyl-
benzenesulphonate(LAS), alcohol(or alkyl) sulphate(AS), alcohol(or alkyl) ethersul-
phate(AES), andsecondaryalkanesulphonate(SAS)weremeasured.For all thesesub-
stancesemissiondataare available from TEGEWA (2000). Comparisonsof measure-
mentsandsimulationresultshave only beenconductedfor LAS andAS becausemoni-
toring resultsfor SASandAESin all casesbut onearebelow thedetectionlimit of 1 � g/l
(seeTable6.1).

LAS
It is clearlyvisible that themeasuredLAS concentrationsarevery low, since4 out of 8
valuesarebelow thedetectionlimit of 1 � g/l. Dueto this facta comparisonof measured
andsimulatedconcentrationsis difficult. 1998consumptionfiguresrevealeda per-capita
consumptionof 0.4777kg per capitaandyear(TEGEWA, 2000). As in the1993simu-
lations,two scenariosweredefinedusingtheECETOC andItter substancedatasets.Re-
gardingthevery low measuredconcentrations,no backgroundconcentrationis assumed.
Thisdiffersfrom the1993study, where3 � g/l wasusedasthebackgroundconcentration.
Thesimulationresultsat thedifferentmonitoringsitescomparedto themeasureddataare
givenin Table6.2.

Table6.2.:GREAT-ER resultsfor LAS vs. measurements( � g/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 scenariosoverpredictionsof LAS concentrationsoccurat mostsites.Especially
in theWurm river, exceptfor at thesamplingsiteKempen,systematicdeviationsoccur,
which arecausedby thecalculatedLAS loademittedby the largestmunicipaldischarge
of the catchmentat Aachen-Soers.The dominanceof this plant is not reflectedby the
measurements.This disaccordancewasalreadyobserved in the1993study, seesection
6.1.3.

Dif ferentstudiesshow WWTPremovalefficiencieshigherthan98%(AISE/CESIO,1996,
Schr̈oder et al., 1999). Applying thesehigher elimination efficiencieswould lead to
smallerGREAT-ER simulationresults,andthusto smallerdifferencesof measurements
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6. GREAT-ER simulationsin theRur catchment

andpredictions.

The in-streamremoval assumedin theItter datasetleadsto smallerdeviationsfrom the
monitoringdata. This differs from the 1993study, in which the ECETOC datasetwas
moreaccurateat modellingthemeasuredconcentrations.

However, with respectto the presentlow rangeof measuredconcentrations,variability
in the measurementsaswell asuncertaintiesin the emissionestimatesmay have large
influenceon the comparisonof monitoringandsimulationresults. Therefore,a further
calibrationof LAS substancedatabasedon only thesemonitoringdatadoesnot seemto
bejustified. Showing thata substancedatasetderivedin a differentstudycanbeapplied
in this studywith only limited variationsbetweenmonitoringandsimulationresultsis a
morevaluableresult.

AS
Thesecondanionicsurfactantfor whichcomparisonsof monitoringandsimulationresults
couldbeperformedis alcoholsulfate(AS). Consumptiondatafor 1998areprovidedby
TEGEWA (2000,0.122kg percapitaandyear),while informationaboutthein-streamre-
moval andwastewatertreatmentbehaviour is givenby Painter(1992),Schr̈oder(1995a),
AISE/CESIO(1996),andin aBUA report(BUA, 1997).In general,theseparametersare
similar to thefiguresof LAS. Therefore,theLAS Itter datasetis alsousedfor AS (data
setA in Table6.3). In datasetsB andC, the WWTP removal efficiency is increased,
becausethe literaturecitedabove in generalindicateslightly higherWWTP efficiencies
for AS thanfor LAS.

Similar to LAS, at four samplingsitesmeasuredAS concentrationsarebelow thedetec-
tion limit of 1 � g/l, which in turn makesGREAT-ER verificationsverydifficult. Results
for the differentdatasetsaregiven in Table6.4, while the input datasetsaregiven in
Table6.3.

Table6.3.:Removalrates for AS. TheWWTPareof theactivatedsludgetype.
Dataset Sewer 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 underpredictioncanbeobserved for AS.
Also, thediscrepancy observedfor LAS in theWurmriver is only visibleat thesampling
site nearKohlscheid,the first samplingsite below the WWTP Aachen-Soers,while in
the LAS modelling this could be observed in large partsof the Wurm river. From the
threeAS datasets,thefirst (A) seemsto bethemostappropriate,althoughsucha state-
mentis highly difficult consideringvariabilitiesanduncertaintiesin bothmodellingand
monitoring.
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Table6.4.:GREAT-ER resultsfor AS vs. measurements( � 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

Themostwidely usednonionicsurfactantin Germandetergentsis AE. Surprisingly, the
literatureon the fate behaviour of AE is relatively sparsecomparedto the literatureon
LAS, for example.However, somestudiesconcerningthefateof AE wereconducted,the
resultsof which couldbeusedin this thesis.

As for LAS andAS, consumptiondataarebasedon informationprovidedby TEGEWA
(2000,0.697kg percapitaandyear),while measuredWWTP andsewer eliminationef-
ficienciesare given by AISE/CESIO(1996), republishedin Matthijs et al. (2000) and
Feijtel et al. (2000). For sewer removal the meanvalueof 42% given thereis usedfor
the simulation. However, the averageWWTP removal reportedthereseemsvery high
(99.8%). Other studies(e.g. Holt et al., 1992) report valuesof only 98% and higher.
Therefore,98%and99%areusedasWWTP efficienciesin thestandardscenarios.Data
on thein-streamremoval ratesareamongothersgivenby Steber(1997,usedin datasets
A), andMarcomini et al. (2000,usedin datasetsB andB2). The substancedatasets
usedfor thethreescenariosaregivenin Table6.5. Simulationresultsof thesescenarios
aregiven in Figure6.13andin thetext. ThedifferencebetweendatasetsB andB2 lies
in theconsiderationof removal in theseweragesystem,which is not assumedin dataset
B2. Thedifferencesbetweentheresultsof thesetwo scenariosthereforedepicttheinflu-
enceof this uncertainparameter. This uncertaintyis causedby thefact that theremoval
efficiency in theseweragesystemdependson themeanresidencetime within thesewers
connectedto aspecificWWTP. Thisvalueis highly site-specific.

In theRur andat themouthof theriver Wurm GREAT-ER underpredictsthemeasured
concentrations,while this is not thecaseat theothersites.It is mostlikely thatthewaste-
water treatmentefficiency of WWTP Aachen-Soersis betterthanthe average,sincean
overpredictionin theWurmriverwasalsoobservablefor theothersurfactantsin the1993
and2000simulations.However, this canonly bepresumed.At thesamplingsiteKirch-
berg (Inde river), meansimulationresultsbasedon the differentdatasetsare 2.5 � g/l
(datasetA), 5.5 � g/l (datasetB) and9 � g/l (datasetC), while 2 � g/l weremeasured.
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6. GREAT-ER simulationsin theRur catchment

Table6.5.:Removal rates for AE. WWTP removal assumesWWTPsof the type acti-
vatedsludge,which is thecasefor all plantsin thecatchment.

Dataset Sewer WWTP In-stream
% % h ���

A 42 98 0.14
B 42 99 0.012-0.055
B2 0 99 0.012-0.055

0

2

4

6

8

10

0 20 40 60 80 100 120 140 160

A
E

 c
on

ce
nt

ra
tio

n 
[

�

µg
/l]

River Rur from source to mouth [km]

Dataset A
Dataset B
Dataset B2
Monitoring 2000

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40 45 50

A
E

 c
on

ce
nt

ra
tio

n 
[

�

µg
/l]

River Wurm from source to mouth [km]

Dataset A
Dataset B

Dataset B2
Monitoring 2000

Figure6.13.:GREAT-ER resultsfor AE vs. measurements(2000data)
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However, especiallyin the Rur river, deviations are small, i.e. lessthan 5 � g/l. The
deviationsmay thereforealsobecausedby variabilitiesin themonitoringdata. Despite
this, the factorof threecriterion is met for mostof thesitesin all scenarios.Exceptions
exist for datasetA at thesamplingsitesHilfarth andVloodropandfor datasetB2 at the
samplingsiteKirchberg. DatasetB leadsto resultsfulfilling thefactorof threecriterion
at all sites(at Vloodrop the deviation revealsexactly a factorof three). If a choicehas
to be madebetweenoneof the threedatasets,dataset B seemsmost appropriatefor
GREAT-ER modellingof AE in theRur catchment.

6.3.5. NTA

Consumptiondatafor NTA usedin detergentsandindustrialaswell ashouseholdcleaning
agentsareregularlypublishedby IKW (IKW, 2000).For 1999,400t/aaregivenfor Ger-
many, which is equivalentto 0.0049kg percapitaandyear. Threescenariosaredefined
accountingfor differentWWTP efficiencies,which weredeterminedin threemonitoring
studies. In the first scenarioa uniform distributedeliminationof between95 and98%
(scenarioA, Alder et al., 1997)is assumedastheWWTP efficiency. In thesecondauni-
form distributedeliminationof between84and88%(scenarioB, BUA, 1986),andin the
third scenarioa uniform distributedeliminationof between94.9and96.2%(scenarioC,
Schr̈oder,1998)areassumed.The in-streamremoval ratemeasuredfor NTA in-situ in
theGreifensee(Ulrich, 1991)is againusedin all scenarios,keepingin mind thepotential
sourceof error arisingfrom differenteliminationkinetics in riversand lakes. The first
two substancedatasetswerealsoappliedin the1993study, whereasthethird elimination
efficiency (scenarioC) hasnotyetbeenused.Simulationresultsof all scenariostogether
with themonitoringdataaregivenin Figure6.14andTable6.6.

Table6.6.:GREAT-ER results for NTA vs. measurements(Rur and Inde rivers,
2000data). Resultsaregivenin � g/l.

Samplingsite Measured Simulatedwith WWTPremoval of
84-88% 95-98% 94.9-96.2%

(A) (B) (C)
Krauthausen(Rur) 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
Kirchberg (Inde) 3 1.6 0.4 0.5

Whenapplyingtheconsumptiondataaccordingto IKW (2000),underestimationsoccur
in the Rur river and at samplingsite Kirchberg. This was also observed in the 1993
calculations.However, in theWurmriversuchunderpredictionsarenotclearlyvisible.
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Figure6.14.:GREAT-ER results for NTA vs. measurements (Wurm river, 2000
data). The probableoutlier nearthe mouth(Site ID 114, Kempen)is not
shown.

In asecondsetof scenarios,consumptiondatafor 1999publishedby CEFIC(2000,0.031
kg per capitaandyear)areusedthat considerall applications.In this calculation,only
the first two WWTP scenarios(A andB) are considered.Sincethe differencesin the
simulationresultsbetweenthesecond(B) andthethird (C) datasetareminimal,thethird
scenariois no longerused.

Theresultsfor theWurmandRurriversaregivenin Figure6.15,while atKirchberg (Inde
river) thecalculatedmeanconcentrationsare10 (datasetA) and2.5 � g/l (datasetB) re-
spectively, comparedto ameasuredconcentrationof 3 � g/l.

The factorof threecriterion is not generallymet. Sincebothover- andunderpredictions
occur, thedeviationscannotbeexplainedby erroneoussubstanceremoval rates.It is more
likely that theassumptionto uniformly assignthetotal amountof NTA thatwasusedin
Germany uniformly to thepopulationis not valid. Fromtheseresultsonemayconclude
thatthespatialdistributionof NTA concentrationsin surfacewatersis notpredominantly
determinedby privatehouseholds.Furthermore,generalunderpredictionsin theRurriver
aremore likely dueto above-averageindustrial input. Thus, in order to accuratelyas-
sessthespatialdistribution of NTA in thesurfacewaterof theRur catchment,industrial
sourceswouldneedto beidentifiedandinvestigated.
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Figure6.15.:GREAT-ER resultsfor NTA vs. measurements(2000data). Consump-
tion dataarebasedonCEFIC(2000).Here,theprobableoutlieratthemouth
of theWurmaswell asa secondin theRur riverareincludedin theplot.
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6.3.6. EDTA

Germanconsumptiondatapublishedby CEFIC(2000)aredividedinto differentapplica-
tions. In the1993study, the bestresultswereobtainedby assigningtheEDTA applied
in householdandindustrialcleaningproductsaswell asthat in cosmeticproductson a
per-capitabasis. In 1999,theseapplicationsaccountedfor 32%of the total EDTA con-
sumptionof 3,894t/a in Germany (calculatedasedeticacid),which is almostidenticalto
thepercentagein 1993(31%),althoughthepartitioningamongthethreeapplicationshas
changed.

Thedifferentkindsof uncertaintypresentin a fatemodellingof EDTA havealreadybeen
discussedin thepreviousEDTA simulationsusingthe1993dataset. Due to thesefind-
ings, 3 scenariosaredefinedwhich accountfor different in-streamremoval rates. The
emissiondataarebasedonuseof EDTA in householdandindustrialcleaningproductsas
well ascosmeticproducts.In the1993study, thisassumptiongave thebestresults.In the
threescenarios,no in-streamremoval (scenarioA), anin-streamremoval rateof 0.02888
h ��� , which correspondsto a half-life of oneday (scenarioB), anda uniform distributed
in-streamremoval of between0.02888and0.006h ��� , areassumed(scenarioC). Thelat-
ter valuecorrespondsto a half-life of 48days.

Theresultsof threescenariosareshown in Figure6.16.At samplingsiteKirchberg (Inde),
meansimulatedconcentrationswere17 � g/l (photolysisrate0.03h ��� ), 28 � g/l (0.0006-
0.03h ��� ) and39 � g/l (no photolysis)respectively, while 17 � g/l weremeasured.

Two main observationscanbemadefrom thethreeEDTA scenarios.Firstly, the results
clearlyshow that the influenceof variablein-streamremoval ratesis limited, asthedif-
ferencesin the simulationresultsconsideringno in-streamremoval (scenarioA) versus
consideringa half-life of a dayareonly a factorof 2. Second,largedeviationsbetween
measurementsandsimulatedEDTA concentrationscanbeobserved. In theRur riverun-
derpredictionsoccuratall samplingsites,while in theWurmriver, exceptfor theprobable
outlier nearthemouthof theWurm,overpredictionsoccurat themonitoringsites.

Thesefindingsaremostprobablydueto thefollowing two reasons:First,only 32%of the
EDTA releasedin Germany hasbeenappliedin thethreescenarios.Therefore,additional
industrialemissionsarepossibleandlikely. Secondly, thegeneralrelationreflectedby the
GREAT-ER model,i.e. thecorrelationbetweenpopulation-densityin a (sub-)catchment
andconcentrationlevel in the environment,is not valid for this monitoring: In the Rur
the measuredconcentrationsare higher than thosein the river Wurm despitea higher
populationdensityin theWurm subcatchment.
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Figure6.16.:GREAT-ER resultsfor EDTA consideringdiffer ent photolysisratesvs.
measurements(2000data). Consumptiondataarefrom CEFIC(2000).
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6.4. Discussion

6.4.1. Simulation using 1993 data

It wasshown that for the threesubstancesboron,LAS, andNTA the desiredaccuracy
of a factor of threecoulddirectly be achieved for the main riversof theRur catchment
by usingaverageconsumptiondataandphysico-chemicalpropertiesfrom the literature.
For LAS andboron,backgroundconcentrationshadto be defined. A backgroundcon-
centrationwas assumedin the caseof boron due to its naturaloccurrence. For LAS
this is not obvious. However, in all GREAT-ER catchments,i.e. in the UK, Italy, and
Germany, concentrationsabove zeroweremeasuredin theheadwaters(ECETOC,2000).
This shouldbeconsideredin thedesignof futureLAS monitoringstudies,which aim to
determinethe spatialdistribution of LAS or othersurfactants.For EDTA the selected
emissiondatascenariostrongly influencedthe model output,which demonstrateshow
carefullytheseimportantdatamustbederived.

Thecalculatedconcentrationprofilesof all four substancesin theWurmriverweredom-
inatedby thedischargesof the largestWWTP Aachen-Soers.Although themonitoring
datadid not contradicttheseresults,themeasuredconcentrationsdid not show peaksin
therespective partof theriver. Reasonsmaybetwo-fold. Eitherthemonitoringsitesare
too far away from thedischargesiteto identify anactuallyexistingpeakor, alternatively,
Aachen-SoersWWTP hasa bettereliminationefficiency. By measuringeffluentsof the
WWTP, thefirst couldbeinvestigated.

For boron, the concentrationprofile in the Wurm was lesspronounced,which is most
likely dueto industrialdischarges.This wasshown in thecaseof HerzogenrathWWTP,
wherea considerableadditionalinput wasidentifiedwhich increasedthe accuracy sig-
nificantly. Besidesboron,theothersubstancesNTA andEDTA might bedischargeddue
to industrialuse.For a moreprecisemodellingof thesesubstancesfurther investigations
concerningindustrialuseanddischargewould benecessary. However, asthis thesisfo-
cuseson householdlaundrydetergentsthatneithercontainNTA nor EDTA, this hasnot
beendone.

The influenceof variable in-streamremoval ratescould be seenfor EDTA. Since in
GREAT-ER the fate of substancesin surfacewatersdependson both dilution and in-
streamremoval, which is due to the opennatureof this catchment-basedsystem,the
differencesbetweenconsideringslow andno in-streamremoval werenegligible. An in-
creasinghalf-life thereforebecomeslesssensitive.

The comparisonswerecarriedout on the basisthat the meanmeasuredconcentrations
really reflectthemeanconcentrationson anannualbasis.However, measurementswere
not takenover the whole year, but only during the period from April to December. It
hasnot beeninvestigatedwhetherin-streamremoval or wastewatertreatmentefficiency
is reducedin theRurcatchmentduringthecoldseasonfrom Januaryto March.However,
GREAT-ER mode1 doesnot considersucha temperature-dependency either. For this
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reason,thecomparisonof measurementsandsimulationmaybeslightly biased,although
AISE/CESIO(1996,p. 38f.) cite studiesfrom which they concludethatbiodegradation
ratesof surfactantsarenot or only to asmallextenttemperature-dependent.

6.4.2. Simulation using 2000 data

Similar findings as in the analysisusing the 1993 datawere obtainedwhen using the
2000 data. The envisaged‘factor of three’ criterion hasbeenmet for the investigated
substancesexceptfor NTA andEDTA. RegardingEDTA, thecriterionwasachievedonly
at somesites,but no agreementin thespatialdistribution of measuredversussimulated
concentrationswasobserved. ThemainfactorinfluencingenvironmentalEDTA concen-
trations,andto a lesserextentalsoNTA concentrations,is thereforemostlikely industrial
applicationsratherthanprivatehouseholds.However, for theinvestigatedsurfactantsand
boron,whichcantypically beregardedashousehold-related‘down-the-drain’chemicals,
anaccordancebetweenmeasurementsandsimulationresultscouldbeobserved,although
someover- andunderpredictionsoccurred,dependingon thechoiceof substanceparam-
etersappliedin thedifferentscenarios.

A furtherinterestingaspectis thefactthatsubstancedatasetsderivedfor othercatchments
andin the1993studycouldbetransferredby only adjustingtheper-capitaconsumption
to actualvalues.This could convincingly be shown in thecaseof LAS, wherethe data
setsderivedfrom the Itter catchment(Itter dataset)andin theEnglishpilot studyareas
(ECETOC dataset)couldsuccessfullybetransferredto theRurcatchment.Thefact that
in the1993studytheECETOC datasetresultedin lowerdeviations,while with respectto
the2000datatheItter datasetseemsmoreappropriate,is only of minor importance.The
only differencebetweenthesetwo datasetsis thein-streamremoval rate,theinfluenceof
which is limited, aswasshown in theEDTA scenarios.

In the caseof boron,the backgroundconcentrationdeterminedin the1993studycould
directly beusedin this study. Regardingtheresultsat thesamplingsiteKirchberg (Inde
river), thechosenvalueseemedto berealistic,which in turn confirmsthecorrectnessof
theassumedgeogenicorigin of thechosenbackgroundconcentration.

Anothergeneraltrendthatcouldbeobservedin almostall scenariosof the1993and2000
studiesis thefact thatGREAT-ER generallyunderpredictsconcentrationsneartheoutlet
of thecatchment.Thismaysuggesttheexistenceof unknown additionalinput(s),besides
the consideredper-capitaones. Near the catchment’s outlet, discrepanciescanbestbe
seen,sinceat this locationall additionalinputsareadded,as long asthey have not yet
beeneliminatedfrom thewatercolumn.

All thesepresumptionscould furtherbe investigated,especiallyby collectingadditional
informationfor relevantindustriesdischargingvia theWWTPs.However, thisis notdone
here,sincewithin thecontext of this thesis,this is notnecessary. If in adifferentcontext a
morethoroughunderstandingof, for example,theNTA andEDTA loadsin theRurcatch-
mentis desired,thesenext stepscouldbeperformed.In sucha moredetailedstudy, the
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validity of themonitoringdatashouldalsobeensured,sincethemonitoringdataareonly
basedon a few measurementssampledon two daysin May 2000. The aforementioned
possibility of a biasedcomparisonof measurementsandpredictionsis evenmorelikely
undertheseconditions. In addition, besidesthe uncertaintyrelatedto the monitoring,
modelsimplificationsexist, amongthemtheway theenvironmentalfateof substancesin
lakesis modelled.

6.4.3. Envir onmental fate of substances in lakes

Therearelarge waterreservoirs in the upperpartsof the Rur catchment.A modelde-
signedfor lakeswouldberequiredfor adequatefatemodelling.However, in GREAT-ER
only a very roughmodelis implementedfor lakesat present.This modelis basedon the
GREAT-ER model for river stretches,sinceit alsoassumesone-dimensionaltransport
and uniform horizontalandvertical mixing. Elimination is modelledby first estimat-
ing the residencetime within the stretchwhich representsa lake andthencalculatinga
one-dimensionalspatialconcentrationprofile basedon the lumpedfirst-orderin-stream
removal rate.Theresidencetime is calculatedby dividing thevolumeof waterpresentin
thelakeby theoutflow, i.e. it is calculatedseparatelyin eachMonteCarloshotbasedon
therandomnumberof theactualshot.

Thisapproachneglectsprocessestypically occurringin lakes,suchasverticalmixing and
theformationof temperaturezoneswith only very little exchangeprocesses.Also, in the
deeperpartsof lakesanaerobicconditionsmay occur, underwhich the degradabilityof
somesubstancesmaybereducedor eveninhibited.Furthermore,sedimentationis usually
higher. Thus,anin-streamremoval ratefor rivers,which shallrepresenta combinedrate
accountingfor the differenteliminationpathways,is probablynot valid for lakes. For
somesurfactantsthis is discussedby AISE/CESIO(1996).

A modelwhich assumesvertical transportprocessesby subdividing a lake into differ-
ent layerswith differentenvironmentalconditionswasproposedby Ulrich (1991). He
assumesa lake with constantvolume, i.e. inflow equalsoutflow, andstratified layers
at differentdepths.The numberof layersandtheir heightscanbe altered.Elimination
processesmay be defineddifferently for the different layers. Also, the modelhandles
differentoutflow ratesfor the different layers. Simulationresultsfor NTA, EDTA, the
solventtetrachloroethylene(PER),andtheherbicideAtrazin werecomparedto measure-
mentstakenfrom theGreifensee(Switzerland)in orderto calibratethemodel.

Sucha model could in principle be incorporatedinto the GREAT-ER system. How-
ever, this requireslargesoftwaremodificationsandextensionsof data-structure.In addi-
tion, calibrationof suchamodelrequiresmonitoringdatapreferablyfrom differentwater
depthsandfrom differentlakes.Giventheaim of this thesis,theintegrationof anappro-
priatelakemodelis not feasiblehere.

In orderto applytheGREAT-ER lakemodel,thetemporaldistributionof thequantityof
waterpresentin a lakeis needed.For someof thewaterreservoirs in theRur catchment
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thesedataareavailable,i.e. for theOlef, Urft, Rur, Wehebach,andObermaubachwater
reservoirs (WVER, 1996),while for the PerlenbachandDreilägerbachwaterreservoirs
this informationis not available.However, asthereareno known dischargesabove these
two waterreservoirs,thiswouldnotposeaproblem.Therefore,in principle,theGREAT-
ER approachof modellinglakescouldbefollowed. However, in theRur catchmentthe
waterreservoirsaremodelledasriversdueto thefollowing reasons.

Firstly, comparedto thecurrentGREAT-ER modelthis is aconservativeapproach,since
in GREAT-ER theonly differencein modellingthefateof chemicalsin riversandlakesis
thecalculationof theresidencetime. As mentionedabove, theresidencetime in astretch
consideredaslake is calculatedby dividing volumeby flow, whereasthe residencetime
in a river stretchis derivedby dividing lengthby velocity. The lattergivessignificantly
shorterresidencetimes,which is realistic,sincethe residencetime in a lake is usually
longer than in a river stretch. Also, sedimentationis higher in lakes. Thus, it is most
likely that elimination is higher in lakesthanin rivers. Of course,this only occursfor
substanceswhich are eliminatedto someextent, i.e. for persistentsubstancessuchas
borontheproblemdiscussedhereis notapparent.

Secondly, regardingthemodellingof concentrationsof detergentingredientsin theRur
catchment,the potentialoverpredictiondueto this conservative approachis not impor-
tant. Looking at theresultsof GREAT-ER simulationsperformedin theRur catchment
showsthatin thosestretchesrepresentinglakestheconcentrationsaregenerallyvery low,
i.e. nearthebackgroundconcentrationif oneis assumedor nearzeroif no background
concentrationis assumed.This is shown in Table6.7 for all waterreservoirs receiving
dischargesfrom upstreamlocationsby comparingthe minimal value, i.e. zero or the
backgroundconcentration,andthe predictedmeanconcentrationnearthe outlet of the
reservoir.

The tableshows that theerror introducedfor thesubstancesLAS, NTA, andAE dueto
the considerationof the waterreservoirs as riversinsteadof as lakesis alwayssmaller
than1.6 � g/l. Therefore,aslong asthe GREAT-ER lake model is applied,neglecting
thatsucha stretchis actuallya lakedoesnot leadto relevantchangesin theresults.For
this reason,it wasdecidednot to modellakesexplicitly, sinceapplyingtheGREAT-ER
modelwould neithersignificantlyinfluencetheresultsnor improve theunderstandingof
environmentalprocesses.

Table6.7.:Mean GREAT-ER results in stretches representing water reservoirs.
Meancalculatedandsmallestpossibleconcentrations(in � g/l) aregiven for
onestretchof eachreservoir.

Waterreservoir LAS NTA AE
Sim Min Sim Min Sim Min

Rur 3.81 3 0.23 0 0.57 0
Urft 4.61 3 0.41 0 1.23 0
Obermaubach 3.78 3 0.22 0 0.48 0
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6.5. Conc lusions

The sufficient accordancebetweenestimatedandmeasuredconcentrationsof detergent
ingredientsshown for theRurcatchmentallowstheapplicationof theGREAT-ER model
for anenvironmentalevaluationof detergentsusingtheGREAT-ER productmode.The
discrepanciesbetweenpredictionsandmonitoringdataof NTA andEDTA show thatit is
moredifficult to assesssubstancesthatarenotprimarily usedin a wide-dispersiveway.

Sensitivity of GREAT-ER resultsmainly dependson the emissiondataandthe waste-
watertreatment,which determinethe loadsenteringthesurfacewater. The influenceof
in-streamremoval is bounddueto the opennatureof eachcatchmentandthe dilution,
whichoccursfor all substancesregardlessof their physico-chemicalproperties.Thiswas
shown in thecaseof EDTA. Sincein theGREAT-ER productmodetheper-capitacon-
sumptionsarecalculated,thewastewatertreatmentefficiency is themostimportantinput
parameter. Concerninganapplicationof GREAT-ER within thecontext of ERA of sub-
stances,a soundemissionestimate,i.e. concerningconsumptiondataand wastewater
treatmentparameters,is mostrelevant. Thus,further researchconcerningemissionsce-
nariosshouldbeconducted.

A furtherinterestingaspectis thefactthatsubstancedatasetsderivedfor othercatchments
canbetransferredif only theper-capitaconsumptionis adjusted,whichwasshown in the
caseof LAS. Datasetsderived in the Itter catchmentandin the otherpilot studyareas
(ECETOC dataset)couldsuccessfullybetransferredto theRurcatchment.Thefact that
in the 1993studyapplicationof the ECETOC datasetleadsto lower deviations,while
in the2000studytheItter datasetseemsmoreappropriate,is only of minor importance
sincetheonly differencebetweenthesetwo datasetsis thein-streamremoval rate,thein-
fluenceof which is limited dueto theopennatureof theGREAT-ER model.In addition,
substancedatasetsappropriatefor theRurcatchmentcouldbeidentifiedfor boron,LAS,
AE, andAS. Thesedatasetsareusedin theGREAT-ER productmodeassesments.

WhenapplyingGREAT-ER asavaluationtool to comparechemicals,theopennatureof
thesystemmustbekeptin mind. A largefractionof theemittedloadmayleave thesys-
tem. Especiallyfor persistentsubstances,thefateandexposurein marinesystemswould
thereforehaveto beconsidered.However, sinceexpectedenvironmentalimpactsof deter-
gentingredientsmorelikely occurin freshwatersystemsneardischargesitesratherthan
in oceans,neglectingimpactsoccurringoutsideof thesystemis notconsideredasa large
problem.A morerelevantaspectcurrentlynot adequatlyassessedwithin GREAT-ER is
sedimentationandtheconsiderationof a sedimentcompartment.
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assessment

It wasshown thatGREAT-ER is ableto predictobservableenvironmentalconcentrations
of detergent ingredientswhenusingrealisticconsumptionfigures. For this reason,the
GREAT-ER productmodeis seenasan appropriatemethodfor performingan aquatic
fateassessmentof detergents.In thischapter, resultsof theassessmentof aquaticimpacts
of householdlaundryby usingtheGREAT-ER productmodearegiven.

First, resultsof themainRur scenarios,aregiven, in which variabilitiesdueto different
usehabitsandproductsareanalysed.Potentialcombinedtoxic effectsof the detergent
ingredientsare also analysed.Then, the PRR� evaluationis being donedifferently in
orderto reduceits sensitivity to singlesubstances,which hasbecomevisible in the ref-
erencescenarios.Afterwards,in section7.3, the influenceof differentcatchmentsand
catchment-specificparametersis analysed.Finally, the environmentalrelevanceof the
inorganicingredientsis analysedby comparingresultsfrom GREAT-ER productmode
assessmentswith measurementsof inorganiccompounds.

In all scenarios,exceptfor thoserelatedto thecatchmentcomparison,theRurcatchment
datasetfrom 1993is used.2000MonteCarloshotsarealwaysperformed,unlessstated
otherwise.Sincetheresultsarevery numerous,a first discussionof theresultsis already
performedin this chapter. In addition, at the endof eachanalysisof section7.1, the
centralresultsarerepeatedfor easierunderstanding.

7.1. Main Rur scenarios

In thisfirst seriesof calculations,thePLA scenariosareassessedby initially analysingthe
referencescenarios,whicharebasedon themodelhouseholdsasdefinedin thePLA (see
Table4.2),andsubsequentlyperformingsimulationsof all permutationsof usehabitsand
products,bothassumingdosagesaccordingto productsandusehabits.It shouldbenoted
that in theRur catchmentthereare3174stretches,1561of which aredownstreamsfrom
WWTP effluents.Theaveragestretchlengthis 313m.

105



7. Resultsof theproductmodeassessment

7.1.1. PLA reference scenarios

Thesescenariosareinfluencedmostby consumerchoices,sincethedosage,amountof
laundry, laundryper wash,anddetergentarechosenby the consumer. With thesesce-
narios,thecontributionsof bothproductformulationsandusehabitsto the total critical
lengthcanbedetermined.In addition,the mostimportantsubstancescanbe identified.
In Table7.1,thenumberof stretchesin whichPRR��� sexceedthegivenvaluesby at least
onesubstancearesummarised.

Table7.1.:PRR��� evaluation of the reference scenariosThe numberof stretchesin
which thePRR��� areexceedingthegivenvaluesarelisted.

Usehabit PRR��� Detergent� 1 � 0.1 � 0.01 � 0.001
Smart 0 15 676 1,542 3-componentsystem
Wishy-Washy 77 1,249 1,559 1,561 Compactheavy-duty
Scrubbed 441 1,528 1,560 1,561 Heavy-duty

PRR ��� evaluation
The threescenarioresultsshow significantdifferences.Assumingthe Smartusehabit
PRR��� s donot exceed1 in any stretches.Furthermore,only in 15 stretches,i.e. lessthan
1%of all loadedstretches,they exceed0.1.Onthecontrary, theScrubbedusehabitleads
to PRR��� s thatarelargerthan1 in 441stretches.In addition,in 1528stretches,i.e. 98%
of all affectedstretches,thePRR��� s arelargerthan0.1. TheWishy-Washyusehabitpro-
ducesresultsthatarebetweentheothertwo usehabits.

Furtheranalysingtheresultsrevealsastrongdependenceonthebleachingagent,sincein
thecasesof theWishy-WashyandScrubbedusehabitstheboroncontententirelydeter-
minesthenumberof stretchesexceedingthedifferentchosenthresholdsfor all stretches.
Besidesboron,thesurfactantsLAS, AE, andAS have thehighestPRR��� s. Sincethe3-
componentsystemneitherusesboronnor LAS, in theSmartcalculationAE is themost
relevantsubstance,followedby AS, andsodiumcarbonate.

The resultsdemonstratea high sensitivity of the approach.The PRR��� resultsmay be
dominatedby a singlesubstance,asherethecasewith boron.If ananalysisonly intends
to compareproductalternativesas they are, this sensitivity is acceptable.However, if
theanalysisaimsto identify optionsfor productimprovementsratherthanto performa
simplerankingof alternatives,thissensitivity is disturbing.For this reason,in section7.2
theproductrisk ratioapproachwill beslightly alteredto receivefurtherinsightsfrom this
thresholdevaluation.

CL evaluation and comparison with the PLA
Thecritical lengths(CLs) arebasedon the‘less-is-better’paradigm.Table7.2shows the
CLs of the differentscenariosbasedon the meanconcentrationincreasestogetherwith
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thecontributionsof thedifferentingredientsanddetergentcomponents.In addition,the
mainresultsof thePLA aregiven. Finally, theresultvariabilities,definedasratio of the
largestandsmallestvalues,arealsogiven. Theseratiosareimportantfigures,sincethey
explain thevariability of thetotalCLs. Thetableis subdividedfor easierunderstanding.

Table7.2.:CLs of the referencescenarios. SomeMax/Min ratioscannot becalculated
dueto divisionby zero.Electricityconsumptiondoesnotconsiderdrying. The
PLA resultsareperyear.

Usehabit Smart Wishy-Washy Scrubbed Max/Min
Product 3-component Compact Heavy-duty -

system heavy-duty
Dosage(g) 72.3 103 175.1 2.4
Annualdetergentcons. 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(percapitaandyear)
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. equiv. (g) 61.9 190.3 504.4 8.2
VOCs(g) 70.8 230.1 619.5 8.8
CL persubstance(m)
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
ZeoliteA 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 perdetergentcomponent(m)
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
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TheCLsfor thethreescenariosvaryby a factorof 35.6.This is a largervariationthanthe
variationof thePLA results,which is alwaysbelow a factorof 11.5. Thedifferentvari-
abilitiesof thePLA resultsis dueto thefact thatelectricityconsumptionis givenwithout
consideringthedryingstep(Grießhammeret al., 1997,p. 103),while theCO� emissions
andacidificationequivalentsaswell astheVOC scorealsoconsidervariabilitiesin dry-
ing.

Variabilitiesof the annualdetergentconsumptionandof the CLs show the influenceof
usehabit versuschoiceof detergent. The first variability reflectsthe influenceof use
habits,asthey determinetheannualmassof detergentused.This valuehasa linear in-
fluenceon the CL variability. Thus,the ratio of CL andannualdetergentconsumption
is a combineddescriptorfor thedetergentformulation,thecatchmentcharacteristics,the
simulationmodelandtheimplicite weightingperformedin theCL aggregation.Thevari-
ability of theseratiosis 4.8andthussmallerthanthevariability dueto varyingusehabits.
It shouldbementionedthatthedefinitionsof theusehabitslargely determinethis result,
whichhave notbeenderivedfrom purelyscientificknowledge.

Thereis oneconceptualdifferencein PLA resultsandtheCL that is worth mentioning.
In Table7.2, all dataare basedon a per-capitaevaluation,which implies that transfer
to ahousehold-basedevaluationincreasesthePLA resultsby theaveragehouseholdsize,
whichis 2.26(Grießhammeretal.,1997,p. 153).However, theCL resultsareinvariantto
this transformation.Therefore,comparingthePLA andCL resultsshouldonly bebased
onacomparisonof theresultsvariabilities,sincetheseareinvariantto thetransformation
from householdto capita.Still, themainadvantageof theCL evaluationis thepossibility
to analysetheresultswith respectto thecontributionsof thedifferentingredients.

Dominance of boron
Themostimportantsubstanceis boron,whichwasalreadypointedout in thePRR� evalu-
ation.Thisoutcomesuggestsseparatingcolouredandwhitelaundry, whichis apossibility
for theconsumerto reduceemissions,while thechoiceof bleachingagentis controlled
by theproducers.Pleasenotethattherow ‘Bleaching’ combinesthebleachingagentand
DAED. The largevariability of thebleachingagents’resultsreflectsthe fact that in the
ScrubbedandWishy-Washyscenariosa bleachingagentis includedin eachwash,while
in theSmartscenariothebleachingagentsodiumpercarbonateis only usedin 15%of the
cycles.

Influence of surfactants
Apart from boron, the surfactantsare the most relevant substances.For example, the
percentualcontributionof LAS andboronin theWishy-WashyandScrubbedscenariosis
largerthan89%.TheCLsof theanionicsurfactantsvaryby afactorof 23,whichis caused
by both emittedmassandsubstancesused. Dividing the CL variability of the anionic
surfactantsby the variability of the annualdetergent consumptions,which exclusively
reflectstheusehabits,givesavalueof 2.5.Thus,theusehabitshavea largerinfluenceon
thevariability of theanionicsurfactantsthantheproductformulations.
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Variability of the nonionicsurfactantAE is very small. However, AE is relevant with
regardto the total CL. Furthermore,the importanceof AE becomesapparentin section
7.3.2.

Anal ysis of additional ingredients
The highestmax/minratio of a singlesubstanceoccursfor sodiumsulphate,which is,
however, not of primeimportancedueto its limited contributionsobservablein thethree
scenarios.On theotherhand,thebuildersdonot varysignificantly. Thisemphasisesthat
large room for improvementcannotbe expected,whenonly taking into accountthose
buildersthatareconsidered.

For somesubstances,thespanbetweenthescenarioscannotbecalculated,sincethey are
notpresentin all formulations.However, whenanopticalbrighteneris usedit contributes
only marginally to the total CL, sincethe contribution of the optical brightenerDAS-1
is either0.7 or 0.6%. This small sharehasnot beenexpected,especiallysincea worst-
caseestimatewasperformedusingDAS-1 astheonly opticalbrightener. Finally, sodium
carbonatecontributesconsiderablyto thetotal CL. However, sincetheapplicationof an
ecotoxicitycriterionfor this substanceseemsquestionable,carbonateis furtheranalysed
in section7.4.

Summary of main results
Summarising,themainresultsof this first analysisarethedominanceof boron,the im-
portanceof the surfactantsLAS andAE, the fact that the usehabitsinfluencethe total
CLsstrongerthantheproductformulations,andtheobservationthatthePRR� evaluation
canbedominatedby asinglesubstance.It shouldfurtherbenotedthatthevariabilitiesof
thePLA resultsis muchlower thanthevariability of thetotalCLs.

7.1.2. Comparison of products - Dosage accor ding to
product

This analysisexaminesthedifferencesin theresultsdueto theuseof four differentpro-
duct alternatives. In this first part, dosageaccordingto the product information is as-
sumed,while afterwardsthe influenceof inappropriatelydosingis investigated.Dosage
accordingto theproductinformationentirelyassessesthedifferencesin theoutcomesdue
to productformulations.Theresultsarethereforeprimarily relevantfor theproducer, who
is responsiblefor theformulations.

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

PRR ��� evaluation
The numberof stretchesin which the PRR��� of at leastonesubstanceexceeds1 varies
significantly. A cleardistinctioncanbeseenbetweenthe3-componentsystemandtan-
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demsystemontheonehand,andthetwo remainingalternativeson theother. In addition,
a furtherdistinctionbetweentheheavy-dutyandcompactheavy-dutydetergentsis appar-
ent.This is a similar resultto thatstatedin thePLA (Grießhammeretal., 1997,p. 14).

Thesensitivity of thePRR� approachmentionedpreviously is clearlyvisible whencom-
paringthe resultsof the tandemsystemandof the compactheavy-duty detergent. The
main differencebetweenthesealternativesis the fact that in the colour compactdeter-
gent,thatis used85%of thetimesin thetandemsystem,nobleachingagentis contained.
Whenonly usingthecompactheavy-duty detergentinstead,boronis usedin eachwash,
which thendominatesthePRR� results.

In addition,it canbeseenthata PRR� between1 and0.1givesthestrongestdifferentia-
tion.

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

Product PRR��� UseHabit� 1 � 0.1 � 0.01 � 0.001
3-componentsystem 0 15 668 1,542 Smart
Tandemsystem 1 34 1,080 1,559 Smart
Compactheavy-duty 11 794 1,556 1,561 Smart
Heavy-duty 28 1,093 1,558 1,561 Smart
3-componentsystem 1 56 1,115 1,559 Wishy-Washy
Tandemsystem 1 172 1,312 1,560 Wishy-Washy
Compactheavy-duty 42 1,141 1,559 1,561 Wishy-Washy
Heavy-duty 163 1,309 1,560 1,561 Wishy-Washy
3-componentsystem 1 166 1,273 1,560 Scrubbed
Tandemsystem 2 412 1,430 1,560 Scrubbed
Compactheavy-duty 173 1,312 1,560 1,561 Scrubbed
Heavy-duty 402 1,423 1,560 1,561 Scrubbed

CL evaluation and comparison to PLA results
CL only allows for a relativecomparison.Whenusingthedosageaccordingto theprod-
ucts,theusehabitsareonly varyingwith respectto thenumberof washes,beingtheratio
of totalamountof laundryandlaundryperwash.Thisimpliesthatthedifferentusehabits
areonly a linear factor, which canbecancelledout. Therefore,only resultsfor oneuse
habitaregivenin Table7.4; in this caseSmartwasarbitrarily chosen.

Smallervariationscanbefoundcomparedto thereferencescenarios:theCLs only vary
by a factorof 9.9. This decreaseof variability hasbeenexpected,sincethevariationof
thiscompoundis entirelycausedby theproductformulations,while in thereferencesce-
nariostheusehabitsfurtherincreasethevariability. Theorderof theproductalternatives
is thesameasin thePLA, i.e. theheavy-duty detergenthasthe largestCL, followedby
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thecompactheavy-duty detergent,thetandemsystem,andfinally the3-componentsys-
tem. However, whenlooking at theabsoluteCLs of thesinglesubstances,it canbeseen
that therankingof thecompactheavy-duty detergentandthetandemsystemis only due
to thefact thatthe latterusesbleachingagentin only 15%of thecycles.For mostof the
substancesthetandemsystemhasahigherCL thanthecompactheavy-dutydetergent.

Table7.4.:CLs of the product comparison(dosageaccording to product)
Product Heavy-duty Compact Tandem 3-component Max/Min

heavy-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. equiv. 1.6 1.1 1.2 1.1 1.5
VOCs 1.3 0.9 1.0 1.0 1.4
CL persubstance(m)
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
ZeoliteA 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 1.4
DAED 1 3 1 � 0.5 11.0
PVP - - 81 - -
CL perdetergentcomponent(m)
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

Comparedto the CL variability, the PLA resultsvary only very little. They only refer
to the productionof thedetergent. Therefore,they mainly dependon differencesin the
dosage.However, theseresultsdonotreflectpotentialimpactsontheaquaticecosystems.
In thePLA, theseareassessedusingtheEU pointsscheme.Accordingto thisscheme,at
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least63 pointsarenecessaryto aquiretheecolabel1, which is fulfilled by all alternatives
except the heavy-duty detergent. Taking into accountthe large influenceof boron, the
nearlyidenticalscoresof thetandemsystemandthecompactheavy-duty detergentseem
questionable.

Influence of bleaching agent
TheCLs of thebleachingcomponentsvaryby a factorof 461. As previouslymentioned,
this is determinedby thechoiceof having a bleachingagenteitherin any wash(heavy-
duty and compactheavy-duty) or only in thosewasheswhereit is necessary(tandem
systemand3-componentsystem). In addition,by comparingthe CLs of the different
bleachingcomponentsof thetandemsystemandthe3-componentsystemit canbeseen
thatalsothetypeof bleachingagentplaysa role. This is not observablein thereference
scenarios.It shouldbenotedthatin the3-componentsystem,thebleachingagentis apart
of thesodiumcarbonatefraction.

ThebleachingactivatorTAED, from which a small fractionentersthesurfacewatersin
the form of DAED, turns out not to be relevant. Therefore,the decisionto choosea
bleachingagentshouldnot dependon the questionwhetheroneor theotheralternative
needsTAED in theformulation.

Significance of surfactants
Besidesthebleachingagents,surfactantsaremostrelevant in determiningtheCLs. The
anionicsurfactantsvary by a factor of 6, which is determinedby the CLs of the alter-
natives heavy-duty (maximum)and 3-componentsystem(minimum). Comparingthe
heavy-duty detergentand the 3-componentsystemshows that they give similar results
for AS. However, the main anionicsurfactantusedin the heavy-duty detergentis LAS,
which accountsfor 83.7%of theanionicsurfactantsof this alternative. On thecontrary,
LAS is not containedin the3-componentsystem.Theresultssuggestthatthevariability
of theanionicsurfactantsis partly compensatedby theoneof AE, whoseCL is larger in
the3-componentsystemscenariothanin theheavy-duty detergentscenario.Theresults
alsoshow thatAS hasin generala lowerCL thanLAS. With respectto thesubstancedata
used,this wasexpected.

Further ingredients
Similar to AE, theCLs of the buildersshow only moderatevariationof a factor of 1.6.
Sodiumcarbonateis relevantfor all productalternatives. In the3-componentsystemthe
bleachingagentsodiumpercarbonatealso contributesto the CL of sodiumcarbonate.
Consideringthis, the CLs of sodiumcarbonatepresentin the detergentare almostthe
samefor the3-componentandtandemsystems,whereasfor theothertwo alternativesit
is higher.

1It shouldbe mentionedthat the criteria appliedthereinrefer to the first implementationof the scheme
(EuropeanUnion, 1995). This wasupdatedthreeyearslater which led to the samecriteria but with
differentthresholdvalues(EuropeanUnion,1999a).
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TheopticalbrightenerDAS-1hasonly limited influenceon theCL. It is muchmorerele-
vantthan,for example,TAED, but only of minor importancecomparedto morerelevant
ingredients.Variancebetweencolouredandwhite laundryis alsovisible in the DAS-1
results,sinceit is notusedin detergentsfor colouredlaundry.

Summary of main results
Main resultsof this comparisonare the limited variability of the productalternatives,
the importanceof the decisionto distinguishbetweenwhite andcolouredlaundry, the
importanceof thesubstancesusedfor bleachingandasanionicsurfactants,andthefact
thatAS is environmentallysuperiorto LAS.

7.1.3. Comparison of products - Dosage accor ding to use
habit

In this section,a comparisonof the productalternatives is madeassumingthat the de-
tergent is dosedaccordingto the usehabits,i.e. not as recommendedon the product.
It focusesthereforeon theuncertaintyintroducedby theconsumer, who may not apply
the recommendeddosagebut who maydose‘as always’. This putsinto perspective the
resultsof thedosageaccordingto productscenarios,sinceit cannotbeexpectedthatall
consumersbehaveaccordingto informationsprovidedon theproducts.

Again, the comparisonof the PRR��� s hasto include all usehabitsdue to the absolute
natureof this value,whereasthecomparisonof theCLs canbedoneby looking at only
oneusehabit. Again, theSmartusehabit is chosenfor comparingtheCLs. In Table7.5
the numberof stretchesin which PRR��� s of at leastonesubstanceexceedthe different
thresholdsaregiven,whereasin Table7.6 theCLsarelisted.

PRR ��� evaluation
Variabilitiesbetweenthedifferentproductalternativesdecreasecomparedto theprevious
analyses,which is dueto the fact that the recommendeddosages,which areproductat-
tributes,arereplacedby usehabit dosages,which arenot productattributes. Regarding
thenumberof stretcheswith aPRR��� exceeding1 or 0.1,onecanagainclearlydistinguish
betweenthe3-componentsystemandtandemsystemon theonehandandtheothertwo
alternativeson theother. Regardingstretcheswith PRR��� s exceeding0.01,this differen-
tiation is only visible for theSmartusehabit.

Change in ranking
Thesecondmajorobservationis thefactthattheheavy-dutydetergentgenerallyturnsout
to beslightly betterthanthecompactheavy-dutydetergent,whichis dueto wrongdosage.
Thecompactheavy-duty detergentis designedto give thesamewashingperformanceas
theheavy-duty detergentusinga smalleramountof detergent.As theingredientsof both
alternativesarenearlythesame,thiscanonlybeachievedby 1) reducingthoseingredients
that are not responsiblefor the main washingfunctions,e.g. sodiumsulphate,and2)
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by optimising the relationshipsbetweenthe ingredients. In fact, thosesubstancesthat
aremost importantfor the washingprocessarealsomostrelevant in termsof potential
aquaticecotoxicity, i.e. boronandthesurfactants.Thus,applyingthesamedosagewhen
consideringthe two detergentsleadsto higheremissionsof thosesubstanceswhich are
environmentallymostrelevantin thecompactheavy-dutyscenario.Thisdemonstratesthe
sensitivity of emissionestimatesin acomparisonof products.It alsoemphasisestheneed
for asensitivity analysisof varyingconsumerbehaviour in acomparisonof detergents,as
beingdonein thissection.

Table7.5.:PRR��� evaluation of the product comparison (dosageaccording to use
habits)

Product PRR��� UseHabit� 1 � 0.1 � 0.01 � 0.001
3-componentsystem 0 15 676 1,542 Smart
Tandemsystem 0 26 884 1,558 Smart
Compactheavy-duty 4 630 1,538 1,560 Smart
Heavy-duty 3 576 1,535 1,560 Smart
3-componentsystem 1 139 1,252 1,560 Wishy-Washy
Tandemsystem 1 259 1,321 1,560 Wishy-Washy
Compactheavy-duty 77 1,249 1,559 1,561 Wishy-Washy
Heavy-duty 47 1,199 1,559 1,561 Wishy-Washy
3-componentsystem 10 578 1,532 1,561 Scrubbed
Tandemsystem 11 769 1,547 1,561 Scrubbed
Compactheavy-duty 480 1,535 1,560 1,561 Scrubbed
Heavy-duty 441 1,528 1,560 1,561 Scrubbed

CL evaluation
As wasalreadyobservable in the PRR� table, the differencesbetweenthe productal-
ternativeshave decreased.The CLs vary by only a factor of 5.4, which is rathersmall
comparedto thefactorof 9.9by assumingrecommendeddosageor to thefactorof 35.6
in the referencescenarios,respectively. In addition,as in the PRR� evaluation,the CL
of the compactheavy-duty detergent is larger thanof the heavy-duty detergent,caused
by the fact that, due to the equaldosageappliedin thesescenarios,larger amountsof
surfactantsandbleachingagentareusedin thecompactheavy-duty scenariothanin the
heavy-duty one.

Despitethefact thatalsothe3-componentandtandemsystemsareoverdosed,their total
CLs aresmallerthanthoseof the heavy-duty andcompactheavy-duty detergents.This
shows thattheformulationsalsosignificantlyinfluencetheresults.ThePLA resultshave
beenderivedon the basisof the resultsgiven in the PLA. Again, they only refer to the
productionof the detergent. Assumingequaldosageleadsto very similar resultsfor
thedifferentalternatives. The rankingof thealternativeshaseven changed,which only
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shows that the productionof the different ingredientscausesdifferentemissions.This
shows, that theLCA performedin thePLA mainly consideredtheproductionof the in-
gredients.It alsoshows thatanassessmentasconductedin thePLA is not sufficient for
theevaluationof detergents.

Table7.6.:CLs of the product comparison(dosageaccording to usehabits)
Product Heavy-duty Compact Tandem 3-component Max/Min

heavy-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)
CO� 119.3 130.8 125.4 134.4 1.1
Acid. equiv. 0.8 0.9 1.0 1.0 1.3
VOCs 0.7 0.8 0.8 1.0 1.4
CL persubstance(m)
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
ZeoliteA 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 percomponent(m)
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 respectto thesinglesubstances,it canbeseenthatthevariabilitieshave decreased.
Thisdecreasedvariability is entirelycausedby thedifferentformulations,notby thecom-
binationof formulationanddosage,sinceaconstantdosageis assumedin thisassessment.
However, thosesubstanceshaving largevariabilitiesin thepreviousanalysesagainhave
thelargestvariabilities.
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Summary of main results
Themainresultof thisanalysisis theobservation,thatarankingof detergentsmaychange
if thesearenotusedasrecommended.In addition,theresultsof the3-componentsystem
show thatalsotheformulationis importantin determiningtheresults,sincethisalternative
alwayshasthebestresults.

7.1.4. Mixture toxicity

In section3.3, it is describedthatby assumingadditive toxicity thesumsof theproduct
risk ratiosof the different ingredientsof a productdescribethe combinedproductrisk
of this scenario.This is appliedin thissubsectionby deriving mixtureproductrisk ratios
from theresultsof thethreereferencescenariosandafourthscenarioassumingtheWishy-
Washyusehabitin combinationwith theTandemsystem.Table7.7shows thenumberof
stretches(from those1561loaded)in which themixtureproductrisk ratiosexceed1.

Table7.7.:Mixtur e toxicity assessmentof referencescenariosNumberof stretchesin
which themixtureproductrisk ratiosarelargerthan1.

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 largeinfluenceof boronbecomesapparent.Not
consideringborongivesthat the sumof theproductrisk ratiosarelarger than1 in only
1.6%of thestretchesevenin theScrubbedscenario,while whenconsideringboron,this
is thecasein 34.5%of thestretches.Theassessmentof mixturetoxicity is thereforealso
dominatedby the useof boron. The relevanceof the surfactantson the otherhandis
limited which is visible in thelastcolumnof Table7.7.

7.2. Diff erentiating the number of substances in
the PRR   evaluation

It hasbeenshown thatthePRR¡ maybedominatedby themostsignificantlycontributing
substance.Therefore,if this substancewerereplacedby a lessrelevantone,the results
may changedramatically. To accountfor this sensitivity, the numberof substancesex-
ceedingthedifferentPRR¡ s in thedifferentstretchesareinvestigatedin thissection.This
candirectly beobtainedby countingthestretchesdifferently. This analysisalsoaimsto
determinethenumberof substancesrelevantin thisassessment.

In thefollowing threetablesthenumberof stretchesaregiven,for which thePRR¢�£ s of

116



7.2. Dif ferentiatingthenumberof substancesin thePRR¡ evaluation

differentnumbersof substancesexceed1 (Table7.8), 0.1 (Table7.9), and0.01 (Table
7.10). This is donefor the threereferencescenariosandfor a fourth scenario,in which
theWishy-Washyusehabit is appliedin junctionwith the tandemsystem.Thecalcula-
tionswereperformedfor theRur catchment.

With respectto thenumberof stretchesin which PRR¢�£ s exceed1, theresultsof all sce-
nariosaredominatedby justonesubstance.Thenumbersof stretchesexceedingaPRR¢�£
of 1 for morethan1 substancearenegligible. Evenin theScrubbedscenariothePRR¢�£ s
exceed1 for asecondsubstancein only 8 stretches,i.e. 0.5%of all loadedstretches.This
findingcorrespondswell with theanalysisof theCLsshowing amajorrelevancefor only
very few substances(Table7.2). In fact,borondominatestheresults.

Table7.8.:Number of stretcheswith PRR¢�£ s exceeding1
Scenario Numberof substances

1 2 3 4 5 6
Smart 0 0 0 0 0 0
Wishy-Washy+ Tandemsystem 1 1 1 0 0 0
Wishy-Washy 77 1 0 0 0 0
Scrubbed 441 8 1 1 0 0

Regardingthenumberof stretchesin which PRR¢�£ s of 0.1areexceeded(Table7.9),still
a limited numberof substancesis significant. However, this numberis larger than 1.
For example,usingtheScrubbedscenariothePRR¢�£ s areat least0.1 for 3 substancesin
108stretches.Whenusingthetandemsystem,this is thecasein 36 stretches.It canbe
observed thatmoresubstancesappearto be relevant in thetandemsystemscenariothan
in thecompactheavy-duty detergentscenario(Wishy-Washy).This is dueto thefact that
in thecompactcolourdetergentusedin 85%of thewashesmoresurfactantsarepresent
than in the compactheavy-duty detergent,whereasthe resultsof the latter areentirely
dominatedby boron.Themostrelevantsubstanceof the3-componentsystem(Smartuse
habit) is AE.

Table7.9.:Number of stretcheswith PRR¢�£ s exceeding0.1
Scenario Numberof substances

1 2 3 4 5 6
Smart 15 2 1 0 0 0
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 increasingnumberof substancesbecomesrelevant,whenevaluatingtheresultson the
basisof thenumberof stretchesin whichthePRR¢�£ sexceed0.01.AssumingtheScrubbed
usehabit,in aboutathird of theloadedstretchesthePRR¢�£ sof atleast6 substancesexceed
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0.01. If thetandemsystemis appliedaccordingto theWishy-Washyusehabit,this is the
casein 63 stretches,i.e. in 4% of theloadedstretches.

Table7.10.:Number of stretcheswith PRR¢�£ 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

Thenumberof substancesregardedasrelevantdependson thechosenPRR¡ percentile,
i.e. 90 is chosenin this thesis,the chosenthreshold,in this case1, 0.1 or 0.01, and
on thepercentageof stretchesin which thePRR¢�£ s areexceedingthechosenthreshold.
In Table7.11, the substancesaregiven that arerelevant whenarbitrarily choosingthat
thresholdsmay be exceededin 5% of the stretches,which is equivalentto 78 stretches.
Thesubstancesaregivendifferentiatedfor thePRR¢�£ thresholds1, 0.1,and0.01.

Table7.11.:Substancesregardedasrelevant in the Rur catchment. Therelevanceis
definedby thethreethresholds1, 0.1and0.01,a resultspercentileof 90 and
thestretchpercentileof 5.

Scenario Relevantsubstancesbasedon PRR¢�£ s largerthan
1 0.1 0.01

Scrubbed Boron
AE, LAS, sodium
carbonate

AS, DAS-1, zeolite A, sodium
sulphate

Wishy-Washy
+Tandemsystem

- Boron,LAS AE, sodiumcarbonate,AS

Wishy-Washy - Boron AE, LAS, sodiumcarbonate,AS
Smart - - AE, sodiumcarbonate,AS

Thetableclearlyshows themostrelevantsubstances.Whentakingasreferencethenum-
ber of stretchesin which the PRR¢�£ s exceed0.001,the resultsof which arenot shown
here,only DAED andsodiumcitrateturn outnot to berelevant.

7.3. Comparison of catc hments

Resultsanalysedso far have all beenderived from calculationsperformedin the Rur
catchment.However, somefactorsthat influencethe resultsvary from region to region.
For example,oneimportantfactor that variesbetweendifferentcountriesis the way in
which wastewateris treated.Also, theformulationsandfractionsof cyclesperformedat
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differenttemperaturesvary betweendifferentcountries.Furthervariablefactorsarethe
sizesof thewashingmachinesandthedosageperwashaswell asaveragedetergentcon-
sumption.

A country-basedassessmentof energy consumptionsandrequirementsaswell aswater
consumptionof washingmachineshasbeenperformedby theGroupfor Efficient Appli-
ances(1995),wheredistinctionsbetweenthe typesandsizesof washingmachinesand
usehabits,suchastemperatureandnumberof washingcycles,weremade.InternalLCA
studiesconductedby HenkelKGaA investigatedvariabilitiesof washingmachines,use
habits,dosage,andnationalenergy scenarios(GutzschebauchandKl üppel,1998).How-
ever, known LCA andERA studiesdo not explicitly analysethe influenceof different
typesof wastewatertreatmentfacilities.

In this section,the influenceof parametersthat vary betweendifferentcatchmentsare
analysed.In orderto identify thecontributionsof thedifferentparameters,this analysis
is sub-dividedinto threeparts,eachinvestigatinga specificaspect.In thefirst part,three
methodsof wastewatertreatmentarecomparedby keepingall otherparametersconstant.
This analysisis conductedin just onecatchment.Then,a productcomparisonis con-
ductedfor the differentcatchmentscurrentlyavailablein the GREAT-ER database.In
this analysis,besidesthe differing wastewater treatmentfacilities the meannumberof
washesarecountry-specific,while thedosagerelatesto theproduct.Finally, thedosageis
derivedfrom meandetergentconsumptionin thedifferentEuropeancatchmentsandthe
influenceof varyingdosageis investigated.

Catchmentscurrentlyincludedin theGREAT-ER databasearelocatedin England,Italy,
Belgium, andGermany. Concerningthe way in which wastewater is treated,threeop-
tionsarerelevant: i) primarysettleronly which is relevantfor Belgium,ii) trickling filter
plants,whicharemainly usedin England,andiii) activatedsludgetypeplants,whichare
usedin theItalian andGermancatchments.

7.3.1. Comparison of diff erent waste water treatment options

In orderto assesstheinfluenceof thetypesof WWTPs,threeproductscenarioshavebeen
definedin theRur catchment,in which theWWTP typesof all dischargesiteshave been
altered. Thus,in the first scenariosall WWTPsareof type primary settler(PS), in the
secondof type PSandactivatedsludge(AS+PS),and in the third scenarioof type PS
andtrickling filter (TF+PS).In all scenarios,theWishy-Washyusehabitandthetandem
systemareusedby assumingtherecommendeddosage,i.e. 86.5g perwash.TheAS+PS
scenariois identicalto thescenarioin theproductcomparison(section7.1.2),which as-
sumesthetandemsystemandtheWishy-Washyusehabit.

Theresultsareanalysedby comparingthedifferentcritical lengths(CL) andproductrisk
ratios(PRR¡ ), the formerbeingbasedon meanconcentrationincreases,while the latter
is basedon the90 percentiles.In Table7.12,thenumberof stretchesaregivenin which
thePRR¢�£ s arelarger than1 for a differentnumberof substances.Therefore,theprevi-
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ouslyanalysedsensitivity in thePRR¡ evaluationis accountedfor. Table7.13shows the
resultsof thecritical lengthscalculations,differentiatedfor thedifferentsubstancesand
components.

Table7.12.:Number of stretcheswith PRR¢�£ s exceeding1 by assuming differ ent
WWTP types

WW treatment Numberof substances
1 2 3 4 5

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

Table7.13.:CLs in the Rur catchmentassumingdiffer ent WWTP types
Wastewatertreatmenttype

AS+PS TF+PS PSonly Max/Min
CL (m) 38,000 160,352 824,122 21.7
Persubstance(m)
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
ZeoliteA 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
Components(m)
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 influenceof the wastewater treatmentfacilities is significant. When assuming
WWTPs with only a primary settler technique,the numberof stretchesin which the
PRR¢�£ s arelargerthan1 is considerable,i.e. 43.5%in thefirst column.On thecontrary,
in AS+PSscenario,only in onestretcha PRR¡ exceeds1. The resultsof the trickling
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filter scenariolie betweenthoseof theothertwo scenarios.

TheCL evaluationof theWWTP optionsshows a variationof a factorof 21.7. This is a
smallervariationthanin thereferencescenarios(factorof 35.6),buta largervariationthan
thatdueto eitherproductsor usehabits. Variability is mainly causedby the increasing
influenceof surfactantsdueto decreasingWWTPefficiency.

7.3.2. Product comparison in diff erent catc hments

It wasshown, thattheway in which wastewateris treatedplaysa significantrole. There-
fore, it is interestingto seewhetherrelative rankingsof the detergentsvary in different
regionsthathave specificwastewatertreatmentfacilities. For this reason,a productcom-
parisonof the four model detergentsis repeatedfor differentcatchmentsby assuming
recommendeddosage.The reasonbehindis to 1) investigatewhetherproductrankings
differ from regionto regionand2) analysetheinfluenceof othergeographicalparameters
besideswastewatertreatment.This is achievedby performingproductcomparisonsin the
catchmentsItter, Rur(bothGermany), Rupel(Belgium),Lambro(Italy), andAire (United
Kingdom). In this assessment,differentnumbersof washesareassumedfor thedifferent
catchments,whicharebasedonastatisticalanalysisof thewashinghabitsin differentEu-
ropeancountries(Gutzschebauch,1999). In this survey, theaveragenumbersof washes
per yearandpersonwerecompiledfor the memberstatesof the EuropeanUnion. The
averagenumberof washesper capitaare88 in Belgium, 80.6 in Germany, 74 in Italy,
and108.5in theUnitedKingdom. Assumingrecommendeddosageallows for a product
comparisonfor differentcatchmentsbasedon theaveragenumberof washes.

Sincetheproductrankingis analysed,CL evaluationsaresufficient. Exceptfor theRur
and Rupel catchments,the datasetsare all given on the GREAT-ER 1.0 CD (ECE-
TOC, 2000). TheRupeldatasetwasintegratedasfirst BelgianGREAT-ER casestudy
(Verdoncket al., 1999). Sincethecatchmentsdiffer with respectto sizeandpopulation
density, the calculatedcritical lengthsarenormalisedby the populationliving anddis-
charging into thecatchment,thusgiving thecritical lengthpercapita.

In Table7.14,normalisedcritical lengthsof thefour productalternativesfor thedifferent
catchmentsaregiven. ColumnWWTP indicatestheway in which wastewateris treated.
In principle,differenttechniquesmayexist within a catchment.However, in theconsid-
eredcatchments,this hasnot beenthe case. The CLs arebasedon meanvaluesof all
input parameters.This assurestheexclusionof variabilitiescausedby variableor uncer-
tainparameters.

The variabilities of the resultsare very large. For example, with respectto the 3-
componentsystemit is 3 ordersof magnitude. In addition, the ranking haschanged
in theRupelcatchment.In thiscatchment,thecompactheavy-dutydetergentreceivesthe
lowestCL, whereasin all othercatchmentstheheavy-duty detergentreceivesthe lowest
score. The reasonfor this is discussedbelow Table 7.15. A further core result is the
fact thattheCLs of thedifferentproductsaremuchlessvariablein theRupelcatchment
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thanin thosewith activatedsludgeWWTPs.Furthermore,thethreecatchmentsin which
wastewateris treatedin activatedsludgetypeplantsshow very similar results.

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

Catchment WWTP Heavy-duty Compact Tandem 3-component Max/Min
heavy-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 comparisonof the Itter andRur catchmentsshows that the influenceof geographical
parametersapartfrom wastewatertreatment,i.e. populationdensityor theresidencetime
in thecatchment,areof minor importance.Although the Itter catchmentis a small and
very denselypopulatedcatchment,while theRur catchmentis lessinfluencedby anthro-
pogenicactivities, thenormalisedcritical lengthsarealmostthesame.This is an inter-
estingresultwith respectto thequestionasto whetherit is sufficient to usea reference
catchmentfor eachcountryin suchanassessment.

A comparisonbetweenthethreecatchmentsthathaveactivatedsludgeplantsshowslarger
differences:The CLs in the Lambrocatchmentare significantly lower than in the two
Germancatchments.Two reasonsseemplausible,which most likely both contribute to
this result. First, thecountry-specificnumberof washesis smallestin Italy. Second,all
WWTPsareconnectedto themainriver, theLambro.For this reason,thedilution ratios
below thedischargesarehigherthanin bothRur andItter catchments,dueto which the
predictedconcentrationincreasesarein generallower in theLambroriver. Thevariabil-
ities in the usehabitswill be further investigatedin the following section. In the Aire
catchmenttherankingis thesameasin theGermanandItaliancatchments,but variability
hasdecreasedandtheper-capitaCLsaresignificantlyhigher. Thereasonfor thedifferent
rankingof theproductsobservedin theRupelcatchmentcanbeinvestigatedwith thehelp
of Table7.15, in which the percentualcontributionsof the relevant ingredients,i.e. the
surfactantsandboron,aregiven.

Influence of AE
It canclearlybeseenthatthedifferentrankingin theRupelcatchmentshown in thepre-
vious tableis mainly causedby the nonionicsurfactantAE. Thecontributionsof AE to
thenormalisedCLs is muchlarger in theRupelcatchmentthanin theothercatchments,
which is truefor all detergentformulations.

AE undergoesonly limited elimination in the primary settler, while it is efficiently re-
moved from thewatercolumnin biologicalwastewatertreatmentplants(Matthijs et al.,
2000,seealsosection4.5). As theAE precentagein the compactheavy-duty detergent
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is significantlylower thanin theotherproductalternatives,in the Rupelcatchmentthis
alternativehasasmallerCL thanboththetandemandthe3-componentsystem.

Table7.15.:Contrib utions of relevant ingredientsto the normalised CLs (%)
Catchment Heavy-duty Compact Tandem 3-component

heavy-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 4.51 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, also the contributionsof the anionic surfactantsvary considerably, which
is causedby two phenomena.Firstly, in both 3-componentsystemandtandemsystem,
relatively moresurfactantsareusedthanin theothertwo alternatives.Secondly, theratios
betweenLAS, AS, andsoapin thedifferentformulationsvary. Dueto this, thedifferent
wastewatertreatmentefficienciesof theanionicsurfactantsinfluencethedifferentresults.
Thealreadyknown dependency of theboroncontribution on thedifferentiationbetween
whiteandcolouredlaundryis againvisible,to someextentevenin theRupelcatchment.

7.3.3. Comparison of diff erent catc hments

Finally, a generalcomparisonof differentcatchmentswith respectto aquaticimpactsis
performed.In thissection,theinfluenceof variabledetergentconsumptionsandall catch-
mentcharacteristicsis analysed.Thetandemsystemhasagainbeenchosenasthemodel
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detergent. Theonly additionalinformationrequiredis theaverageuseof laundrydeter-
gentsfor thedifferentcountries,whichwasprovidedby Gutzschebauch(1999).

The analysisis carriedout for both thePRR¢�£ s andCLs, the latter basedon meancon-
centrationincreases.The statisticalper-capitaconsumptionsfor 1997 are 9.67 kg for
Belgium,7.73kg for Germany, 10.77kg for Italy, and9.96kg for theUnitedKingdom
(Gutzschebauch,1999). Table7.16shows thepercentagesof stretchesin which PRR¢�£ s
exceed1 and0.1 for differentnumbersof substances,whereasTable7.17shows there-
sultsof theCL calculations.

Thesescenariosareinvestigatingtheaquaticecotoxicologicalimpactsof housesholdlaun-
dry in differentcatchmentsby assumingactualdetergentconsumptionsfrom 1997. The
only hypotheticalaspectis the choiceof the product,i.e. the tandemsystem. A small
uncertaintymaybe introducedby the fact that it is unknown whetherthedischargesite
dataof thedifferentregionsreflectrealisticconditionsfrom 1997.

Table7.16.:Percentageof stretcheswith PRR¢�£ sexceeding1 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

PRR¢�£¥¤§¦©¨ : PRR¢�£ª¤§¦¬«H­�¨ :
Rupel 67 40 15 2 1 95 92 92 20 20
Itter 0 0 0 0 0 91 55 55 0 0
Rur 0 0 0 0 0 14 5 5 0 0
Lambro 0 0 0 0 0 27 15 15 0 0
Aire 4 4 0 0 0 66 57 57 13 13

The tableshows the significantinfluenceof wastewater treatment. In catchmentswith
activatedsludgeplantsthereare no stretchesin which PRR¢�£ s exceed1. In the Aire
catchment,whichhastrickling filter typeplants,thisoccursin 4% of thestretches,which
originatesfrom LAS andAE. However, simulatingacatchmentwith only primarysettler
plantsgivesthatthePRR¢�£ s exceed1 in themajorityof stretches.

In theRupelcatchmentthethresholdof 0.1is exceededby 3 substancesin morethan90%
of thestretches.This secondpartof thetablealsoshows the influenceof thecatchment
structure.Higherpercentagesareestimatedfor the Itter thanfor theAire catchment,al-
thoughin theItter a moreefficientwastewatertreatmenttechnologyis used.But because
theItter catchmentis muchmoreanthropogenicallyinfluencedthantheAire catchment,
thepercentageof considerablyaffectedstretchesis higherin theGermancatchment.

Furthermore,thetableshows that thenumberof relevantsubstanceshasincreasedin the
differentcatchments.Most relevantarethesurfactantsLAS andAE, followedby boron,
AS, andsodiumcarbonate.Themostsignificantchangeby shifting from thethreshold1
to 0.1 occursin the Itter catchment.The percentageschangefrom 0 to 91 and55%. It
demonstratesthat looking at bothvalues1 and0.1givesadditionalinsight. It is alsoap-
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parentthatin thosecatchmentshaving activatedsludgetypeplants,thenumberof relevant
substancesis restrictedto 3, i.e. LAS, AE andboron.

Table7.17.:NormalisedCLs 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
Persubstance(%)
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 -
ZeoliteA 0.87 3.14 2.76 3.22 1.27 -
Sodiumcarbonate 0.35 9.88 8.39 9.61 2.30 -

TheCL resultsdiffer stronglybetweenthecatchments.Theratio of maximumandmin-
imum of the normalisedCLs is aboutten times larger than the ratio of the CLs of the
referencescenarios,which so far showed the largestresultvariability (Table7.2). This
is dueto thetypeof wastewatertreatment,catchmentcharacteristics,anddetergentcon-
sumption,whereasvariability in thereferencescenarioswasdueto varyingconsumption
figuresandproductformulations. The large variationis above all causedby variations
of thesurfactantsthatareusedin largequantities,andfor which eliminationefficiencies
varysignificantlybetweenthecatchments.

Theconsumptionfigureshave a linear influenceon theresult,asthey linearly determine
theemittedloads. It is observablethat in this analysistheconsumptioneven lowersthe
total variability of thenormalisedCLs: Thehighestper-capitaconsumptionof detergents
occursin Italy (10.77kg, Gutzschebauch,1999). Despitethis fact, the smallestnor-
malisedCL is calculatedin theLambrocatchment.This resultsummarisestheinfluence
of thewastewatertreatmenttechniqueon the onehandandof catchmentcharacteristics
suchasvariabledilution ratioson theother.

7.4. Assessment of inor ganic compounds

It seemsdebatablewhetherall ingredientsshouldbe consideredin theecotoxicological
evaluation. For example,a combinedevaluationof organicsubstancessuchassurfac-
tantsor opticalbrightenerson theonehandandinorganicingredientson theotheris only
partly meaningful.However, unwantedimpactsmayalsooccurfrom inorganicdetergent
ingredients,for exampleeutrophicationresultingfrom the useof phosphate.Also, the
inorganicsaltspresentin detergentscontribute to the total salt content,thesodiumions
increasethe amountof kationsdissolved in surfacewaters,andsilicium andzeolite A
emissionspresumablycontributeto thesiliconbalancein surfacewaters.For this reason,
theenvironmentalrelevanceof theseemissionsis investigatedin this section.

125



7. Resultsof theproductmodeassessment

Firstly, new productformulationsarederivedfrom thefour modelformulationsby only
consideringthe sodium,sulphate,carbonate,andsilicon contents.Productcalculations
arethenperformedfor thethreereferencescenariosandthefourthscenarioassumingthe
Wishy-Washyusehabit andthe tandemsystemusingthesenew detergentformulations.
Theresultsarebasedon 2000MonteCarloshots.Thecalculatedconcentrationincreases
arethencomparedto monitoringdataand,in thecaseof sulphate,to existing waterqual-
ity objectives.Thederivationof thenew detergentformulationsis basedonthemolecular
weightsandis explainedin detailin appendixC. Thenew productformulationsaregiven
in Table7.18.

Theinvestigatedelementsandcompoundsareregularly surveyedby regionalauthorities
from the LUA. In addition, the predictedconcentrationincreasesof sulphateions can
becomparedto waterqualityobjectives(LandesumweltamtNordrhein-Westfalen,1997).
For sodium,drinkingwaterlimits aredefinedin Germanlegislation(‘Trinkwasserverord-
nung’, DeutscherBundestag,1990).No waterqualityobjectivesareavailablefor carbon-
ateandsilicon. Therefore,in thesecasesonly a comparisonto measuredconcentrations
is performed.

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

Substance Heavy-duty Compact Tandem 3-component Comment
heavy-duty system system

Sodium 12.65 15.48 14.50 14.88
Silicon A 3.12 3.18 4.57 6.18 FromzeoliteA
Silicon B 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 andcitratearenot includedin this study, sinceneithermonitoringdatanor
waterqualityobjectivesareavailable.However, it wasshown in thepreviouscalculations
thatcitratecanbeclassifiedasenvironmentallyirrelevant,which is supportedby different
authors(Hoyt andGewanter, 1992,Scḧoberl andHuber, 1988). Thus,not considering
citratedoesnot leadto falseresultsconcerningthe assessmentof waterquality. Con-
cerningaluminum,Kurzend̈orferetal. (1997,p.161)demonstratedthatthequantification
of zeolite-basedaluminumto thealuminumbalancein freshwaters”lac ksa scientifically
sensiblebackground”. Thereasoningconsidersthehugevariety of to a largeextent in-
consistentmeasuredconcentrations,which dependon thepH condition,thepresenceof
particulatematter, temperature,ionic strengths,andfurther factors. Besidesthe discus-
sionoutlinedthere,thenon-existenceof monitoringdatamakesinterpretationsimpossi-
ble. Thus,aluminumis alsoomittedfrom this analysis.
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7.4.1. Sodium

The thresholdvalue for sodiumin drinking water is 150 mg/l (DeutscherBundestag,
1990). Within the Rur catchment,annualmeanmeasuredconcentrationsin the upper
coursesaretypically about10 mg/l, in themiddlepartsof thecatchmentthey arearound
50 mg/l, andbetween150 and230 mg/l in the lower courses.Interestingly, the spatial
concentrationdistribution correspondsto the populationdensity. For example,higher
concentrationsaremeasuredin the Wurm river thanin the Rur river. This maysuggest
that riverinesodiumconcentrationsmay identify anthropogenicemissions.This would
not besurprisingwith respectto thepercentageof sodiumin detergentsandmostproba-
bly alsoin othercleaningproducts.

Sinceall sodiumionsarereleasedduringthewashingprocessandarenoteliminateddur-
ing wastewatertreatment,the total emittedamountis dischargedinto thesurfacewaters
andfinally reachesthesea.

GREAT-ER calculationsin theRurcatchment(1993dataset)areperformedconsidering
no elimination. In Table7.19, the meanconcentrationincreasesin the Rur andWurm
riversof the four scenariosaregiven togetherwith measuredvalues. However, moni-
toring datawereonly availablefor 1991,while thedischargesitedatarepresenttheRur
catchmentin theyear1993.

Dependingon the usehabit, the calculatedfraction of detergent-basedsodiumof total
measuredsodiumconcentrationsvariessignificantly. Assumingthe Smartusehabit, a
contribution of between0.4 and 3% is calculated,while assumptionof the Scrubbed
usehabit gives percentagesas high as 20% (Einruhr samplingsite). The observation
mentionedin the introductionof this section,i.e. measuredsodiumconcentrationsare
generallyhigherin river stretchesthatdischargewastewatersof moredenselypopulated
areasthanin lessinfluencedstreamsandrivers,canbeseenby comparingthemeasured
concentrationsat thesamplingsitesat Einruhrandabove theIndeconfluence,wherethe
populationdensityis smaller, with theconcentrationsat theotherthreesites.

As theWishy-Washyusehabitwasdefinedto representaverageGermanwashinghabits,
this scenariois mostprobablythemostrealistic.With respectto themeansimulatedand
measuredconcentrations,thedetergent-basedsodiumis between1.2and8.1%of thetotal
sodiumcontent.Interestingly, thefraction is higherin lessanthropogenicallyinfluenced
sites(Einruhr, 8.1%)thanbelow largedischarges(below SoersWWTP, 4.8%).Thissug-
geststhattheobservedincreaseof sodiumconcentrationscannotfully beexplainedfrom
theuseof detergentsalone. Othersourcesalsoexist, whoseemittedquantitiesaremost
likely largerthantheonesrelatedto detergents.
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Table7.19.:Sodium concentration increasesfr om its usein detergentsAll concentra-
tionsaregivenin mg/l.

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

Scrubbed
Einruhr Rur 1.84 4.19 9.3 6.6-12 19.78
above Inde Rur 1.79 2.79 31.5 24-39 5.68
Steinkirchen Rur 4.11 6.05 152.5 97-208 2.7
below 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 1.23 31.5 24-39 2.57
Steinkirchen Rur 1.87 2.69 152.5 97-208 1.23
below SoersWWTP Wurm 5.91 8.69 122 83-162 4.85
nearmouth Wurm 4.61 6.53 233 185-281 1.98
Wishy-Washy+ Tandemsystem
Einruhr Rur 0.73 1.66 9.3 6.6-12 7.85
above Inde Rur 0.75 1.15 31.5 24-39 2.38
Steinkirchen Rur 1.74 2.50 152.5 97-208 1.14
below SoersWWTP 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 31.5 24-39 0.89
Steinkirchen Rur 0.64 0.93 152.5 97-20 0.42
below SoersWWTP 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 bedonesince,resultingfrom theuseof detergents,it
enterssurfacewatersin two differentforms, i.e. assilicateandboundin zeoliteA. Sil-
icateis a degradationproductof the latter. Especiallythe fateof silicateandzeoliteA
in WWTPsvariessignificantly, which is describedin appendixC. For this reason,in the
GREAT-ER calculationssilicon is treatedastwo differentsubstances.By assumingan
instantaneousandcompletehydrolysisof zeoliteA in surfacewater, siliconconcentration
increasesbasedon usein detergentscanbecalculatedby addingthetwo calculatedcon-
centrations.

Due to this assumption,this is a worst-casescenariofor silicon. Kurzend̈orfer et al.
(1997)alsousedthis approachin orderto performworst-caseestimatesof concentration
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increasesof silicon in surfacewatersdueto theuseof zeoliteA in detergents.

Table7.20shows a comparisonof measuredandsimulatedsilicon concentrationsin the
largestriversRur andWurm for thefour scenarios.Meanand90®�¯ percentilesaregiven
for bothmonitoringandsimulationresults.As describedabove, thesimulatedconcentra-
tion increasesarethe sumsof thesimulationresultsof the two consideredsilicon com-
pounds.

Table7.20.:Silicon concentrationsfr om its usein detergents.Concentrationsaregiven
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
below 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
below SoersWWTP Wurm 0.56 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
below 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
below SoersWWTP Wurm 0.29 0.43 5.50 6.22 5.27
nearmouth Wurm 0.22 0.32 5.24 5.84 4.20

In theWurmriverandthelowerpartsof theRur river, i.e. at Steinfelden,which is below
theconfluenceof theWurm to theRur, thesilicon contribution resultingfrom theuseof
detergentsis considerable.Applying theWishy-Washyusehabitscenario,whichbestrep-
resentsrealisticconditions,approximately8-10%of thesiliconpresentin theWurmriver
canbeexplainedby emissionsfrom theuseof laundrydetergents.Thefact thatmeasured
concentrationsincreasealong the riverssuggeststhat observablesilicon concentrations
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have to someextent anthropogenicorigins. However, dueto thehighly variablenatural
contentof silicon in differentsoil types,which maybepartly washedout,anddueto the
conservativeassumptionof immediateandcompletehydrolysis,theresultshave to bein-
terpretedwith caution.

ScḧoberlandHuber(1988)reportmeasuredhydrolysishalf-livesfor zeoliteA of between
1 and2 months.Regardingthemuchshortermeanresidencetime in thecatchment,only
a small fractionof thesilicon emittedin theform of zeoliteA maycontributeto thecon-
centrationof silicon in surfacewaters.Thus,thezeolite-basedcontribution is mostlikely
overestimated.

Only 25 to 30% of the predictedsilicon effluent concentrationsoriginatefrom the use
in zeoliteA, while the larger fraction is dueto the useof silicates. This is directly de-
rivedfrom theGREAT-ER resultsof the two silicon compounds.Thus,silicatelargely
determinesthesilicon concentrationincreaseresultingfrom theuseof detergents.

7.4.3. Carbonate

Sinceno waterquality objectivesexist for carbonate,the interpretationis only basedon
thecomparisonof monitoringdataandsimulationresults.In Table7.21,thepercentual
contribution of the predicted90®�¯ percentileconcentrationincreasesof the worst-case
scenarioScrubbedtomeanmeasuredvaluesin theRurandWurmriversaregiven.Results
of all otherscenariosaremuchlower thanthoseof theScrubbedscenario.In addition,
the ratio 90®�¯ percentiledivided by meanvaluesis alsoa conservative approach.The
realisticcontribuion is thereforemuchsmaller. Therefore,othersources,bothnaturaland
anthropogenic,aredominatingmeasurablecarbonateconcentrationsratherthenemissions
dueto theuseof laundrydetergents.

Table7.21.:90®�¯ percentile carbonate concentration increasesof the Scrubbed sce-
nario vs. measurements

Rursamplingsites Wurmsamplingsites
1 2 3 4 5 6 7

C°²±-³�´�µ °²±-³�¶ (mg/l) 29.7 64.2 96.4 163.3 170.4 247.9 248.8
Ć�·/°¸µ ¢�£ (mg/l) 1.6 1.1 1.4 2.4 7.7 6.5 5.8
Percentage 5.4 1.7 1.5 1.5 4.5 2.6 2.3

It is worth mentioningthat in the Smartusehabit percarbonateis usedasa bleaching
agent,whichentersthesurfacewatersascarbonate.Thisbleachingagentthereforeis not
a causeof environmentalconcernregardingits fatein aquaticsystems.
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7.4.4. Sulphate

A classificationaccordingto theGermanwaterquality schemeexistsfor sulphate,which
is given in Table7.22(LandesumweltamtNordrhein-Westfalen,1997). For deriving the
waterquality classification,this schemeshallbeappliedto monitoringdata,from which
the90®�¯ percentilevaluesareto beused.Therefore,in this analysisthe90®�¯ percentiles
of thesimulatedconcentrationsarecomparedto themonitoringdata,givenby themean,
minimum and maximumvalues. The useof measuredmaximumconcentrationsdoes
mostlikely not influencetheinterpretation,becauseatsitesatwhich90®�¯ percentileshave
beendeterminedthe deviationsbetweenthesevaluesandthe maximumconcentrations
have alwaysbeenlessthan 3 mg/l. In addition, the procedurefor applying the water
qualityclassesinstructstheuseof themaximumvalue,if lessthan3 samplesareavailable
at a site(LandesumweltamtNordrhein-Westfalen,1997,p. 55). Both measurementsand
simulationsarebasedon datafrom 1993.

Table7.22.:Water quality classesfor sulphate(mg/l)
Class I I-II II II-III III III-IV IV
Upperlimit 25 50 100 200 400 800 ¦ 800

Figure7.1shows comparisonsof measuredandsimulatedconcentrationsfor theRur and
Wurm rivers,the latterbeingbasedon the90®�¯ percentiles.Firstly, in combinationwith
Table7.22,it canbeseenthatwith respectto measuredsulphateconcentrationsthewater
quality in theWurm rangesfrom stagesII to III, while in theRur river sulphateconcen-
trationsaregenerallylower, leadingto a stageI classificationin the uppercourses.In
thelowercoursesthehighestmeasuredconcentrationsof slightly above 100mg/l leadto
stageII-III. Secondly, it becomesclearthat thecontribution of detergent-basedsulphate
doesnotdeterminetheactualconcentrations.Theconcentrationincreasesfrom usein de-
tergentsaremuchlower thanmeasuredconcentrations.Contributionsabove 1%, i.e. 5 to
8%, areonly calculated,whenapplyingtheworst-caseusehabitScrubbed,in which the
heavy-duty detergentis used.Dueto thisworstcaseestimate,therealisticcontribution is
mostlikely to bemuchsmallerthanpredictedin thisscenario.

Naturalsulphateconcentrationscanbedeterminedby measurementsnearthesourcesof
the differentstreams.In the Rur, Urft, andOlef rivers,meanconcentrationsrangebe-
tween7 and13 mg/l, while nearthe sourcesof the Wurm samplescontainingup to 50
mg/l wererepeatedlytaken.Thenaturalvariationis thereforelargerthanestimatedcon-
tributionsfrom detergents. This suggeststhat the shareof detergentsin actualsulphate
concentrationsis limited.

131



7. Resultsof theproductmodeassessment

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

S
ul

ph
at

e 
co

nc
en

tr
at

io
n 

[m
g/

l]

¹

River Rur from source to mouth [km]

LUA Monitoring 1993
Smart use habit
Wishy-Washy + Tandem systen
Wishy-Washy use habit
Scrubbed use habit

0

50

100

150

200

250

0 5 10 15 20 25 30 35 40 45 50

S
ul

ph
at

e 
co

nc
en

tr
at

io
n 

[m
g/

l]

¹

River Wurm from source to mouth [km]

LUA Monitoring 1993
Smart use habit
Wishy-Washy + Tandem systen
Wishy-Washy use habit
Scrubbed use habit

Figure7.1.:90®�¯ percentile sulphate concentration increasesfr om its use in deter-
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8. Discussion

Thefollowing discussionfocuseson themethodologyof theGREAT-ER productmode
andon theresultsderivedin thecasestudy. Finally, furtherpotentialrelevantaspectsthat
werenotexplicitly consideredin this thesisarediscussed.

8.1. Methodology of the product mode

The methodologicalaspectsdiscussedin this section include the relationshipof the
GREAT-ER productmodeto LCA andERA, the kind of information that canbe de-
rived from this method,the numberof substancesconsideredin the PRR¡ calculation,
thesensitivity of themodel,thekind of weightingimplicitly performedin theCL assess-
ment,andfinally a discussionaboutthedifferencesandsimilaritiesof the‘less-is-better’
and‘only-above-threshold’approaches.

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
impactsgiventhattheassumptionsconcerningtheentireuseof a productaccordingto a
specificusehabitwouldbetrue,becauseemissionsandenvironmentalconcentrationsof
the consideredsubstancesfrom otheranthropogenicsourcesor from naturalorigins are
not considered.For this reason,the GREAT-ER productmodeis primarily to be seen
in the context of LCA. However, theassessmentandevaluationmethodextendstypical
LCA methods.Theinterpretationpossibilitiesoutlinedin section3.2have a muchlarger
environmentalrelevancethantypicalcategoryindicatorresults,for examplethoseapplied
in section2.2. This is only possibledueto two restrictions.First, only theusephasein-
steadof the entire life cycle is assessed,andsecond,only the impactcategory aquatic
ecotoxicityis analysed.Dueto theserestrictions,theGREAT-ER productmodeshould
notbeusedasasoleinstrument,but it shouldbecombinedwith otherLCIA methodsthat
bothadressotherimpactcategoriesaswell asotherstagesof thelife cycle of detergents.
Still, the first restrictionis often beingdonein LCAs, sincemany LCAs are basedon
a ‘cradle-to-gate’ratherthana ‘cradle-to-grave’ approach(e.g.Bretz andFrankhauser,
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1996).

Thedevelopmentof theGREAT-ER productmodewasnot intendedto bein compliance
with the ISO schemeson LCA (DIN, 1998). However, the GREAT-ER productmode
correspondswell with thedefinitionsof LCA andLCIA asgivenin ISO(seealsosection
2.1.2). Especiallyregardingthe LCIA definition, it is not clearhow the significanceof
emissionscanbe evaluatedon the basisof resultsas calculatedby the LCIA methods
discussedin section2.2. The GREAT-ER productmodeis moreuseful for this. Due
to theselimitations regardingLCA, someauthors(e.g.Thiel et al., 1999,Udo de Haes,
1996a)proposetheapplicationof differentmethodologiesandinstrumentson the basis
of anLCA.

8.1.2. CL and PRR º evaluation

In this section,the informationderived by evaluatingthe CL andPRR¡ resultsis dis-
cussed.

Comparison of PLA and GREAT-ER product mode results
Theproductcomparisonscenariosassumingrecommendeddosageandthereferencesce-
nariosgive thesamerankingsasthePLA. This is truefor bothCL andPRR¡ evaluation.
However, the GREAT-ER productmodeprovides additional information not directly
providedby thePLA. TheCL evaluationallows theexplicit assessmentof thecontribu-
tionsof thedifferentdetergentingredients,whereasthePRR¡ evaluationanalyseswhether
thresholdsareexceededby thescenarios.

For example,the major relevanceof boronandthesurfactantsproven in thecasestudy
wasnotstatedin thePLA. Furthermore,theecotoxicologicalevaluationin thePLA gives
verysimilar resultsfor thetandemsystemandcompactheavy-dutydetergent(Grießham-
mer et al., 1997,p. 108, seealsoTableA.2 in appendixA.2), whereasin this analysis
a major differencebetweenthe two alternativescan clearly be observed: The tandem
systemdistinguishesbetweencolouredandwhite laundry, while thecompactheavy-duty
detergentdoesnot.

Comparison of use habits
In thePLA, anevaluationof aquaticecotoxicologicalimpactsin thecomparisonof house-
holds,or usehabits,asdepictedin this thesis,hasnot beenconducted.There,only acid
formationpotentials,emissionsof CO» andVOC,aswell asenergy, detergent,andwater
consumptionsarecalculatedfor thedifferentusehabits(Grießhammeret al., 1997).The
ecotoxicologicalevaluationsystemusedin thePLA only allows anassessmentof prod-
ucts,but notof differentwashinghabits.In this thesis,theinfluenceof variableusehabits
is visible in theresultsof thereferencescenariosandby investigatingthedifferencesin-
ducedby the assumptionsto eitherdoseaccordingto the productrecommendationsor
accordingto theusehabits.Fromthe latter it canbeseenthat thevariability of theCLs
assumingthesameproductis linearto thedosage,exceptfor smalldeviationsdueto the
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stochasticsimulationprocedure.Thus,for thiscomparisontheCL approachdoesnotgive
any new information,sincethedosagealoneprovidesthesameinformation. In fact, the
linearnatureof the GREAT-ER modelis responsiblefor this. On thecontrary, evaluat-
ing thePRR¢�£ s givesadditionalinformation.Increasingthedosageleadsto anincreased
numberof stretchesin which an thresholdis exceeded.The magnitudeof this increase
canonly bedeterminedwhenperformingthePRR¡ analysis,but not from thedetergent
consumptionalone.

Combination of intrinsic proper ties and mass emitted
The heavy-duty andcompactheavy-duty detergentsalmosthave the sameingredients.
Thus,thelargelyvaryingresultsobservedin theproductcomparisonaremainlydueto the
emittedquantityperwash,which dependson therecommendeddosage.This shows that
evaluationsystemsbasedonpurelyintrinsicpropertiesof thesubstancesarenotsufficient
for evaluatingtheaquaticfateof laundrydetergents.

Comparison of catchment characteristics
The influenceof catchmentcharacteristicshasnot beenanalysedin the PLA. Further-
more,themethodologyof thePLA doesnotallow theanalysisof theseparameters,since
no fateanalysiswasperformedthere.However, wastewatertreatmentis themostimpor-
tantfactorin thecomparisonof differentcatchments.In addition,otherspatiallyvarying
factorsalsohave someinfluence. Both wasomitted in the PLA but consideredin this
thesis.

Comparisonof theRur andItter resultsderived in sections7.3.2and7.3.3demonstrates
differentperspectivesof theCL andPRR¡ evaluations.ThenormalisedCL is higherin the
Rurcatchmentthanin theItter catchment,while thePRR¢�£ evaluationgivestheopposite
outcome.This canbe explainedin the following way. The PRR¢�£ evaluationdescribes
the catchment’s stateconcerningconcentrationincreasesof detergent ingredientsin the
surfacewatersresultingfrom theunderlyingassumptionsconcerningwashinghabitsand
productchoice. Due to the high populationdensityandthe small river discharging the
population’swastewater, concentrationsarefairly high comparedto simulationresultsin
mostriversof thelessdenselypopulatedRurcatchment.However, thenormalisationpro-
cedureperformedin the CL calculationcancelsout the influenceof populationdensity.
As a largerpercentageof detergentingredientsis flushedout of theItter catchmentcom-
paredto theRurcatchment,theCL is higherin theRur thanin theItter catchment.

A limited contribution mayalsobedueto theslight differencesin weightingperformed
by both approaches,sincethe CL weighsby the lengthsof the river courses,while the
PRR¡ approachapportionsequalshareto eachstretch.
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8.1.3. Number of substances considered in the PRR º
calculation

A weaknessof thebasicPRR¡ definitionis thefact thatit canbedominatedby onesingle
substance.For this reason,thePRR¡ evaluationhasbeenenhancedin orderto reflectthe
numberof substancesfor whichthresholdsareexceededin differentnumbersof stretches.
This procedureleadsto a relative rankingof theingredients,which is very similar to the
resultsof theCL analysis.This is not surprising,sincebothcalculationsarebasedon the
samesimulationresults.

However, it wasshown thatthePRR¡ evaluationmaychangeafterthesubstitutionof just
onesubstance.This canbeseenwhencomparingthe resultsof thecompactheavy-duty
detergentand the tandemsystem. Consideringonly onesubstanceleadsto a different
ranking than consideringmore than one substance.Thus, by replacingthe most rele-
vant substanceof the compactheavy-duty detergent, the ranking may change. Thus,
PRR¡ evaluationsinvestigatingoptionsfor improvementsconcerningproductformula-
tionsshouldbeconductedby consideringdifferentnumbersof substancesthatexceedthe
thresholdin the calculatednumberof stretchesin order to identify room for improve-
ments.

8.1.4. Model sensitivity

The sensitivity of themodelcanbedivided into sensitivities of the GREAT-ER model
andof thenew productmode.

Sensitivity of the GREAT-ER 1.0 model
A sensitivity analysisof theGREAT-ER modelhasbeenperformedin theEDTA simu-
lationsdescribedin sections6.1.5and6.3.6. Theinfluenceof bothconsumptiondataas
well asin-streamremoval rateshasbeenanalysed.It wasobserved that concentrations
predictedby GREAT-ER linearly dependon the per-capitaconsumption,while the in-
fluenceof variablein-streamremoval ratesis limited. This is dueto theopennatureof
the model,dueto which advective ouflow out of the catchmentexists, which limits the
influenceof thein-streamremoval rate.

Carefulattentionshouldbegivento WWTP efficiencies.For many detergentingredients
theeliminationefficienciesin activatedsludgetypeplantsareveryhigh,e.g.usually98%
or higher. However, increasingtheefficiency by 1% to 99%halvestheemittedloadand
thereforethe predictedconcentrations.Thus,a carefulchoiceof the WWTP efficiency
datais important.Unfortunately, a trueremoval efficiency cannotbedetermined.Since
theactualefficiency in a plantdependsonplant-specificcharacteristics,it is evencritical
to assignthe sameefficiency for all plantsof the catchment.Therefore,the choiceof
WWTP efficiency is alwayspartly subjective. Oneway to reducethe influenceof this
choiceis to usea stochasticdistribution function for the efficiency ratherthana single
value.However, thisdoesnotcompletelyeradicatetheproblem.
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A similarproblemis theeliminationin theseweragesystem.Themeansewer lengthfrom
thehouseholdto aWWTPis unknown. Thus,theresidencetimewithin theseweragesys-
tem,whichalsodependsontheslope,cannotbecalculated.Thesewerefficiency is there-
fore a highly uncertainparameter. However, its sensitivity is limited for substanceswith
high WWTP eliminationefficiencies.This canbededucedfrom thefollowing GREAT-
ER modelequation.
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whereL ±¾½ is the effluent load of the WWTP, Consis per-capitaconsumption,Pop the
populationconnectedto a WWTP, andeff ÝkÝÞÝ describestheeliminationefficienciesin the
seweragesystemsandtheWWTPsrespectively1. Dueto thisequationaverylargeWWTP
efficiency is limiting theinfluenceof thesewer efficiency.

Sensitivity of the product mode
All equationsin the productmodeare linear. Thus, the predictedper-capitaconsump-
tionsandalsotheCL calculationsdependlinearly on thefollowing parameters:dosage,
total amountof laundry, andnumberof washes.A changeof percentageof aningredient
influenceslinearly thepredictedconcentrationincreasesof the respective ingredient.Its
influenceon the total CL resultdependson its percentagein the detergentformulation.
This influenceis lessthanlinear.

Thesituationis moredifficult in thePRR¡ calculation.First,aspreviouslydiscussed,the
PRR¡ calculationmay be dominatedby a singlesubstance.Second,asthe stretchesin
which a thresholdis exceededarecounted,small changesin the input parametersmay
have very differentinfluence.If dueto this variationin many furtherstretchesthresholds
areexceeded,the influenceis large. If, on theotherhand,thechangedinput datado not
leadto a changein thenumberof stretchesin which thresholdsareexceeded,this varia-
tion hasno influenceat all.

However, if thecatchmentis sufficiently large,thereareusuallyheavily, moderatelyand
only slightly influencedstretches.In sucha case,the influenceof the parametersthat
linearly influencetheemissiondataon thePRR¡ resultsmaybecomenearlylinear. This
could partly be observed in the differentproductmodescenariosperformedin the Rur
catchment,andis furtherdiscussedin section8.1.6below.

Thesensitivity of thetoxicologicaldataon thePRR¡ resultsis comparableto thatof the
ingredients’percentages.If in a considerablenumberof stretchesthepredictedconcen-
tration increasesarenearthe threshold,small changesmaysignificantlyalter the result.
On thecontrary, changesof theeffectdataof lessrelevantsubstancesmayhave no influ-
enceatall on thePRR¡ outcome.In theCL evaluation,theeffectdatalinearlydetermine
theCL of thespecificsubstance,i.e. thecontribution to thetotalCL is lessthanlinear.

Concluding,generalstatementsregardingthesensitivity of boththe GREAT-ER model
1Typically, theWWTP efficiency is furtherdivided into efficienciesfor thedifferentsectionsof a plant,

e.g.primarysettlerandactivatedsludgetank.
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aswell astheproductmodearedifficult to derive. In addition,dueto thelargenumbers
of stretchesanddischargesin mostcatchmentsin combinationwith the stochasticsim-
ulation,a systematicsensitivity analysisis not feasible. In fact, a methodologyfor this
hasnot yet beendeveloped.For themoment,differentscenariosareconductedin order
to reduceuncertainty, whichprovidessomeinsightinto themodel’sbehaviour.

8.1.5. Length- versus volume-based aggregation

Insteadof calculatingcritical lengths(CL), critical volumes(CV) could have beencal-
culated. This approachwould correspondwith otherLCA methodologies(e.g.Consoli
etal.,1993),environmentalvaluationschemessuchastheecolabelfor laundrydetergents
(EuropeanUnion,1999a)or currentGREAT-ER 1.0aggregationprocedures,whichcal-
culatea meanconcentrationin a catchmentbasedon weightingby eitherlength,volume
or flow increment(Boeije et al., 2000). However, thevolume-basedweighting,i.e. the
calculationof critical volumesinsteadof critical lengths,hasnot beenfollowedfor two
reasons:i) technicalrestrictions,andii) considerationof a value-choice.

The value-basedreasonarisesfrom thequestionof equivalency of potentialimpacts.A
volume-weightedapproachwouldconsiderriversegmentswith thesamevolumeof water,
e.g. at meanflow, asequallyimportant,whereasa length-basedapproachwould assign
equalweightto segmentswith thesamelength.

The differenceis illustratedwith an example. The calculationof both CL andCV only
considersloadedstretches.In thecaseof theItter catchmentthreedischargesexist, from
which river courseswith a total lengthof 18.8 km anda total volumeof 23,659mß at
meanflow areinfluenced.The Itter flows into theRhineriver in a sectionin a southern
district of Düsseldorf.Weightingby lengthwouldconsiderthestreamsof theItter catch-
mentto beasimportantastheRhineriver18.8km downstreamfrom theconfluenceof the
Itter, which is nearDüsseldorfharbour. Weightingby volume,basedon themeanflow,
wouldconsiderthestreamsof theItter to beasimportantasaRhineriversegmenthaving
a lengthof only 18.3m (neartheconfluenceof theItter), whichhasbeencalculatedfrom
a Rhineriverdataset(Koormannet al., 1998).Thedifferencein this realisticexampleis
threeordersof magnitude.

Concerningpotentialaquaticecotoxicologicalimpactsresulting from the useof laun-
dry detergents,it wasshown in several monitoringprogrammesthat especiallysmaller
streamsform a major point of concern,sincethe highestconcentrationscan often be
found there. This is most probablydue to smallerdilution ratios mainly occurringin
small streams.For example,in the Itter catchmentthe streamdilution factors,defined
asmeanflow below the discharge divided by meaneffluent flow of the discharges,are
aslow as1.74 at Solingen-Gr̈afrathWWTP, 2.06 at Solingen-OhligsWWTP, and4.74
at Hilden WWTP (seealso the dataon the GREAT-ER CD, ECETOC, 2000). Con-
sequently, higherconcentrationsof detergent ingredientscanbe found in the Itter than
in riverswith higherdilution ratios. This is alsopredictedby the GREAT-ER model,
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which canbe seeby comparingGREAT-ER resultsderived in the Itter catchmentwith
resultsfrom main riversof the Rur catchment.Also, the highestconcentrationsin the
Rur catchmentcan be found in locationswith small dilution ratios, i.e. in the brook
GereonsweilerFließ below SetterichWWTP andin theupperpartsof theWurm below
Aachen-SoersWWTP. Ontheotherhand,observableandpredictedconcentrationsbelow
DürenWWTP, which is thesecond-largestWWTPin thecatchmentbut whichdischarges
into the main river of thecatchment,aregenerallylower. For this reason,focussingon
thesmallerstreamsby usinga length-basedaggregationseemsmoreappropriatefor an
assessmentof laundrydetergents.

Besidesthis value-basedreasonthereis a technicalreasonwhich evenforbidsa volume-
basedapproach.Theflow is oneof themostimportantinputparametersin calculatingthe
concentrations.However, it alsodeterminesthevolumeof waterin astretch,which leads
to aninherentcorrelationbetweenconcentrationandvolume.CL calculationsperformed
so far arebasedon themeanconcentrationincreases.Thesedependon the releaseesti-
mation,thedistributedflow, flow velocities,andthesubstance-specificinput parameters,
which may alsobe distributed. Thereis no generalrelation regardingwhich flow and
thuswhich volumecorrespondsto themeanconcentrationnor to any otherconcentration
percentile.In fact, this relationshipwill in mostcasesbedifferentfor eachstretch.The
relationshipis only known, whenperforminga deterministicsimulation,which is possi-
ble within GREAT-ER. In this casethecalculationis basedon meanvaluesfor all input
data.However, in sucha simulationthestochasticaspectof GREAT-ER is eradicated.

Concluding,weighting of concentrationsby volume of water in a stretchcan only be
doneif therelationshipof flow andpredictedconcentrationincreaseis available.Within
GREAT-ER, this is typically not the case. Implementinga volume-basedweighting
would requireimmenseeffort, becausecentralpartsof the GREAT-ER modelanddata
structurewould have to be changed. In addition, sinceit is reasonablein the caseof
householdlaundryto focusonsmallerstreams,a weightingby lengthis performedin the
CL evaluation.

8.1.6. ‘Less-is-better’ versus ‘Onl y-abo ve-threshol d’

An on-goingdiscussionin theLCA communityis thedistinctionbetween‘less-is-better’
and‘only-above-threshold’methods.MostLCA methodsarebasedonthe‘less-is-better’
paradigm(Pottingetal.,1999).With respectto toxicologicalimpactcategories,in which,
basedon the‘less-is-better’approach,impactscoresof completelydifferenttoxic mech-
anismsare added,this is seenas a seriousproblemof LC(I)A (Potting, 2000,p. 6).
‘Only-above-threshold’methods,on theotherhand,arebasedon theparadigmthatwith
respectto toxicologicaleffectsthresholdconcentrationsoftenexist, below whichnoenvi-
ronmentalharmis likely to occur. Thisparadigmis typically appliedin ERA. It is usually
notappliedin LCA, sincea thresholdevaluationis generallyinfeasiblewithin anLCA.

However, theGREAT-ER productsimulationsperformedheredonot leadto theconclu-
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sionsthat theapproachesareincompatible.In mostcalculationsthereareat leastsome
stretchesin which a threshold,expressedin thePRR¡ evaluation,is exceeded.Therefore
thealternativegiving theleastnumberof stretchesin whichagiventhresholdis exceeded
shouldbepreferred,whichgivesthesamefindingsasa ‘less-is-better’evaluation.

Concludingfrom this thesis,the ‘less-is-better’approachis not fundamentallydifferent
to the ‘only-above-threshold’perspective. This result is especiallyimportantfor LCAs,
sinceit justifiesthe‘less-is-better’approach.

8.2. Case stud y

8.2.1. Reference scenarios and product comparison

The referencescenariosgive resultsthat areconsistentwith thoseobtainedin thePLA.
However, bothCL andPRR¡ evaluationsgive furtherinsights.TheCL assessmentdiffer-
entiatesmorestronglythantheLCA-basedmethodologyappliedin thePLA, which can
beseenin thedifferentvariabilitiesof theresults.This variability is dueto variabilities
of both usehabits,which is identical to the variability of detergentconsumptions,and
productformulations.It wasshown thattheinfluenceof varyingusehabits’is largerthan
the influenceof variableproductformulations.However, this resultis largely dependent
on thedefinitionsof theusehabits,which arepartly basedon subjectivechoices.

TheCL evaluationallows theexplicit assessmentof thecontributionsof thedifferentde-
tergent ingredients.This analysisshows that the variability causedby varying product
formulationsis mainly dueto the fact that the two mostimportantsubstancesof thede-
tergentsusedin theScrubbedandWishy-Washyscenarios,i.e. boronandLAS, arenot
containedin thedetergentusedin theSmartwashinghabit.

The PRR¡ evaluationemphasisesthe significantdifferencesin the resultsof the three
referencescenarios,becausethe numberof stretchesin which the different thresholds
areexceededvariessignificantly. An importantresultof thetwo productcomparisonsis
the fact that the rankingof the productsmay changeif the detergentsarenot dosedas
recommended.Thisoccurredfor theheavy-dutyandcompactheavy-dutydetergents.

8.2.2. Relevance of deter gent ingredients

The most importantsubstancesin the CL andPRR¡ analyseswereboronandboth an-
andnonionicsurfactants.Only minor relevancewasassignedto zeoliteA, DAS-1 and
sodiumcarbonate.Substancesof no importancewereTAED/DAED, CMC, PVP, sodium
sulphate,sodiumcitrate,sodiumsilicateandthe polycarboxylates.Among theseirrel-
evant substancesareall thosesubstancesfor which a conservative modellingapproach
wasfolloweddueto lack of appropriatesubstancedata. This conservative approachdid
thereforenot leadto biasedresults.
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The minor significanceof the optical brighteneris surprising,especiallysincea worst-
caseestimatewasperformedby usingDAS-1 astheonly opticalbrightener. This small
shareof DAS-1 shows a weaknessof thecurrentGREAT-ER model,sinceDAS-1 may
aboveall berelevantto thesedimentcompartmentor concerningits fatein sewagesludge.
This is furtherdiscussedin section8.3.2.

Thecaseof AE shows a differentaspectof importance.PredictedAE concentrationsdo
not vary largely in the productcomparison.On the basisof the model detergents,no
considerableroom for improvementsis seen,thusit is not an importantsubstancewith
respectto the variability of the productcomparisonresults. However, due to its large
absoluteshare,AE is indeedoneof themostrelevantsubstances,especiallywhenlessef-
fective wastewatertreatmentoccurs.In fact,AE is responsiblefor thechangeof ranking
occurringin theRupelcatchment.

ZeoliteA, andsodiumcarbonatearetheonly inorganicsubstancesbesidesperboratethat
have somerelevancewith respectto theCL evaluation.However, theanalysisof the in-
organiccompounds,performedin section7.4,hasshown that theseemissionscontribute
only to a minor extent to observedconcentrationsof the respective substances.For this
reason,their environmentalrelevanceis consideredlimited. Theseexamplesraisethe
questionwhetherall ingredientsshouldbeconsideredin theecotoxicologicalevaluation.
For example,Guhl (2000)proposedto useonly theorganicingredientspresentin thefor-
mulations.Inorganicsaltswould thenbeignored.This is reasonablefor compoundssuch
assodiumsulphate,carbonateor citrate.On theotherhand,relevant ingredientssuchas
thebleachingagentsodiumperboratewould beomittedtoo. A differentapproachis the
exclusionof someingredientsclassifiedasirrelevantbasedon toxicologicaldata. Such
classificationshave beenappliedby Scḧoberl andHuber(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-
stancesin theassessmentandto investigatetheir relevance.It turnedout thatthenumber
of relevantsubstancesis limited.

8.2.3. Dominance of bor on

Theboroncontentin thedetergentsdominatestheresultsin thosealternativesthatdonot
differentiatebetweencolouredandlaundrydetergent. However, actualmeasuredboron
concentrationsin Germansurfacewatersas well as perborateconsumptiondatashow
thatoverestimationsof boronconsumptionsandthusemissionsdo indeedoccurin those
scenariosin whichboronis usedin eachwash,i.e. in thoseconsideringtheheavy-dutyor
thecompactheavy-dutydetergent2.

In 1993,the highestconcentrationsobserved in the entireRur wereapproximately900à g/l (seesection6.1.2),which is lower thanthevaluegiven in theDID-list transformed

2The actualconsumptiondatarequiredfor this conclusionare, for example,given in the GREAT-ER
simulationsperformedin theRur andItter catchmentsin section2.3andchapter6.
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to boron,i.e. 985 à g/l. In addition,Metzneret al. (1999)concludefrom a largesurvey
of boronconcentrationsin Germany that“the vastmajority of valuesfromgroundwater,
surfacewater, anddrinking water lie well belowthemaximumacceptableconcentration
of 1mg/l(...)” . Haberer(1996)reportsboronmeasurementsin Germany, in which3 outof
100measurementsareabove 1 mg/l and10 arebetween0.5and1.0mg/l. Thus,boronis
anenvironmentallyrelevantsubstancein freshwatersystems,but it is not likely to cause
environmentalharmin the majority of river coursesin Germany. Due to this outcome,
effortsshouldaimatdecreasingboronemissionsfrom theuseof detergents,eitherby the
useof colourdetergentsor by its replacementby percarbonate.

8.2.4. Influence of catc hment characteristics

Different waste water treatment techniques
Assuminglessefficient wastewatertechniques,the increasingimportanceof thesurfac-
tantsbecomesapparent.Consequently, therelativeinfluenceof borondecreases,although
its absoluteCLs remainconstant.Thevariationof thedifferentwastewatertechniquesis
consideredmorerelevantthanthevariabilityof thereferencescenarios,whichwasabouta
factor35,becausetheresultsvariability of thereferencescenariosis determinedby both
choiceof productandby usehabit, whereasthe variability due to varying wastewater
treatmenttechniques,a factor of 21, is entirely dueto the variability of oneparameter.
In addition,this variability is causedby theconsiderableincreaseof thecontribution of
the most toxic substances(accordingto the DID list), i.e. the surfactants,whereasthe
variability of thereferencescenariosis mainly causedby thedifferentbleachingoptions.

Accordingto thePRR¢�£ evaluation,theinfluenceof differentmethodsof wastewatertreat-
ment is highly important,sincethe numberof stretchesin which the PRR¢�£ exceeds1
significantlyincreasesif lessefficientwastewatertreatmentis assumed.

Combined influence of regional characteristics
Therankingof detergentsis differentin theRupelcatchment,which is mainly causedby
thedifferentwastewatertreatmenttechniques,which is shown in section7.3.2.Compared
to this, all othergeographicfactorssuchasgeographicalcharacteristicsor variablecon-
sumptionpatterns,only have a limited influence.Theinfluenceof variableconsumption
datawasanalysedby comparingRur andLambroresults. Assumingequaldosage,as
wasthecasein section7.3.2,giveshighernormalisedCLs in theRur thanin theLambro
catchment,which is dueto catchmentparameters.Also consideringactualdetergentcon-
sumptionsshows thattheLambrocatchmentis mostlikely to bemoreheavily influenced
by detergentsthantheRurcatchment.This is causedby higherdetergentconsumptionin
Italy.
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8.2.5. Contrib ution of inor ganic compounds to measured
concentrations

Theassessmentof theinorganiccompounds,performedin section7.4,estimatedpotential
contributionsof thesesubstancesto measuredconcentrations,basedon theassumptions
of the differentproductmodescenarios.Concerningsodium,it canbe concludedthat
the sodiumconcentrationis the sumof a naturalbackgroundconcentrationandanthro-
pogenicsources,to which detergentsonly contributeto a limited extent. With respectto
theexistingsodiumlimit for Germandrinkingwaterof 150mg/l, theenvironmentalrele-
vanceof detergent-basedsodiumemissionsis limited. Similar conclusionscanbedrawn
for sulphateandcarbonate.This limited relevanceof carbonateis a furtherargumentto
usepercarbonateasableachingagent,sinceit is emittedinto surfacewaterin theform of
dissolvedsodiumcarbonate.

It wasshown thatwith oneexceptionthecontribution of detergent-basedsilicon to mea-
suredsilicon concentrationsis higherthanthecontributionsof theotherinvestigatedin-
organicingredients.The largestfraction of silicon originatesfrom the useof silicon in
silicate,not from zeolite. This is in line with estimationsperformedby Kurzend̈orfer
etal. (1997),whoestimatedthatthecontributionof zeoliteA to thesiliconbalancein the
freshwaterbalanceis below 1%. Sincenaturalvariationsaremuchlarger, they considered
this contribution to be irrelevant. Scḧoberl andHuber(1988)statethat no ecologically
problematicpropertiesof silicate are known. FalconeandBlumberg (1992) statethat
anthropogenicsilicate emissionsmay be relevant concerningeutrophication,if natural
concentrationsarevery low, i.e. smallerthan0.1mg/l, which correspondsto 0.047mg/l
silicon. Measuredsiliconconcentrationsin theheadwatersof theRurcatchmentaremuch
higher, sincemeanvaluesrangingbetween2 and5.5mg/lwererepeatedlymeasured.Fol-
lowing theargumentsput forwardby FalconeandBlumberg (1992),this implies that in
theRurcatchmentadditionalsilicateemissionsarenotrelevantfor euthrophication.How-
ever, sincethis maybe differentin othercatchments,the silicateemissionsinto surface
watersdueto applicationsin detergentsshouldnotbeignored.

8.2.6. Mixture toxicity

Theanalysisof mixturetoxicity by assumingadditivity doesnotgive any further insight.
Thesubstancethatwasalreadyidentifiedasbeingmostrelevant. i.e. boron,alsodomi-
natestheresultsof thecombinedtoxicity assessment.ThePRR¢�£ s of thedifferentingre-
dientsonly leadto asmallincreasein thenumberof stretcheswith anexceededthreshold.
This resultconfirmsthatonly few substancesarerelevantin theecotoxicologicalevalua-
tion of theaquaticfateof detergents.
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8.3. Fur ther aspects

Somepotentially importantaspectshave not beenconsideredin the assessments.The
reasonsareeitherdueto thefact thattheGREAT-ER modeldoesnotmodelthemor due
to fact thatthey have notbeenconsideredin thecasestudy.

8.3.1. Case stud y

ThePLA did not considertheuseof fabric softener. Thereasongivenfor this wastime
limitations(Grießhammeret al., 1997,p. 53). In addition,liquid detergentswerenot in-
cludedin thePLA, althoughthePLA givesaformulationfor a liquid detergent.However,
many uncertaintiesrelatedto differentexisting formulationsaswell asthelimited market
sharein Germany have led to the decisionnot to considerliquid detergentsin the PLA
(Grießhammeret al., 1997,p. 50). Apart from liquid detergents,themodeldetergentsdo
notspanthefull rangeof availabledetergents.A reasonfor thatwasthelack of adequate
formulations.A secondreasonis theemphasison detergentsystemsratherthanon spe-
cific detergentsthatwasfollowedin boththePLA andthis thesis.

A further aspectraisedin the PLA but neitherassessedtherenor in this thesisareim-
provementsthatmaybeachievedby theinstallationof laundrettesin residentialareas.If
thesewereefficiently organised,overdosingmaybeavoided,which would theneventu-
ally leadto a decreasein waterborneemissionsof laundrydetergents.Laundretteswould
mostprobablyhave furthereconomic,social,andenvironmentalimplications.

Rainwatermay alsobe usedfor the domesticwashingof clothes. Sincerainwateris in
generalsofterthantapwater, reductionsin theuseof detergentmaybeexpected.Bronchi
et al. (1999)have analysedthis by usingscenariosdefinedin the PLA andconducting
an LCA applyingthe CST method(Jolliet andCrettaz,1997). Reductionsin detergent
consumptionswereindeedcalculated.However, otherpotentialimpactsincreased,e.g.
heavy metalconcentrationsin agriculturalsoils(Bronchiet al., 1999).

Finally, the modeldetergentsas definedin the PLA do not reflect the currentstateof
knowledgeregardingpotential ingredients. Other substanceshave beenproposedthat
werenot consideredin thePLA. Examplesarethenonionicsurfactantalkyl polygluco-
side(APG) (Steberet al., 1995,HirsingerandSchick,1995)asanalternative for AE, the
crystallinelayereddisilicateSKS-6áHâ asanalternative for zeoliteA (Baueret al., 1999)
or polyasparagineacidasanalternative for polycarboxylates(Pulsetal., 1999).

8.3.2. Model restrictions

Someaspectsthatareconsideredimportantin anenvironmentalassessmentof detergents
couldnotbeanalyseddueto GREAT-ER modelconstraints.
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Sedimentation
A majorcurrentlimitation is theabsenceof asedimentcompartmentwithin theGREAT-
ER model. Sedimentationmay be modelledexplicitly in modes2 and3 of the current
GREAT-ER model if the necessaryenvironmentaldataare available. However, even
then sedimentationis only consideredas an eliminationprocess.A calculationof de-
tergent ingredientconcentrationsin the sedimentcompartmentwould be a large model
improvement,becausetheenvironmentalrelevanceof somewaterborneemissionsis not
within thewatercolumn,but within thesediment.Examplesarecationicsurfactants,and
fluorescentwhiteningagents.

Sewage sludge
Themode2 and3 WWTP modelsin GREAT-ER arebasedon theSIMPLETREAT 3.0
model(Struijset al., 1991)which calculatestheeliminationefficienciesandtheconcen-
trationsin sewagesludge.However, this modelrequiresa largeamountof plant-specific
parameters,which stronglyrestrictsits usewithin theGREAT-ER scope.The required
dataarevery difficult to obtainfor thelargenumberof existing WWTPs.Therefore,the
concentrationof detergent ingredientsin sewagesludgehasnot beencalculated.How-
ever, giventhetendency of somedetergentingredientsto partition to sludges,for exam-
ple,zeoliteA, polycarboxylates,DAS-1,andLAS, thisaspectshouldbeconsideredin an
environmentalassessmentof detergentsthatdoesnot only considertheaquaticenviron-
ment.

Therelevanceof thisenvironmentalpathwaydependslargelyonhow thesludgeis further
processed,i.e. whetherit is usedasa fertilizer or not. Accordingto the WVER (1996,
p. 31), in 1996,26%of thesewagesludgewasusedasfertilizer, while 73%wasburned
and1% wasdeposited(from a total of 17,000t). Using assumptionson the fateof the
detergentingredientsin primaryandsecondarysludge,averyroughestimateof themean
concentrationin sludgecouldbederived.By incorporatinginformationsaboutthefurther
processingof thesludgeandabouttheareaof agriculturalsoilstreatedwith sludge,con-
centrationsin thesoilsmaybederived.

However, this hasnot beendonehere,becausetheuncertaintiesinvolvedareconsidered
to be too large. In addition, the aim of this thesisis to develop a methodfor assess-
ing aquaticimpacts,not thoseoccurringin theterrestrialenvironment,althoughthis is a
highly relevantenvironmentalcompartment.

Degradation products
Degradationkineticsgiven in the literatureusually only describeprimary degradation.
However, it mayoccurthatnot theparentcompoundbut its transformationproductsare
of environmentalconcern.Oneexampleis thenonionicsurfactantalkylphenolethoxylate,
which degradesto the persistent,moretoxic, estrogenicactive, andmorebioaccumula-
tive metabolitealkylphenol(Destaillatset al., 2000). In addition,someof thedetergent
ingredientsconsideredin this thesishavealsobeeninvestigatedconcerningtheformation
of metabolites.In somecases,transformationoccursalreadyin theWWTP. If theWWTP
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efficienciesas usedin the GREAT-ER productmodeassessmentonly reflect primary
degradation,the degradationproductswould be falsely omitted in the assessment.An
examplefor this is AE, which maydegradeto freefatty alcohol(FFA) andpolyethylene
glycol (PEG,Szymanskiet al., 2000).A secondexampleis LAS. Di Corciaetal. (1999)
analysedtheenvironmentalfateof its metabolitesandalsothatof LAS coproducts.

Therearetwo reasonswhy degradationproductshave not beenconsidered.Firstly, the
considerationof degradationproductsis not yet implementedin the GREAT-ER 1.0
model. Secondly, andmoreimportant,not enoughliteratureis availablein which these
degradationprocessesareinvestigatedwith respectto detergentingredients.In addition,
no studieswerefoundat all from which thekineticsof suchdegradationprocessescould
have beenquantified,which is a prerequisitefor modellingtheseprocesses.The inclu-
sionin GREAT-ER may, therefore,only beenvisagedif sufficient researchhasbeencon-
ducted,from whichquantificationsof theseprocessescanbederived.Currently, metabo-
litesareomitted,sincenotenoughknowledgeof theenvironmentalfateof metabolitesof
thedifferentdetergentingredientsis available.
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9. Sustainab le Development
Indicator s

Since1992,sustainabledevelopmenthasbecomea main political andethicalprinciple
on which environmentalanddevelopmentalpolicy is based.This principle challenged
scientiststo developmethodsthatanalysethedegreeof sustainabilityof humanactivities.
This taskhasnot yet beenfulfilled, sincetoolsandmethodsenablingsuchanevaluation
arestill lacking.

In thischapter, it is investigatedhow theGREAT-ER productmodecanbeusedto define
sustainabledevelopmentindicators(SDIs) describingcertainenvironmentalaspectsof
householdlaundry. SincetheGREAT-ER productmodehasprovento beausefulmethod
to assessandevaluateaquaticimpactsof householdlaundry, it maybeusedto describe
thesustainabilityof thisactivity. Thischaptermayberegardedasanoutlookwith respect
to furtherapplicationsof theGREAT-ER productmode.

9.1. Sustainab le Development

Sustainabledevelopmentasaguidingprincipleandparadigmfor globaldevelopmentwas
first mentionedin a reportprovidedby theWorld Commissionon EnvironmentandDe-
velopment(WCED, Brundtlandcommission),who definedsustainabledevelopmentas
“developmentthatmeetstheneedsof thepresentwithoutcompromisingtheability of fu-
ture generationsto meettheir ownneeds”(WCED, 1987).A coreelementof this is the
interdependency of social,economic,andecologicalconstraints,sinceit wasrecognised
that,especiallyon a globalscale,environmentalissuescannotbeseendistinct from eco-
nomicdevelopment.

At the United NationsEarth Conferencein Rio de Janeiroin 1992, sustainabledevel-
opmentbecamean acceptedgoal of both industrialisedanddevelopingcountries. The
conferenceendedwith theresolutionof theglobalactionprogrammefor the21́ ® century,
‘Agenda21’, which wassignedby morethan170countries(UNCED, 1993). Thegov-
ernmentsthatsignedtheAgenda21startedto developnationalactionplans.Furthermore,
similar programmeswereinitiatedalsoon regionalandlocal levels.

On an internationallevel, the ‘Commissionfor SustainableDevelopment’(CSD) of the
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United Nationswasfoundedto pursueongoingactivities following the Rio conference
(CSD,2000). They startedwork on thedevelopmentof SDIs. It soonbecameapparent
thatsuchindicators,andthussustainabledevelopment,maymeansomethingdifferentfor
differentculturesandgenerations.

In Germany, theFederalEnvironmentalAgency (UBA) publisheda reportentitled‘Sus-
tainableGermany’(UBA, 1997),in which differentdevelopmentpathwaysfor selected
humanactivities wereshown with respectto how they couldbe classifiedasbeingsus-
tainable.In theauthors’point of view sustainabledevelopmentimplies“firstly , theinter-
dependencyof ecological,economic,socialandcultural development;secondly, thepri-
oritisation of theprecautionaryprinciple, and the larger-scaleenvironmentalobjectives
and strategiesthat mustnow be specifiedat national, regional and local level” (UBA,
1997,p. 5).

Focussingon material and substanceflows, as early as 1994 the commissionof en-
quiry (‘Enquete-Kommission’)‘Protecting Humansand the Environment’ of the 12®�¯
GermanParliamentpublishedtheir final reportentitled‘Die Industriegesellschaft gestal-
ten’, in which they usedsustainabledevelopmentasa generalframework andparadigm1

(Enquete-Kommission,1994). They definedfour basicrulesthatmaynot bedisobeyed.
The first two rulesdemandthat the useof resourcesshall be below the renewableand
compensationrates,whereasrules3 and4 definerequirementsfor emissions.

Grießhammeret al. (1997,p. 19f.) formulateda setof requirementsfor sustainablede-
velopment.They correspondto the four rulesmentionedabove, but furthersubstantiate
them.Requirementsmentionedareinter- andintragenerationalequity, limitation of pop-
ulation growth, humanrights, replacementof non-sustainableproductionandconsump-
tion structures,solvingsubstance-specificenvironmentalproblems,andthepreventionof
risks.However, asalreadyadmittedby theauthors,someof theserequirementsneedclar-
ificationandconsensus-building. For example,which risksshallbeavoidedandwhatare
(non-)sustainableproductionandconsumptionstructures?

It is likely thatdueto theinterdependency of economic,social,andecologicalaspectsthe
decisionon thesustainabilityof a certainactivity mayturn out to bedifferentin different
regions.Accordingly, thesustainabilityof a productmaybedifferentbetweenregionsif
someimportantaspectsvary betweentheregions. Also, for reasonsof economicequity
it may besustainablethatoneregion produceslarger emissionsthananotherwhich has
alreadyreceivedeconomicbenefitsin thepast.A prominentexampleis theuseof pesti-
cidessuchasDDT. While DDT hasbeenbannedin industrialisedcountries,it is still used
in developingcountriesdueto its importantrole in combattingmalaria(UNEP,1998).

1To further pursuetheseefforts, the 13ãåä GermanParliamentalso set up an commissionof enquiry
(‘KonzeptNachhaltigkeit’, Enquete-Kommission,1998).
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9.2. ExistingSDI approaches

9.2. Existing SDI appr oaches

An indicatorcanbe definedasa figure describingthe stateof a system(Walz, 1999).
Dif ferentaspectsandinformationmaybecombinedin oneindicator.

In ordertoderiveSDIs,internationalaswell asnationalbodieshavepublishedapproaches
for indicatorsets.Sincemany of themarehaving a generalcharacter, specificationsfor
differentapplicationsarerequired. Sandḧovel (1999)givesan overview of existing in-
dicatorsets. Of these,thosedevelopedby the CSD (CSD, 1999)andthe Organisation
for EconomicCo-OperationandDevelopment(OECD,1999)canbeseenasfoundation
stones.

Botharebasedonthepressure-state-responseapproach(Walz,1999).With respectto en-
vironmentalaspectsof sustainabledevelopment,pressure indicators describeemissions
into theenvironment,for example,givenasmeasuredconsumptiondata(e.g. per-capita
waterconsumptionin a regionCSD,1999)or ascarbondioxideequivalents.In theCSD
approach,the term ‘pressure’is replacedby the term ‘driving force’. State indicators
describethestateof anenvironmentalsystemin a region. Finally, responseindicators
describehumanactivities aimingat sustainabledevelopment.Using freshwatersystems
asanexample,pressureindicatorsmaythereforebephosphateemissionsor eutrophica-
tion equivalentsemittedin aregion. A stateindicatormay, for example,bethepercentage
of riverswith a definedwaterquality, anda responseindicatormaybethepercentageof
wastewatertreatmentplantsin a region thatcarryout tertiary treatment2. Therefore,for
eachenvironmentalimpactcategory or problemarea,threeor moreindicatorsmayexist.
In fact, theCSDapproachcontainsfor eachchapterof theAgenda21 threesetsof indi-
catorswhich representdriving force,state,andresponseaspects.Due to this, numerous
indicatorsmaybe definedwhich may leadto a rejectionof suchan indicatorsetdueto
impracticability. For example,during efforts to develop a nationalindicatorsystemfor
Germany, basedonthe‘pressure-state-response’approach,400indicatorswereproposed,
of which 140wereselectedfor further investigation3 (Walz, 1999). For this reason,the
numberof SDIsrequiredfor describingahumanactivity shouldbeassmallaspossible.

Many of theproposedindicatorsaremeasurableindicatorsdescribingthepressure,state,
andresponsein a region. However, if thefocusis drawn to aspecifichumanactivity or a
productfamily, it maybecomedifficult or impossibleto derivedirectlymeasurableindica-
tors,becausethecontributionof aspecificactivity to a measurableindicatoroftencannot
be derived from measurements.For example,waterquality is alsoclassifiedaccording
to measuredconcentrationsof total organiccarbon(TOC,LandesumweltamtNordrhein-
Westfalen,1997,p. 56). However, whethertheseobservableconcentrationsresultfrom
surfactantsusedin detergentsor from othersourcescannotbe measured.Modelsneed
to be appliedto derive this information. If the resultsobtainedby suchmodelssupport

2Pleasenotethattheseindicatorsareall spatiallyaggregatedfiguresdescribingaregion.
3In differentregional programmes,further choicesfor the implementationof indicatorsat a regional to

local level have beencarriedout (Schepelmann,1999,Franke,1999,Lühmann,1999).
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observations,the environmentalrelevanceandthusthe valueof the informationfor the
decision-makingprocessis at its greatest.

A furtherimportantdifferentiationof SDIsis whetherthey aresectoral,i.e. they describe
only sustainabilityaspectsof a specificsector, or general.Theindicatorproposedby the
theCSD areall general,whereas,concerningsectoralindicators,theOECD interim re-
port on the developmentof sustainabledevelopmentindicatorsconcludesthat “there is
considerable interest in developingindicators that considerhow sectoral policiesmay
impacton theenvironment(...)” (OECD,1999,p. 80).

9.3. Indicator s describing the envir onmental
sustainability of household laundr y

Ratte(1999)givesalist of criteriafor thechoiceof SDIsto beusedin Germany. In anini-
tial phase,Ratteproposesa prioritisation. Importantcriteriadefinedin this prioritisation
are compatibility to the Agenda21, comprehensibility, screeningcharacter, sensitivity
concerningtemporaltrends,andamaintainableeffort to derive theindicator. Furthercri-
teriaconsideredimportantfor householdlaundryarea limited numberof indicators,the
considerationof fateandtoxicologicalinformation,andtheability to quantifytherespec-
tive influenceof thedifferentactors.

It shouldbe notedthat in the Agenda21 environmental,economic,social,and institu-
tionaldimensionsof sustainabilityarementioned.For this reason,indicatorsfor all these
aspectsarerequiredin a completeindicatorset.However, in this chapteronly indicators
describingtheenvironmentalaspectsof householdlaundryaredefined.

9.3.1. Pressure indicator s

In thecaseof householdlaundrythemostobviouspressureindicatoris per-capitadeter-
gentconsumption.However, suchanindicatoronly partially considersregionalvariabil-
ities. Sinceregionalvariabilitiessuchaswastewatertreatmentsignificantlyinfluencethe
environmentalevaluationof detergents,whichwasshown in section7.3,indicatorthatdo
not takeregionalvariabilitiesinto accountarenot suitedfor describingthesustainability
of householdlaundry. A betterpressureindicatoris thecritical lengthnormalisedby the
population,which describesthe quantityof emissionsin a region on a per-capitabasis,
but additionallyincludesfateandtoxicologicalinformationregardingthe ingredientsof
the detergent. It is proposedto calculatethe CL assumingaveragewashinghabitsand
an averagedetergent formulation in a referenceregion. Sinceinformationon average
washinghabitsandproductformulationsarein generalavailable,suchan indicatorcan
becalculatedwithout furtherdatarequirements.For example,in Germany thedefinition
of averageproductformulationsandwashinghabitsmay be performedby the Federal
EnvironmentalAgency, which alreadyhastherequiredinformation.
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Thenormalisationbasedon thepopulationincludesa furtherrequirementof sustainabil-
ity, i.e. intra-generationalequity, sinceit allows a comparisonbetweenregions. In ad-
dition, temporaltrendsmaybe analysedby calculatingthe CL for differentyears. One
furtheradvantageof theCL indicatoris its independencefrom specificdetergentingredi-
ents,sinceit canbecalculatedfor any detergent.

A measurablepressureindicatorwhich is derivedfrom theproductmodeanalysisis the
regionalper-capitaboronconsumptionfrom usein detergents.Thepredictedimportance
of theboroncontentin thedetergentformulationmakestheper-capitaboronconsumption
suitablefor describingenvironmentalaspectsof householdlaundry. However, it is pos-
sible thatsuchan indicatormaybeoutdatedsoon,for example,if boronwassubstituted
by percarbonate.This may occurfor any indicatorthat is basedon a specificdetergent
ingredient.For this reason,an indicatorsuchastheCL thatdoesnot dependon specific
substancesis to bepreferred.

9.3.2. State indicator s

The mostcommonindicator for describingthe environmentalstateof surfacewatersis
the percentagesof river stretchesthat have a definedwaterquality (Ratte,1999). With
respectto householdlaundry, a substanceexclusively usedin laundrydetergentsmaybe
chosenasthebasisfor anindicator, which is similar to anindicatordescribingwaterqual-
ity. Thepercentageof stretchesin which measurableconcentrationsarenearor above a
thresholdchosenfor this substancewould thenbea stateindicator. Currently, LAS and
AE maybe candidatesfor this, sinceboth substancesareenvironmentallyrelevant,and
they arealmostexclusively usedin detergents.However, aspreviouslydiscussed,theuse
of substance-specificindicatorsdoeshavesomedisadvantages.

Therefore,an indicatorthatdoesnot dependon a specificcompoundis preferable.The
productrisk ratio (PRR¡ ) calculatedfrom thesamescenarioasthepressureindicatorCL
is suitedasstateindicator, sinceit providesinformationaboutaquaticimpactsin a region
dueto householdlaundry. The indicatorshouldbegivenasa percentageper catchment
in orderto beableto comparedifferentregions. A furtheradvantageis thefact that this
indicator, like theCL, canbeestimated,whereasmostproposedstateindicatorsaremea-
surableindicators.However, environmentalmonitoringis time-consumingandexpensive.
For this reason,themodelledindicatorPRR¡ shouldbeusedin a first screening.In order
to gainfurtherinsight,otherindicatorsmaybeusedin a secondstep.

9.3.3. Response indicator s

Responseindicatorsmeasurethereactionsof humansto environmental,economicor so-
cial threats.As wasshown in thecasestudy, thechoiceof detergents,their formulation,
the amountof laundry, and wastewater treatmentare the main factorsinfluencingthe
likelihood andquantity of aquaticecotoxicologicalimpacts. Basedon the casestudy,
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themarketshareof thetandemand3-componentsystemsin a region maybea response
indicatorfor householdlaundry. However, in this indicatorthemostrelevantfactorsare
omitted,e.g.theconsiderationof theproductformulation,washinghabits,andwastewater
treatment.Therefore,thepreviouslyproposedpressureandstateindicatorsaresufficient
for describingaquaticaspectsof householdlaundry, sincetheproductchoicein a region
is implicitly consideredin theseindicators.

A furtherresponseindicatorthat is relevantfor thesustainabilityof householdlaundryis
thepercentageof WWTPsthatperformactivatedsludgeor eventertiary treatment.This
indicator is alreadyincludedin existing indicatorsets(e.g. asproposedfor the region
LowerSaxony, Germany, by Schilling,1999).

9.4. Discussion of proposed indicator s

It is shownthatpressure,state,andresponseindicatorsmaybedefinedfor householdlaun-
dry. TheCL is mainlyameasurefor emissionsof laundrydetergents,adjustedby fateand
toxicological informationwithout describingthe stateof the environment,whereasthe
PRR¡ -basedindicatordescribesaspectsof theaquaticenvironment’s expectedstatewith
respectto detergent ingredients. Both indicatorsare sectoral,sincethey only rely on
householdlaundry. This is anadvantage,sincetheneedfor sectoralindicatorshasbeen
expressedat the beginning of this section. A further advantageis the fact thatboth in-
dicatorsdo not dependon specificdetergentsingredients.A minor disadvantageof both
indicatorsis their dependency on all actors,sinceusehabits,productformulations,and
wastewater treatmentinfluencethe indicators. This disadvantagecanbe eliminatedby
calculatingdifferentscenarios,asperformedin chapter7 of this thesis.

BothCL andPRR¡ fulfill thecriteriaproposedby Ratte(1999).Botharecomprehensible,
sincethey arecalculatedusinga transparentGIS-basedmodelthat is basedon realistic
input data.Dueto thefact thatthey canbemodelled,they have ascreeningcharacterand
canbecalculatedata limited expenditure.They alsoallow to tracktemporaltrends,since
the indicatorscanbecalculatedfor differentyears.Finally, they arecompatiblewith the
Agenda21. sincethe indicatorsallow the comparisonof regions,which is requiredto
analysetheintra-generationalequitymentionedin theAgenda21.

A probleminherentto all indicatorsdistinguishingsustainablefrom unsustainablecondi-
tions is to definethethresholds.Sucha decisioncannotbemadeby scientistsalone,but
alsohasto considerdifferenthumanperceptionsandvalues.Oneway in which to over-
comethis problemis to identify andtracktemporaldevelopmentsof chosenindicatorsin
orderto analysewhethera societyis moving towardsa sustainablestate.Thisstrategy is
alsomentionedby Ratte(1999)andmaybeconductedusingtheproposedindicators.
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Theaimof this thesiswasto developamethodologyfor assessingandevaluatingaquatic
ecotoxicologicalimpactsof householdlaundry. The methodologywastestedusing the
casestudy defined in the comprehensive product assessment‘Washingand washing
agents’(PLA, Grießhammeret al., 1997). As a further application,pressureandstate
indicatorsdescribingtheaquaticecotoxicologicalaspectsof thesustainabilityof house-
hold laundryhavebeenproposedon thebasisof theGREAT-ER productmode.

10.1. Combination of LCA and ERA

An environmentalrisk assessmentof chemicals(ERA) typically calculatesenvironmental
concentrationsof substancesbasedonemissionscenarios,whichmayvary in theirdegree
of complexity andrealism. Theseconcentrationsarecomparedto effect concentrations
in orderto derive a risk characterisation.This procedurepermitsanevaluationbasedon
observableimpacts,aslong asthemodellingof bothemissionandenvironmentalfateis
donein a realisticway. Dueto thepretenseof Life CycleAssessment(LCA) to consider
all emissionsandresourceconsumptionsoccurringduringtheentirelife cycleof aninves-
tigatedproductsystem,sucha high level of predictivepower is in generalnotachievable
within anLCA. Advantagesof LCA comparedto ERA arethefocuson a productrather
thanonasinglesubstanceandtheconceptof a functionalunit,whichallowscomparisons
of differentalternativesfulfilling thesameservice.LCA only performscomparativeana-
lyses,while ERA analysesandevaluatesabsoluteimpactsrelatedto theuseof achemical
compoundin a definedmanner.

In this thesis,the conceptof a functionalunit hasbeenappliedin order to compareal-
ternativesfulfilling thesameservice,which is theannualhouseholdlaundryin a region.
FromERA, theGREAT-ER modelandits capabilityto predictrealisticconcentrationsin
freshwatersystemswaschosen.Dueto this combination,it is only possibleto calculate
concentrationincreasesratherthan concentrations,becausethe backgroundconcentra-
tions of the detergent ingredientsareunknown. Thesebackgroundconcentrationsmay
beof bothgeogenicandanthropogenicorigin. In addition,dueto theproductscenario’s
assumptionthat a singleproductis exclusively usedin a definedmanner, the predicted
concentrationincreasesarenot expectedto berealistic. Nevertheless,it hasbeenshown
thatanevaluationof thresholdexceedanceprovidesusefulinformationevenunderthese
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restrictions.For this reason,thecentralpurposeof the GREAT-ER productmodeis to
estimateconcentrationincreasesthat areexpectedto occur in the surfacewatersof the
selectedcatchmentassumingtheentirepopulationwereto usethechosenproductin the
definedmanner.

The evaluationof the resultsof thesescenariosis performedin two ways using con-
ceptsfrom bothLCA 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 beshown that, dueto the geographicalcomplexity of the river network,both ap-
proachesgivesimilar conclusions.Theadvantageof thePRR¡ approachis thefact thatit
givesresultsthataremorecloselyrelatedto measurablequantities.Theadvantageof the
CL evaluationis the fact that it givesa relative measureindependentof further choices,
whereasin thePRR¡ evaluationtheacceptableratio,e.g.1 or 0.1,onwhichtheevaluation
is based,hasto bechosen.In addition,if theexceedanceof this chosenPRR¡ is consid-
eredacceptablein somestretches,thispercentageof stretchesalsohasto bedefined.

Concluding,theGREAT-ER productmodeis relatedmorecloselyto thegeneralframe-
work of LCA thanto thebasicconceptsof ERA. Obviously, basicelementsof LCA are
not consideredin themethod,suchastheconsiderationof all relevant impactcategories
andtheassessmentof all emissionsandresourceconsumptionsoccurringin all life stages.
However, it hasbeenshown thatLCA studiescanbeusedasa basisfor thedefinitionof
GREAT-ER productmodescenarios.Weightingandthe interpretationphasecanthen
jointly be basedon the resultsfrom the LCIA methodandon thosefrom the GREAT-
ER productmode. How the weightingcanbe donedependsalsoon the chosenLCA
methodology.

10.2. Case stud y

Theproductmodewastestedusingthescenariosdefinedin thePLA. Themainresultis
thecleardifferentiationof theheavy-duty andcompactheavy-duty detergentson theone
hand,andthe3-componentandtandemsystemson theother. The reasonis thesignifi-
canceof boronin thefirst two productalternatives. Concluding,from anenvironmental
point of view consumersshoulduseseparatedetergentsfor colouredandwhite laundry.

Furthermore,it hasbeenshown thatthesurfactantsarehighly relevant. Basedon there-
sultsof thescenarioscalculatedin this thesis,AS provedto beenvironmentallysuperior
to LAS, which couldbeexpectedwith respectto thesubstancedataused.Comparedto
the surfactantsandboron,all other ingredientsareenvironmentallylessrelevant. This
conclusionwasalsosupportedin theanalysisof themixturetoxicity whenassumingad-
ditive toxicity.

A further resultderivedfrom the referencescenariosis the fact that thevariabilitiesdue
to dosagevariationshavea largerinfluenceon theresultsthandifferencesin theformula-
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tionsof thedetergents.This is largelydependenton thedefinitionsof theusehabits(the
realismof whichmaybedebatable).Nevertheless,theinfluenceof washinghabitsproved
to behighly relevant.

The largestresultsvariability wasobserved whendifferentwastewater treatmenttech-
niqueswerecompared.It wasshown thateventherankingof thedifferentproductswas
changing.Wastewatertreatmentis neithercontrolledby producersof detergentsnor by
consumers,but by regionalauthorities.For this reason,thesethreesocietalgroupshave
theability to influenceenvironmentalimpactsof householdlaundry.

Theresultsof thecasestudywerepartlyexpected.In fact,theingredientsthathaveturned
out to bemostrelevant, i.e. thesurfactantsandboron,arethosethataremostoften in-
vestigatedby scientists.However, the predicteddominanceof boron in someproducts
wassurprising.In addition,theminorrelevanceof almostall substancesapartfrom boron
andthe surfactantswasnot expected. The fact that in the casestudymodeldetergents
wereanalysedthat have alreadybeenin existencefor several years,suggeststhat their
mostrelevantenvironmentalimpactswerealreadyknown. Having therewith confirmed
theapplicabilityof theGREAT-ER productmode,it wouldbeinterestingto analysecase
studieswith lessinvestigatedparametersconcerningtheregion,thedetergentingredients,
and washinghabits. Furthermore,the analysisof new productgroupspromisesto be
highly interesting.

10.3. Required effor t

Performinga productmodeassessmentnecessitatesconsiderableeffort. This effort can
bedividedinto threedifferentparts:i) thedevelopmentof theGREAT-ER productmode,
ii) theincorporationof theRurcatchmentdata,andiii) thecasestudycalculations.

Thefirst aspectwasperformedwith limited expenditure,sinceit is basedontheGREAT-
ER 1.0 model,which did not have to bedevelopedwithin this thesis.The largesteffort
wasrequiredfor the incorporationof theRur catchment.Onemayarguethatthis hasto
be doneonly once,but this is only partly true, sincedataneedto be updated.Finally,
someefforts is requiredfor thecasestudy. First, substancedatahave to bederivedfrom
theliterature.Second,thecalculationshave to beperformedandevaluated.

Concluding,collecting all the requiredgeographicaldata is the most time-consuming
task.Regardingthenew technologiesavailable,thisseemssurprising.Thequestionarises
whetherthis substantialeffort is dueto thefact thatdatado not exist or that they arenot
publically available. For thedatanecessaryin theGREAT-ER productmode,the latter
is mainly thecase.Thediscussionshouldthereforeberaised,how this problemcouldbe
solved.

An alternativemight beto work with a limited numberof referenceregions.This would
amelioratethoughnot solve the previously mentionedproblem. The first datacollec-
tion phasemight be achieved with limited expenditure,but keepingthe dataup-to-date

155



10. Conclusions

requiresa constantamountof work, unlessmeanscould be establishedto performthis
updatingautomatically. Again, this raisestheneedfor discussionwith theownersof the
data.

Judgingtheeffort necessaryto developa methodimpliestheanalysisof thevalueof in-
formationandits potentialusein otherapplications.For this reason,theapplicationof
the GREAT-ER modelwithin differentcontexts shouldbe thoroughlyevaluated,if the
generalusefulnessof theGREAT-ER systemwould beagreedupon. An applicationof
theGREAT-ER modelapartfrom ERA hasbeenproposedwith thedevelopmentof the
productmode. Thinking beyond this thesis,it seemseasilypossibleto assessnew de-
tergentsandwashinghabits,but alsootherproductgroupswith theGREAT-ER product
mode,aslong astheusepatternis in accordancewith theemissionpathwaysmodelled
by GREAT-ER. For example,cleaningagentsandcosmeticproductssuchashair sham-
pooor shaving creamsmaybemodelled.In addition,with respectto GREAT-ER model
developmentsandextensions,otherproductgroupsmaybeassessedandevaluatedin the
future. New productscanbeenteredby directly specifyingtheir formulations,while the
incorporationof new usehabitsis facilitatedby a brief manualgivenin appendixD.

10.4. Value of inf ormation

Thevalueof theadditionalinformationdependson thequestionfor which the informa-
tion hasbeenderived.Thequestiondependson thepersonaskingthequestion.Thus,the
valueof informationof theGREAT-ER productmodeis differentfor thedifferentstake-
holdersinvolved.Consumersprincipallyhave thechoicebetweendifferentproducts.For
them,the informationaboutthecontribution of a singleingredientto the total impactis
not of primeimportance,sincethey do not have thepossibility to replacea singleingre-
dientby another. To actenvironmentallyconsciously, consumersneedinformationabout
therankingof thedifferentalternativesbasedon thesameservice.In addition,they need
easyguidanceregardingthedosageandthechoicewhich productto usefor which laun-
dry.

Producers,on theotherhand,maybe interestedin productoptimisation.They have the
possibilityto alterdetergentformulations.As suchadecisionmayhavelargeeconomicas
well asecologicalconsequences,thedecisionshouldbebasedonargumentsbeyondthose
typically providedby anLCA. For them,thevalueof informationof theGREAT-ER pro-
ductmodeis very high comparedto otherapproaches,sincemostLCA methodsdo not
evaluatethecontributionof singleingredientsto aquaticemissionsoccurringaftertheuse
phase.Regionalauthoritiestypically decideuponthewastewatertreatmenttechnique,the
relevanceof whichwasdemonstratedwithin this thesis.Potentialimprovementspossible
dueto differentwastewatertreatmenttechniquescomparedto the influenceof bothcon-
sumerandproduceris animportantinformation.

The valueof informationalsodependson the paradigmpreferredby the user, i.e. ei-
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ther‘less-is-better’or ‘only-above-threshold’.Althoughtheresultshave turnedout to be
similar, theusersshoulddecidethemselveswhetherto follow oneor theotherapproach.
Thischoicedependsonthesuitability for theactualdecision-makingprocessin whichthe
studyis usedaswell ason differentculturalperspectives.An exampleof how to include
differentculturalperspectiveswithin LCA hasbeenproposedaspartof theEco-Indicator
99methodology(Hofstetter, 1998,GoedkoopandSpriensma,1999).

10.5. Sustainab le Development indicator s

It is a political aim of all countriesthatsignedtheAgenda21 to aim towardssustainable
development.As hasbeendiscussed,indicatorsdescribingthe sustainabilityof human
activitesarerequiredto achieve this aim. Besidesthepurposeof comparingproductal-
ternativesaspreviously explored, the CL andPRR¡ figurescanbe usedassustainable
developmentindicators. The normalisedCL is proposedas pressureindicatorand the
percentualPRR¡ is proposedasstateindicatorfor describingrelevantaspectsof thesus-
tainabilityof householdlaundry.

Suchanapplicationis beyondthescopeof a simpleproductcomparison,sinceit judges
theenvironmentalsoundnessof householdlaundryin a region basedonaveragewashing
habitsanda typical detergent. Repeatingthis analysisin constantintervals allows the
analysisof temporaltrendsof detergent-relatedemissionsinto andimpactsoccurringin
freshwatersystems.Thesuccessof regionalactivitiesperformedby thedifferentactors-
consumers,producers,andregional authorities- maybeanalysedwith theseindicators,
which is importantespeciallyin regionsandcountrieswith lesssophisticatedwastewater
treatmentfacilities. From this analysis,optimal solutionsmay be derived for different
regions.

10.6. Conc luding remarks

Finally, which detergentshouldbeboughtat thesupermarket?Sincethis thesisfocused
on detergentsystemsratherthanon singleproducts,no specificproductcanand is in-
tendedto be named. Still, comparedto conventionalheavy duty detergents,compact
detergentscauselessemissionsandthereforelessimpactin regionswhereimpactsmay
occur. In addition,separatedetergentsshouldbeusedfor thedifferentclothes,i.e. white
andcolouredlaundry. Theappropriatechoicebetweenatandemsystemor a3-component
systemis difficult for customers,since,which wasalsostatedin the PLA, the formula-
tions of the specificalternativesdeterminetheir environmentalcompetitiveness.In this
casestudy, the3-componentsystemin generalgave betterresults.However, thiswasdue
to thefact that in thetandemsystemperborateis usedasbleachingagentandLAS is the
mainanionicsurfactant,while the3-componentsystemcontainspercarbonateandAS for
thesepurposes.In other3-componentor tandemsystemsit maybetheotherway round,
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whichwould thenmostprobablyaltertheresults.

ERA is capableof anduseful for controlling andpreventingenvironmentalandhuman
risks resultingfrom the useof chemicals.For this regulatorypurpose,an evaluationof
thresholdsby assumingactualemissiondataseemsreasonable.However, therearemany
uncertaintiesrelatedto environmentalfate modelling, realistic emissionscenarios,the
considerationof degradationproducts,toxicity of chemicalmixtures,the spatiallyvari-
abledilution ratios in rivers,anddifferencesin wastewater treatmentefficiencies. The
subsequentapplicationof a ‘less-is-better’principle seemsthereforeappropriatefor re-
sponsibleandsustainableproductdevelopment.Suchanapproachshouldnot beapplied
within regulatorypurposes.Instead,producersmayconsiderit within anappreciationof
environmental,economic,andsocialvalues,which is demandedby sustainabledevelop-
ment.For suchanevaluation,methodsarenecessarywhich characterisetheaddedvalue
of a decision. Concerningdetergentsandrelatedproductgroups,the GREAT-ER pro-
duct modemay serve asa methodto evaluatethe aquaticaspectsof sucha combined
evaluation.Thefact that theCLs andPRR¡ s arealsosuitedasSDIsfurthersupportsthe
usefulnessof theGREAT-ER productmodein decision-makingprocessesaimedat sus-
tainabledevelopment.

Even thoughit seemsthat the largestandmostvisible aquaticenvironmentalproblems
relatedto householdlaundryhave beensolvedin Germany by usingefficientwastewater
treatmenttechniquesin combinationwith degradablesubstances,encumbrancesstill may
occurin otherregions.Regardingtheglobalscopeof sustainabledevelopment,thereare
many countriesandcontinentsin whichwastewatertreatmentis insufficientor evenlack-
ing. Similarly, detergent formulationsandwashinghabitsmay differ significantly. In
thesecountriesthereis a moreurgentneedfor controllingenvironmentalimpactspoten-
tially occurringin surfacewaters.Apart from thementionedcurrentmodelrestrictions,
anappropriateassessmentandevaluationmethodfor householdlaundryis now available.
Theintegrationof acasestudyareafor sucharegion,however, remainsto becarriedout.
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Durchflussesder Flüsse. Ernst;Berlin, Munich,2¶ªæ edition.

Dyck, S. (1980b). AngewandteHydrologie. Volume2: Der Wasserhaushaltder Flußge-
biete. Ernst;Berlin, Munich,2¶ªæ edition.

ECETOC (1999a). GREAT-ER TechnicalManual. Technicalreport,EuropeanCentre
for EcotoxicologyandToxicologyof Chemicals,Brussels,Belgium. Publishedaspdf
file on theGREAT-ER 1.02CD.

ECETOC (1999b). GREAT-ER UserManual. Specialreport16, EuropeanCentrefor
EcotoxicologyandToxicologyof Chemicals,Brussels,Belgium.Publishedalsoaspdf
file on theGREAT-ER 1.02CD.

ECETOC (2000).GREAT-ER 1.02.CD,availablefrom M. Holt atECETOC,Av. E. Van
Nieuwenhuyse4, Bte.6 B-1160Brussels,Belgium.

Enquete-Kommission(1994). Die Industriegesellschaftgestalten. Technical report,
Enquete-Kommission‘SchutzdesMenschenundderUmwelt’ des12.DeutschenBun-
destages,EconomicaVerlag,Bonn,Germany.

Enquete-Kommission(1998). KonzeptNachhaltigkeit- Vom Leitbild zu Umsetzung.
Drucksache13/11200desDeutschenBundestages,Enquete-Kommission‘Schutzdes
MenschenundderUmwelt’ des13.DeutschenBundestages.

EuropeanEconomicCommunity(1996). Technical GuidanceDocumentsin Supportof
theCommissionDirective93/67/EECon RiskAssessmentfor new notifiedSubstances
and CommissionRegulation (EC) No. 1488/94on Riskassessmentfor existing Sub-
stances.

EuropeanUnion(1995).Commissiondecisionestablishingtheecologicalcriteria for the
award of theCommunityeco-labelto laundrydetergents- 95/365/EC. Official Journal
of theEuropeanCommunities,Brussels,Belgium.

EuropeanUnion (1999a). Commissiondecisionestablishingthe ecologicalcriteria for
theaward of theCommunityeco-labelto laundrydetergents- 1999/476/EC. Official
journalof theEuropeanCommunities,Brussels,Belgium.

European Union (1999b). Laundry detergents - ecological criteria. URL:
http://europa.eu.int/comm/environment/ecolabel/laundrydetergents.htm.

EuropeanUnion (1999c). Usermanualfor theaward of an ecolabelfor laundry deter-
gentsundertheEuropeanUnion ecolabelaward scheme. Brussels,Belgium. Canbe
obtainedonrequestfrom theFederalEnvironmentalAgency, Berlin, Germany.

162



Falcone,J. andBlumberg, J. (1992). Anthropogenicsilicates. In De Oude,N.-T., edi-
tor, TheHandbookof EnvironmentalChemistryVol. 3 F: Detergents. SpringerVerlag,
Berlin, Heidelberg, Germany.

Feijtel, T., Boeije, G., Matthies,M., Young,A., Morris, G., Gandolfi,C., Hansen,B.,
Fox, K., Holt, M., Koch,V., Schr̈oder, R., Cassani,G., Schowanek,D., Rosenblom,J.,
andNiessen,H. (1997). Developmentof a Geography-referencedRegional Exposure
AssessmentTool for EuropeanRivers- GREAT-ER. Chemosphere, 34(11):2351–2374.

Feijtel, T., Struijs, J., andMatthijs, E. (2000). Exposuremodellingof detergentsurfac-
tants- Predictionof 90®�¯ percentileconcentrationsin theNetherlands.Environmental
Toxicology& Chemistry, 18(11):2645–2652.

Feijtel,T. andVandePlassche,E. (1995).Environmentalrisk characterizationof 4 major
surfactantsusedin the Netherlands.RIVM-Report 679101025,National Instituteof
PublicHealthandEnvironmentalProtection,Bilthoven,theNetherlands.

Franke,M., Hirsinger, F., Janzen,D., Kosswig,K., Postlewaite,D., Rappert,T., Kl üppel,
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A. Data appendix

A.1. Substance data

In TableA.1, all substancedatausedin theproductmodeassessmentsaregiven. Unlike
the GREAT-ER 1.0 calculations,per-capitaconsumptiondataarenot input parameters
but areestimatedwithin themodel.It shouldbenotedthattheactualefficiency of aplant
is calculatedfrom thevaluesof thethreetechniquesactivatedsludge,trickling filter, and
primarysettler.

TableA.1.: Substancedata usedin the product assessments. AS, TF andPSdescribe
thethreecurrentlyconsideredWWTPtechniquesactivatedsludge(AS), trick-
ling filter (TF), andprimarysettler(PS).TheLTE concentrationis takenfrom
theDID list (EuropeanUnion,1999a).

Substance In-stream WWTP efficiency Sewer LTE
removal rate AS TF PS efficiency conc.

h ç�è % % % % mg/l
LAS 0.03- 0.35 97.5 81.25 20 25 0.3
AS 0.03- 0.35 97.7 81.5 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
ZeoliteA 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 0 25 85
Boron 0 0 0 0 0 0.9851

DAS-1 0.011 62 62 50 0 1
CMC 0 27 20 0 0 250
DAED 0.002 96- 99 96 - 99 0 0 500
PVP 0 14.3 14.3 12.5 0 100

1In theDID list thevalue6 mg/l is given(EuropeanUnion,1999a),whichrefersto metaborate(European
Union,1999c).A molecularweightbasedtransformationgivesthelistedvalueof 0.985mg/l.
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A. Dataappendix

A.2. PLA main results table

In TableA.2, the centralresultsof the LCA conductedwithin the PLA (Grießhammer
et al., 1997,p. 108) are given. Unlike the PLA, the emissionsof the usehabitsare
givenper capita,not per household.The transformationfactor, i.e. theaverageGerman
householdsize,is 2.26(Grießhammeret al., 1997,p. 153). In thePLA, anLCA of the
totalGermanwashingactivitieshasalsobeenconducted,which is not shown here.

TableA.2.: PLA main results
CO» Acid. equiv. VOCs EU-points

Modeldetergent(g perwash)
Heavy-duty 241 1.64 1.32 39
Compactheavy-duty 161 1.09 0.93 63
Tandemsystem 150 1.21 1.01 66
3-componentsystem 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 shouldbementionedthat theusehabitsalsoconsiderdifferencesin thewashingtem-
perature.In addition,in theSmartusehabitnoelectricaldryingis assumed,whichdiffers
from theotherusehabits.

A.3. Fur ther data and sour ce code

Both final GREAT-ER datasetsaswell asall raw dataincludinghydrologicaldata,dis-
charge sitesand attributes,substancedata,and backgrounddataare storedin the file
tree/home/greatdev of thefile systemat theInstituteof EnvironmentalSystemsRe-
search,University of Osnabr̈uck. Next to the data,sourcefiles of all developedscripts
andbinariesarekeptthere.
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B. Additive mixture toxicity

In thisappendix,theproof is giventhatthesumof theproductrisk ratiosfor thedifferent
detergentingredientsis equalto a mixtureproductrisk ratio of thedetergent,if additive
toxicity is assumed.

If additive toxicity is assumed,mixtureecotoxicityof aproductcanbedescribedaccord-
ing to themodelgivenby Loewe (1953)in thefollowing way(Guhl,1997).é§ê4ëªì'í'î ¿ ¨jï Í ðñóòªô ì'õ-î ñ õ ò¥ö�÷yñ Í�ø ñ ï éùê ñ ÖÞÖ
or, equivalently, ¨Êï é§ê ëªì'í�î ¿ ðñóòªô ì'õ-î ñ õ ò¥ö�÷yñ Í�ø ñ ï éùê ñ Ö
wherecñ is thepercentageof ingredientú in theproduct,ECñ is theeffectconcentrationof
ingredienti andEC

ëªì'í'î
is thecorrespondingeffectconcentrationof theproduct.However,

until having reachedthesurfacewaters,thecompositionof theproducthaschangeddue
to the differentenvironmentalfatebehaviour of the ingredientsin theseweragesystem,
the WWTP, andfinally the surfacewaters. Thus,cñ hasto be replaced.The predicted
in-streampercentageof ingredientú in theproductcanbedescribedasfollows:

ø ñ ¿ êÄû µ ñ ï ðñóòªô ì�õ�î ñ õ òÓö�÷�ü êÄû µ ü
whereC

û µ ñ is thepredictedx-percentileconcentrationof ingredientú in thesurfacewater.
Combiningbothequationsgives

¨Êï éùê4ë9ì�í'î ¿ ðñýò9ô ì'õ-î ñ õ ò¥ö�÷yñ
êÄû µ ñ ï4þ ñýò9ô ì'õ-î ñ õ ò¥ö�÷�ü êÄû µ üéùê ñ

which is thesameas

¨jï é§ê4ëªì'í'î ¿ ðñóòªô ì�õ�î ñ õ òÓö�÷�ñ Í ¨
þ ñóòªô ì'õ-î ñ õ ò¥ö�÷�ü êÄû µ ü È

êÄû µ ñéùê ñ Ö
Thesecondquotientin thepreviousequationis simply theproductrisk ratiofor substance
i andpercentilex. Therefore,theequationcanberewrittenas

¨Êï é§ê4ëªì'í�î ¿ ðñóòªô ì�õ�î ñ õ òÓö�÷%ñ
ÿ���� û µ ñ

þ ñóòªô ì�õ�î ñ õ òÓö�÷%ü êÄû µ ü
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B. Additivemixturetoxicity

whichcanbetransformedto

ðñóòªô ì'õ-î ñ õ ò¥ö�÷�ñ ÿ���� û µ ñ ¿
þ ñóòªô ì�õ�î ñ õ òÓö�÷�ñ ê û µ ñé§ê4ëªì'í'î ¿

êÄû µ ëªì'í�îéùê4ëªì'í'î
Using the LTE concentrationfrom theDID-list (EuropeanUnion, 1999a)aseffect con-
centration,

éùê ñ is replacedby ��� é ñ , which gives

ðñóòªô ì'õ-î ñ õ ò¥ö�÷�ñ ÿ����Ïû µ ñ ¿ þ ñóòªô ì'õ-î ñ õ ò¥ö�÷yñ êÄû µ ñ
��� é¸ëªì'í'î ¿

ê û µ ëªì'í�î
��� é¸ëªì'í�î

Thus,thesumof thePRR
û
s for thedifferentingredientsequalsa risk ratio of a product,

whenadditive toxicity is assumed.Theadvantageof usingthePRR
û
s is thefact thatthe

valueLTE
ëªì'í�î

is not known. However, it mayeasilybecalculatedusingthisequation.

It is stressedthat no actualrisk ratios as usedin ERA are consideredin the previous
equations,but only theproductrisk ratiosascalculatedby achosenproductscenario.The
actualcompositionof thedetergentingredientsin theriversis unknown,sincesomeof the
substancesmayalsohave beendischargeddueto otherapplications.Soapis anexample
for this. In addition,geogenicconcentrationsexist for someof theinorganicingredients.
Finally, sincein reality not only oneproductis used,but rathera considerablenumber
of differentdetergentsdependingon a time-dependentmarketshare,the actualaverage
compositionof detergent ingredientsis unknown. Therefore,the sole purposeof the
assessmentof mixture toxicity asconductedin this thesisis thecomparisonof different
detergentalternativesandwashinghabits.
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C. Sodium, salt and silicon contents
in model detergents

In orderto derive the concentrationincreasesof sodium,silicon, sulfate,andcarbonate
dueto theirusein laundrydetergents,theformulationsof thefour modeldetergentshave
beenchangedwith respectto thecontentsof thesedifferentcompoundsin the formula-
tions. Thesealtereddetergentformulationsaregivenin TableC.1. In this appendix,the
necessarycalculationsto derivethepercentagesof thesecompoundsin theadjustedmodel
detergentsaregiven.Sincefor thesehypotheticaldetergentsandsubsequentlyfor thesub-
stancesmentionedbelow calculationswith theGREAT-ER productmodeareperformed,
thenecessarysubstancedataconcerningwastewatertreatmentandinstreamremoval are
alsogiven.

TableC.1.:Alter eddetergentformulations only consideringinorganics(%)
Substance Heavy-duty Compact Tandem 3-component Comment

heavy-duty system system
Sodium 12.65 15.48 14.50 14.88
Silicon A 3.12 3.18 4.57 6.18 FromzeoliteA
Silicon B 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� ç	 ) presentin detergentsis derived from the percent-
ageof sodiumsulphate. The fraction is calculatedfrom the molar mass. M(SO� ç	 ) =
96.07g/mol andM(Na� SO	 ) = 142.07g/mol, which resultsin sodiumsulphatecontain-
ing 67.62%sulphate.Sulphateis not furthereliminated.Therefore,noeliminationin the
sewers,theWWTPs,andthesurfacewatersis assumed.
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C. Sodium,saltandsilicon contentsin modeldetergents

Carbonate

The percentageof carbonateions (CO� ç
 ) presentin detergentsis derived from theper-
centagesof sodiumcarbonateandsodiumpercarbonatein thedetergentsandthefractions
of carbonatewithin thesesalts.

The molar massof CO� ç
 is 60.01 g/mol and the molar massof sodium carbonate
(Na� CO
 ) is 106.01g/mol,giving 56.61%carbonatecontentin sodiumcarbonate.Based
on the molecularformula �
� �

ê�� � ç
 ����������� � � �
�

for sodiumpercarbonate,the fraction
of sodiumcarbonatein sodiumpercarbonateis 68%. This is alsothecorrectionfactorto
beusedin thecalculationof theEU-points(EuropeanUnion,1999c).Combinedwith the
figuresabove, this givesacarbonatefractionof 38.5%in sodiumpercarbonate.Thetotal
fractionof carbonatein adetergent( � � ê�� � ç
 � ) is therefore

� � ê�� � ç
 ��� � ��!�"����$#&%(' ø �*),+,- ú*.0/ #0%(' ø � '213+,4 �65 % �879� �:��;<;����$#0%(' ø �*),+,- ú*.0/ ø � ',1=+,4 �>5 % �
wherepercis thepercentileof sodiumcarbonateandpercarbonategivenin thedetergent
formulation. As in the caseof sulphate,no eliminationprocessesare consideredhere
either.

Silicon

Thesilicon balancein surfacewatersis influencedby two detergentingredients,namely
sodiumsilicatesandzeoliteA. However, thesetwo sourcescannotdirectly becombined
sincetheir environmentalfatebehaviour differs. Therefore,calculationsarecarriedout
separatelyfor silicon containedin zeolite A (called silicon A) and in sodiumsilicate
(calledsilicon B). Theconcentrationsarethenaddedin orderto derive predictedsilicon
concentrationincreasesin surfacewatersdueto theuseof silicon compoundsin laundry
detergents.

Concerningsodiumsilicate, the sameapproachasfor sulphateis followed,except that
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
( �?� �

� �A@�B ú � � ) is 37.16%.Thissilicon is calledsilicon B.

The assessmentof silicon presentin zeoliteA is moredifficult. In surfacewaters,zeo-
lite A undergoeshydrolysis(Kurzend̈orfer et al., 1997). This processis time-dependent,
i.e. not all of the silicon dischargedas part of zeolite A into the environmentwill be
transformedinto water-solublesilicon compounds.This is anexampleof the formation
of a transformationproductin surfacewaters,which is currentlynotmodelledwithin the
GREAT-ER model.Only few studiescanbefoundin theliteratureanalysingthekinetics
of this hydrolysis. Onestudywas found reportinga half-life between1 and2 months
(ScḧoberlandHuber, 1988).
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In orderto assessthesilicon contribution from theuseof ZelitheA in detergents,some
studiesfollow a conservativeapproachin orderto determineanupperboundfor thecon-
tribution by assuminga completeandinstantaneoustransformation(Kurzend̈orfer et al.,
1997). This approachis also followed here,which allows a direct applicationof the
GREAT-ER model.

Therefore,firstly the contentof silicon in zeoliteA is calculatedfrom the molar mass,
which is 15.38%. This is basedon the zeoliteA molecularformula given in the PLA
(Grießhammeret al., 1997,appendixp.78),which is �
� è �

C �ED�F � �
� è � �GB ú � �

� è �
H �6I6J�� �

�
andhasa molecularweight of 2191g/mol. For the GREAT-ER calculation,this sili-
con is calledsilicon A. Thesubstancedataregardingtransportin thesewersandfate in
wastewatertreatmentaretakenfrom zeoliteA (see4.5),sincetheassumedinstantaneous
hydrolysisoccursin thesurfacewaters.As for siliconB, instreamremoval of siliconA is
not takingplace.

Sodium

Almost all detergentingredientsareaddedto the productassodiumsalts. In thewash-
ing machine,thesesaltsaredissolved immediately. Thus,after thewashingprocessthe
sodiumionsaredischargedvia theseweragesystemanda possiblewastewatertreatment
plantinto thesurfacewaters.Eliminationprocessesdonotoccur.

In order to estimatethe sodiumloadsenteringfreshwatersystemsdue to their use in
detergentformulations,their fractionsin thevariousingredients(fracñ (Na))haveto bees-
timatedbasedon themolecularweight. In thesecondstepthetotal percentageof sodium
(perc(Na))in a detergent formulation is derived by addingthe productsof the sodium
fractionin ingredientú andthepercentageof theingredient(perc(ú )) in theformulation:

#&%(' ø � �
� ��� ðK'ò9ô ì'õML ñ õ ò¥ö�÷%ñ � � ' � ø ñ � �?�
� �$#0%(' ø � ú �N�

Thesodiumpercentagesin thedetergentingredientsandhow thesehavebeenderivedare
givenin TableC.2.
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C. Sodium,saltandsilicon contentsin modeldetergents
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D. Implementation of the
GREAT-ER product mode

In thischapter, differentaspectsof thegraphicaluserinterface(GUI) of theproductmode
aredescribed.Firstly, implementationprinciplesaregiven,followedby brief descriptions
of thedifferentdialogues.This secondpartalsoservesasa shortusermanual.Finally, a
shortguideonhow to includeanew usehabitis given.

D.1. Implementation principles

Main structure

Theproductscenariodatastructurewasdevelopedandimplementedon thebasisof the
existingGREAT-ER scenarioconcept.While in theGREAT-ER 1.0software,ascenario
is basicallydefinedby a substanceanda catchment,theproductscenario’s maincompo-
nentsarea catchment,a product,which mainly consistsof a setof substancestogether
with their percentages,anda usehabit,whoseattributesdependon the kind of product
assessed.A currentlyuseddefinitionfor theusehabitof doingthelaundryconsidersthe
total amountof laundryper time unit, theaverageamountof laundryperwash,andthe
detergent’sdosageperwash.A usehabitfor hairwashing,however, wouldprobablyonly
bedefinedby the two parametersnumberof hair washesperyearandthedosageof the
shampooperwash.

Thus,the implementationof a productassessmentneedsto beflexible enoughto handle
differenttypesof usehabits,i.e. it mustbeeasilypossibleto includenew scriptsanddia-
loguesthatallow theassessmentof new usehabits.Thisopennessis preservedby ashort
guideon how to includea new usehabit givenat theendof this appendix.So far, two
differentusehabitsfor assessinglaundrydetergentsareimplemented.Oneis basedon
thescenariosdefinedin thePLA (Grießhammeret al., 1997),andthesecondreflectsthe
informationgivenin Europeandetergentconsumptionstatistics(Gutzschebauch,1999).

Oncea productscenariois defined,i.e. afterhaving chosena name,a catchment,a pro-
duct,a usehabit, themodel,andenvironmentalparameters,a simulationcanbestarted.
Then,annualper-capitaconsumptionsarecalculatedfor all substancesthat arepart of
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D. Implementationof theGREAT-ER productmode

the product,which is the figure neededby the simulator. The equationfor calculating
the per-capitaconsumptiondependson the definition of the usehabit. The per-capita
consumptionsare written to the resultsfile resultslog.txt, which is storedin the sce-
nario’ssubdirectory. GREAT-ER thencalculateshypotheticalconcentrationincreasesin
the surfacewatersof the chosencatchmentbasedon the assumptionsof the actualsce-
nario. The resultsare then shown asa themefor eachsubstance,i.e. by showing the
meanCkmlonqp lorNsutwvur$x�y s. Thecalculationof thecritical lengthsCL andtheproductrisk ratios
PRRz canthenbe carriedout. The resultsarealsowritten to dBase-files,the namesof
which have to be provided by the user. In addition,the CLs arealsowritten to the file
resultslog.txt.

Furthermore,theanalysistoolsof theoriginal GREAT-ER softwarehave beenadjusted
to alsoallow theanalysisof GREAT-ER productmoderesults.Therefore,PEC{MxGsu{}|$n\twr~s
andPEClor$losmlox�y valuesaswell asconcentrationprofilesfor furtherplottingcanbeobtained1.
Dependingon whetherthe active scenariois a productmodescenarioor an ordinary
GREAT-ER scenario,theappropriatescriptsareinvoked.

Definition of products and use habits

The definition of new usehabitsandproductsencountersdifferentkinds of difficulties.
Typically, productformulationsreflectthedetergentsasthey enterthewashingmachine,
while theloadsleaving themachinearerequiredfor GREAT-ER calculations.Thus,the
productformulationsareadaptedto reflectthe loadsandsubstancesenteringthesewer-
agesystemby eithersubstitutingsomeof thesubstancesand/oradjustingtheir percent-
ages.Thesubstitutionsperformedin thecasestudyof this thesisareshown in Table4.1:
TAED is substitutedby DAED, sodiumperboratetetrahydrateis substitutedby boron,and
sodiumpercarbonateis includedin thesodiumcarbonatefraction. In addition,theper-
centageof thewhiteningagentDAS-1accountsfor thefact thathalf of themassremains
on the laundry(Richner, 2000). If the definition of otherproductgroupsis intended,it
mustthereforealsobeassuredthattheproductformulationsaregivenin thecomposition
in which they entertheseweragesystem.

In thecaseof usehabits,thecomplexity dependson thequestionasto whetherthenew
usehabitfits into oneof thetwo currentlyimplementedschemes.If this is thecase,the
procedureasgiven in the following sectionmay easilybe followed. If, however, a not
yetconsideredtypeof usehabitshallbedefined,appropriatescriptsandmostlikely addi-
tional dialogueshave to bedeveloped.To facilitatethis proceeding,guidanceis supplied
in sectionD.3.

1All thesefunctionsareexplainedin detail in theGREAT-ER usermanual(ECETOC,1999b).
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D.2. Main dialoguesandUsermanual

D.2. Main dialogues and User manual

All new functionscanbeaccessedvia anew menucalled‘Product’,whichwasintroduced

FigureD.1.: TheGREAT-ER pro-
ductmenu

into the GREAT-ER graphicaluserinterface(GUI), see
FigureD.1. It is launchedwhenswitchingto theProduct
modeor to theExpertmode. In this menu,themain fea-
turessuchasdefining,editing,saving, deleting,andclos-
ing productscenarios,products,andusehabits,as well
asimportingandexportingtheproductscenariosarehan-
dled.Theimportandexport functionsusethesamemech-
anismastheGREAT-ER software.In addition,afterhav-
ing openedmany productscenarios,this menuoffers the
possibility to switchbetweenthem. Thescriptsbeingin-
voked from within the other menussuchas Substance,
Catchment,Model, Analysis,andDisplay werechanged
or substituted.Dependingon the type of the active sce-
nario,theappropriatescript is used.This allows working
simultaneouslywith differenttypesof scenarios.Also, the
look-and-feelof the GREAT-ER GUI hasremainedthe
samewhichmakesit easyfor usersfamiliarwith GREAT-
ER 1.0 to work with the productmode. The dialogues
have beenimplementedusingC++. They areincludedin
the updateddynamiclibrary greater.dll. Their look-and-
feel is verysimilar to thedialoguesof GREAT-ER which
hasadvantagesbothconcerninguserfriendlinessandde-
velopmenttime.
Theimplementationof thedialoguesto define,edit,open,
anddeleteproductscenariosdirectly follows the princi-
ples of the GREAT-ER 1.0 dialogues. The dialog for
definingandeditinga productscenario,which is invoked
from the entries‘New ProductScenario’and ‘Edit Pro-
ductScenario’,is shown in FigureD.2. Thedialoguefor
choosinga productscenariois invoked from the ‘Open

ProductScenario’and‘DeleteProductScenario’andis shown in FigureD.3. Their func-
tionality andthatof a small dialogueinvokedby the item ‘Save ProductScenarioas’ is
identicalto thatin theGREAT-ER 1.0scenariodialogues.

Thedialoguefor editinganexisting or defininga new productis themostcomplex one,
sinceit allows the ingredientsandtheir percentageswithin the productto be edited(as
mentionedabove, in the compositionthe productentersthe seweragesystem). From
within thisdialogue,otherwindowsmaybeopenedbyeitherusingtheappropriatebuttons
to addafurthersubstanceto theformulationsor by double-clickingonasubstanceto alter
its percentage.In addition,thenameof a productmaybeeditedanda commentmaybe
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D. Implementationof theGREAT-ER productmode

inserted.It shouldbenotedthatalteringthenameof anexistingproductimplicitly defines
a new product,sinceproductsare internally identified by their names. The dialogues
relatedto editinga productaregivenin FigureD.4.

FigureD.2.:New/Edit product scenariodialogue

FigureD.3.: Open/Deleteproduct scenariodialogue

Furtherdialoguesarerequiredfor selectinga product,either for the purposeof editing
or deletingthechosenproduct,andfor changinga productdatabase.Both dialoguesare
identicalto correspondingdialoguesfrom theGREAT-ER 1.0GUI’ssubstancemenuand
arethereforenot explicitly shown.
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D.2. Main dialoguesandUsermanual

FigureD.4.:New/Edit product dialogue

The dialoguesfor working with usehabitscanbe divided into thosethat are usedfor
workingwith any typeof usehabitandthosewhoseshapesdependon theusehabit.The
former aredevelopedfor selectinga usehabit to eitheredit or deletethis usehabit and
for changinga usehabitdatabase.In all thesecases,thedialoguesarethesameasfor the
correspondingproductandsubstancedialogues.Thedialogueto editor defineausehabit
dependsontheshapeof theusehabit.Currently, two typesof usehabitsexist, onehaving
two andtheotherhaving threeparameters.Bothdialoguesaregivenin FigureD.5.

If a new usehabit is to be defined,the userfirst getsa list of availableusehabit types.
Dependingon theuser’s choice,anappropriatedialoguewill beopened.Thus,the‘New
UseHabit’ itemonly allowsthedefinitionof anew usehabit,which is of anexisting type.
If a usehabitof a not yet implementedtypeis to bedefined,first thenew usehabit type
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D. Implementationof theGREAT-ER productmode

hasto beincorporatedinto thesystem.This incorporationhasto beperformedaccording
to theguidancegivenin sectionD.3.

FigureD.5.:New/Edit usehabit dialogues. The left dialogueis basedon the washing
habitsas definedin the PLA, while the right dialogueis basedon studies
concerningdetergentusagesin differentEuropeancountries.

Usehabitsmaybestoredin differentfiles, which areobjectdatabasefiles (*.odb). Dif-
ferenttypesof usehabitsmaybe storedin thesamefile. However, a usehabit belongs
explicitly to onetypeof usehabit. Internally, this typeis representedby anidentifier.

Performing a sim ulation and investigating results
Onceascenariois defined,asimulationcanbestarted.Firstly, adatacheckis performed.
If this testpasses,thehypotheticalannualconsumptionis calculatedfor eachsubstanceof
theproduct.Theresultsareautomaticallystoredin thefile resultslog.txt. ThenGREAT-
ER simulationsarecarriedout.Theresultscreenlookssimilar to theGREAT-ER screen,
exceptthatnotonly one,but oneresultthemeperingredientexists(seeFigureD.6). They
canall be investigatedusingtheIdentify tool (seeFigureD.7) known from GREAT-ER
1.0.
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FigureD.6.:Result screenof the GREAT-ER product mode

FigureD.7.: Identify dialogueof the GREAT-ER product mode
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D. Implementationof theGREAT-ER productmode

Evaluating the results
As definedin the thesis,evaluationis carriedout usingthetwo quantitiescritical length
(CL) andproductrisk ratio (PRRz ). Both dependon toxicological information,which
have to be given for all productingredients. In addition, they have to be comparable.
As outlinedin section4.5, within thecasestudytheLTE concentrationsasgiven in the
DID-list areused.Thedialoguesfor editing thesedataarenot complex. A list dialogue
is usedfor choosingthe substance,anda text entry dialogueis invokedfor editing the
effect concentrationof thechosensubstance.Dueto their easystructure,they have been
developedin Avenue ratherthanin C++.

Thecalculationof theCLsandPRRz scandirectlybeinvokedusingtheappropriatemenu
entries.CLsandPRRz smaybederivedfrom any result’spercentile.Therefore,whenin-
voking eitherscript, the useris askedto choosebetweenmeanpredictedconcentration
increasesperstretchor any otherresult’s percentile.Then,CLs or PRRz s arecalculated
after having chosena resultsfilename. The resultsarestoredin dBasefiles in the pro-
duct scenario’s directory. In addition, the resultsof the CL evaluationarealsowritten
into thefile resultslog.txt. For thePRRz calculation,furtherAvenue scriptshave been
developed,which allow the evaluationof typically large tables. The columnsrepresent
theingredients,while in therowsthedifferentstretchesof thecatchmentarerepresented.
Within the new Avenue scripts,the stretchesin which a definedPRRz is exceededby
differentnumbersof substancesarecounted.Resultsareagainstoredin a dBasefile.

Besidesthesenew evaluationmethods,theGREAT-ER 1.0analysistoolsaccessiblevia
the Analysismenuhave beenextendedfor usewithin productscenarios.The features
‘CalculateRiver Ckmlon X’, ‘PEClor$losulox�y ’, ‘PEC{Mx�sm{}|$n\tMrNs ’, ‘ConcentrationProfile’ and‘Export
Profile’ have beenextendedto alsofunctionwith productscenarios.Dueto thefact that
thesecalculationsareperformedfor all substances,they maybetime-consuming,which
dependson thecatchmentsizeandthehardware.Thecalculationof theriver percentiles
hasnot changed,exceptthatnot only one,but asmany new themesassubstancesin the
productaregeneratedfor eachpercentile.Theresultsof thePECcalculations,however,
areno longerprintedon the screen,but arewritten directly into the file resultslog.txt,
which is storedin the basedirectoryof thecorrespondingproductscenario.The calcu-
latedpercapitaconsumptionsarealsostoredin this file. TheReportitem in theProduct
menuallows thedisplayof thecontentsof thisfile.

D.3. Steps to incorporate a new type of use habit

Someprogrammingis necessaryto incorporatenew usehabits.In any case,someAvenue
scriptshavetobeextended.In somecases,new dialogueshavetobedeveloped,whichcan
bedoneusingAvenue, C++or any otherlanguage,dependingon theuserspreference.It
only hasto beassuredthatthedialoguescanbeinvokedfrom within Avenue. Themain
stepsare1) writing the dialogueandembeddingit into the GREAT-ER productmode
scripts,2) writing anAvenue scriptthatcalculatesthepredictedper-capitaconsumption,
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and3) including thenew codewithin thecurrentGREAT-ER productmodescripts. In
thelaststep,it is alsodescribedhow to includenew kindsof products.

Writing the dialogue and embedding it into GREAT-ER
The currentedit usehabit dialogueshave beendevelopedin C++. They are storedin
thedynamiclibrary greater.dll andarecalledfrom thescriptf EUDetHabitDlg.ave and
f DetHabitDlg.ave. A new dialogueshouldalsobe wrappedby an appropriatescript.
Thesescriptsareinvokedfrom within thescriptsEditHabit.ave andNewHabit.ave for
eithereditingor defininga new usehabit (of alreadyknown shape).Incorporatinga new
typeof usehabitrequiresaddingsomecodeto thesescripts.Thecorrespondingplacesin
thescriptsaremarkedby asterisks(*******).

Firstly, in thescriptNewHabit.ave thelist availHabits hasto beextendedby a nameof
thenew typeof usehabit. Secondly, in thesamescript,a further if-clausehasto be in-
cluded,in whichthescriptwrappingtheusehabitis started.Thirdly, thisnew scripthasto
bewritten. Thecurrentlyexistingscriptsf EUDetHabitDlg.ave andf DetHabitDlg.ave
maybeusedasa referencefor developingthis new script. Fourthly, thescripthasto be
includedin thefile scripts.lst, which is locatedin thesamedirectoryastheAvenue files.
Finally, thesecondstephasto be repeatedin thescriptEditHabit.ave. Pleasenotethat
this hasto bedoneat two placesin thescript (seetheasterisks).Examplesyntaxof the
codemaybetakenfrom thecodeof theincorporatedusehabits,whichis self-explanatory.

Writing a script to calculate per-capita consumptions
Dependingon thecharacteristicsof thenew usehabit,theper-capitaconsumptionis cal-
culateddifferently. Therefore,anAvenue scriptthatis similarto thecurrentlyusedscripts
f CalculateDetergentCons.ave andf CalculateEUDetergentCons.ave hasto bede-
veloped,which calculateson the basisof both active usehabit andactive productper-
capitaconsumptionsfor all ingredients,andcreatesthe internaldictionaryConsump-
tions, in which thecalculatedper-capitaconsumptionsarestored.In addition,thecalcu-
latedper-capitaconsumptionsshallbewritten to thefile resultslog.txt. Themainstruc-
tureof thisscriptcanbetakenfrom theaforementionedtwo scripts.

Inclusion into the GREAT-ER scripts
The script to calculate per-capita consumptions is invoked from the script
f StartProdSim.ave. Therefore,in this script, a further if-clausealsohasto be added
at theappropriateplace.Within this if-clause,thenew scriptthatcalculatestheper-capita
consumptionsof all ingredientsis invoked.Within thisif-clauseit is alsocheckedwhether
productanduse-habitfit together. Eachproducthasan identifierdescribingthekind of
product. Currently, all productsareof type ‘Laundry’. If a new productgroupis to be
included,theif-clausein thescript f StartProdSim.ave hasto bealteredto accountfor
this. Theproductidentifieris definedat theendof thescriptf DetergentDlg.ave. There-
fore, if a new productgroupis alsoto bemodelled,thescriptNewProduct.ave needsto
beextendedby anif-clauseanda dialoguepromptingfor thekind of product.
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