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Use of continuous simulation model (COSIMAT) as a complementary tool to model
sewer systems; a case study on the Paruck collector, Brussels, Belgium.
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Yinteruniversity Program in Water Resources Engineering (IUPWARE), Katholiekersiait
Leuven and Vrije Universiteit Brussels, Belgium.

2Department of Hydrology and Hydraulic Engineering Vrije Universiteit Brussel, Belgium.

Abstract

The episodic discharge of Combined Sewer Overflow (CS®3hdrge, in most of cases,
effectively controls the ecological status of a reiogy water body Hydrodynamic models like
Storm Water Management Model (SWMM) are used to model suehts in a sewer system
which requires long computational time especially when pmifay long term simulations of an
integrated modelling systerilence, we developed a continuous simulation model (COSIMAT)
using the MATLAB™/SIMULINK™ in view of using it in an integrated modelling chain. We
validated the COSIMAT using the hydrodynamic model SWNWe tested the methodology in
the case of a fairly importarussels’ sewer collector, Paruck. The results showed that the
accuracy of the COSIMAT simulatios comparable with the SWMM but with much reduced
computation timeWe believe that such development would be very helpfuhitimize the
computation time of an integrated model, especially whenntbdels are linked dynamically,
e.g., in OpenMI platform.
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1 Introduction

The continuous growth of human population and rapid deweop in urban areas is affecting
the physical characteristics of these areas veryidenably, consequently leading to a constant
change in the hydrological regime of urban areas.

In the past the construction and operation of urban draisggfems was driven by two main
objectives: (1) to prevent flooding and (2) to maintain pubkalth and hygiene. Due to
concerns been raised on the ecological status of regenaters; for example, that imposed by
the European Water Framework Directive: WFD (EU, 20Q@bg aspects of waste water
treatment plants were introduced to reduce the pollutant lsaalsto receiving waterdlore
importantly, the WFD calls for integrated river basin ngemaent to be put in practice in view of
achieving good ecological status of all inland or coasté&mi@odies. The issue of achieving that
ecological status and reducing flooding in urban areasriber complicated by the fact that
these problems have to be tackled using different and lglicgmposite approaches. One is to get
rid of the storm water out of the urban area as fapbasible to prevent flooding while the other
is to delay the wateoutflow as long as possible in the WWTP to ensure th&teapollutants are
removed to maintain the good ecological status of éleeiving waters. The objectives of EU
WFD can be achieved by using integrated river basin managespgroach which depends
largely on integrated models. To attain the objective€ 0fWFD, one component of the
integrated model should be a model that describes the sgatem(s). In a highly urbanized
catchment, such model is very important because the mffililem the sewer system can
determine the ecological status of a receiving water b&dy.example, the river Zenne in
Belgium, carries more than 50% discharge coming fromWlaste Water Treatment Plants
(WWTPs) (Garnier et al., 2012) and the river water qualitsoimetimes very poor because of
episodic emissions of CSOs.

The design, operation and management of these complegr snetworks have been
facilitated recently by the development of numerical $ation packages (hydrodynamic
models) and the rapid progress in computer soft’/hardware. Thbesgg hydrodynamic models
are continuously been developed, most of them are v@gneikeand can’t be applied by most
of users, secondly therga problem of long computation times especially when peiifay long
term simulations

Despite this rapid developmeot software, the challenge has moved from the simulation
of individual sub-systems to an integrated approach ofagiag urban drainage systems. In this
approach, integrated or conceptual models of the wholersgst can be developed and used to
test the performance of the system under historical amdref scenarios. However the
development of integrated models is a challenging and coabedl task. The complex nature of
these systems is the main reason why existing moddiseo$ub-systems cannot directly be
linked together to form a single entity.

The issue of integrated modeling is further complicated byabiethat, whera detailed
hydrodynamic model like SWMM is a component of an integtanodel and the integrated
model is linked dynamically in a platform like Open Modellintehface: OpenMI (Gregersen et
al., 2007; Moore and Tindall, 2005) the calculation time step islaaye, as observed by
Shrestha et al. (Submitted) and Shrestha et.al. (2012).

We tried to solve the above stated problem in this stugydeveloping a continuous
simulation model (COSIMAT) in the MATLABY/SIMULINK™ platform. The conceptual

2



71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

model COSIMAT is then used to calculate the volume of G&@ to the receiving water during
heavy rainfall eventsMeirlaen (2002) suggested the use of reservoir or conceptgdgisto
solve the problem of long computational time usually assatiavith detailed models. The
development and application of conceptual models does noteemlot of experience for the
modeller(s) as most of the parameters have a physiainge In addition, these models can
easily be extrapolated and used in other similar systemampartant feature in conceptual
models is that their parameters are not directly meblusad must be calibrated from observed
data (Beven and Binley, 1992) or from a detailed model. Bhieny important for what we are
heading to,as we want to develop an integrated model including COSIMAT toessmt the
sewer system(s). The integration is sought to be mad@paaMI which is an interface allowing
dynamic data exchange between the component models, veheh opposite the file based
offline linking.

Our present study will contribute to this research and duiitivestigate the accunpof
the conceptual model, COSIMAT against a detailed hydrodynamic m8@NM. In order to
attend this objective, the SWMM and COSIMAT models are @hidl against a number of
storm events. The objective on the calibration profasthe models is to accurately estimate the
total CSO volume sent to the receiving water. A brief desonpaf the study catchment and
models used are given in Section 2. Section 2 also providetsde how the model has been
built-up, calibrated and validated. Results are presenteddeodssed in Section 3. Final
conclusions are formulated in Section 4.

2 Methodology

2.1 TheStudy Area

The Zenne river basin (Figure 1) drains an area of 1162 kmZraml through the three
administrative regions of Belgium: the Walloon regi®i4 km?), the Brussels Capital region
(162 km?) and the Flemish region (426 km?). About 103 km downstiieamegts the river Dijle,
where it is subject to the tidal influence of the riveh&dt. Parallel to the river runs the canal
Brussés-Charleroi and about 1.5 million people are connected tawee Out of this, more than
80% of the population live in Brussels region alohbe hydraulic behaviour of this system is
very complex due to the interaction between the diffethstharge elements at the various
outlets (collector, siphons, and weirs), the receivingewéhe river Zenne) and the canal and
tidal influence at the river outlet (the river Dijléjhere exist several WWTPs in the basin and
among them, two biggest WWTPs (Brussels South and Brubbkmih), are found in the
Brussels (Figure 2). With a capacity of 1.1 million of ealewt inhabitants, the Brussels North
is the biggest of two. The sewer system of Brussels Nuwathfour distinct sewer systems,
namely, the left bank collector system, the right beokector system, the collector of Haren
and the collector of Woluwe (Figure 2). One of the impurtaunk sewers of the Left bank
collector (of the WWTP North) is the Paruck sewer sys{Eigure 2).

The siphon is placed such that it passes under the @asalischarges its CSO to the river
that flows parallel to the canal. The quantificatiortief volumes of CSO sent to the receiving
water during storm events through the siphons and weirsissvdry complex. This complexity
was simplified by the application of both hydrodynamic (SWMMddel and a conceptual
model.
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2.2 Modds

221 TheSWMM mode

2.2.1.1 The model

SWMM is a dynamic rainfall-runoff simulation model cpuating runoff quantity and quality

(primarily) from urban areas as developed by the United sStBtevironmental Protection

Agency (US EPA). It can be used for both continuous andesingnt modelling. A drainage

system in SWMM is modelled as a series of water ancenaatflow between four major

subunits: the atmosphere, the land surface compartmengrolundwater and the transport or
conveyance compartment (Gironas et al.,, 2008; Rossman, Z208)M adopts a distributed

non-linear reservoir concept to simulate the runoffmfr@ specific sub-catchment after
depression storage; infiltration loss and evaporationsatesfied. While doing so, the sub-
catchment is divided into impervious and pervious zones,irfiieration phenomena being

considered only from the latter zone. The one dimenkifloev routing in the transport

compartment is based on the full set of equations afB#er Saint-Venant.

2.2.1.2The SWMM mode build up

The Paruck catchment drains an area of about 1001ha with thman half of the catchment
covering about 520ha of impervious area (urbanised). We preffaexystem by splitting the
catchment into twenty four sub-catchments with 189 condofit@ total length of about
19km.There are 188 junctions in the network, two weirsabdttery of four identical siphons
placed side by side at the outlet of this catchment. Mosheotewers are brick laid with oval
shapeof minimum height of 1.30m.

In the configuration of the network under study, there &ngle collector that receives
waste water at the outlet of each of the sub-catchmentstite secondary sewers and transports
it to the WWTP. The collector is equipped with a device shehit sends all the wastewater to
the WWTP during dry weather. When the incoming flow inaesdsecause of wet weather:- this
device can send only a maximum discharge of 1.&n#s the WWTP. When the maximum
discharge to the WWTP is reached, the remaining CSO isdsetly to the river via the
siphons. When the capacity of the siphons is alsoegbexk the rest of the CSO is first stored in
the system by the use of a CSO storage cbamlth a capacity of 2200m3 equipped with two
sideflow weirs of the same lengths of 19m each and diifecrest levels of 1.8m and 2m for
weirsl and weir2, respectively and identical dischargeficaafts of 2.215. When the storage
capacity of the CSO storage chamber is exceeded, these28€3 is then discharge to the canal
through the first overflow weir and the process continieeshe second overflow weir. The
schematic representation of the system is shown in é&i§uand some characteristics oé th
system are presented in Table 1.

2.2.1.3Model calibration and validation

The SWMM model was calibrated and validated using observeddidda recorded at the outlet
of the Paruck catchment and recorded by FlowBrw\(.flowbru.bg, an agency that monitors
surface water flows and rainfalls in Brussels. For caiionata rainfall time series was selected
containing a number of high rainfall records with the c@uoesling discharge at the outlet of the
catchment. The results of simulation produced by SWMMhatautlet of the catchment were
plotted against the observed flow and the parameteteahbdel were adjusted to have a good
fit between the simulated flow and the observed flow also the volume of flow recorded

4


http://www.flowbru.be/

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

These parameters were maintained and used to validateeamnaitfall time series containing
flood events as well. Due to some errorsin the recod#d, the data-sets that were used to
calibrate and validate the model were very limited.

2.2.2 TheCOSIMAT
2.2.2.1 The model

COSIMAT is an acronym for Continuous Simulation Model in
MATLAB ™/SIMULINK ™. It is a conceptual model that can be used for bothrtamts and
single event simulations to calculate water fluxeduives, discharges) sent to the receiving
water during flood events.

COSIMAT is composed of two main components; the hydrolagid the hydraulic
components.The hydrologic component contains the sub model componentsotiting of
runoff including rainfall abstraction losses, Dry WeatheswF([DWF) and flow through the
sewer system. Runoff and DWF are first routed into a linesgrvoir model using the notion of
continuity and storage equations whereby the storage &liynelated to outflow by a reservoir
constant as a function of time. This model componemiaide of three identical reservoirs placed
in series and there all have the same reservoitan@Nash cascade concept). COSIMAT uses
the Nash Cascade, which is a reservoir model, to desbeb@mbination of both overland flow
and the flow through the sewer pipes. However this apprdésts doo limited possibilities to
model accurately the routing process because it requmggdwo parameters (reservoir constant
(k) and number of reservoirs which is 3) which moreowelto remain constant throughout the
simulation period.

In the hydraulic component of COSIMAT, the discharge eletish at the out let of the
catchment are represented by hydraulic equations for caollesiphons and weirs which are
programmed using special functions of SIMULINK The storage reservoir at the outlet of the
system is represented in COSIMAT by a lookup table functiortt@ndtorage volume varies as
a function of height of water in the reservoir. Mogtiaions used in COSIMAT are physically
based equations which are also used in hydrodynamic mod&syér the difference between
the two is that most of the processes in COSIMAT anmepkd thus only the most dominant
processes occurring in the sewer system are used to stuslystben using a few parameters as
mentioned in the preceding paragraphe time step of data input into COSIMAT is same as the
time step of the rainfall input which is converted into selso before being used in
MATLAB ™/SIMULINK ™,

2.2.2.2Mod€ build up
The sub components include: the wetting losses, depredsiayes runoff coefficient, dry
weather flow, and reservoir model. The hydraulic componctade a collector, a battery of
four identical siphons, CSO storage chamber and two .weirs

The total rainfalis convertednto net rainfall and routed as overland flow (discharde$. |
addedto the dry weather flow and the sum is sent to the linearves model. From the linear
reservoir model, it is sent to the various dischargenehts at the outlet of the catchment and
each of these discharge elements including the storage/ogsis activated depending on the
volume of inflow present in the system.

Two methods are used for the calculation of net rainfalhe COSIMAT depending on
the inflow to the CSO chamber. For design storm simuiationly the runoff coefficient is used

5
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to calculate rainfall losses while for continuous simaladj other types of lossese included.
This approach was suggested by Viessman et al. (1989). Viessrahn(1989) suggested that,
while estimates of losses due to interception can be fisgmi in annual or long term
simulations, accounting for interception losses mightitneecessary for heavy rainfalls during
individual storm events. For continuous simulations, ogpiaeameters like the wettingdees and
depression storage are included and used as fixed values. ba&aisse, in running continuous
simulations which usually concern long period of time, icasidered that there are some
rainfall episodes which do not generate any runoff. Thisdcbellost either as wetting losses or
depression storage. For continuous simulations, 0.5mm anchrh.4@&re used for wetting losses
and depression storage respectively. These values weneedbr@mm literature (Anonymous).

When the maximum discharge at the outlet of the catohme through the collector and
siphons, is reached, storage is activated within the sydtento the presence of weirs and the
incoming CSO is stored within the system in the storage reasefiVe storage in the system i
represented by a hypothetical storage reservoir as simoiva figure 4 below.

At the beginning of a rainfall event, the conceptual gfeneservoir (Figure 4) is assumed
to be completely empty, i.e with V=0. In this situatiome towest level of water in the sewer
pipes in the network and the minimum water level upstrefithe siphon is Hu_min. In this
instance, all the flow coming into the system is serthéoWWTP via the collector (not shown
here). Storage only occurs in the system when the rsiphoe full and are flowing at full
capacity. During storm events, the volume of storm waténarsystem may increase eventually
to VsiphonCorresponding to water level of Hu_siphon in the systenth&t moment, a volume
Vsiphon IS already present in the system and the siphondflcaveng at full capacity and under
pressure. For activation of weirl, the volume of watéhe system must be equal t@eviwhich
corresponds to the crest level of weirl given by Hweirl arsdwhier is fixed. When this level
is exceeded, weirl is activated. For activation of waifxed volume Veir2 corresponding to
crest level Hweir2 must also be present in the systenwaed this level is exceeded, weir2 be
activated.

Generally, the maximum water levels Hu_max correspondingetanaximum storage of
the hypothetical reservoir will hardly occur except theecaf backwater. However, this levsl i
needed in order to be used as an upstream boundary comdiG@SIMAT. Table 2 shows the
parameters of the COSIMAT.

2.2.2.3Model calibration and validation
The strategy for calibration and validation of COSIMAT Wlaes same as that of SWMM but the
comparison was done between the outflow hydrographs of SV@M#MCOSIMAT using the
same data. However our interest was to compare the volih@SO produced by both models
and comparing the hydrographs was only an additional indisatiwing the correctness of the
calibrated parameter for both models.

Among the parameters shown in table 2, only the reseroostant (k) was calibrated.
This is because:- most of the other variables like dp&dF, runoff coefficient, number of
inhabitants etc were obtained directly from the SWMM nadedetermined using the lookup
table function in SIMULINKM (extrapolation graph)

The runoff coefficient was maintained at 0.8 as the S@5va@lue used throughout
SWMM is 80, though this value may not reflect reality amasthave a significant influence on
the generation of runoff.
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The reservoir constant (k) was calibrated becausaipa&@ameter that influences the travel
time of water in the system and consequently the shépbeooutflow hydrograph and the
guantity of CSO discharge at the outlet of the system.

2.3 Moddling with design storm

The system was first analyzed using design storms. Fsr ttie analysis made by Delbeke
(2001) of The Royal Meteorological Institute (RMI) of Belm was used. Indeed, the design
storms were derived to reduce the number of runs needed to analyze and understand the system’s
performance and behaviour under design flow conditions.ugéel a composite design storm
corresponding to 20, 10, 5 and 2 years of return péoiagdpresent both extreme and moderate
storms.

2.4 Modédling with historical storm

For this, we selected some interesting historical stoarsme series of hourly rainfall data
(recorded by FlowBru) between 2000 and 2008. The storm event$feskdi intensities and

different durations were selected to cover the wide vaoétyainfall patterns that occur in
Belgium. Altogether we selected 16 storm events, witmsturation ranging from 33 hours to
310 hours.

3 Resultsand Discussion

3.1 Modedling with design storms

Table 3 shows the comparison of total CSO volume sengeteetteiving water simulated by the
SWMM and COSIMAT. As it can be observed, the error intttal CSO volume discharged
into the receiving water ranges from 10.6 % to 4.73%. As expexteder error was observed
in the case of the less extreme design storms wétHatlver return period. In average the CSO
volume simulated by COSIMAT was underestimated by 8.63% whichbearvaluated as
reasonable regarding the simplifications introduced he tonceptual model compared to
SWMM. But for all the cases, the COSIMAT underestimated@%0O volume as compared to
the SWMM. This can be explained by Figure 5 which showsSWeVIM and COSIMAT
simulated hydrograph for one hour duration storm event @etgth 26.41 mm) corresponding to
a return period of 10 years. As can be observed, the hydrogeaghfairly matching. The
problem in particular is in the rising limb as well as tieeession limb of the COSIMAT
simulated hydrograph. The recession limb of COSIMAT sated hydrograph ceases too early
as compared to the SWMM simulated hydrograph which leads tmtterestimation of the total
CSO volume. However, the peak discharge of COSIMAT matclsgly with that of SWMM
and this is typical for most of the CSO volumes setihéoreceiving water.

3.2 Modélling with historical storms
Table 4 shows the comparison of total CSO volumes setietoeceiving water from SWMM
and COSIMAT for 16 historical storms. The difference ranfyem -12.57 % (underestimation
by COSIMAT) to +4.67 % (overestimation by COSIMAT). In averagee CSO volume
simulated by COSIMAT deviates from that of SWMM by 7.40%.

Figure 6(a) shows the observed and SWMM simulated hydrograpbfan event 14 (258
hours starting on 29/11/2007 at 14:00). As it can be observed,athel fairly reproduced the
observed discharge at the outlet of the system. Fi§(bkeshows the scatter plot of tkeme

7
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storm with the discharge transformed using Box-Cox (B&)sformation (Box and Cox, 1964).
The parameter ‘A’ of the transformation is chosen to be 0.25 as suggested by Willems (2009).
The transformation is needed because the model residuaisifall-runoff model increases with
higher flow values (Willems, 2009) which is undesirable since thége values significantly
influence the model results when calculating goodnéd# statistics such as Nash-Sutcliffe
Efficiency — NSE (Nash and Sutcliffe, 1970) and Mean Squared Error (MSE). Bhe
transformation with appropriate ‘A’ makes sure that the model residuals are homoscedastic
(Willems, 2009). As it can be observed in Figure 6(b), teamdeviation is slightly below the
bisector line indicating a slight underestimation by the SWMIso, the model results show
some scatterings (discharge points outside the standaradtideviines) too. In this case, the
discharge points are normally distributed; the standard timvines represent 68% confidenc
limits too. The NSE and MSE values are found to be 0.79 and &4respectively. These
goodness of fit statistics complemented by the graphioés ghow that the SWMM simulated
flows are very good according to Moriasi et al. (2007)’s criterion.

Figure 7(a & b) show an identical plot as Figure 6(a) &t the comparison is between the
SWMM simulated discharge and COSIMAT simulated dischargettier same storm event
(storm event 14, Table 4). As it can be seen, the COSIMasTfairly reproduced th§WMM
simulated discharge but with lesser accuracy. As itbeaseen in Figure 7(a), the COSIMAT
underestimated most of the peaks which is reflected in Fig{ie where the mean deviation
lies slightly below the bisector line. Also, the model fessshow more scatterings as the number
of discharge points could not be contained by the standardtide lines. The NSE and MSE
values are found to be 0.66 and 1.3%/snrespectively. These goodness of fit statistics
complemented by the graphical plots show that the COSIMATulaied flows are good,
according to the Moriasi et al. (2007)’s criterion although the COSIMAT showed problems
reproducing the peak flows.

4  Conclusions and recommendations

We tested the potential of a continuous simulation mM@@OSIMAT) to mimic detailed
hydrodynamic model, the Storm Water Management Model (SWMMjew of simulating the
total CSO volume sent to receiving water. We tested it to siem@&O and flow at the outlet of
a fairly important collector of WWTP-North, the Paruckllector. We observed that the
COSIMAT model could reproduce the total CSO volume seneariver with some accuracy.
The average difference in total CSO simulated volumedezt the COSIMAT and SWMM was
found to be 7.40 % for the 16 considered storm events. COSIMI&o reproduced the
hydrograph at the outlet of the considered sewer system redésonable accuracy and with
substantial decrease in calculation time. The prold&€@OSIMAT showing quick response in
simulated hydrographs compared to SWMM is an issue thatresdurther investigation though
this had a little influence on the results of total CSt s& the receiving water. From this, we
conclude that it is not always necessary to represenewserssystem with a detailed
hydrodynamic model. Conceptual models like COSIMAT can reprodoeesituation with
reasonable accuracy, with reduced calculation time atttbuti numerical instabilities. Such a
conceptual model can be a part of an integrated modellingnsyte represent the sewer system
which in turn can decrease the calculation time subsligngad thus, a feasible integrated
modelling system can be put into operation.



339 5 Acknowledgements

340 Mr. Nkiaka got a scholarship from Vlaamse Interuniversitétead (VLIR) to pursue

341 InterUniversity Programme in Water Resources EngineetldBWARE) course. The authors
342 would like to thank the different agencies (RMI and FlowBau)providing the data.

343

344 6 References

345 Beven K. and Binley A. (1992). The future of distributed mad&ledel calibration and

346 uncertainty prediction, Hydrol. Processé€#§3): 279-298.

347 Box, G.E.P., Cox, D.R. (1964). An analysis of transfornmstidd. Roy. Statist. Soc. Ser. D., 244
348 252.

349 Cantone P.J. and Schmidt R.A. (2009). Potential Dangers ofliyimyp Combined Sewer

350 Hydrologic/Hydraulic Models. J. Hydrol. End.4(6): 596-605.

351 Delbeke L. (2001). Extreme neerslag in Vlaanderen. Nieuwe ¢tDFven gebaseerd op
352 langdurige meetreeksen van de neerslag. KMI, in opdrachth&aiMinisterie van de
353 Vlaamse Gemeenschap.

354 Duchesne S.,Mailhot A., Dequidt E. and Villeneuve J.P. (2001}hévaatical modelling of
355 sewers under surcharge for real time control of comtseeder overflows. Urban Water,
356 3,241 252,

357 Erbe V., Risholt L.P., Schilling J. and Londong J. (2002edrated modelling for the analysis
358 and optimisation of wastewater systerthe Odental case. Urban Watéf]): 63 - 71.

359 EU (2006). Directive 2006/7/EC of the European Parliament atideo€ouncil of 15 February
360 2006 concerning the management of bathing water quality. Offimaknal of the
361 European Union 6437-51.

362 Garnier, J., Brion, N., Callens, J., Passy, P., DeligneBillen, G., Servais, P. and Billen, C.
363 (2013. Modeling historical changes in nutrient delivery and wapeality of the Zenne
364 River (1790s2010): The role of land use, waterscape and urban wastewater
365 management. J. Marine Sy<iti?8, 62-76

366 Gironas, J., Roesner, L.A. and Davis, J. (30@orm Water Management Model application
367 manual, US EPA.
368 Gregersen, J. B., Gijsbers, P.J.A. and Westen, S. J20®7. OpenMIl: Open modelling

369 interface.J. Hydroinform, 9(3), 175-191.

370 Hager W.H. (1999). Wastewater Hydraulics: Theory and pra&@jesenger-Verlag, Berlin,

371 628 pp.

372 Mannina, G. and Viviani G. (2009). Integrated urban drainage mode#inplified versus
373 detailed modelling approach for receiving water quality assessi@hWorld IMACS
374 MODSIM Congress, Cairns, Australia 13-17 July, 2009.

375 Meirlaen J. (2002). Immission based real time controhtdgrated urban wastewater system.
376 PhD Dissertation. University of Ghent, Belgium.

377 Moore, R.V. and Tindall, C.I. (2005 An overview of the open modelling interface and
378 environment (the OpenMl). Environ. Sci. Polic§(3), 279-286.

379 Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Binger, R.lHarmel, R.D. and Veith, T. (2007).
380 Model evaluation guidelines for systematic quantificatidnaocuracy in watershed
381 simulations T. ASABES0(3) 885-900.

382 Nash, J.E., (1957). The Form of the Instantaneous Unit Igyapb, Publication 42, Walingford,
383 England, International Association of Scientific Hyargy, pp.112-114.



384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

412

Nash, J.E. and Sutcliffe, J.V. (1970). River flow forecagstmough conceptual models part | -
A discussion of principles. J. Hydrpl0(3) 282-290.

Rauch W., Seggelke K., Brown R. and Krebs P (2005). Integfgiprbaches in Urban

Storm Drainage: Where Do We Stand? Environ. Man&$é4), 396-409.

Rauch, W., Bertrand-Krajewski J-L, Krebs P., Mark @hiing W., Schuetze M., and

Vanrolleghem P. (2002). Mathematical modelling of integratbdrudrainage systems.

Water Sci. and Techno#5(3), 81-94.

Rossman L. E. (2009). Storm Water Management Model (SWMBdr’s Manual Version 5.0.
US Environmental Protection Agency, Cincinnati, 266 pp.

Savenije H. H. H. (2009). The art of hydrology. Hydrol. E&¥ist Sci, 13, 157- 161

Shrestha, N. K., Leta, O. T., de Fraine, B., van GuensA., Garcia-Armisen, T., Ouattara, N.
K., Servais, P. & Bauwens, W. (2012) Integrated modellingriedr Zenne using
OpenMl. In Proceedings of the 10th International Conferemcelydroinformatics HIC
2012, 14h -18th July, Hamburg, Germany.

Shrestha, N.K., Leta, O.T., de Fraine, B., van Griems@e and Bauwens, W. (2013) OpenMI
based integrated sediment transport modelling of the @esme, Belgium. Environ.
Modell. Softw, 47, 193-206

Simulink Users Guide (2009). The MathWorks, Inc, Natick, 1528 pp.

Solvi A. M. (2007). Modelling the sewer-treatment-urban riwestesm in view of the EU

Water Framework Directive. PhD Dissertation. Universitgsbient, Belgium.

Viessman, Jr. W., Lewis, G.L., and Knapp, J.W. (1989). Intriaiu¢o hydrology (3' edition).
Harper Collins Publishers, New York.

Willems, P. (2009). A time series tool to support the multeda performance evaluation of
rainfall-runoff models. Environ. Modell. Softy24(3) 311-321.

Zoppou C. (1999). Review of Storm Water Models. Integratedrwedeagement group, CSIRO
Land and Water, Canberra, Technical Report 52(99): 64 pp.

10



413

414
415
416

417

List of Figures

Water courses
[ | Walloon Zenne
:l Flemish Zenne
D Brussels-Capital Region

0 5 10 Km
L a |
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Table 1 The SWMM model characteristics of the Paructesys

Characteristics

Values/Methods

Area 1001ha
Impervious area 520ha
Number of subcatchments 24

No of inhabitants 101900

Dry Weather Outflow 340 lit/ha/day
Infiltration model used SCS-CN
Number of rain gage 1

Routing model

Dynamic wave

Force main equation Darcy-Weisbach
Number of conduits 189

Number of junctions 188

Number of weirs (side flow weirs) 2

Number of siphons (same characteristics) 4
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474  Table 2: Parameters values of the COSIMAT used for the Paruck system

Model .
Parameter Symbol Values Unit
Components
Area A 5200000 m?
Wetting loss - 0.50 mm
Depression storage Lmax 1.40 mm
Runoff coefficient C 0.80 -
No of inhabitants Inh 101900 -
) lit/ha/d
Hydrologic Dry weather flow DWF 340
ay
Reservoir constant (subjected to be
) ) ) K 180-360 sec
calibrated, varies with the storm events)
Maximum storage capacity of reservoir Smax 2198 m3
Minimum storage capacity of online
. Si 0 m3
reservoir
Minimum discharge capacity Qmin 0 m3/sec
Collector i i i
Maximum discharge capacity Qmax 1.80 m3/sec
Diameter of siphon D 1.20 m
] Siphon Length of siphon L 60 m
Hydraulic _
Roughness coefficient f 0.016 -
Level of weirs crests Hweir 14.35&14.55 m
Weir 1+2 Weir discharge coefficient Cd 2.215 -
Width of weir Weir 19 m

475
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Table 3: Comparison of total CSO sent to receiving water from SWMM and COSIMAT models

for different design storms

CSsO

CsoO

Return Average
. volume volume Error
periods error
(m?) (m?) (%)
(yrs) (%)
SWMM COSIMAT
20 132659 118600 10.60
10 113546 102100 10.08 8.63
5 94099 85510 9.13 '
66663 63510 4.73
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Table 4: Comparison of total CSO for SWMM and COSIMAT models for 16 historical storm events

cso cso
S Ssttt;r: Storm end ds:l?;?o Rainfall volume volume Error A\:::g?e
N date/time date/time n (hr) (mm) (m?3) (m?3) (%) (%)
SWMM COSIMAT

07/02/2000 | 07/08/2000

1 et s 142 481 134962 119600 11.4
07/23/2001 | 08/02/2001

2 v et 258 55.01 280268 267000 473
09/04/2001 |  09/09/2001

3 et s 129 82.26 320486 280200 12.6

4 07’125_’5804 07/24/20041:00 | 33 44.92 204844 197400 3.63
08/06/2004 | 08/19/2004

5 et e 310 82.48 191555 177000 7.60
06/29/2005 |  06/30/2005

6 BN et 44 61.56 254534 223900 12.0
07/04/2005 | 07/08/2005

7 ot et 102 72.72 291227 254700 125

8 09/215,/5805 09/16/20055:00 | 128 59.48 253827 231200 8.01

' 7.40

10/22/2005 |  10/25/2005

9 2 et 68 42.34 126681 132600 4.67
08/02/2006 | 08/04/2006

10 | 090220 e 2 73.98 336183 298400 11.2

11 08/311,/3806 08/18/2006 7:00 | 174 89.54 324771 293900 9.51
08/21/2006 | 08/29/2006

12 | O¥ZVZ o 191 75.65 264964 239000 9.80
05/07/2007 | 05/20/2007

13 | OO0 2o 314 477 50801 53410 5.14
20/11/2007 | 11/12/2007

14 | 2V 2 258 94 185059 167400 9.54
03/15/2008 | 03/22/2008

15 | 03052 2 162 58.2 160216 149580 6.64
08/03/2008 | 08/08/2008

16 | 0002 s 116 60 246252 226300 8.10
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