Development of A Hybrid FuzzyStochastic Modeling
Approach for Examining the Environmental Performance of

Surface Flow Constructed Wetland

Ling Peng Xiao

A Thesis
In the Department
of

Building, Civil and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of
Master of Applied SciencgCivil Engineering) at
Concordia University

Montreal, Quebec, Canada

December 2014

© Ling Peng Xiag2014



CONCORDIA UNIVERSITY
SCHOOL OF GRADUATE STUDIES

This is to certify that the thesis prepared
By: Ling Peng Xiao

Entitled: Development of A Hybrid Fuzz$tochastic Modeling Approach

for Examining he Environmental Performance 8urface Flow

Constructed Wetland

andsubmittedin partial fulfillment of the requirementdgor the degre of

Master of Applied SciencgCivil Engineering)

complieswith the regulationsof the University and meetsthe acceptedstandards
with respectto originality and quality.

Signel by the final examinirg committee:

Dr. T. Zayed Chair

Dr. A. Hammad External to Program
Dr. H. Ge Examiner

Dr. Z. Zhu Examiner

Dr. Z. Chen Thesis Supervisor

Approved by

Chair of Department or Graduate Program Director

Dean of Faculty



ABSTRCT

Development of A Hybrid FuzzyStochastic Modeling Approach for
Examining the Environmental Performance ofSurface Flow Constructed

Wetland
Ling Peng Xiao

Storm water is considered as a significant source of contaminants to receiving
rivers andthe constructed wetland has been used to treat storm water before the
discharge. In this study, a hybrid fuzgtpchatic modeling approach is developed
to examine the wetland treatment efficiency, to analyze the environmental impact
associated with the wetland effluents into the receiving water, and to quantify
system uncertainties. The proposed approach first incogsoeatwater quality
model to simulate storm water flow going through the wetland and the fate and
transport of nutrients in the wetland. A Monte Carlo modeling method is next
developed to extend the water quality model, providing a stochastic simulation of
the concentration distribution of nutrients in the wetland effluents. It is intended for
the analysis of probabilistic environmental risks associated with wetland effluents
on the receiving waters. The fuzzy membership functions are further used to
guantify the variability or suitability of regional surface water guidelines, which is
incorporated into the Monte Carlo modeling framework to identify the integrated

risks from the discharge on the river.



The developed modeling approach has been applied to the Kennedale wetland,
a storm water treatment system, in the city of Edmonton, Canada. Before the
environmental risk assessment, the HE&S (Hydrologic Engineering Centers
River Analysis System) modehd the QUAL2K (River and Stream Water Quality)
model are applied to simulate the flow and nutrients removal efficiency in the
wetland. According to the simulation results from the HERS model and the
QUAL2K model, the removal efficiencies of TN (Totalthigen) by the wetland
are 25.64% and 13.59%, respectively. The removal efficiencies of TP (Total
Phosphorus) are 50% and 50.91%, respectively. The differences between the HEC
RAS simulation results and esite field data are 0.05% for TN a6dl% for TP.
The differences between the QUAL2K simulation results ansiterfield data are
13.99% for TN and 4.35% for TP based on this study. The water quality simulation
results from the two models are both acceptable compared to the monitoring data.
It is seen tht the HEGRAS model has better performance on modeling this field
case, and is integrated with the environmental risk assessment process.
Consequently, the results of the integrated risk assessment referring to different
guidelines in the North AmericaasW that the concentrations of TN at the wetland
discharge port have a high possibility of violating the TN guidelines in both Alberta,
Canada and the US EP@nvironmental Protection AgengySimilarly, the

concentrations of TP at the wetland discharge Ipave a high possibility to violate



the Canadian and US TP guidelohging this study periadrherefore, the nutrients
in storm water discharges from the Kennedale wetland may have a great risk to
adversely affect the receiving river (North SaskatcheRiaer) at the time of this
study. The analysis results of nutrient guidelines have supported the management
of decision making process, and the study results indicate that the developed hybrid
fuzzy-stochastic modeling approach is a useful tool for thetigad managing of

wetland systems and the impact of the wetland discharges on the receiving waters.
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CHAPTER 1 INTRODUCTION

1.1 Overview

City storm and urban runoff generate large quantities of storm water. This
storm water may contain a large number of contaminants, including BOD
(Biochemical Oxygen Demand), SS (Suspended Solid), nutrients, heavy metals, de
icing salts, hydrocarbons andcé& coliforms, etc., which, when discharges into
rivers, may have significant impacts tireir ecosystemsGenerally,Storm water
is transferred bystorm waterpipes either directly to watercourses anto
sustainable (urban) drainage systems such as pam#getlands to be treated
(Scholz, 2011)In this study storm water is treated bysarface flowconstructed

wetlandand finally dischargeahto theriver.

To aid in assessing the environmental risks of wastewater dischartges
studiesabout numedal model applicatiorhave been reported-or instance,
Meinhold et al. (1996) applied the Monte Carlo simulation to evaluate the risks of
radium and lead for human health in wastewd@&tdle et al. (2001) used a random
walk model to calculate the didittions of dispersed oil concentration from
wastewater discharges in the North Sedditionally, Dunn et al. (2014) applied a

nearfield and a faifield dispersion model in combination with a hydrodynamic



model to simulate the transport and fate of teatestewater whickvould be

dischargednto the Geographe Bay.

In many risk assessment studies, local environment guidelines or standards
were applied as evaluation criteria. However, a few of those guidelines or standards
are overly conservative or nsirict enough (Li et al., 2008; Chen et al., 2010). An
observation is that the guidelines for one water quality parameter vary widely from
place to place. For instance, the surface water qualitietjnes for TNis 2.2 mg/L
in the Netherlands, but foreHUSEPA Ecoregion | guideline, it is only 0.31 mg/L
(Neeteson, 2000; USEPA, 2002). Therefore, the variability of those guidelines can

be further addressed.

The uncertainties inherent to the eval ua
physical, chemial and toxic characteristics, and media conditions, etc., cannot be
expressed as probability distributions as uncertaintiesnafomnessdo (Darbra et
al., 2008). On the other handjzzy logic methods widely used to quantify
uncerainties related toncomplete or imprecise characteristics, such #se
uncertainties inherent to evaluation criteria. It can generate acceptable quantitative
results(Chen et al., 2010For instancefuzzy membership functiencan beused

to quantifythe suitability associated with evaluation critefi@hen et al., 2003).



Additionally, different types ofincertaintiesieed to be considered when the
environmetal risk assessment is undertaken. Thezy logic approach or
stochastienodelingmethodapplied alonés na sufficientin many casesherefore
hybrid fuzzystochastianodelingapproaches capefurtherstudied andleveloped

(Chen et al., 2003)

1.2 Research @jectives

Theobjectives of this study are as follows:

(1) To develop a hybrid fuzzgtochastic moeling approachor analyzinga
field-scale wetlandThe developed modeling approach could be tsetkamine
the wetland treatment efficiency, to analyze the environmental impact associated
with the wetland effluents into the receiving water, and to giyasystem

uncertainties.

(2) To incorporate and examirieo water quality analysis moddithe HEG
RAS model and the QUAL2K modethrough the fuzzstochasticmodeling
approactfor simulatingstorm water flow going through a fiektale surface flow

constructed wetland antbletransport andate of nutrients ithe wetland



(3) To apply the developed fuzzgtochastic modeling approach the
Kennedale wetland in the city of Edmontoon quarifying the wetland
performancewater qualityparametechangesnd the risks of the wetland effluents

on the receiving river watemderwetland desigiscenarios

1.3 Organization of he Thesis

The thesiss organized in the following sevehapters:

Chapter 1 presents a general introduction about storm water discharge, the
previous studies about wastewater risk assessment and problems related to them, as

well as the research objectives.

Chapte 2 introducediterature review abousurface flowwetland modeling

studies and environmental risk assessment studies.

Chapter 3 presents the detailed methodology of the integrabed fuzzy

stochastic risk assessmaystem.



Chapter 4 describethe information about thefield case. It alsagives the
required input data for applyintpe two water qualitymodek onthe fieldscale
wetland casand the vater qualitysimulationresults fronthe twomodels, as well
as the water qualityarameter changes in wetland desgenarios predicted by the

customezedwater qualitymodelng component

Chapter Spresents the integrated environmemtssessment results finothe

hybrid fuzzystochasti@pproach

Chapter 6gives the discussions abotihe possible reasons of differences
between the simulation resultachthe monitang data, the comparison of flow
simulation between two water quality models, and causes of the removal efficiency

decrease

Chapter 7concludes the results of this thesis, presents a list of contributions

and suggestions of future studies



CHAPTER 2 LITERATURE REVIEW

2.1 Wetland Modeling Sudies

This thesis focuses on the surface flow constructed wetland, so the following

literature reviews are adissociated with surface flow wetland modeling studies.

2.1.1Surface flow wetland modeling

Smith (1980) def i-waysorldveetwvéea tercestrialaasd fia hal f
aguatic ecosystem and exhibit some of the
a few functionssuch asvater storage and flood mitigatioandwildlife habitat
one important of which is to increase water quality by using natural energy
(sunlight), natural vegetation, without requiritige power for aerating or mixing,
large amounts of human labarchemical additiond.in et al., 2002 Mihelcic and

Zimmerman, 2010).

The constructed wetlandvhich mimics a natural wetlanchas been
increasingly used for the treatment of different types of wastewaters (Kotti et al.,
2013). It is an alternative to traditional wastewater treatment systemsh vghi
considered as efficient and cadtective (Jou et al., 2012). The constructed

wetland is more flexible than traditional wastewater treatment systems with respect



to the geometric condition. It can be designed and baget on the geographic
situaton of the potential construction sifalvarezCobelas et al., 2001¢lassified
by flow mode constructed wetlands usually have three typesfase flow
constructed wetlangdssubsurface flow constructed wetlandsid \ertical flow
constructed wetlandMihelcic and Zimmerman, 2010)he fieldcase studied in
this thesisis a surface flow constructed wetland. Tharface flowconstructed
wetlandsalso called fre water surface constructed wetlara® similar to natural
openwater wetlands in appeararexed treatment mechanismswastewater flow
on the surface of substratésgure 2.1 describesshematic diagranof surface
flow constructed wetlandviost of the organic contaminarg in wastewater are
removed by the biofilm generated by the stems amk# of vegetation which grow

underwate(Ye, 2011)

Aquatic vegetation

Rhizome

Figure 2.1. hematic diagramof surface flow constructed wetland Adapted

from Ye, 2012



As the application ofsurface flow constructed wetlarsd on treating
wastewaters has increased, so has the development of modeling the protksses in
wetland system, aiming to simulate the transport and fate of contaminants and to
predict the removal performance (Kotti et al., 2013). Various categories @isnod
with different complexity have been developddthble 2.1 sumnr&Zes a few
modeling studies ddurface flow constructed wetlarlome otthewetland models
are relatively simple firsorder, KC* or regression models (Rousseau et al., 2004).
For instane,Jou et al. (2008) applied a firstder biokinetic model to simulate the
removal performances d8OD and nitrogenous biochemical oxygen demand
(NBOD) by a surface flow constructed wetland. From their studying resiogs,
observediata of removal effi@ncies f& within ranges of the simulated BOD and
NBOD reductions. The limitations of this firetder biokinetic model are evident
It is too simple, and mdpe cannot obtain accurate simulation results for complex

field casegJou et al., 2008)

Tuncsiperet al. (2006) used a firsirder plug flow model and a multiple
regression model to estimate tlegnovalperformances ofitrogenouspollutants
by a surface flow constructed wetlanthey reported thathe regression model
providedbetter predictions of effluent concentrations ttteefirst-order plug flow

model. The firsorder plug flow modeéstimatedslightly higher or lower values



thantheobservediata when compared withe multiple regression modeDn the
other hand, as &basickinetic models, such as firstrder models and regression
models, depend omnalyzing influent, effluent concentrations and hydraulic
residence time only without simulatidgnamicprocesseshe removal efficiencies
of wetland systemsiaybe cannotbe predictecccuratelydue to thecomplexityof

wetland systemgTuncsiperet al., 2006)

Some other afhewetland models are more complex hydrodynamic or system
dynamic models(Langergraber et al., 20p9For instanceJou et al. (2012)
simulatel a suface flowconstructed wetland usirtige QUAL2K model toaralyze
the BOD removal efficiencies amdanage the wastewater renovation sysfeme.
QUAL2K model was developed by USPA for simulating the transport afate
of stream contaminants. Sixteen wagemrlity parameters coulde combined to
analyze the water quality in this mod&he simulation results indicate¢hat the
removal efficiencies for BOD were &82% which wa<lose to the observed data
from the field case (#84%). TheQUAL2K modelis a onedimensional model
which assumes that the flow is steadyldes not have independent flow simudati

modulealsa So it maypecannot conduaccurate flow simulatio@ou et al., 2012)



ChavanandDennett(2008)designed and used a wetlamger quality model
(WWQM) to evaluate nitrogen, phosphorrsd sediments retention from a surface
flow constructed wetlandystem. The WWQM model includddur submodels:
hydrological, nitrogen, phosphorus and TSS (Total Suspended &akdeported
tha the WWQM simulation results of nignt and sediments retention were
reasonable and agek®ith the observed data from the field case. With required
input data from the field case, this model can be a useful tool for better
understanding nutrients anddgments removal processeand designing the
wetland system. The model assurtiest the flow is inthe steady state. It méag
cannot obtain reasonable flow simulation for complex flow cases (Chavdn

Dennetf 2008).

Naz et al. (2009) modeled a surfadewf constructed wetland using an
artificial neural network (ANN) modeling approach for simulating the removal
performances of the wetlandnd predictingthe future planning of wastewater
treatment system. It is reported thia¢ ANN model provided a reasable match
between the observed data and the predicted concentrations of total COD (Chemical
Oxygen Demand), soluble COD and total BOD in the effluents of the constructed

wetland. Though the ANN model is very useful and widely applied for wetland

10



modeling studies, large quantities of observed data are needed for model

application and validation. The model application process may becomsiming.

Table 2.1. Modeling studies ofurface flow constructed wetland

Study description Results Limitations Reference
A first-order biokinetic Theobserved removal  Too simple; Jou etal.,
model wasapplied to efficiencies fd within cannot obtain 2008
simulate the removal ranges of the simulated accurate results fi
performances of BOD results complex cases
and NBOD.
A first-order plug flow The regression model  The basic kinetic Tuncsiperet
model anch multiple  providedbetter predictionsmodelscannot al., 2006

regression model wereof effluent concentrationssimulatedynamic
applied to estimate  The firstorder plug flow processes
removal performances modelestimatedslightly

of nitrogenous higher or lowe values thar
pollutants. the observed data.
TheQUAL2K model Theremoval efficiencies 1D model; steady Jou et al.,
wasapplied tomanage for BOD were 8182% flow assumption; 2012
the wastewater which wasclose to the  no indepadent
renovation system.  observed data (724%)  flow simulation

module
The WWQMmodel wasThesimulation resub Steady flow Chavanand
used to evaluate agreel with the observed assumption Dennetf 200¢
nitrogen, phoghorus, data.
and sediments retentio
An ANN model was The model provided large quantities 0 Naz et al.,
used to simulate the reasonable match betweedata are needed 2009
removal performancesthe observed and the time-consuming
of a constructed predicted data of pollutan
wetland. in the effluents.

11



The QUAL2K modelis applied for simulating a long and narrow surface flow
constructed wetland in one study, which is mentioned above (Jou et al., 2012). In
that study, as th@UAL2K modelis a stream water quality modeitially, the long
and narrow surface flow wetlansl considered as a stream. Reasonable simulation
results are obtained from that study. The field case studied in this thesis is also a
long and narrow surface flow constructed wetland, s€@dAL2K modelcan be

tried and applied in this study.

The HEGRAS model has never beapplied forsimulatingwater quality of
constructed wetlargdn previous wetland modeling studjeshich is a stream water
guality model. Animportant reason may be that the function of water quality
analysis has been released meav version of HEERAS model (Version 4.1) since
2010 (Brunner et al., 2010a). However, the current version ofRES modehas
similar waer quality analysis mechanismsthe QUAL2K model Furthermoreit
has indpendent flow simulation moduleghich mayconduct better flow simulation
than theQUAL2K model Therebre, the HEERAS model cabe tried and applied

in this study.

12



2.1.2 The HEGRAS model

The hydraulic flow of the channel is simulated before water quality analysis
in theHEC-RAS model The HEC-RAS hydraulic analysis is executed for building
thegeometryof different typeof channelsA component of thenode| steady flow
water surface qofile computations, is usefr calculating water surface profiles
for steady gradually varied flow.hE computational proceduris based on the
solution of aonedimensional energy equation. Eggrlosses are assesskyl

friction and contraction/expansioBrunner, 2010h)

Anothercomponent of the modelvater quality analysis, is usdd perform
streamwater quality analysis. An advectialispersion module is includan this
version of HECRAS. Transport andate d a fewwater quality constituents is now
available itheHEC-RAS model These water quality constituents can be analyzed
Dissolved Nitrogn (NQ-N, NOx-N, NHs-N, and OrgN); Dissolved Phosphorus
(PQs-P and OrgP); Algae; Dissolved Oxygen (DO); and Carbonaceous Biological

Oxygen Demand (CBODOBrunner et al., 2010a)

2.1.2.1Water surface profiles calculation

(1) Equations for basiprofile calculations

13



By resolving an energy equation withrepetitivemechanism, water surface
profiles are calculated fromne cros section to the next. The energy equati@asis

follows (Brunner, 2010h)

aV; aV’
Z,+Y, 22 Z Y+ 24 2.7

whereZi, Z> = elevation of the main channel invefts); Y1, Y2 = depth of water
at cross sectionsn); V1, V2= average velocitiegn/s), a, & = velocity weighting

coefficients;g = gravitational acceleratiqm?/s) andhe = energy head logsn).

The energy healibss (k) between tw cross sections includaction losses
and contraction or expansion loss€le equation for the energy head loss is as

follow (Brunner, 2010b)

_ 2 2
h =LS «#ﬁ ak% (2.29

29 29

whereL = discharge weighted reach length); S; = representative frtion slope

between two sectiorendC = expansion or contraction loss coefficient.

The distance weighted reach length, L, is calculated as:

14



L - L|on@3 + LcLQch _+Lrob Qrob
QIob + Qch +Qrob

(2.2

wherel,,, L, , L,, = cross section reach lengths specified for flow in the left

overbank, main channehdaright overbank, respectivelyn) and Qob +6ch 1Q

rob

= arithmetic average of the flows between igss for the left overbank, main

channel, and right overbank, respectiv@hy/s).

(2) Cross section subdivision for conveyance calculations

Conveyance is calculated from the following Manr@gquationBrunner,

20108:
Q=KS§" (2.39
K:£#¥A¥“ (2.3b

where K = conveyance for subdivision; n = Manid@mgoughness coefficient for
subdivision A = flow area for subdivisior{m? and R = hydraulic radius for

subdivision(m).
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(3) Evaluation of the mean kinetenergy head

The mean energy isompued bya flow waghted energy from the three
sulsections of a cross sectibor a given water surface elevatioro calculatehe

mean kinetic energy, it is necessary to obtain the veldoggd weighting

coefficientfiad, fiad is calculated as follonBrunner, 2010b)

2 V2
_ 14 2
VZ Q 29 Q 29

Y - (2.439
29 Q+Q
In general:
a:@QM *QV, . QY (2.40

Qv

(4) Friction loss evaluation

Friction loss is calculated in HERAS bythe product ofS; and L (Equation

2.2a), whereS; is the representative friction slope for a reanfd L is defined by
Equation 2.2b. Téfrictionslopeat each cross section

equation as followgBrunner, 2010b)
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w
Az

(5) Contraction and expansion loss evaluation

Contraction and expansion losses are evaluated by the following equation

(Brunner, 2010b):

av av;

=C
hee 29 29

(2.6)

where C = the contraction or expansion coefficient

2.1.2.2 Water quality calculation
(1) Advection dispersion equation

An advectiordispersion module included ithe HECIi RAS model is
implemented for water quality analysighe transport and fate of contaminants are
calculated in HEERAS by the following adectiondispersion equation (Brunner

et al., 2010a):

Pvn=Horo+tadfx s 2.7)
Wt K o Xp
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where V = volume of the water quality cell {m7 = water temperature\() or

concentration (kgm®); Q = flow (m¥s); G = userdefined dispersion coefficient

(m?/s); A = cross sectional areaqnand S = sources and sinks (kg/s).

(2) Source and sink equations
a)Algae

Algal growth and respiration affectthe algal concentration, nutrient
concentrations and dissolved oxyg The single internal source of algal biomass
(A) is algal growth. Two sinks are simulated: algal respiration and settling. Sources

and sinks of algae are computed as (Brunner et al., 2010a):

51 p 2.9

A&ourcdsin k = A/TI -A ;‘ _d_

where r” = algal local respiration ratd/fay); s, = algal setting rate (m/day); d

= average channel depth (m) and= local growth rate for algad/day);

b) Nitrate nitrogen (N®)

18



The only internal sourcef nitrate nitrogen is oxidation of nitrite (NPto
nitrate (NQ). The only modeled sink is algal uptake. Souraed sinks for the

nitrateare(Brunner et al., 2010a)
Nossource!sin k = b; (1_ eXp KNR 00X ) Nq - (1 -Fl )al /A (29)

where b, = rate constant: oxidation of nitrite to nitraféday); KNR = first order
nitrification inhabitation coefficientLl{mgO); a, = fraction of algabiomass that

is nitrogen (mgNhgA); R = fraction d algal uptale from ammonium pool

(unitless) andm = local growth rate for algad./day).

c¢) Organic phosphorus (OrgP)

The only internal source of organic phosphorus (OrgP) is algal respiration.
Internal sinks for OrgP are decay OrgP to form orthophosphate (BQand
settling to the bed. Sources and sinks for the organic phosphorus are (Brunner et al.,

2010a):

OrgF')source‘sin k: az ,tA - bzorgp - S;Ofgp (29)
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where p, = rate constant: oxidation of OrgP to PQ/day); s, = settling rate:

organic phosphorusl{day); r~ = algal local respiration ratel/day anda, =

fraction of algal biomass that is phosphorus (thgfgA).

2.1.3 The QUAL2K model

The QUAL2K model is often used to analyze water quality for rivers or
streamsQUAL2K uses Excel as the graphical user interfétcean conduct one
dimensionalhydraulic calculationsfor steady flow simulation Sixteen water
guality parameters can be combined to analyze the water quality in this model

(Chapra, 2008

2.1.3.1Segmentation and hydraulics
(1) Segmentation

The flow simulationin the QUAL2K modelrepresents a river or stream as a
series of reache¥hese represeative reachesf a streamhave constant hydraulic
characteristics (e.g., slope, bottom width, efgs)shownin Figure2.2, the reaches

are numbered starting from the headwater of trerivdo s m &Q0hapra, 2008 m

20



Headwater boundary

[=—

Point source —

N

Point withdrawal +«——

— Point withdrawal

3
Point source z
5] Non -point
6 withdrawal
Non-point 7
source

g+—— Point source
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Figure 2.2 Segmentation scheme for atream (Chapra, 2009

(2) Hydraulic characteristics

For flow simulationthe followingpower equations are uséml computethe

meanvelocity and deptiiChapra, 2008

(2.103

(2.108

21



wherea, b, a and b are empirical coefficients that are determined from velecity

discharge and staghischage rating curves, respively; Q represents flow rate

(m?s), U represents mean velocity/s)and H represents flow deptim).

The cosssectional area and width of flow can be determined by the following

equationgChapra, 2008

A 28 (2.113
B=% (2.118

where A representsrosssectional areém?) and B represents wid{im).

The surface area and volume of one element in a reach are calculated by the

following equationgChapra, 2008

A, =BDx (2.123

V = BHDx (2.129
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where A represents the surface ar@e?); V represents volumém?®) and Dx

represents the length of the elemg@nj.

2.1.3.2Water quality calculation
(1) Contaminant transport and fate equation

The transpdrand fate of one contaminant asalculated by the following

equation for water quality analysis@iJAL2K (Jou et al., 2012):

d - i Qout,i Ei'. Eil Vv|
G _Qu, Qe - V. G +V_1(Ci-1' Ci)+v_(ci+1' Ci)+7+s (2.13

where dg / dt = Changing rate of the concentration of an element with respect to
time; Q = the outflow from element to element +1 (m%d); Q,,; = the total
outflow from element due to point and nonpoint withdrawal¥djnV, = volume
of i element (M); Ei' = the bulk dispersion coefficient between elemantsnd
i +1 (m®/d); W, = the external loading of the constituenétementi (g/d or mg/d)

and S = sources and sinks of the constituent due to reactions and mass transfer

mechanisms (g/fd or mg/mqd).
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(2) Source and sink equations
a)Nitrate nitrogen
The source ohitrate nitrogen isitrification of ammonia. The sinks of it are

denitrification and plant uptak€hapra, 2008

BotAlgUptakeN
H

S, =Nitrif - Denitr - (1- B,,) (2.149

wherePap = the coefficient of the preferences for ammonium as a nitrogen source

for bottom algae@ndH = water depth (m)

b) Organic phosphorus

The sources ofrganic phosphoruareplant death and excretiohhe sinks of

it arehydrolysis and settlingQhapra, 2008

S =f PhytoDeath BotAlgDeath

po opqupT foprPb H - OPHydr— OPSett (2153

wherefqop = the fraction of the phytoplankton internal phosphorus that is in organic
form; grp = the phytoplankton cell quotas of phosphomgl/mgA andges, = the

bottom algae cell quotas of phosphommgP/mgA.
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2.2Uncertainties in Environmental Risk Assessment

Environmentarisk assessment is essentialaimy wastewater management
processes for minimizing the effects of wasaésv discharges. #Afield case
conditions and required input data for environmental mogéénd to be vague or
imprecise; therefore, uncertainty exists in any environmental risk assessment
studies Darbraet al., 2008)Generally, uncertaintieés risk assessment may have
two types: randomness and incompleteness. There are also two main according
ways to deal with these uncerté@s: sochastic simulation methahd fuzzy logic

method Qin andHuang 2009.

2.2.1 Stochastic simulation method

Stochastic simulation method uses probability functions to analyee
randomness in environmental modeling parameters. Among variousastioc
methods, the Monte Carlo simulation method has been widely(Dsedraet al.,
2008) The Monte Carlo simulation method uses random sampling to study
properties of system parameters which behave randonieste Carlo methods
are mainly used in tiee different issueoptimization, numerical integration and
generation of samples from a probability distributidn environmental risk
assessment studies, the function sdmple generation from a probability

distributionis used widelyand the Monte Carlo simulation method are frequently
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applied in environmental risk assessment stugliemieux,2008) For instance,
Schuhmacher et al. (2001) applistbnte Carlo simulation method to analyze the
uncertainty related to an environmental rigksessment due to organic toxic
chemicals for the residents livirgound a municipal solid wastecinerator.By
coupling CHARM (Chemical Hazard Assessment and Risk Management) model
and the Monte Carlo simulation, Mukhtasor et al. (2004) assessed atEstewic

risks produced by an offshore platform.

The stochagc simulation approach mainlype used when sufficient
information is available for estimating the probability distributions of uncertain
parametersfarbraet al., 2008). If the type of un¢ainties such as uncertainties
of incompleteness cannot be expressed as probability distributions as uncertainties

of randomnessdo, the fuzzy logic method can be considered.

2.2.2 Fuzzy logic method
Fuzzy logic method uses membership functions and iBtigiparameters to
express incompleteness in environmental iss@s &nd Huang 2009. Fuzzy
|l ogic method can deal with the situation o
It can define a fAdegree of membiensshi po for

The membership functions take one of only two valugsefresenting complete
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nonmembershipand 1(representing complete memberghigalues between 0

and 1 are used to represent partial membership and the membershipéeioedh (

et al., 2008)Fuzzy logic method has beersedfor quantifying incompleteness
uncertaintyin environmental risk assessment. For instance, Li et al. (2008) applied
fuzzy membership functions to quantify the uncertainties related to air quality
standards including uncertain human exposure pathways and exposure dynamics,

etc.

2.3 Summary

Eachwetland simulatiormodel has itadvantages and limitationghe choice
of a model i s det eomplexity and thdrequiremierd andho d el 0 s
expectations o& particularwetlandfield case.Some wetland simulation models
are very complex and requirestonsiderableamount of orsite field data to
adequately simulate contaminant removal processes. However, various limitations,
such adack of time or funding, andomplexity of field case may preclude the
acquirability of many model input data (Chawam Dennett, 2008). Thereforthe
effective wetland simulation modelsan be further developed The gplication
examples of wetlad modelonto field-scalewetlands can bé&urther studiedand

there are not many wetland model application examples in praviods| studies
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Furthermorethe uncertainty analysis methadsludingstochastic simulation
andfuzzy logicappoachhavebeen rarelyapplied tofield-scale wetlands before.
They werenot previouslyusedto improve wetlandsimulation models Among
thoseenvironmental risk assessment stualgch quantified system uncertainties
they tenced to apply stochastic simulation approaetione to analyze the
uncertainties of randomness in their systefimey did not quantifuncertainties of
incompleteness sudhs variationinherent to the evaluation criter{€hen et al.,
2010). Actually, various types ofincertaintiesneed to be considered when the
environmetal risk assessment is undertaken. Steehastianodelingmethodor
fuzzy logic appoach applied alonés not sufficientin many risk assessment
studying casegsherefore hybrid fuzzystochastianodelingapproachesind their

wetland field case applicatiosanbefurtherstudied(Chen et al., 2003)
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CHAPTER 3 METHODOLOGY

3.1 Methodology Overview

A hybrid fuzzystochastic modeling approach is proposed and developed in
this thesis. It mainly includes two modules: water quality modetieghodand
integrated risk assessment systéigure 3.1shows a flow chart abothe first pat
framework ofthe methodologywater quality modelingnethod The field case
studied in this thesis is a long and narrow surface flow constructed wetland that can
be considered as a stream for modelihgo representativevater quality models
(the HEC-RAS model and the QUAL2K modelre chosen taonductthe
modeling work for thesame field case after the literature review about wetland
modeling studies. Two groups of simulation results can be obtained. Then, the
simulation results from the two mddeare compared with the eite field water
guality data to determine if they are acceptaisl@otand which model performs
better on modeling this field case. After the better model is determined and
validated, it is applied to predithe water qualityparameterchangefor several
wetland desigrscenariosandintegrated with the environmental risk assessment

process
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J, Integrated with the risk

Predicted water quality results

assessment system

Figure 3.1. Theframework of water quality modeling method

In the second part methodology of this thesisntegrated environmeal risk
assessment approaistproposedThe Monte Carlomodelingmethodis developed
to extend the water quality modelprovide a stochastic simulation fquantifying
the uncertainties of the systemd the risks of the discharges on the receiving.river
Particularly the fuzzy membership functismareestablished for assessitiggwater
quality guidelines otontaminants in different regionahich is incorporated into

the Monte Carlo modeling framerk to identify the integrated risks from the
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discharges on the receiving riv&¥ith the integrated process shown in Figure
3.2 and 3.5, the hybrid fuzzystochaic modeling approachis used as a risk
assessment tool for tlessessment amdanagemenf wastewater dischargegan

river ecosystems

The water quality model b
calibration and validation Select guidelines to
compute probabilistic risk

Determine the mean values and I l 1
standard deviations of key )
parameters Quantify Calculate fuzzy
probabilistic risk membership
X on violating the grade
Generate random model input guidelines

values and modeled | |
distributions of water quality l
results Integrated risk level

Figure 3.2.The framework of the integrated risk assessment system

3.2 Water Quality Analysis Models

The HEC-RAS model andhe QUAL2K model are both applied fowater
guality analysis modglg in this study.The water quality analysis isplemented
in HEG-RAS by the following advectiedispersion equation (Brunner et al.,

2010a):
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Pvn= Hoso<«tad)x s (3.)
it M X X H

where V = volume of the water quality cell {m7 = water temperature\() or

concentration (kgm®); Q = flow (m¥s); G = userdefined dispersion coefficient

(m?/s); A = cross sectional area{nand S = sources and sinks (kg/s).

The water quality analysis isnplemented in QUAL2Kby the following

equation (Jou et al., 2012):

d 1 ] Qout,i Ei'- 1 Ei’ \N'
G _-Q Q.. G Vv (Ci-l_Ci)+V_(Ci+l_Ci)+V_+$ (3.9

where dg / dt = Changing rate of the concentration of an element with respect to

time; Q = the outflow from element to element +1 (m%d); Q,,, = the total

i
outflow from element due to point and nonpoint withdrawal¥djnV, = volume
of i" element (rf); E. = the bulk dispersion coefficient between elemeniand
i +1 (m®/d); W, =the external loading of the constituent to eleniertyd or mg/d)

and S = sources and sinks of the constituent due to reactions and mass transfer

mechanisms (g/fd or mg/mqd).
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With the comparison between the two

field case data, which orperforms better for this field case could be determined.

The better modes integrated with the environental risk assessment process

3.3Hybrid Fuzzy-Stochastic Risk Assessment@proach

3.3.1 Monte Carlo method for quantifying system uncertainty

The uncertaintiesof both model and dataeed to be considered when the
environmentalisk assessment is undertak@hen et al., 2010he Monte Carlo
modelingmethod can be developed to extend the water quality niodglantify
systemuncertainties, and #modelng results are used for risk quantificatiortlie

next step.

The randomess of a keyarameter from thevater qualitymodel can be
described by a probabilitgistribution using the Monte Carlo modeling method
Then, randomvalues in the probaliiy distribution areinputtedinto the water
guality mode] and a distribution of water quality results can be obtained (Qin et al.,
2009). For instancenithe HEGRAS model, b, (rate constant: oxidation of nitrite
to nitrate)is determined as aensitive and key input variable, ainds a random

parametemwith a certain rangeA normal distributioncan be used to express its
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uncertainty and randomneg$&iddle et al., 2001; Chen et al., 201Random values
of the variable generad by the Monte Carlmodelingmethod are based on related
referencesand observed mean valwbtained in this fieldcase The normal

generators can be expressed as follows

x=N(s,,m) (3.3

where xrepresents a key parameter; 5, (/77) represents a normal distribution
function of s, andm; s, is the standard deviation of x amg is the mean value

of x.

The random values of each parameter are inputted inteettee qualitynodel
after their normal distributions are generated, and then the distributions of the water

guality results can be obtained.

3.32 Probabilistic risk assessment
After the distributions of the water quality simulation résare obtained from
the water qualitynodel and the Monte Cartoodelingmethod, the environmental

risk level is quantified by the equation as follows (Chen.gtl8B8):
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o}

R=P (L>G) = Rf (LdL (3.9

Cs

where R is the risk level quantified as the probability of system failfyi&) is

the probability density functidmgil) L i s

and Gis a local environmental criterigmg/L).

3.3.3 Construction of fuzzy membership functions for evaluation

criteria

A few water qualityguidelines are often overly conservative or not strict
enoughas mentionedbove therefore, the practicability of tke guidelinesan be
furtheraddressedn particular, thedzzy membership functions providereethod
to fulfill this task.In this study, TN and T&re used as indicatorSify of Edmonton
drainage service2012 and triangle membership functions arebformulated
by the analysis of the adverse environmental impacts from nutrients on the

receiving waters.

3.3.3.1 Fuzzy membership functions for TN

Table 3.1 shows that tlearface water quality guidelines for TiN different

countries and regions are varied. The surface water quality guideline for TN in the
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Alberta, Canada is 1.0 mg{lAENV, 1999) For determining nutrients criteria in
different areas, the United Staiedivided into 14 distinct eecegions ard each
ecaregion has its own guideline. Three representative guidelines from them are
analyzed in this study. In egegionl (Willamette and Central Valleysecoregion

V (South Central Cultivated Great Plginsnd eceregion VI (Corn Belt ad
NorthernGreat Plainj the guidelines for TN are 0.31 mg/L, 0.88 mg/L and 2.18
mg/L, respectivelyUSEPA, 2002 The guideline for TNin theNetherlands is the
least strict (2.2 mg/L) compared to the guidelines mentioned alsetgson,

2000)

Table 3.1. Thesurface water quality guidelines for TNin different countries

and regions
TN
Origin concentration References
(mg/L)
Alberta, Canada 1.0 AENV, 1999

USEPA Ecoregion 0.31

United

USEPA Ecoregion \ 0.88 USEPA, 2002
States

USEPA Ecoregion \ 2.18

Netherlands 2.2 Neeteson, 20C
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To establish the membership functions for the fuzzy evaluation criteria pn TN
theratio (TN/NOz) = 2.6 and TN/NO>) = 14.7 are obtained and used in this study
according toNVatercenterZ013 and the observed ddtam the fieldcase(City of
Edmonton drainage servicef)12). Establishmenof the membership functions for

the fuzzy evaluation criteria on TN is conducted in three steps:

(1) Determination of the maximum tolerable TN concentratigm{C

Nitrite (NO2), an important componeimt TN, is toxic in water. It iseported
that 1 mg/L for Nitrite-Nitrogen isdetermined athe maxmum contaminant level
in drinking water bythe US. federal government (CNA Enwinmental,2005)
When the concentration of NEN is 1 mg/L, TN is around 14 mg/L according to
the ratio (TNNO2=14.7) mentioned abov&\atercenter, 201 3ity of Edmonton

drainage service2012).

Nitrate (NOgz), another essential component in TN, is asoc when it has
high concentration in watelt has potential risk to result themethemoglobinemia
in infants andhastoxic effects on livestockSeveral laboratory studies indicated
that 10 mg NOs-N/L nitrate in water haddverse effects on sensitive aquatic
animals CamargoandAlonso, 2006) Similarly, 10 mg/L forNitrate-Nitrogenis

determined athemaximum contaminant leveh drinking water byhe U.Sfederal
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government (CNA Environment&005).Furthermore, Douda (2010) reported that
NOs-N concentrations in swate waters couldctualy higher than 25 mg/L due to
nitrogen pollution, but N@N concentrations werenly up to 2.62.3 mg/L in
localities with undisturbed populations of river mussel. Camargo et al. (2005)
proposed that 2 mg NEN/L should be the maximum concentration in agd
water for the protection of sensitive aquatic animals. Based on the ratid@ KN/

2.6), TN should be lower than 5 mg/L.

Thus when the concentratigrof TN arehigherthan 5 mg/L in surface water,
they might havean adverse impact on sensitive atja animals. Conservatively,
the TN of 5 mg/L is chosen as a completely unsuitable leveltr@ndaximum
tolerable TN concentration should thetermined as 5 mgllCmax= 5 mg/L) with a
suitability gradeof O in the membership functionSherefore, whenhe values of
C (Concentrationpre 5 mg/L or even higher, the membership ggéad€max) = O.
TN concentrations lower than 5 mg/L in surface water would be more suitable to

be used as the guideline or standard.

(2) Determination of the most suitabl®\ level (Coptima)

CamargandAlonso(2006)estimated that the adequate water quality criteria

for NO2-N shouldbe between 0.08 and 0.8&%g NO>-N/L for protecting sensitive
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aguatic animalsThe safe range of TN shoute 1.18- 5.15 mg/Lbased on the

ratio (TNNO2= 14.7)

The field case studied in this thesisasatedin Alberta,CanadaThe surface
water quality guideline for TN in Alberta, Canada is 1.0 m{@&ENV, 1999) From
the studies of Chambers et al. (2011), the IPS (IBediormance Standards) for
TN in the Southern Alberta, Canada is 0.98 mg/L. Furthern@amargoand
Alonso (2006) reported that the levels of TN lower tharl0(Gbmg TN/L could
prevent aquatic ecosystems from developing acidification and eutrophicEton.
at these low levels could alpootect aquatic animals frothe toxicity of inorganic

nitrogenous compounds.

Therefore, the most suitiTN level GoptimaliS determined as 0.5 mg/L based
on the above analysis, with the membership géad@optima) = 1 (Camargoand

Alonso, 2006)

(3) Determinatiorof the minimum possible TN concentration

For the minimum possible TN concentration, the extreme situation is

consideredisCmin= 0 mg/L, whichis impractical and camt be implemented as a
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standard. In the membership functiorGnin= 0 mg/L is assigned with the

membership gradé (Cmin) = 0.

In summary, themembership function of fuzzy evaluation criteria
guantifyingthe fAsui t abi | i t y oobtanedbakdéd orgthei abowd | nes ar

analysis (Figure 3.3)

& (C)=2G, when0oU CU 05 (3.59)

& (C9=1.110.22 G, when 0.5 CU 5 (3.50)

where Gis a variable denoting a regulated guideline or standard (ralg.).
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Figure 3.3. Fuzzy membership functions of evaluation criteria for TN

3.3.3.2 Fuzzy membership functions for P

Table 3.2 shows that ttsairface water quality gdelines for TP in different
countries and regions are varied. The surface water quality guideline for TP in
Alberta, Canada is 0.05 mg(RENV, 1999) For TPcriteria in U.S, the guidelines
in ecoregionl (Willamette and Central Valleysecaregionll (Western Forested
Mountains)and eceregionVI (Corn Belt And Northern Great Plainaje 0.047
mg/L, 0.01 mg/L and 0.076 mg/L, respectivelySEPA, 2002 Theguideline for
TP in Netherlands is the least strict (0.15 mg/L) compared to the guidelines

mentioned aboveNeeteson, 2000)
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Table 3.2.The wrface water quality guidelines for TP in different countries

and regions
P
Origin concentration Refererces
(mg/L)
Alberta, Canada 0.05 AENV, 1999

USEPA Ecoregion 0.047

United

USEPA Ecoregiof 0.01 USEPA, 2002
States

USEPA Ecoregion\  0.076

Netherlands 0.15 Neeteson, 20C

In a typical natural water body, the concentration of TP is approxim2gely
mg/m?®. Amongthe TP ,SRP(Soluble reactive phosphory€rgP (Organic soluble
phosphorug and particulate phosphorus are around 3 righd mg/n? and 6
mg/n?, respectively(Kutty, 1987) To establish the membership functions for the
fuzzy evaluation critéa on TR the ratio TP/SRP = 23/3 and TP/OrgP = 23/14 are
used in this study. Establishment of the membership functions for the fuzzy

evaluation criteria on TP is conducted in three steps:
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(1) Determinatiorof the maximum tolerable TP concentratiom{&$

Mainstoneet al. (2002) repoted that when the concentratiafi SRP, an
important component in TP, wasigher han 10 ug/L in rivers, it mighbave
adverse effeston the growth of individual plant species (algae and higher plants).
When SRRs greatethan 10 ug/L, TP woulbe higher than 0.077 mghased on

the ratioTP/SRP Kutty, 1987%.

In the studies oMainstoneet al. (2002) on TP, it wagported that the growth
rates and standing croproverine algal communities coulek affected with a gréa
potentialwhen the concentratisrof TP reacédup to noless than 0-8.3 mg/L in
water. Additionally,it wasobvious hat the risk level of TP changeabst rapidly

when TP concentration increadeom the natural level to around 023 mdL.

Consevatively, the TP of 0.2 mg/L is chosen as a completely unsuitable level,
andthe maximumtolerable TP concentration should be determined as 0.2 mg/L
(Cmax= 0.2 mg/L) with a suitability gradeof 0 in the membership functions.
Therefore, when the values©fare 0.2 mg/L or even higher, the membership grade

€ (Cmay = 0. TP concentrations lower than 0.2 mg/L in surface water would be

more suitable to be used as the guideline or standard.
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(2) Determination of the most suitable TE®Rel (Coptimal)

It was reported by Mulhollanénd Hill (1997) that the natural verine
concentrations of SRP weless than 10 ug/L. Similarly, Mainstone et al (2002)
also reported that the natural level of SRP would be below 10 ug/L. Accordingly

(TP/SRP= 23/3, TP woutl be below 0.077 mg/LK(utty, 1987.

The recommended US EPA criteffiar TP in different aggregate nutrient
ecoregons for rivers and streamse from 0.01mg/L to 0.076 mg/L (USEPA. 2002).
The surface water quality guideline for TP in the élia,Canada, where the study
caseis located, is 0.05 mg/LAENV, 1999) Mainstoneet al. (2008yeported tht
target concentrations of TP, whiche r e included I n ACommon
guidance for both SSSBites of Special Scienitif Interest)and SAC (Special
Areas of Conservation) rivers and lakeshyUK nature conservation agencies in
2004, were between 0.01 to 0.05 mg/lIAdditionally, Mainstoneet al (2002)
estimated tha0.03 mg/L of TP wathe mean natural concentration afi case

studies. This value &asan indication of ecologically desirable background load.

Therdore, the most suitable TIBvelis determined a€optimai= 0.03 mg/L, the

membership gradé (Coptima) = 1.
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(3) Determinatiorof the minimum possible TP concentrationn({

For the minimum possible TP concentration, the extreme situation is
considered a€min= 0 mg/L, which isimpractical and carot be implemented as a
standard. In the membership functior&ywn = 0 mg/L is assignedwith the

membership gradé (Cmin) = 0.

In summary, themembership function of fuzzy evaluation criteria
guantifyingt h e A s uof TR duiddlinedarg abtainedbased on the above

analysis (Figure 3.4)

& (Co =33.33 G, when 0U CU 0.03 (3.63)

& (C9)=1.185.88 G, when 0.0 CJ 0.2 (3.60)

where Gis a variable denoting a regulated guideline or standard (ralg.).
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Figure 3.4. Fuzzy membership functions of evaluation criteria for TP

3.4 Integrated Risk AssessmentyStem

Uncertainties exist in two aspects: the uncertainties imtbeelingsystem
and the variation of environmental guidelines. The first aspect of uncertainties
could be quatified by the customized water qualityodel with the Monte Carlo
simulation methodand the second aspect of uncertainties could be analyzed by the

fuzzy membership functions.
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Figure 3.5. Integrated risk assessment using the hybrid fuzztochastic

modeling approach (Adapted from Chen et al., 2010)

Figure 3.2presentghe frameworkof the integrated risk assessmesystem.
The follows show the steps to quantify the risk level through the proposed

integrated risk assessment system:
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(1) Based on the water qualigrmulation results, the Monte Carlo simulation
generates distributionsf contaminant concentrations as shown by the PDF

(Probability Density Enction) curve in Figure 3.5.

(2) If a criterion G is used as the water quality guideline or standard, the
shaded area represents the possibility of the contaminant concentragiating/
the guideline or standard. The risk level (R) of violating this guideline or standard
can be calculated by Equati8nk For instance, let& 1 mg/L, which is the surface
water guideline for TN in the Alberta, Canada (AENV, 1999), then thdevsk R

can be calculated.

(3) The suitability of using a particulaguideline (e.g. the surface water
guideline 1mg/L for TN in Alberta, Canada) canch&antified based on Equation
3.5and Figure 3.3. The result indicates that the practicability ofgthideline is
0.89 out of 1. Finally, the integrated risk level under this guideline can be obtained

as shown in Figure 3.5.
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CHAPTER 4 MODELING AND ASSESSMENT
FOR THE KENNEDALE WETLAND CASE

4.1 Field Case Description

The field casestudied in thighesisis theKennedaleendof-pipe constructed
wetland It is locatedn the city ofEdmonton CanadaThis wetlandis designed to
treat about 70% of the storm water frtme Kennedale storm baswhich contains
a significant percentagaef storm water fromtheEd mont ond6s dJheor m syst e
field case is a long and narrow surface flow constructed wetland that can be
considered as a stream for modelifggure 41 describe the locations of

Edmonton KennedaléasinandKennedale wetlan(City of Edmonton, 201
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Figure 4.1. The locatims of Edmonton, Kennedale basimnd Kennedale

North
Saskatchewan
River Basin

Kennedale
Constructed =—
Wetland

wetland (Adapted from City of Edmonton, 2012)

The storm water from the Kennedale storm basin is delivered into the
Kennedale wetland when its flow ratareno more than 0.5 #s. When the storm
water flow is higher than 0.5%s in rainfall periods, a proportion of storm water
will be diverted into another storm water treatment system units to make sure that
the flow delivered into the wetlandan keep no mae than 0.5 rfis (City of

Edmonton, 201Q
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The schematic diagranof Kennedale wetland ishown in Figure 4.2The
storm water, which is diverted into the wetland, first enters into the foralfiay.
flowing through thdow flow channels, deep marshasd deep pools, it finally
arrives at the micropool. During the ik journey, the majority ofontaminarg
in storm water are removed by a series of physical and biochemical processes.
Storm water cleaned by the Kennedale wetland will be dischargethatdorth

Saskatchewan River.

STORMWATER TREATMENT SYSTEM
(CDS - UNITS)

MH3 ©

Figure 4.2 Schematic diagramof Kennedale wetland (City of Edmonton,

2012)

50



To assess removal performance of tkennedale wetlancind potential
impacts of storm water discharges from tennedale wetlanen the North
Saskatchewan RivefTN and TPare studied and used as indicato@sty of
Edmonton drainage service3012. The transport andate of nutrients in the
Kennedale wetlandre simulated with theater quality modeling componersnd
the integrated risk level are quantified by the hybrid fuzzyochastic risk

assessment approach.

4.2 Water Quality Analysis Results
4.2.1HEC-RAS simulation
4.2.1.1Key input data

(1) Geometric andhydraulicdata

a) Thestreamsystem schematic

The streansystem schematic isedeloped by drawing and connecting the
various reaches of the system within the geometric data eBlitare 4.3shows
that the flow isdrawn in thegeometric data editaf the HEGRAS system. The

channel is built by mangross sections.
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Figure 4.3 The stream system schematibuilt in the HEC -RAS model

b) Cross section data

Cross section datare requiredto be inputtedat representative locations
throughout a stream reach and at locations where changes occur ingdisslugpe,
shape, or roughnesBachcross section is described by entering the station and
elevationdata(X-Y data) from left to rightBrunner et al., 2010alt also can be
seen in Figure 4.Bat manycross sections were set for building the stream channel.
For instanceFigure 44 shows the requiredoordinats for describing one cross

section.
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