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Abstract The urban wastewater system components (sewer, treatment plant, and river) are often modelled
using complex mechanistic models. Mechanistic surrogate models are introduced here as simplified models
that still contain some physical knowledge. Surrogate models are faster, but are less but still sufficiently
accurate, and require more data to be calibrated. The possibilities of replacing actual field data by virtual data
generated with a complex mechanistic model for calibration of the surrogate model are examined. As an
example, a series of tanks with variable volume is shown to approximate sufficiently well the flow propagation
in the river Zwalm (Belgium) as predicted by the “de Saint-Venant” equations.

The three surrogate models can be implemented in the WEST® simulator, which makes a simultaneous
simulation of the system possible. In this work a connection is made between the ASM1 and the new IWA
River Model No. 1 (RWQM1) by using a translator between the models in such a way that both mass and
elemental balances remain closed for the overall system. This approach is illustrated with a case study on the
river Lambro (Italy). The dispersion process in this river with steady flow could be modelled by using a tanks
in series model, while the water quality in the river was predicted to improve substantially with an increase in
hydraulic capacity of the treatment plant. The simulation results with the upgraded plant still need to be
checked by field data.
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Introduction

Theintegrated urban wastewater system (sewers, treatment plants and receiving water) has
amajor impact on the quality of the receiving water, due to discharges of combined sewer
overflows (CSO) during storms and due to the effluents of the treatment plants. To min-
imise thisimpact in agiven situation, real time control can be applied on the sewer system
and/or on the treatment plants. The objectives of these control strategies are e.g. to min-
imise the total overflow volume or to avoid sludge washout during hydraulic overloading
of the plant. Different studies show the beneficial effect of these control actions (among
others, Nielsen et a., 1996; Entem et al., 1998; Petruck et al., 1998). However, Rauch and
Harremoés (1999) showed that minimising the total overflow volume not necessarily
resultsin the best water quality possible. It therefore seems necessary to take into account
the resulting river water quality when determining the control actions, rather than starting
from thetraditional emission point of view.

Oneway totaketheresulting river water quality into account isto use model based pre-
dictive control (MBPC) of the integrated urban wastewater system. This control method
needs an integrated model, with the three subsystems running simultaneously. With a
simultaneous simulation, the current and predicted states of the river water can be used to
determinethecontrol actionsin e.g. the sewer system, whereasin sequential simulationthis
is not possible, since the water quality is only calculated after the simulation of the other
systemsiscompleted. Anintegrated model can al so be used when designing or upgrading a
system, where it allows to quickly quantify the effect of different design options on the
resulting water quality. Because of these advantages, a simultaneous simulation of the
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integrated urban wastewater system has been asked for since the last few years (Rauch et
al., 1998; Schitzeet al., 1998).

Flow routing in sewer pipes or rivers can be described by the “ de Saint-Venant” equa-
tions, which are based on the conservation of mass and momentum. These partial differen-
tial equations have to be solved using an advanced numerical integration algorithm with a
high computational burden, which makesthe model impractical for usein long-term simu-
lations or in optimisation problems. However, this complex mechanistic model is able to
accurately predict flood wave propagation in channels. Because design and model based
predictive control are both examples of optimisation problems, typically alot of simula-
tions are necessary in order to find a (sub)optimal solution. Hence, short simulation times
arerequired in order to find a solution within a reasonable time. For this reason, the com-
plex mechanistic model s as described above need to be substituted by faster models. Inthis
paper theterm “ surrogate” model sisused for thelatter, asthey form asurrogate (an approx-
imate substitute) for the “real thing”, i.e. the complex mechanistic model that is approxi-
mating reality better. As with any model, two types of simplifications are possible, the
empirical (black box) and the mechanistic (white box) approach. In this paper, aconcept on
how to go from reality to a mechanistic surrogate model is proposed and subsequently
applied to theintegrated urban wastewater system.

Another problem encountered in integrated modelling are the differences in variables
used inthedifferent state of the art model s of the subsystems. Thereason for thisincompat-
ibility isthat these models have been devel oped independently during the last decades. An
obvious example of these differencesisthe use of BOD in traditional sewer and river mod-
elsto describe organic pollution, whilein wastewater treatment plant models COD istypi-
cally used. The problem of combining sewer and treatment plant models was already
discussed by Fronteau et al. (1997). Maryns and Bauwens (1997) have used an Activated
Sludge Model No. 1 (ASM1, Henze et al., 1987) model in riverine conditions in order to
avoid translation of the states. In order to address this problem more fundamentally, an
IWA Task Group has developed a novel river model, which is COD based (RWQM1,
Reichert et al., 2001). However, there still exist differences between the variables of
RWQM1 and the variables of ASM 1. In thiswork, a consistent translation of the states of
ASML1 to the states of RWQM 1 has been pursued. This connector between the treatment
plant model and the river model closes both mass and elemental mass balances and is
appliedin acase study on theriver Lambro (Italy).

Mechanistic surrogate models

The concept: from reality to mechanistic surrogate models

When modelling asystem, there aretypically three sources of information that can be used
(Spriet and Vansteenkiste, 1982). The first one is the goal of the modelling exercise, the
second oneisthe prior knowledge about the system under study, and the third oneisthe set
of availabledata. Inthiswork, thegoal isindependent of the type of model (complex or sur-
rogate) chosen and is not considered further in the discussion. For the amounts of dataand
prior knowledge, however, these differences do exist.

When there is alot of knowledge available (like e.g. in physical systems), arelatively
small amount of data is needed to calibrate the few unknown parameters of the model
(small data box in Figurel(a)). Indeed, many parameters have a physical meaning with a
known value (e.g. the gravity constant g). When using a simplified model, in which less
information is contained in the equations, more data are needed to compensate for the lack
of information from the knowledge side (large data box in Figurel(b)). Many parameters
no longer have a strict physical meaning, as they are the result of “lumping”. Rather than
trying to recalculate them from the lumping equations, it is preferred to use data to
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Figure 1 Sources of information during model building and surrogate modelling procedure

empirically find them. However, collecting datais an expensive and time-consuming task
(Vanrolleghemet al., 1999). Hence, collecting enough datato reliably calibrate asurrogate
model may be an enormous or evenimpossibletask. On the other hand, complex mechanis-
tic models can be calibrated with areasonable amount of effort, which is proven by numer-
ous articles in the literature in a wide range of fields. These mechanistic models are
accurate, but requiretoo much calculation timefor iterative use such asin design or MBPC,
whichisthefuturegoal of thisresearch project. Thefirst problemto betackled isthedevel-
opment of faster models.

The solution to this problem as proposed in this paper, is shown in Figure 1(c). Instead of
trying to collect al the data from reality, one can also generate “data’ by using the complex
mechanistic model. After calibration of the complex model (with little data), simulation
resultsyield virtual datathat can be used to calibrate the surrogate model. Thiscan be seen as
“pumping” the knowledge summarised in the complex mechanistic model into the surrogate
model by means of these virtual data. Once this surrogate model is calibrated, it can then be
used within an optimisation procedure. To improve the reliability of using the model predic-
tions one can, before use, check the solution suggested by optimisation with the surrogate
model, with the predictionsfor that sol ution obtained with the more accurate complex model.
Whenthislast test is passed successfully, the solution can be applied toreality. The suggested
procedureto go fromreality to asurrogate model can be summarised asfollows.

1. Determinethe system under study, its boundaries and the problem to be solved.

2. Collect data on the system to calibrate the complex mechanistic model. This data col-

lection may be assisted by optimal experimental design (OED) on reality by using the

complex model to be calibrated.

Calibrate and validate the complex mechanistic model.

4. Generate datafor the calibration of the mechanistic surrogate model. This data collec-
tion may be assisted by OED on the complex mechani stic model by using the mechanis-
tic surrogate model. Note that, in contrast with real measurements (like in step 2), the
number of degrees of freedom for experimental design optimisationismuch higher and
only limited by the creativity of the user.

5. Cadlibrate and validate the mechanistic surrogate model.

w

The application: from catchment to an integrated surrogate model of the urban wastewater system
Figure 2 shows the application of the previous concept on the urban wastewater system.
Typical examplesof complex mechanistic models of the different subsystemsaregiven. In
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Figure 2 From reality to surrogate models using complex models

both the sewer models (HY DROWORKS, MOUSE, ...) and the river models (MIKE11,
I1SIS, DUFLOW-EUTROFL,...) flow propagation is described using the “ de Saint-V enant”
equations. These partial differential equations can be simplified in certain cases, but they
still require advanced numerical integration and hence along calculation time. Therefore
alternativesfor these models are suggested.

Fronteau (1999) compared the conceptual sewer model K osim with the complex mecha-
nistic Hydroworks model. Kosim describes run-off and flow propagation in the sewer sys-
tem of each subcatchment by means of a Nash-cascade and a transportation time (Paul sen,
1986). When comparing this to the complex mechanistic models, where most of the pipes
are calculated in detail, it is clear that the simulation time of the surrogate model will be
much shorter. Thelong-term simulations of Kosim and Hydroworks gave similar resultsin
Fronteau’ swork, but Kosim was significantly faster. Since the Kosim model uses discrete
time steps, it could not be implemented efficiently as such in the WEST® simulator
(Hemmis NV, Kortrijk, Belgium) because this package is very effective in solving
differential equations, but less so in solving discrete time equations. The corresponding
differential equations have been worked out and implemented in the WEST® simulator.

Flow routing in rivers can be approximated by a series of tanks with variable volume
(Beck and Y oung, 1975). Moreover, when these tanks are al so used to describe the solutes
in the river, the model is also able to describe dispersion in a reasonably accurate way
(Reda, 1996). When, in addition, abiological conversion model is used to predict the con-
version taking placeintheriver, aseriesof continuously stirred tanks can be easily used for
modelling river water quality. The procedure of calibrating the flow propagating properties
of aseriesof tanks on datagenerated by the“ de Saint-Venant” equationswill beillustrated
inacase study performed on theriver Zwalm (Belgium).

The WEST® simulator was originally used mainly for simulation of wastewater treat-
ment plants and an extensive WWTP model base is avail able. Both the simplification of the
runoff/sewer model and the tanks in series river model are now implemented in this pack-
age. Hence, the three parts of the integrated urban wastewater system (IUWS) are now
available in a single software tool, making linking of the submodels straightforward.
Moreover, problemswith file or datatransfer between different simulators are avoided and
most importantly asimultaneous simulationis possible.

A case study on hydraulic surrogate models: a tanks in series model of the river Zwalm (Belgium)
Theriver Zwalm isasmall river near Brakel in Flanders (Belgium). It has an unsteady flow



with low flows in summer time (0.3 m3/s) and high flows during rainy periods (up to
4.7 m3/s). The studied reach of the Zwalm has alength of 5.5 km. A moveableweir formsthe
downstream boundary condition. In the reach studied, severa subcatchments discharge into
theZwam. A field survey of the reach yielded data about the longitudinal profile of theriver,
whilealso cross-sectional profileswere collected. These datawere sufficient to defineamodel
of the Zwalm in the simulation tool Aquasim (Reichert, 1994). Aquasim also uses the “de
Saint-Venant” equations to calculate flow routing. The diffusive wave approximation of the
“de Saint-Venant” equationswas used to generate virtual data. The upstream inflows together
with the side stream di scharges were cal culated using rain seriesfrom Ukkel (Belgium) which
served as an input to a ssimple runoff model (Fronteau et al., 1999). Subsequently, the water
flowsa ong theriver could be calculated (For details, seeMeirlaenet al., in preparation b).

The physical inflows could be grouped into six lateral model inflows, which yielded a
total of 7 tanks to describe the total reach under study. The first attempts to describe the
flow with traditional rectangular tanks failed. This was explained by the fact that theriver
Zwamisonly afew meterswide, which meansthat its cross-section could not be approxi-
mated by arectangle asused in the traditional tanksin seriesmodels. A parabolic relation-
ship between the height and the cross-section turned out to be the most appropriate
approximation (for detailsseeMeirlaen et al., in preparation b).

Thisyielded a surrogate tanks in series model with five parameters to be calibrated for
each tank:

A:I’OS = ah2 + bh
Q. =a(h-B)"
inwhich
Ao thecross-sectional area(m?)
Q. the outflow rate of thetank (m3/s)
h water height of thetank
a,B,y outflow parameters
a,b parameters characterising the shape of the cross-section

The parameters a and b are used to describe the relation between the height and the
cross-sectional areaand could be estimated using thefield survey data. The parametersa, 8
and y describe the relationship between the water height and the outflow rate of the tank,
and were calibrated using the data generated by the complex mechanistic model. They were
estimated for each tank separately by using aninflow seriesof 2 days during which onetyp-
ical flood wave passesthrough the Zwalm. After calibration and validation of eachtank, the
tanks were connected to each other and the overall model was validated using a different
inflow seriesof 7 days. Theresults of thisvalidation are shownin Figure 3.

Figure 3(a) showsthe validation results for aperiod of seven days. The Figure shows a
very good fit of thetwo data series. When zooming in (Figure 3(b)) thefit appears not to be
perfect. With the surrogate tanks in series model the peak flow isfound 0.3 h earlier than
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Figure 3 The validation results of the river Zwalm
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with the complex model. This can be explained by the fact that in atank the water level is
aways horizontal, so that when a flood wave enters the tank, this has an immediate effect
ontheoutflow, whereasin reality thisisnot the case (Reda, 1996). Redawas ableto reduce
thiserror by introducing an extraparameter that artificially increasesthe height of the tank,
thusresulting in alonger theoretical residencetime and, consequently, in aslower propaga-
tion of the flood wave. In the case study of the Zwalm, this extension was not taken into
account in the model because the simulation results proved sufficiently close to the data
generated by the complex model. Consequently, it was concluded that the surrogate model
was able to adequately describe the system. Moreover, the mechanistic surrogate model
wasfound to be cal culating three timesfaster than the complex mechanistic model.

Integrated modelling

Integrated modelling: connecting ASM1 and RWQM1

In order to simplify the connection between treatment plant models (typically COD based)
and river water quality models (typically BOD based), a COD based river water quality
model has been developed in which mass balances and elemental balances for C, N, O, P
and H are closed (Reichert et al., 2001; Shanahan et al., 2001; Vanrolleghem et al., 2001).
In order to maintain thisimportant feature for theintegrated model, the proposed connector
between the states of the ASM 1 and the RWQM 1 also has closed mass and elemental bal-
ances. To achievethis, it was necessary to assume a constant chemical composition of the
ASM1variables. Somestatesvariablescan belinked very easily, while othersrequire some
more attention. Particul ate material that isbiodegradable accordingto ASM 1 (Xg) will also
remain biodegradable in riverine conditions. Biomass translation is less evident. The fate
of biomass coming out of the treatment plant is uncertain because totally different condi-
tions occur in the receiving water. A fraction will probably remain active, another fraction
is expected to die and has, hence, to be divided in a biodegradable and an inert part. Once
the organic compounds are transl ated, elemental balances haveto be closed. Dissolved car-
bon dioxideisused asasink term for carbon, while a so the other elements haveinorganic
representativesin the RWQM1 (H*, HPO,. NH, O,) to act as compensation between the
elemental contentsinthe ASM1 and the RWQM 1. For more details, see Meirlaen et al. (in
preparation b) and Benedetti and Sforzi (1999).

Integrated modelling: use of surrogate models on the river Lambro

The above connector and surrogate model s have been used on acase study of theriver Lambro,
Italy. For a description of the catchment, see Whelan et al. (1999). The treatment plant in
Merone has been focussed upon in this study. Before June 1998, this treatment plant had one
primary clarifier, two oxidation tanks and two secondary settlers, but the hydraulic capacity
wasinsufficient even to treat the dry weather flow, with adaily bypass of raw wastewater asa
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Figure 5 Ammonia concentrations in the Lambro during a storm, with old (a) and upgraded (b) plant
capacity

consequence. Theplant was extended with another primary settler, an extraoxidation tank and
an extrasecondary settler in June 1998 (seeMeirlaen et al., in preparation a).

In this study the river Lambro has been modelled as a series of completely mixed tanks
with variablevolume. Sincethe flow could be assumed to berather steady (duetoitsoriginin
alakefurther upstream), and since 2 rating curves along theriver reach wereavailable, it was
not necessary to set up a complex hydraulic model. The variable volume tanks parameters
were set on the basis of theserating curves. The available tracer data (Boron) were sufficient
to determine the number of tanks needed to describe the behaviour of the river. Due to the
steady flow, dispersion wasthe only important physical processto betaken into account. The
effect of the number of tanks on dispersion is shown in Figure 4(a). It is clear that with an
increasing number of tanks, dispersion is decreasing, while the peak concentration arrives
later. By comparisonwith thefield data, it was concluded that 47 tanksyielded agood approx-
imation of the Boron concentration in the last section of theriver, for peak time, peak height
and dispersion rate. When looking at several places along theriver (Figure 4(b)) and taking
into account the uncertainty of the data, it was decided that 47 tanks described the hydraulic
behaviour reasonably well (for details, seeMeirlaen et al., in preparation b).

Dueto alack of data, thetreatment plant model wasonly calibrated on daily average efflu-
ent quality data, while using the parameters of the ASM 1 as suggested by Henze et al. (1987)
asastarting point. Simulations with both the previous and the current plant layout have been
performed. The available data are from the former plant layout (Gandolfi and Facchi, 1998a,
b). Since no datawere available for the upgraded plant, identical biological parameters have
been used in both cases, hence simulation results should be carefully interpreted.

After thedevel opment of both theriver model and thetreatment plant model wereimple-
mented in WEST®, and these models were linked to each other by the connector as
described above. Some simulation results are shown in Figure 5. Because of the lower
hydraulic capacity of the old plant, more water had to be bypassed, resulting in high pollu-
tion peak loads coming from the treatment plant (Figure 5a). The ammonium wave travels
downstream with timewhilethe peak concentrationislowered dueto dispersionand nitrifi-
cation in the river. With the upgraded plant, the overflow at the treatment plant is much
lower, resulting in hardly elevated ammonium concentrations during the bypass under
study. The effect of an increase in hydraulic capacity can be predicted as expected, but
should be confirmed by measurements on theriver with the upgraded plant in operation.

Conclusions
A new procedure to build and calibrate surrogate models with the aid of complex models
has been outlined. This procedure solves both the problems of thelong cal cul ation times of
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the complex mechanistic models and the problem of the amount of field data required to
calibrate models. Indeed, acalibrated complex mechanistic model isused to generate virtu-
a data, which are subsequently used to calibrate afast surrogate model. This approach was
illustrated on the river Zwalm, where flood wave propagation could be approximated by a
series of tanks with variable volume. This surrogate model to predict the hydraulic behav-
iour is easier to implement and can be used in combination with a biological conversion
model. Moreover, it wasthree timesfaster than the compl ex mechanistic model. Hence, the
use of surrogate model s within optimisation problems seemsto be promising.

A connector necessary to link the ASM1 and the RWQM 1 models has been devel oped
and applied in a case study on the river Lambro. Due to the steady flow regime and the
availability of rating curves, the hydraulics of the Lambro could be approximated by a
series of tanks with variable volume. It was not necessary to build a complex hydraulic
model and generate virtual data with it. Because both the treatment plant and the river
model could be implemented within the WEST® modelling and simul ation software, link-
ing of the two modelsis straightforward and simultaneous simul ations can be conducted.
Simulation resultsclearly show the detrimental effect of the pollution load of both overflow
and treatment plant on the river. The integrated model predicts a substantial reduction in
pollution load and an increase in the river water quality by the extension of the hydraulic
capacity of the treatment plant. The simulation results for the upgraded plant still need
validation by field data.
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