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Abstract

Temporal and spatial concentrations of sevetsrmaceuticalsand personal care products
(PPCPs) and endocrine disrupting compoun@&DCs) are predicted in the Grand River
watershed using rovel \ersion ofthe PhATE (Pharmaceutical Assessment and Transport
Evaluation)model codewhich is adaptedio explicitly consider Canadian conditior8pecific
PPCPs and EDCs previously measured in the Grand River watenskedario, Canadaare
selectedas the target compounits this study.Dueto observedseasonal variability iclimate
hydrology, and pharmaceuticaloadings at the case studylocation predicing seasonal
concentrations ofachchemicalis expected to improvsimulationresultsand the PhATE model

is modified accordinglyln this regard, eéquired seasonal hydrological parametees flow rate
and velocity)are estimatedbased on site dat&urthermore, ltemicalloss parametergi.e. in
stream decay, human Bsandremoval efficiency of treatment plantaje extracted from the
literatureand then calibrated to observed seasonal betra@alibration parameterfsr the case
study include in-stream decay, human loss, and removal efficiency of three diffenees tyf
treatment plantsSimulated concentratior@sevalidated by comparing them with measured data
at two previously sampled locatisrnin the Grand River. In general, the PhATE modehen
modified to account for seasonal variabiliccuratelysimulates pharmaceutical goentrations

in the Grand River.

ThevalidatedPhATE modelis usedin a predictive modé¢o identify streamsand stream
segmentswith high potential riskof being exposedo the selected PPCPs and EDCs in the
watershed in different seas Resultssuggesthat aportion of the Grand Riveextending from
the effluent of Waterloo and Kit@rer wastewater treatment plamtswn tothe municipality of
Brantford is likely to be at higbrrisk, relative to other portions of the watershi&threover, the
potential for PPCPtoxicity to aquatic speciess assessed ug) the maximum simulated
concentrationgor the Grand River watershed. Accordittgregulatory guidelines developed by
the European Union (EU), most &PCPsare predicted to be aoncentrationghat require

further assessmeanhd/ormore stringentegulations and restrictions.
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Chapter 1

Introduction

1.1 Background

Pharmaceuticalpersonal care products (PPCPs) andoeride disrupting compounds (EDCS)
are chemicals use@xtensively forday-to-day treatment, prevention, arfieautification They
have been identified asgnificantchemical pollutantsn the aquatic environmeritl]. Previous
studiesof various industrialized and industrializing natidres/ereporteddetectable amounts of
PPCPsand EDCsin surface and ground watemdtinking water, and the effluerdf sewage
treatment plant§2-7]. Canadian watersheds asémilarly affected[5-10], althoughdetected
concentrations havgenerallybeen low, i.e., betweamnograms and micrograms perdits, 11,
12]. However,even at low concentrations, tleentinual discharge of thesdemicals into the
environmentmay have adverséealtheffects onaquatic biota, such deminization ofvarious
specieq 13, 14]. Therefore, the fate and transport of PPCPs and EDEaying environments

has emerged as anportantresearch topi€l3, 15].

Identification and detection &?#PCP and ED@ompoundsn natural systemsequires
highly sensitive instruments that consume considerable time and mbmegfore there has
been an increasing interestthe development of models capable of reliably predicting the fate
of pharnaceuticalsReliable models should exhibit the following characteristics: (1) they should
adequately replicate historical conditions and/oevusly measured concentration data; (2)
they should generate informative and wehstrained expressions of predictive uncertainty
and/or the likelihood of interesting outcomes and scenarios; and (3) they should provide useful
guidance for subsequeraitd collection and monitoring efforf&6]. In this regardthe GREAT-
ER (Georeferenced Regional Exposure Assessment Tool for European Rivers) and PhATE
(Pharmaceutical Assessment and Transport Evaluation) models were developed to #stimate
concentratios of aquatic chemicalsn the surface watersf Europe and t United States,
respectively[17, 18]. Theseuserfriendly models haveled o an improvedunderstanding of
PPCPs and EDGs U.S. and Europeagenvironmers [16, 19-21]. However neither of these

georeferenced water quality modéias beempreviouslyapplied to Canadian watersheds


http://en.wikipedia.org/wiki/Beautification

1.2 Objectives

The primary objectiveof this thesiswasto predict the concentiahs of frequently detected
pharmaceuticals and personal care products in a Canadian watershed using the PhAT&Smodel
the inherent seasonality of Canadian environments is substantial, the secondary objective was to
modify the PhATE model so that it acnmodates various sources of seasonal variability in

order to improve the prediction of the pharmaceuticals and personal care products.



Chapter 2

Literature Review

2.1 Sources and Occurrence of Pharmaceuticals in Surface Water

Humans ingespharmaceuticals and related products almost daily, and a certain fraction of each
dosage is excretdile. as feces or uringlue to incomplete metabolism in the human body. This
excreted fraction ultimately discharges to surface waters as (potentiallgdyeanthropogenic
waste watef5-7, 15, 22, 23]. In urbanized areas, the primagljscharge point is a astewater
treatment plant which will, in general,dischargea combination oftreated and untreated
wastewatelinto thereceivingsurface waterConsequently, PPGRind EDCsare dischargedo

the environment imoth unaltered parental and metaboliZedns [1, 23-25]. Additional sources

of pharmaceutical loading include tldgsposalof unused and expired pharmaceuticalghe

trash and down drain®verall, vastewater treatment plarase thesingle largessourceof PPCP

and EDC loadingnto surface watex[11, 23, 26-31].

As PPCPs and EDCpass through a given WWTP (Waste Water TreatmenitPla
certain amount of removal occwi& the combined processeskbdegradation, mineralizatipn
sorption, photadegiedation and volatilization [6, 10, 31-33]. Of these processes,
biotransformatiorhas been ragnized aghe mostsignificant mechanismwhile volatilization
and sorptiorare thought to play relativelyinorroles[31].

After discharge into surface waters, the relative influence of the various attenuation
processes$s not completely understood and is subject to-giecific conditionsFor example,
photodegradation can be a potentially significdegradabn mechanisnduring surface water
transport[32, 34, 35. However, it has been suggest that photodegradationmay beless
significantin the Grand Riverdue tothe highturbidity of these water§36]. Furthermore, e
influence and mechanisms for sorption d?@Ps and EDCs in surface waisrat present
unclear In general, these klyophilic compounds will remain in the aqueous phase andare
likely to have high sorption capaciti¢37-39]. However, hydrophobic partitioning is not the
only critical factor inpharmaceuticakorptioni other mechanismssuch asion exchange,

hydrogen bondingandmineralabsorptioncanalsoplay a significant role[37].



2.2 Detection of Pharmaceuticals in Canada

Thepresencef pharmaceuticals and personal care products in Canadfaneswates has been
observedby a number of researchgis10, 42, 43]. The most frequently detected compounds
include ibuprofen, naproxensulfachlorpyridazing gemfibrozil, salicylic acid, carbamazepine
bezafibrate and diclofenac[5, 6, 8-10]. Observed concentrations of PPCPs and EDPge
from below detection limitdo micrograms petitre [6, 8, 10]. In the Grand River watershed,

PPCP and EC concentrationfiave been detectaad the nanogram péitre range[5, 42, 43).

Naproxen and ibuprofehave beerdetectedat the highest concentrationgelative to
other pharmaceuticaiompounds[8, 10]. Yet these compounds are also associated Vgh t
highestWWTP reduction with percent removals ranging from%o 99%][6, 10]. Conversely,
carbamazepine anshdomethacinare themost persistent pharmaceuticasd have very low
WWTP removakfficiency|[6, §].

2.3 Seasonal Variability in PPCPs Concentration

Relatively £w studies haveorsidered theseasonal variability dPPCP and EDConcentations
in the environmenfe.qg. 42, 43, 44-46]. Nonetheless, thestudiessuggest thaPPCP and EDC
concentratios are influenced by several seasonally varyirigctors including chemical

consumption, rainfall events, flow rate, and temperature.

Seasonal factormfluendng human usef specificPPCPdnclude elevate@onsumption
of ibuprofen and napr@n during thecold and fluseasonandincreased usagaf DEET during
the summemonths[42, 44, 45]. In contrasto these ovethe-counter remediegemfibrozil and
carbamazepinare prescribed drugdor treatment of chronic conditions arate therefore

consumedht a relatively constant ratierougloutthe yearf44].

High discharge rateassociated with springpelt and seasonahinfall events may reduce
the efficiency of treatment plantesuting in elevated®PCP and EDC loadings surface water
[12, 47]. In contrastsummertime exposire of pharmaceuticalto long periods okunlight may

increase the removal efficiency dme types dreatmenie.g.lagoon$ [8].

Although there is som disagreement in the literature (i[@0, 44] vs. [47]), there is

evidence thathte removal efficiency of treatment planis highly dependentipon temperature



and is likely to be lowest during the wintéturthermore, in surface waters and other natural
systems temperature can significantly influenb&édegradation, pholgsis and sorptior{48].

For some compoundsuch asbuprofen anchaproxenthe different processes are influenced in
opposing ways such that the overall degradaliehaviourdoesnot vary significantlyacross
season§4’7, 49).

Observational data suggests that different compounds diiEferent timings with respect
to the occurrence of peabkmcentrations in surface wateExamples of such variability include
peak concentrations of: ({uprofen and naproxein thewinter and fall[42, 43]; (2) DEET in
the summef43]; (3) gemfibrozilin spring and summd#2]; (4) lincomycin HClin springand
fall [42]; and (5)sulfamethoxazole in the summer and fd®]. Other compounds, including
carbamazepine,rimethoprim NP, and bezafibratehave been observed to have relatively
constant (i.e. noseasonal) concentratiomssurface watex[42, 43).

2.4 Modelling of Predicted Environmental Concentrations

As mentioned previouslynodellingthe transport of pharmaceuticals and personal care products
as well aspredicting their concentrationm surface waterss critical to understanding the
potential impact of these compounds$r dhe environment.For example, he PhATE
(Pharmaceutical Assessment and Transport Evaluation) model was developed by the
Pharmaceutical Research and Manufactures of America (PhRM#ntdateconcentations of
active pharmaceutical ingredientsatevenwatershedscrossthe United Stategl7]. Similarly,

the GREATER (GeograpmReferenced Regional Exposure Assessment ToolEfgopean
Rivers)modelwas developed asmmeansof predicing the concentratiosof aquatic chemicals as
well as the distributiorof the concentrationof these compounds in European surface waters
[18]. Thesemodelscan be used to estimatbe potential risk ofaquatic chemicalsn the
environmentat both national and regional scales. Furthermore, the models allow for an
assessment of the relative influencealibferent biotic and abiotic processes on the elimination of
PPCP and EDCompounds from surface watgis, 50]. Lastly, these modelsan help guid¢he
designof a costeffective field samplingstrategyby highlighting thestream segmentwith
higher potential risk19, 50].



However,ambiguityin the chemical and physicaroperties of pharmaceuticals as well
as uncertainty in the hydrological characteristica afivenwatershedcan significantlyreduce
the predictive capabilities of the PhATE and GREEAR models [19-21]. Furthermore,
fundamentalassumptionsmade by theseanodels, such agynoring the release of untreated
pharmaceuticalsrém treatment plants during rain eventsin @use systematic bias model
predictions[17]. Similarly, variousparameteassumptiongsuch asonstantreatment removal
uniformly distribuied pharmaceutical usage, andémnstantand spatially homogeneodisst-

orderdecay can further degrade model predictive capabilities

The PhATE model was cken in lieu of the GREA'ER model because a previous
research agreement allowed for convenient access to PhATE modeling code along with extensive

documentation, dedicated technical support, and personalized training.

The PhATE model usesmple mass bal@e equations applied to a givpharmaceutical
compound along a given reach or segmemsiuoface water-or each segmentass entersither
from WWTP pointsource along the segmeir via inflow from upstreamsegmentsMasss
leave a given segment via firgirder instream decay, flow diversions or outflow to a
downstream segmentl7]. The potential mass of PPCPsenteing from a given wastewater
treatment fantis estimatedria average annuddumanusage of the compoundsultiplied bythe
size of thepopulation served by the wastewater treatment plngs maximum potential loading
is reduced via two loss terms, namely: (fBrcent removal by human metalsalj and (2)
percentremovalwithin the treatment plantl7]. The PhATE modetreats each segment of a
given watershed aspug-flow system, resulting in the following mabalancesquations

0 0 0 p 0 p 0 Q)

0 (2)

whereP is populatimn served by a given treatment plant or zero if no WWTP is present along a
given reachMy, is annual pharmaceutl usage per capita (kg/perspear),L;, is percent loss of
pharmaceuticals by human metabolism (fractiagrpis thepercentremoval by the treatment
plant (fraction) Mwwrris the pointsourcemass loading téhe associated surface water segment

(kglyear),Cpec is predictedenvironmentalconcentration of the compourfchg/L), M, is mass



loading from upstream (g/day is firstorder decay rate constant (fyt is travel time (day),
M is point-sourcemass loading from thi" treatment fant (g/day),t; is travel time from théth
plant to the end of the segment (day), &g flow rate (ni/day).

The input and output data for the model are saved in the Microsoft Access databases. The
GIS software isalso used to manage the hydrological data the watershed when graphical

results need to be shown.

It is worth noting that the istream decay in PhATE is such a single rate constant that
reflect the total sum of relevant factors like biodegradation, volatilization, sorption to the
sediment, phaidegradation, etc. Also, it is assumed that ¢nére amountof a compound
producedby manufacturergn a year is consumed by hunsaand enters into the surface water

only viatreatment facilities.

The PhATE modeis alsosummarized iriTfable 2-1 along with the GREATER model.
As indicated inTable2-1, thereare many similarities between the two models stndyresults

are likely applicable to both models.



Table 2-1: Comparison of the Features and Capabilities of thePhATE and GREAT-ER models

PhATE

GREAT-ER

Watershed applied

On 11 Watersheds in the US

On 16 European Watersheds

Assumptions

Uses steadgtate deterministic mass balance equations

Segmentation

Only the rivers that receive mass of the chemic

compounds from upstream or WWT&®
considered in the model and segmented with
relatively constant characteristics

All rivers in the watershed are considered
the model and segmented with relatively
constant characteristics

Mixing in the system

Rivers are considered as plug fleandlake and reservoirs are considered as completely mix

tanks

Basic Input Parameters

Usage per capita, istream firstorder loss, human loss, removal efficiency for each WWTP
treatment type loss.

Parameters Distribution

Not directly supported

Distribution of the parameters can be
specified by the useri(€. normal,
logarithmic or uniform))

Hydrological Regime

Deterministictnean flow and low flow

StochastidMonte-Carlo to generate variatio
in flow and velocity)

Data Storage

MS Access, GIS GIS and DBF
Adding New Watershed Requires several changes in MS Access Requires full igcf/TRIc;tgnallty including




2.5 Toxicity of Pharmaceuticals to Aquatic Organisms

Because othe physicchemical properties d?PCPstheyhavethe potential toadversely affect
aquatic lifevia both acute and chronic effe¢gl-54]. However, it islikely that chroniceffects
present the more significant health r[8§4, 55]. In this regard, understanding the full impact of
long-term exposure to mixtures of PPCPs and their degradation products is the focus og ongoin
research51, 56, 57]. The toxicity of chemicals igypically me asur ed i n Effecer ms
Concentration ( EC) , wher e cdancéntbatioratevhiehb09 otdasedordaeisms

die or are adverselyimpaired and theLowest Observed Effect Concentration (LOEE€)the
minimum dosage at which any adverse effect is obseB&¢kral studies have suggested Effect
Concentrations for various PPCPs and with respect to various aquatic $p&&8s56-60] i
relevant summary informatiors provided inTable 2-2. Ibuprofen andcarbamazepinere
associated with the lowest Effect Concentration valugsst 10 ng/L of thesecompounds can

alter thebehawour of certain aquatic speci¢gQ].

Table 2-2: Toxicity of PPCPs onAquatic Species

Compound Species Toxicological endpoint| Effect Concentration | Reference
ibuprofen Fish , Japanese meda - 1-100 ¢eg/ [56]
ibuprofen Gammarus pulex - 10 ng/L [60]
ibuprofen H. attenuate LOEC 1 mg/L [54]
naproxen H. attenuate EC50 2.6 mg/L [54]
naproxen C. dubia EC50 0.33 mg/L [61]
carbamazepine H. attenuate EC50 3.76 mg/L [54]
carbamazepine Gammarus pulex - 10 ng/L [60]
carbamazepine Daphnia pulex - 1 eg/L [59
gemfibrozil H. attenuate LOCE 1 mg/L [54]
gemfibrozil H. attenuate EC50 1.76 mg/L [54]
gemfibrozil C.dubia EC50 0.53 mg/L [61]
bezafibrate H. attenuate LOEC 1 mg/L [54]
bezafibrate C.dubia LOEC 0.047 mg/L [6]]
nonylphenol Fish,rainbow trout EC50 0.22 mg/L [52)
sulfamethoxazole C. dubia EC50 0.21mg/L [61]
sulfamethoxazole| Algae P. subcapitata EC50 0.52mg/L [61]
sulfamethoxazole Daphnia - 1-10 eg/ L [51]
trimethoprim Daphnia - 1-10 eg/ L [51]




Chapter 3
Methodology and Case Study

The PhATE model was adapted to account for Camadonditions and applied to the Grand

River watershed in Ontario, Canada. The basic PhATE model was modified so that various
physical, chemical, and hydrological factors were allowed to vary with the seasons (i.e., spring,
summer, fall, and winter). Seasd hydrological parameters were estimated directly using flow

rate values reported by the Grand River Conservation Auth@RCA) andthe Water Survey

of Canada (WSC)Physical and chemical parameters were extracted from the literature and
subsequentlgalibrated to a splsample subset of available observation data for the Grand River
watershed. Observation data not used for calibration served as the basis for subsequent model
validation, which verified the ability of a calibrated model to adequatebdigt PPCP
concentrations. In addition, the sensitivity of the model output to various parameters was

analyzed in order to identify the most influential parameters for predicting PPCP concentrations.

Following validation of the modified PhATE model, seaally varying concentrations of
PPCPs were predicted for the entire Grand River watershed. This allowed for identification of
those portions of the watershed which are likely to contain the highest PPCP concentrations,
thereby representing the higheskregeas in terms of negatively impacting aquatic ecosystems.
Finally, in order to assess the toxicity potential of the selected compounds, the maximum
predicted concentrations of PPCPs throughout the watershed were compared to corresponding

minimum effectconcentrations reported in the literature.

The organization of the reminder of the thesis is as follows. This chapter introduces the
Grand River watershecase studyand PPCPs relevant to therand Riverwatershed. Also, in
this chapter, thdeasible range for the associated modglarametersare presentedand each
compound is briefly introducedThe estimation of hydrological dafar the Grand River
watershed isexplained inChapter 4 The numerical experiments including simulation of
concentrations of the PPCPs and sensitivity analysis, calibration, and validation of the
parameters are presenteddhapter 5 The results of the numerical experiments are reported in

Chapter 6 This thesisends with summary and conclusiongGhapter 7
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3.1 Case Study: Grand River

The Grand River watershesllocated in Southwestern Ontaaaddrains an area of abo6800
km? from the highlands of Dufferin County to Port Maitland on Lake E#le The annual
average precipitation throughout the watershed756-1000 mm andthe average annual
temperature is6.5 °C [63]. The Grand River watershed includése cities of Kitchener,
Waterloo, Cambridge, Gigh, and Brantford as well asumerous smallevillages and towns.
The watershedeceivestreated effluent from wastewater treatmekants which serve about
530,000 residents. Surface waters of the watersifsal supply drinkingvater to portions of

various municipalitie$66, 67] A map of the Grand River watershisdjivenin Figure3-1.

A total of forty wastewater treatment plants are located in the watershed. Twenty eight
are municipal plants that discharge treated effluent into the Grand River and its rarfiches
these,fifteen are advanced tertiary treatment, nine have secondary treatment, and four are
lagoong[64-66]. The locationof wastewater and drinking water treatment plantsughout the

watersheds shownin Figure3-2.
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Figure 3-1: A map of the Grand River watershed(courtesy GRCA)

12



Grand River Watershed

Legend

A DWTP
L0 WWTPs
— Main River
Built-up Area

— Streams
|:| Watershed

N

-+

0 4750 9,500 19,000 28,500 38,000
N N W eters

Figure 3-2: Locations of wastewater andirinking water treatment plants in the Grand River
Watershed
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3.2 Selection of Target Compounds

In this study, the selection of compounds was motivatedhbyfollowing criteria (1) the
presence of the compounds in Canadian surface sateglatively high concentration@) high

usage ofthe selectegpharmaceuticals by the Canadian populatemd (3) the availability of
seasonal measured data in the watershed, thereby facilitating a robust assessment of the model.
The considered PPCRsd EDCs includedibuprofen, naproxen, carbamazepine, gemfibrozil,
sulfamethoxazole, trimethoprim, bezafibrate, nohgipd (NP), andN,N-diethylm-toluamide

(DEET). Table 3-1 displays a list of the selected compounds and some ofrtigeneral properties
including therapeutic classes, moleculaeights, octaneWater and $udgewater partitioning

coefficients and pK, (acid dissociation constant)

Table 3-1: Properties of the selected PPCPs and EDCs

Compound Therapeutic Class Molar Mass(g/mol) | LogKow | Kq (I/kg) pKa
Ibuprofen Anti-inflammatory 206.28(Cy3H140,) 352 453.79 4.91
Naproxen Anti-inflammatory 230.259C14H1403) 3.18 217.2 4.15

Carbamazepine Anti-epileptic 236.269C1sH1:N,0) 2.25 25.52 <2
Gemfibrozil Lipid regulator 250.333C15H2,05) 4.77 nd’ 4.7
Sulfamethoxazolg Antibiotic 253.279C1oH1:N3055) 0.89 2.86 5.7
Trimethoprim Antibiotic 290.32C14H1gN4O5) 0.9 117 7.3
Bezafibrate Lipid regulator 361.819C19H0CINOy) 4.25 2551.8 3.6
NP Nonisggssggem 220.35C15H2.0) 4.48 43336 | 107
DEET Insect repellant 191.27C;,H,/NO) 2.02 15 <2

a.[37]; b.[67]; c.[68]; d.[69]; e.[70]

3.2.1 Chemical and Physical Analysis of the Compounds

Nearly 65 publicationswerereviewed to determineariousproperties of the selected PPCPs and
EDCs. Interestingly,the available literature suggests significaatiability in the removal of
PPCPs and EDCs by treatment plafitss variationis attributed to the use of differetneatment
processes, variability in the functiog of same or similarprocesses, andlifferences in
wastewater compositiofe.g. industriavs. municipalwastewaters)12, 29]. For this study,and

as summarized iffable 3-2, parameter ranges wetilized, which spannedll valuesreported
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in the literature However, removal efficiency of bezafibrate and DEET were not availabley and
full range (0 to 100%) wassed Following that each compound of interest is briefly introduced.

Table 3-2: Literature -derived ranges of parameter valuesfor the selected compoundgto be

continued)
LagoonR" Sec.TB Tet. TP
Compunds g Referenceg References References
(%) (%) (%)
. . . [27, 30, 31, 75,
Ibuprofen 777 100 [6, 31, 44 721 97 [11, 71-77] 8171 100 78,7977
. . [6,11, 73 . [6, 27,2931, 75,
Naproxen 907 99.8 [6, 31, 44] 327 99 76] 507 99.8 77.79, 80
. . - [11, 39, 71, .
Carbamazepine 51 51 [6, 31, 44] 07 53 73 7577 071 60 [27,30, 31, 75]
Gemfibrozil 157 60 [6, 31, 44] 51 81 [11'7774]’ 5 551 75 [27, 31,75, 79
Sulfamethoxazold ~ 177 99 (4477 | 9i9ag | /L7377 | 14 g9 [27, 30, 81]
81, 82
Trimethoprim | 657 99 [77) 0i 100 | [PO7375 | gyg96 | [20.27.30,75
77,81, 83 78, 81
Bezafibrate 071 100* Not-available| 07 100 [20,71, 73] 157 93 [29]
NP 071 64 [87, 88 6071 97 [28, 88-90] 427 97 [27, 28, 30, 88]
DEET 07 100* Not-available| 07 95 [90-92] 457 95 [97]
'Removal efficiency by lagooRSecondary treatment plant remoeéiciency, *Tertiary treatment plant removefficiency

Table 3-2: Literature -derived ranges of parameter values for the selected compoun{@ontinued)

Compunds In stream Loss References HumanLoss References
(1/day) (%)

Ibuprofen 0.022i 1.124 | [12,32,36,77,79,93 94 617 92 [11, 95
Naproxen 0.051i 11.885 [12, 36, 79, 93, 96-99] 897 99 [95, 99
Carbamazepine | 0.0012i 0.24 [12, 26, 32, 39, 94] 6971 87 [39, 95

Gemfibrozil 0.0578i 1.124 [36, 79, 100 747 94 [95, 101]

Sulfamethoxazole| 0.0597 11.09 [26, 102104 8071 90 [95, 109
Trimethoprim 0.0396i1 0.24 [104, 10q] 507 56 [105
Bezafibrate 07 0.161 [93, 98 4971 50 [11, 95

NP 0.007i 1.44 [89, 107, 108 -

DEET - Not-available <20 [109

15



Carbamazepine

Carbamazepine is a prescribed drug used in the treatmepilepsyand bipolar disorder as
well as a wide variety of mental disordeBetweenl2 to 31 percendf ingestedcarbamazepine
is not metabolized and isxcreted via feces and urif89, 95]. Carbamazepindias alow
octanotwater partition codicient andis knownto be ahydrophilic compound31, 110. This
compoundhaslow phote and biedegadation rats in surface waterswith half-livesof 3-100
daysand 24 hours, respective]26, 32, 94]. Betweenl0 and 5086 removal efficiencyduring
wastewater treatmettas been reportefr carbamazepm|[6, 27, 39, 49, 71, 75|, with higher
removal rates found in plants that perform tertiary treatraadbr lagoontreatment The low
removal efficiencyof cabamazepineis attributed toits low sorption coefficient and low
biodegradation capacity39, 80, 11(. In fact, there have been reported cases of higher
carbamazepine concentrations following wastewater treatfd@ht Such behaviourhas also
been observed with other chemicatgluding trimethoprim, sulfamethoxazole, and gemfibrozil
[6, 81]. Carbamazepineoncentrations exhibit significant seasonal variability inGnand River
watershed, withilgher concentratissdetected ithesummer and falkeason$42].

Ibuprofen

Ibuprofen is anonprescription antiphlogistic drughat is used for relieving symptoms of
arthritis, primary dysmenorrheafever, and pain Excretion rates for nemetabolized ibuprofen
have been estimated to Beand 23 percentia urine and feces, respectivd§s]. Over 90%
removal ofibuprofenvia wastewater treatment has bed@servedn numerous studig$, 22, 27,

28, 71, 73]. Given sufficient residence time (i.e. at least 6 hours), complete removal can be
achieved [22]. In natural waters additional removal may occur via biodegradation and
sedimentatiorf12, 22]. Some researchers argue tlzmidic pharmaceuticalske ibuprofenare
likely to have low sorptiorapacityin natural systemg8]. Human consumption of ibuprofen is
markedly seasonal, with peakage occurring in the wintekdditionally, there is evidence that
bio- and photedegradation of ibuprofen iaurface vaters follows seasonal trenfl2, 22, 26,

97, 111].
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Naproxen

Naproxenis a non-steroidal antinflammatory drug(NSAID) used for the relief opain fever,
inflammationand stiffnessAfter ingestion, betweefh and20% of thedrug is excretedia urine
and feces[29, 99]. Wastewater treatmenemoval percentages for naproxen ranfgem 20 to
100% [6, 11, 29-31, 44, 49, 73, 74]. In general degradationof analgesics like ibuprofen and
naproxen in wastewater treatmenpremarily from biodegradaon; sorptionduring primaryand
secondary treatment issignificant. In natural systems,iddegradation and photolysae the
primary pathwaysfor elimination of naproxern12, 97], and neasuredohotcdegradation half

lives range fronminutes to hour§34, 97, 117, with peak rates occurring in the summer

Antibiotics

Trimethoprim and sulfamethoxazole are antimicrobial drugs usetthddreatment of infectious
diseases in humanBy design, such sopoundsare not readily biodegradable amdiatively low
(~50%)wastewater treatmemnémoval efficienges have been report¢d8, 102 106. However,
there is evidence of phottegradation being an important removal procgsk3 114 that

exhibits significant pH sensitivitj 03 115 and seasonal variation.

Fibrates

Bezafibrate and gemfibrozil are lipid regulator pharmaceuticals asdbdtreamentof patients

who have mixed or combined hyperlipidaem& common complication ofliabetes[116§].

Almost 50% ofingestedgemfibrozil ispartially metabolized aexcretedas glucuronideq27].

Removal of these compounds via wastewater treatment is very low (~10%) and requires
significant residene time (i.e. several hundred houf§)Lg. While adsorption, biodegradation

and hydrolysis ofgemfibrozil in natural systems is relativellimited, biodegradationof
bezafibratecan be significant, with reportedalf-life valuesranging from 4.3 t08.4 days
depending on flow velocity93]. This velocity dependence results in an indirect seasonal
dependence because distinct seasonal flow patterns have been observed in Canadian surface

waters.

NP

Nonylphend (NP) andits ethoxylates(NPEs) are wdely used surfactants found in gsa
detergentsand similar deaning productsMore than half ofNP found in the environmenis a
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result of individual consumer use of products containing @&nhcern about the endocrine
disrupting properties of NP le&nvironment Canadao introduce national regulations and
restrictions on themanufactue and imporation of NP/NPEs. Consequently, annual NP
production has reducedlom 3.35 million kg in 2003 to 1.03 million kg in 200Removal
efficiency of NP in wastewatdreament plants can be between 60 and 97%, depending on the
type of treatmenf27, 28, 30, 88, 89]. Nonetheless, concentrations of NP in the microgram per
litre range have been observed in various surface wpters, 89]. Although biodegradation
rates for NPin natural systems tend to be low (0.007 to 0.051'Hd¢07, 10§, photo
degradation can be considerable (1.2 to 1.7'0E88].

DEET

N,N-diethylm-toluamide (DEET) is an active ingredienbf most commercialnsectrepellents
marketed inNorth America.Approximately 80% of DEET that is applied to the human body is
ultimately discharged to a wastewater sysf@®f. However, little is known about removal of
DEET via wastewater treatment or natural processes. For examplie sange (i.e. between 10
and 90%) of removal efficiencies sibeen reported fovastewater treatment of DEF90-92].
Furthermore, mechanisms and raségliminationof this compound in surface watdrave not

been reported

3.2.2 Measured PPCPs and EDCs Data in Grand River

Previously collectedessonal concentrations of PPCPs and EB€&sed as the observational
data sets utilized in this study for model calibration and validg#ign43]. One of the data sets
was collectedn the Grand River @ar Mannheinfrom 2006 to 200843], while the other data
set was collected in the Grand River near MannheimHuwithedalefrom 2005 to 200642].
The average seasormancentrations oéachchemicalfor these data sets is givanTable 3-3
and Table 3-4. The actual daily reported datds given in Appendix A (reproduced, with
permission, from42, 43)).
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Table 3-3: Average seasonal concentratiaof PPCPs and EDCsn the Grand River near Manheim (from [43] data set)

Seasons DEET ibuprofen NP naproxen | Carbamazeping
Fall 2006 37.0 9.0 3.5 15.0 11.5
Winter 20@®-7 16.2 96.0 18.6 123.5 28.7
Spring 2007 50.5 66.6 12.2 65.5 17.7
Summer 2007 99.9 8.3 20.9 23.7 33.8
Fall 2007 58.1 39.4 37.8 54.2 30.5
Winter 200/-8 33.2 50.9 335 66.5 14.9
Spring 2008 32.9 17.3 12.6 36.2 12.1
Summer 2008 127.4 7.3 2.6 30.0 21.0

Table 3-4: Average seasonal concentration of PPCPs and ED@stwo Grand River locations (from [42] data set)

Seasons Ibuprofen | Naproxen | Carbamazepine| Gemfitrozil Bezafibrate | Sulfamethoxazole | Trimethoprim
Winter 20056 23.3 20.4 7.3 1.3 25 10 4.0
Spring 20056 ) 14.4 28.7 7.4 15 25 10 3.1

Mannheim
Summer2005 12.0 36.5 24.1 25 25 10 5.4

Fall2005 28.4 20.6 20.3 2.1 3.4 19.7 7.3
Winter 20056 29.1 10.6 15.0 2.4 5.8 10 5.0
Spring 20056 22.2 10.9 16.5 3.5 6.1 15.8 4.2

Holmedale
Summer2005 6.5 22.4 370.1 3.2 2.5 23.0 4.3
Fall2005 17.9 32.1 42 3.6 6.6 32.0 4.4
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Chapter 4

Hydrological Data Estimation

4.1 GIS Data Collection

The Grand RiverConservation Authoritf GRCA) provided Geographic Information System
(GIS) datafor the Grand River watershe®elevant data setwere available from the Map
Library of the University of Waterloas well as the GRCA websi{e/ww.grandriver.ca)The

GIS datincludead information onvirtual drainage, sewage treatment plants, water flow stations,
dams,and subcatchmerg. The virtual drainage for the watershed prodidet only the drainage
network but also th&trahlerstream orderingexplained in Sectiod.4) of the various stream
segmentsinformation on sewage treatment plants coadist the location of the plants as well

as the population being served byleplant

Following established guidelingjdl17], only surface waterseceivng treated waste
water, either from a treatment plant or from upstream flow, were includeceiRHATE model
of the Grand River watershedh& e 0 p rrivers averey dividedinto 84 segmentsusing
virtual drainage data. Segmentatimas based on th®llowing criteria proposed byBASINS
(Better Assessment Science Integrating point and Nongauntce} [118: (1) anysignificant
differences in flow rate, charhslope, roughnessy channel geometrygnd(2) the presence of

dams or other obstructions

Water Flow Stations

Numerousflow monitoring stationsare locatedin the Grand River watershed, including 25
stationsoperated byhe WSC (Water Survey of Canajland30 operatedyy the GRCA (Grand
River Conservation AuthorityHistorical flow datafrom eachWSC station w&sretrieved from
the Environment Canada websiw@ww.ec.gc.ca/rhavsc) However, historical dat&rom the
GRCA stationswas uravailable,with the exception of the data at Dootat®n which was
provided byDwight Boydof the GRCA (personal cominThe lbcations othe WSC and GRCA
monitoring stations are indicated kigure 4-1. Station names and correspondggpgraphical
coordinaes andrecord lengthsare provided in Appendix B. Data reported for two of the
monitoring stations (i.e2GA027, with only four yearsof record and 2GA042, a seasonal
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monitoring station) was deemed insufficient and these stationstivereforenot utilized in this

study.

Flow datameasuredat the WSC stations vas usedto estimate the hydrological data
required by PhATEN the remaining wgauged streams of the watershed (i.e. mean and low
flow values and mean and low velocities for each stream segrmAsntan be seen froffigure
4-1, the flow stations are wedlistributed throughout the watershed and this allowed for adequate

interpolationof un-gauged areas.

Grand River Watershed

Legend
@ Gauge operated by the WSC
O SEWAGE_TREATMENT_PLANT

River

l:l Watershed

Figure 4-1: Location of the WSC and GRCA monitoring stations in the GrandRiver watershed
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4.2 Average and Low Annual Flow Rate

Flow rates for each stream segment of the watershed were not reeoilysibletherefore, it
was essential to estimate the flow for the erdieam segments in theatershedDrainage area,
precipitation and temperaturare the mostnportant variables for estimagj average annual
flow [119. Of these variablegjrainage are# recognized as the most influential facib2(.
To illustrate the strong relatiorship between flow and drainage area in tBeand River
watershed, te average annual flovobtained fromthe WSC stationss plotted in Figure 4-2
versusthe correspondingirainage areadetermined usinghe geospatial processing features of
ArcGIS. As shown inFigure 4-2, there isan excellent linearelatiorship between these two
variables Two linear regressions werdilized - one regressiorfor segments with a drainage
area greater than 1,200 kand awother regressiofor statbnsassociated with drainage area of
less than 200k,

Annual Annual
16 70 5
a —
14 (a) y= 0.9}17)(— 0.081 04 60 (0) y = 0.0109x + 0.156%
1 R2=0.9868 R2 = 09976 /0
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Drainage area (km2) Drainage area (km2)

Figure 4-2: The relationship between average annual flow and drainage area in the Grand River
watershed(a) for segments withdrainage area less than 200km? (b) for segments with drainage area
greater than 1,200kn?

The relationship betwedow annual flowand drainage area is shownHigure4-3 (see
next page).The R-squared value$or this relationshipwere not as robust as fdhe average
annual flow, butwere deemed to bseuitable for estimating low flow in wgauged stream
segmats. Using the regression lines giverFigure4-2 andFigure4-3, annuakveragdlow and
annual low flow values were estimatt each segment in the waterstesia function of the

corresponding drainage area
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Figure 4-3: The relationship between low annual flow and drainage area in the Grand River
watershed (a)for segments with drainage area less than200 kn? (b)for segments with drainage area
greater than 1,200km?

4.3 Seasonal Flow

As described previously he of the olectives of this research was to apply the PhATE model in

a manner that accounts for the inherent seasonal variability of Canadian environments. As a
result, it was necessary to develop additiosedsonal(i.e. spring, summer, fall, and winter)
estimatesof average and low flow values for each stream segment. This process, known as

hydrological seasonings described in the following stgection.

4.3.1 Hydrological Seasoning

Before estimatig seasonal flow, it was necessary to first define each hydrologssdsonin
this regard a hydrological seas was defined as three continusuenthsof relatively similar
flow rates. To more readily discern these seasons from the availablerdeaserage daily flow
of each station was standardizechave aneanof zero and variancef one, usinghefollowing

equation.
YO 0E QOIUMWMRAWDBD Qi OVO@AIE 00 L Qi @ VB 6K DY'YO'O w(3)

Standardizedlow valuesfor the consideredNSC stationsare plotted inFigure4-4. As
shown the lowest flowvaluesoccurfrom Jure to November moderate flow values occur from
December td-ebruary andthe highesflow values occur fronMarchto May. Consistent with

these observed trendbydrological seasonsvere defined as followswinter T December,
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Figure 4-4: Determination of hydrological seasons using standardizeitbw valuesaveraged over all

WSC stations(top panei raw standardized data record; bottom pane’ time-shifted record with
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4.3.2 Average Seasonal Flow

Similar to theestimation of average annual flow, averagasonal flowfor each monitoring
stationwas plottedagainstthe correspondinglrainage areavhere aerage seasonal flewere
determined by averagingpily flow data for a givernydrologicalseasor(see previous section)
As was done for average annual flomo linear regressionaere calculated, corresponding to
drainage areas greater than and less h2@0 km?. To address observed flow trends in the
summer and fall, an additionahear regression was calculated using datastations witha
drainage am of less than 20km?. The resulting seasonaielatiorships between flow and
drainage areaalong withcorrepondingR-squaredvalues aregivenin Table4-1 andgrapts of
each corresponding regressiare providedin Appendix C. As shown inTable 4-1, drainage
areais highly correlated withaverageseasonaflow and the regressions yieldd®f values
ranging from 0.78 to 0.99

Table 4-1: Linear r elationship betweenaverage seasondlow rate (Q) and drainage area (DA) with
correspondingR-squared values

Season | For segments with DA>1200 Km| For segments with DAX200 km2 | For segments with D&A200 km2
) Q= 0.0106DA + 0.304 Q=0.0116DA + 0.0442
Winter R2=0.9916 R2=0.9784
Spring Q = 0.0203DA + 0.2999 Q=0.0211DA + 0.012
R2=0.9975 R2=0.9688
Q= 0.0056DA -0.1916 Q = 0.0058DA - 0.2491 Q = 0.0035DA + 0.0939
Summer R2 = 0.9866 R2=0.8744 R2=0.7769
Eal Q=0.0071DA + 0.2132 Q= 0.0082DA - 0.1328 Q= 0.0068DA + 0.0321
R2 =0.9887 R2 =0.9283 R2=0.8777

4.3.3 Low Seasonal Flow

A variety of definitions and procedures for determinitmyv flow have been propos¢d21]. For
example, dbw flow in the United Stateis generallyindicatedbye i t hQ4® /@2 v al ue,
defined aghe lowest average flow occuing over asevenday periodwith a ten (7Q10)or two
(7Q2) yearreturn interval Alternatively, low flow can be definedsflow havinganexceedace
probability of some giverpercentage(e.g. 95% or 90% In this study, lowseasonaflow was

definedaccording to ®5% exceedance probability meaning that 5% of recorded flow values
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for a given season would be less tlmarequal tathe low flow value andhe remaining®5% of
recorded values would lggeater than the low flowalue.

After defining low flow values for each season at the WSC statibespriocedurdor
determininglow seasonal flowalues for urgauged segmentsas analogous to therocedure
for estimatng of the average seasonal flolMnear regressiorequationsrelating low seasonal
flow anddrainage areare givenn Table4-2 andfurther details are providad AppendixC. As
shown inTable4-2, the Rsquaredvaluesranged from 0.69 to 0.99 amsthtionswith a drainage
areagreater thari,200 knf exhibit arelatively stronger correlation betweetofs and drainage
area For segments with a small drainage arealitie® regressioagivenin Table4-2 sometimes

yielded negativeflow valuesi in such cases, theinimum measured flowalue wasutilized

instead
Table 4-2: Linear r elationship betweenseasonal dw flow rate (Q)
and drainage area (DA) with correspondingthe R-squared values
Season | For segments with 81200 knf For segments with DAEK200 km2
, Q= 0.0027DA - 0.3203 Q=0.0022DA - 0.1138
Winter
R2 = 0.9883 R2 = 0.874
_ Q = 0.0045DA - 0.573 Q=0.0031DA - 0.11
Spring
R2 = 0.9849 R2 = 0.8227
Q=0.0031DA - 0.4475 Q= 0.0028DA - 0.3352
Summer
R2 =0.9747 R2 = 0.6916
Eal Q= 0.0027DA - 0.4499 Q= 0.0021DA - 0.2446
a
R2 = 0.9844 R2 =0.7749
4.4 Velocity

Along with stream flow, the PhATE model requires information about average and low flow
velocities for each stream segméntborder to generate the travel time of the compounds in the
surface water (see equation (2) in secfioh). For this study, velocity information was inferred

using available flow data paired with relevant morphologic features of a given stream segment.

Average Velocity

The width (W), depth(D) and velocity(V) of a given stream segment have been shown to be

logarithmically related to stream flof@) [127] as given in the following equatien
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W @ (4)

0 W (5)

© @D (6)
wherea, ¢, k andb, f, mare hydrological coefficients such tlatcx k=1 andb+f+m=L1.

Previous studies of thmorphologicfeaturesof riversin Southern Ontarithave included
portions of theGrand River watersheld 23. Table4-3 summarizeshe results of these studies,
and includes location informatigim terms of station identifie@long with the estimated values

for Ma n n i nirigtidrsfactorand hydrologicatoefficientsgiven in eqns. 4.

To apply equations4-6 to all segments in the watersheeiach stream waslassified
accordingto its Strahler stream orderThe Strahler stream order approach classifies a given
stream segmeridased on tanumber of connecting upstream and downstreaanches when
streams with the same order interseleg orderof the corresponding downstream segment is
increasd [124)]. The Strahlerstream orderanges fronone(for head watesegmentsto sevenat
the most downstreanpour-point of theGrand RiverwatershedStrahler streamordersfor the

Grand River watershed are givienTable4-3.

Streamsegments were dividadto two categoriesaccording to stream order: (1) stream
order < 4; and (2) stream order >Fr stream order < 4yelocity relationshipsdeveloped for
stationnumbes 24-26 were applied For stream order > 3, velocitglationshipsdeveloped for

stationnumbers7, 17, and 29vere appliedand averaged into a final velocity estimate.
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Table 4-3: the relationships between discharge and velocity, area, depth, and with reported by
Annable 1996

Station ' ,
No. Mannin V(m/s) A(m") D(m) W(m) STRAHLER
7 0.033 0.3428Q°%" | 2.9140Q°*° | 0.2896QF“**° | 11.7838Q7* 5
17 0.033 0.2301Q3°°% | 4.3366Q** | 0.2231Q"*" | 14.4259QF*% 5
22 0.042 - - ; 3 3
24 0.035 0.2126@F1°% - _ ) 3
25 0.046 0.2126Q*°% | 4.7132Q¢*** | 0.11613* | 13.5511@%" 1
26 0.032 0.2126Q"°% | 4.7280Q@°%% | 0.1161Q¢*° | 13.5511@%* 3
29 0.031 0.4531Q*% | 2.2021@" | 0.2931@*°" | 8.4262@F** 5
39 0.031 - - ; 3

Low Flow Velocity

The corresponding velocity in low flow conditioier each stream segment wesalculated

using the following equatiofl29:

0 £ 100 £GIQ & £ O 'DOAEH'ON £GIQ & € QO

28

U

. D¢ oaé B

wOa £ 0




Chapter 5

Numerical Experiments

5.1 PhATE Simulation (Uncalibrated)

As discussed previously, reliably predictirige concentration of pharmaceuticals in surface
waterdepends on an adequassignment ogeveralhydrological and chemical parameters. In

this study, theseequired parameterdor the PhATE modelwere classified a®eing either
prescribedor estimatedparametersPrescribed parameters included flow and velocity of stream
segments andnnualper capita pharmaceutical usay@alues for these parametavere derived

from datathat was readilyavailable for the Grand River watershed and/or Canada. Conversely,
appropriate values of estimated parameters rg@moval efficiencies of lagoorend secondary

and tertiary treatment plants-gtreamloss,and human logsfor the given case study were not
readily availableThus, an initial survey of the literature was performed in order to establish a
reasonable range of expected values for these parameters. Subsequent sensitivity analysis
explored the influence of thegmrameters on model outputs, and various-ématerror and
automated calibration efforts adapted the parameter values to obtain model results that best
matched observeaehaviourin the Grand River watershed.

Exploring whether the use of seasonal pat@ms could improve PhATE predictions was
an important objective of the research. As mentioned in Chapter 4 (Hydrological Data
Estimation), seasonal low and mean flow and corresponding seasonal velocities were developed
for each segment of the watershethgsavailable data. These seasonal hydrologic parameters
were incorporated into four Access database input files, corresponding to one input file per
season. Also included in each input file were corresponding seasonal estimates of pharmaceutical
loading and various loss parametdgeeTable5-1). Both the loss and loading parameters varied

according to the type of pharmaceutical compound considered for a giveatsamul

While an initial set of baseline (i.eincalibratedl simulations utilized the parameter
values given imable5-1, subsequent numerical experiments (i.e. mbhoalération, sensitivity
analysis, and automated calibration) adjusted the various seasonal loss and loading terms in a
systematic manner. The methodology and rationale for these additional experiments are

described in the following sections.
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Table 5-1: Seasonalemoval efficiency of treatment plant and in-stream decay for the selected
chemicals(values estimated based on a combination of literatuneview and expert judgment)

compound Removal by Szir(?r?c\i/e?rlyb¥P Re_moval by In-StreaTLoss
Lagoon (%) (%) Tertiary TP (%) (day”)
Winter 99 78 87 0.139
Ibuprofen Spring 88 86 92 0.062
Summer 77 90 90 0.288
Fall 94 90 91 0.078
Winter 99 62 79 2.66
Naproxen Spring 95 73 79 2.66
Summer 90 74 90 4.62
Fall 99 69 87 1.39
Winter 21 4 4 0.001
Carbamazepine Spring 29 4 17 0.082
Summer 28 21 17 0.072
Fall 18 11 53 0.009
Winter 99 78 87 0.139
Gemfibrozil Spring 88 86 92 0.062
Summer 77 90 90 0.288
Fall 94 90 91 0.078
Winter 58 39 56 1111
Sulfamethoxazole Spring 70 33 o6 1.145
Summer 58 56 40 2.968
Fall 58 15 70 1.127
Winter 82 42 55 0.109
Trimethoprim Spring 82 38 41 0.109
Summer 82 51 35 0.109
Fall 82 42 53 0.109
Winter 50 15 58 0.081
Bezafibrate Spring 50 77 58 0.081
Summer 50 54 58 0.081
Fall 50 15 58 0.081
Winter 32 79 74 0.031
NP Spring 32 79 74 0.208
Summer 32 79 74 0.734
Fall 32 79 74 0.031
DEET Annual 50 37 62 0.791

5.2 Manual Calibration

The uncalibrated PhATE simulations yielded extremely unrealistic predictions for certain
compounds€.g, naproxen) when applied to the Grand River watershedthése compounds,
and for reasons that are described belwsing literature and/or engineering judgment was not an
effective method for assigningertain parameter valuesAs a result,such parameters were

targeted f candema ou al cThad mabaaladlibration exercise consisted of a
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series of simulations for each compound. These numerical expesinmesdived manually
perturbing selected parameter values and then running the corresponéiagd RIVATE model.
The objectiveof each manual calibration waso-fold: (1) to achieve a better correspondence
between PhATE outputs (i.e. predicted pharmacalittoncentrations in the various stream
segments of the Grand River) amuteviously measured concentrations; and (2) to gain

preliminary insights about the influence of individual parameters on model predictions.

To improve the results of the PhATdmulations of NP and DEET in the Grand River
watershed, the loading terms for these compounds were selected for manual calibration. These
terms were chosen for manual calibration because their usage in the Grand River watershed is
not known andincalibraedvalues of these terms were assigned usir®y dat&or total NPand
NPEandfor DEET.

For naproxenthe uncalibratecsimulation used an average of literatdexived values for
assigning treatment plant removals andstream loss parameters. Howevéris approach
yielded PhATE predictions which significantiyderestimatedaproxen concentrations, relative
to the measured dataevidently theuncalibratedoss and removal rates were too higfhfact,
researchers have suggested that chemical removal in Canadian treatment plants is likely to be
lower than in other countries as the result of the generally colder clijateherefore, manual
calibration was applied to these loss terms to explore whether reducing the loss rates to below

average values (s@@able5-2) could improve model predictions.

In the Grand River watershed, it is reasonable to expeptofenand naproxemsage to
spike in the winter, anBEET usage to peak the summer42, 44, 45]. However, quantitative
data onseasonal wsyeof these compoundsas not availabland as a result thencalibrated
simulations did not consider seasonality. This motivated a series of manual calibration
experiments that considered the influence of markedfgrent seasonal usage of ibuprofen,
naproxen, and DEET within the Grand River watershed. For these experitheatsnual usage
of each compound wadivided among the four seasons and the percentages allocated to each
season were manually calibratddhe resulting estimated per capita usagegachcompound is

given inTable5-3 along with prescribed annual usage values.
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Table 5-2: Low seasonal parameters for naproxen

Compound Removal by Removal by Removal by In-Stream
Lagoon (%) | Secondary TP (%] Tertiary TP (%)| Loss (day)
Winter 90 32 50 0.060
naproxen| Spring 0 42 50 0.060
Summer 90 37 73 0.040
Fall 90 32 50 0.051

Table 5-3: Annual and seasonal usage of the selected compounds

Compound Annualuse Winteruse Springuse Summermse Fall use

P (kg/personyea) (kg/personyeal) (kg/personyeal) (kg/personyeal) | (kg/personyeal)
Ibuprofen 0.008183 ! 0.015285 ! 0.008838 ! 0.002291 |  0.006219
Naproxen 0.001825 | 0.002628 | 0.002482 | 0.000730 |  0.001460
Carbamazeipe 0.000727 | 0.000727

Gemfibrozil 0000126 | 0.000126

|

Sulfamethoxazole 0.000684 i 0.000684
Trimethoprim 0.000167 ! 0.000167

Bezafibrate 4.63E05 4.63E05

NP 0.000905 | 0.000905

DEET 0.000752 | 0.000362 | 0.000724 | 0.001200 |  0.000724
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5.3 PhATE Parameters Sensitivity Analysis

A sensitivity analysis (SA) was conducted to evaluate the influence of estimated parameters on
predicted pharmaceutical concentrations in the surface waters of the Grand River watershed.
Sensitivity analysis is a procedure for ranking parameters in tefrthgio overall influence on

model outputg126. Different strategies for sensitivity analysis have been propjdsEd13Q,

and this study considered a screerenel global sensitivity analysis techniquasked on the
Taguchi design of experiments (TDOE) approgik3i-136|.

The Taguchi design of experiments method is a fractifamabrial experimental
approach that has been a popular tool for tuning various manufacturing prqé8Skesd has
recentlybeen adapted for performing sensitivity analyses on model pararfis2ér435. The
method requires a series of numerical experiments involving a discrete set of values (levels) for
the various uncertain parameters (factors)tebd of evaluating all factdevel combinations,
orthogonal arrays are utilized to define an experimental layout that minimizes computational
expense wihe maximizing information gainTo assess the various sensitivities of interest, the

experimental redts can be analyzed quantitatively or graphically.

For this study, the requiredDOE experiments weranalyzed using a quantitative
analysis of variance (ANOVA) approa¢h32, ch. T. In this regard, arameters that explain a
larger percentage of variation are more influential and will have higher TDOE scores. Po set u
the Taguchi experiment4,and5 levels foreach parametavere consideredsiven these settings
and the number of factors (i.e. 5, the number of estimated parametersy) dnel L,s orthogonal
arrays were selected for the dnd 5level designs, respgeely. The esults of these SA
experiments are discussed in Secd.

5.4 PhATE Auto Calibration

Automated calibration (also known as parameter estimation) applies an optimization search
algorithm to adjust uncertain model parameters in order to obtain the bssibl@o
correspondence between model outputs and historical observation data. Numerous local, global,
and hybrid search algorithms have been successfully applied to calibrate various environmental
models (e.g. sefd 2§ for list of alternatives). Use of amtmmated calibration algorithm requires

definition of an objective function and in this study the conventional weighted sum of squared
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residual (WSSR) approach was utiliz¢d37]. The following subksections describe the
optimization software and algorithms utilizedtims research.

OSTRICH

OSTRICH (Optimization Software Tool for Research In Computational Heurigties) open
source and modeéhdependent code thanplements numerous local, global and hybrid search
algorithms, includingnortlinear regression, partel swarm optimization and dynamically
dimensioned searchoutines [13§. After linking the OSTRICH toolkit with the PhATE
modeling system (see below), the DDS algorifi89 was utilized for performing automated

calibration.

To useOSTRICH it was firstnecessaryo link it with the desiredsimulation model (i.e.
PhATE). OSTRICH is specifically designed so that it can easily be linked with models that
accept and generate tébdsed input/output files with no user interaction requiremlvever, the
PhATE model work only through a graphical user interfa@UIl) and depends heavily on user
interaction via various button clicks and dialog windows. Furthermore, the PhATE model utilizes
the Access DatabasBle format for its output files. As a resulinking OSTRICH with the
PhATE model was not triviallherefore Webber Chan, a eop studenfrom the department of
Software Engineeringyastasked with modifying th© STRICH software to suppaitie Access
Databasefile format Furthermore, to programmeally manipulate the input of the PhATE
model, Mr. Chan made use of AutoHotKéyan opersource utility for windows that can
simulate keystrokes and mouse clickgpropriate AutoHotKey scripts were creataitbwing
OSTRICH to run the PhATE model withouser intervention.

DDS

The Dynamically Dimensioned Search (DDS) algorithm wagployed for calibratiorof the

PhATE model[139. The DDSal gori t hm focus-esoowghdigldobgl Ag
within a specified maximum computational budgBesigned to mimicthe triatanderror

approach commonly employed by practitionddf)S may be viewed as a kind of stochastic

direct search procedure (Tolson, personal communication). The algoetfuines no tuning and

the search dimension is dynamically refined as ogtition proceeds.
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Chapter 6

Results and Discussion

6.1 Simulation Results (Uncalibrated)

The cumulative distribution of the measured concentrativas used to shothe efficiency of

the model to predict a reliable range of concentratayneach seasorkigure 6-1 shows the
predicted concentration (PEC) dbuprofen the imit of detection (LOD) andhe limit of
guantification (LOQ)along with the empirical cumulative distribution function of the measured
concentration values. The same plots for the other compounds (i.e. naproxen and carbamazepine,
NP and DEET are presented iAppendix D In these plotsthe measuredoncentrationselow

LOQ were assigned the average of LOQ and LOD, and similarly, measured concentrations

below LOD were assigned the half the LOD values.
The plots presented Figure6-1 andAppendix Ddemonstratéhe following results:

1 For ibuprofen and naproxen, abd&fi% of measured concentrations in summer, spring,
and winterfell within the simulated concentrations associatgth average seasonal
mean flow and average seaabtow flow. However, inthe fall, only 2030% of the

measured concentratiofedl within the corresponding simulated concentration range.

1 Simulated concentrations of carbamazepshewed good agreement witlhe measured
data. Only one measured datantin the spring and one ithesummer exceeded the low
flow-based simulated concentration. The mean flow concentration in winter and spring

was simulated less than the LOQ.

1 Conversely, less than 3086 NP measured concentrations were between the gsgdula

concentrations, as the measured data distributed widely.

1 For DEET, about 40 to 60 percent of the measured concentrationwitieih the
simulated concentrations in low and mean flow. A small number of measured
concentrations exceeded the low flow siated concentration in all seasons, wite
exception of the measured datahe spring when 20% of the measured data were greater
than the simulated concentration associated to low flow.
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Overall, approximately fifty percent othe measured concentrations were betwésn
seasonal simulated mean flow concentration and low flow concentration. Howevrerthan 85
percent otthe measured concentrati®nf the compounsiwere less than or equal tive seasonal
simulated low flow concerdation. The model teneld to over predict concentrations, and where
model predictions were poorly matched to the measured dataights tended to be due to the
model ovespredicting rather than underedicting. This trendwas attributed to the fact tha
many of the measured concentratiomsre likely sampled at times when tHew rate was

greater thathe seasonal average flow.
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Figure 6-1: Comparing seasonal simulated concentration of ibuproferand the seasonatumulative measured datai PEC: predicted
concentration, LOD: limit of detection, and LOQ: limit of quantification
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6.2 Results of PhATE Parameters Sensitivity Analysis

To assess the ssitivity of the selected PPCPs (i.e. ibuprofen, naproxen, carbamazepine,
gemfibrozil, sulfamethoxazole, and trimethoprim) concentrations in the surface water to the
PhATE model parameters, tlseim of squared differenc€SSD) and thepercentcontribution
explained by the sum of squared differenaese usedThe SSD was defined as the summation

of squared differences between #nerageconcentrations at differenévels and the average
overall concentrationg.he percentontribution which is the rati@f each SSD to the total SSD

normalizel the magnitude of theariation.

As stated in Sectio®.3 , two Taguchi orthogonaarray designsl. & and L &, were
deemed appropriate for sensitivity analysis in this sttiggreforetwo separate analyses were
conductedor ibuprofento compare them and pick the best geeFigure6-2). The comparison
showed that, in general, there vaasinsignificant difference between the two desigmswever,
us i mgyielded morereasonable resultEor example, theesultsof the L& g experimentvere
more conveniento showwhether the given segment recaleffluent from a specific type of
treatment plantTherefore,a sensitivity analysis oéachcompoundwas conductedby applying
the Taguchi met hgpd using 4 |l evels (LO

For theselected compounds, the percent contribution values and the sum of squared
differences of each parameter on concentrationskaren in histograns along the Grand River
segments.The histogramspresenting results othe sensitivity analysidor the ibuprofen
parameters are shown kigure 6-2 and Figure 6-3, and the samehistograms for the other
compounds are presented Appendix E. Parameters witha larger percent of the overall
variation in the concentrations hadmore significant influence on model outpufBhe results
indicated that the upperstream segmentsof the Gand Riverwere less affectedhan the
downstream segmenfBom segment 36)T'he downstream segmerdsthe Grand Rivereceive
the effluent of more populated treatment plants (g9/aterloo and Kitchener wastewater
treatment plants)therefore,parametersare likely to have moreonsiderablanfluenceon the

concentrations.

Generally human losswhich canrepresent the effect of loading as welhd removal

efficiency by secondary treatmguiintswere recognized as parameters wt@ mostignficant
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effecton concentrations of PPCPR&astewatetreatment removal and loading are suggested to
have equal effects on all concentrations within the waterghi@dHowever the resultof this
study showed that the treatment plant closest to a segowrally hasa greater effect on the
concentration in comparisamith the effect of other treatment plankonethelessthe influence

of each parameter is highly related te feasibleinterval For example,the concentrations of
sulfamethoxazole and naproxavith a high instream decayalue (i.e. higher than 11day")
wereconsiderabyf affectedby in-stream decayate This parameter isuggested to havegreater
effect onlow concentrations and lower effect on high concentratignshich usually occurin

locations close to wastewater treatment plghith
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continued)
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Figure 6-3: The sum of squared differences abuprofen concentrations atfour different levels
(continued)

6.3 Calibration Results

Usingthe DDS optimization algorithrthrough theOSTRICH interface the five PhATE model
parametersif., removal efficieng of lagoon removal efficiencies ofecondaryand tertiary
treament plants, irstream decay, and human loss) weeasonallycalibratedto obtain model

results that best matcheiw the observed concentrations in the Grand River watershed.
Calibration was performed based on the ranges for the parameter values reported in the literature
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for each parameter and using the average parametes\aduthe initial solutiohe calibration
objective function was defined as minimizing theightedsum ofthe squaredieviations (errors
T SSE)of simulated concentration values frameasurediata Equal importance (weights) was
assumed for albbservationswhile calibrating for all compounds excefatr bezafibrate and
sulfamethoxazoleFor calibration of these two compoundise measured concentrateoabove
the detection limit received a greater weidhe., a weight twice as large as the whigof

observations below the detection lijnit

Two hundred function evaluationmgere employedn the autecalibration process. Each
function evaluation consistl of n PhATE model runswheren was the number of available
observations in each seaséor example, forthe ibuprofencalibrationin winter, each function
evaluation consisd of 20 PhATE model rungne foreach ofthe input files. Approximately4
secondsvas therequired time fothe PhATE modelko runon a desktop computer wiein Intel®
Cor e Ei 352@C@ RI93GH). Therefore, each function evaluatjomg, consistingof 20
model runsrequiredabout 80 secondand a calibration trial with only 200 function evaluations
requiredup to 4.5 hoursGoing beymd 200 function evaluations was out of the available
computational budget becaubere was a considerable number of calibration trials for different
seasons for each compouadd becausdt was not possible to work with the computer while

running

The stficiency of using 200 function evaluatioawas tested usintyvo calibration trials
with higher numbers of function evaluatiorme for ibuprofen in winter(with 2000 function
evaluationy and another calibration trial fonaproxen in fall(with 1400function evaluations
Theseexperimentshowed no significantnprovement over the experiments with 200 function
evaluationsThe uncalibratedralue of SSEobjective function value) fabuprofen was 296340,
while after calibration using 200 and 20fithction evaluations, th&SEvalues reache@513
and 6034 respectivelyFor naproxen, calibration did not improve tB8E significantlyas SSE
slightly decreased from 154Q@hcalibratedo about 11342 and 11237 aftalibrationwith 200
and 1400 functiorvaluationsyrespectively Figure 6-4 andFigure6-5 alsographically compare
the model performance ithe uncalibratedand aftercalibration phases in the aforementioned

experiments.
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Figure 6-4: Measured and simulated concentrations of ibuprofen in winter at sapling time

Figure 6-5: Measured and simulated concentrations of naproxen in fall at sampling time

45













































































































































































































