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Abstract

The Storm Water Management Model (SWMM) is considered one of the standard tools for modeling sewer systems, but it does
not have the programmer's toolkit. In this work a toolkit library is presented, which has been built for running wastewater quality
simulations from an outside environment. An example of the developed Toolkit use is furnished applying it to a pollution source
identification (PSI) problem, expressed as an optimization problem. The presented example shows the capability of the Toolkit in
providing a useful tool for performing network analysis from other applications and demonstrates the good performance of the
proposed PSI methodology.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Peer-review under responsibility of the Organizing Committee of WDSA 2014

Keywords: Toolkit; Sewer system; SWMMS; Optimization problems; Pollution source.

1. Introduction

Wastewater systems in urban areas can be different in typology and size, but they all include a collection system,
which can be combined or sanitary sewers. The good functioning of the wastewater treatment plant (WWTP) strongly
depends on the quality of the wastewater. Moreover, watercourses are more susceptible to contamination when they
are linked with sewer systems, because stormwater outfalls can discharge pollution from various catchment sources,
such as, vehicle emission, building and road corrosion and erosion, animal faeces, street litter deposition, fallen leaves
and grass residues and spills. Serious short-term pollution can arise from Combined Sewer Overflows (CSOs) too.
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Nomenclature
Co concentration of the contaminant at the source
#°»  measured concentration at sensor i at time step ¢
Ci simulated concentration value at sensor i at time step ¢
D duration of the contamination event
F objective function
i sensor index
L node index of the contaminant source
N total number of sensors
t time step
To start time of the contamination event
to time of the first detection of the contamination at sensors
t. current time

In order to control those situations, modeling wastewater hydraulic and quality in sewer systems is an important
basic requirement for adequate management strategies [1]. Simplified quality models have been linked to hydraulic
flow models of sewer systems for some time. By in the mid-1980s, deterministic flow models have become so popular
and widespread in their use, such natural tools for the drainage engineer, that they seemed an appropriate step to
develop deterministic quality models of sewer-flow. Physically-based deterministic models have become available
for general use, also for quality modeling. Actually there is a greater variety of modeling packages for simulating both
flow and quality in sewers, such as SWMM (Storm Water Management Model), MOUSE TRAP, Wallingford
packages etc [1]. The USEPA's SWMM [2] is a dynamic rainfall-runoff simulation model that computes runoff
quantity and quality from, primarily, urban areas. Runoff and pollutant loads generated from precipitation in different
subcatchments are functioned by the runoff component of SWMM. This runoff transported through a system of pipes,
channels, storage/treatment devices, pumps and regulators are operated by the routing portion. SWMM tracks the
quantity of runoff generated within each subcatchment, evaluating the flow rate and depth in each pipe and channel
during a simulation period comprised of multiple time steps. SWMM has also the ability of analyzing the buildup,
washoff, transport and treatment of a number of water quality constituents during either wet or dry weather flow
conditions. In water distribution systems (WDSs), starting from water quality modeling, many efforts have been spent
for studying the detection of contamination events [3, 4, 5].

This topic has not been addressed in sewer systems, even if the individuation and the elimination of illicit intrusions
is a very important aspect of their management policy. Recently, the wastewater and stormwater management is
evolving from a simple flood and sanitary control to a whole environmental protection function. In many countries,
such as EU and US states, operators are required to obtain a permit for discharges in sewer systems from the regulatory
authority. So, a very important aspect of the sewer system management policy is represented by the detection and the
elimination of illicit intrusions. Those events may generate problems to waste water treatment plant and/or to the final
recipient water body. Moreover, for combined sewer systems intrusions are more probable as they are realized through
open channel flow networks and because the collection networks are geographically dispersed and have multiple
access points, which are generally not monitored. For all these reasons, in urban drainage systems (UDSs) the
identification of the source of the illicit intrusion, along with the inflow characteristics is of particular interest. A first
difference in treating the source contamination identification in UDSs respect to WDSs is in the definition of a
contaminant event. In the present research work it is assumed that a contamination is represented by the intrusion of
a pollutant substance, different from the usual composition of the wastewater of the network. In these terms, the
detection of a contamination in a UDS is becoming a real possibility, since the implementation in the recent years of
new real-time monitoring sensor systems instead of the standard analytical procedure measurements [6]. Assumed
that, based on monitoring system measurements, an event detection procedure indicates a contamination is in act, in
this paper a methodology to identify the contaminant source characteristics in a sewer network is proposed. This
pollution source identification (PSI) methodology is formulated as an optimization problem, which minimizes an
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objective function. In particular, it has been developed in order to individuate the contamination source location, along
with its main characteristics, represented by the input concentration, starting time and intrusion duration. The storm
water management model SWMM is used as hydraulic and water quality simulator, while a Genetic Algorithm (GA)
code is adopted for solving the optimization problem. One of the major limitations in using the SWMM software in
the PSI methodology is the unavailability of a complete programmer's toolkit as the hydraulic network simulator
EPANET [7] does. Several researchers [8, 9, 10] have made their effort to improve the existing EPANET toolkit, but
no such effort have been seen so far in the case of SWMM. The current SWMM dynamic link library (DLL) consists
of just nine functions, which are insufficient to perform any simulation from another platform (e.g. C++). In order to
integrate the SWMM simulator with the proposed automated PSI methodology an ad-hoc SWMM-TOOLKIT is
necessary to establish a communication from an outside environment.

In doing that some 22 additional functions have been created for retrieving information about network nodes and
time patterns, as well as for setting new values during the extended period simulation from a C++ platform. An
application of the SWMM-Toolkit for running the proposed PSI methodology is presented performing an example
test considering the literature network Example 8 of SWMM manual [11].

2. The pollution source identification methodology

To date, most of the researches on contamination event detection are primarily focused on WDSs due to high
concern about the public health in case a pollutant is introduced into the system either deliberately or accidentally.
The current literature reflects how WDSs security related research has evolved in two seemingly separate directions
[12]: (1) the contamination detection with optimal sensors displacement for an early warning [13, 14, 15, 16, 17] and
(2) the pollution source identification problem. The studies that deal with the PSI problem [3, 12, 18, 19, 20, 21, 22,
23] are devoted to essentially individuate the intrusion point location, along with the main characteristics of the inflow.
In particular, [24] proposed a genetic algorithm-based contamination source detection model which was further
embedded in a statistical framework for quantifying the uncertainty of a contamination source detection outcome
the pollution source identification problem. The primary goal of a PSI problem is to estlmate quickly the source
characteristics that best explain the observed contamination data. In the following an original PSI methodology for
UDS is presented, which involves the recognition of the injection location, the input start time, duration and
magnitude. However, the use of such kind of methodology requires sensor measurements and a strategy in order to
individuate that an event is occurring, as the one proposed for WDS in [27]. In this preliminary presentation, it is
assumed that input pollutant is a conservative substance, whose concentration is measured through ideal sensors,
without errors. The PSI problem is formulated searching the minimum of a time-dependent objective function, which
minimize the difference between the simulated and the measured concentration values, furnished by the sensors. The
mathematical formulation of the used dimensionless objective function F is:

Cobs 0’ . ) 2
= ZZ[ C"”‘+C(L O,D))/ZJ o

t=ty i=l

where L = node index of the contaminant source; 7 = start time of the contamination event; ¢y = time of the first
detection of the contamination at the sensors; #.= current time step; Cy= concentration of the contaminant at the source;
D = duration of the contamination event; C;*** = measured concentration at sensor i at time step t; C;, = simulated
concentration value at sensor i at time step #; i = sensor index; ¢ = time step; and N = total number of sensors. For
solving the optimization problem the simple Genetic Algorithm (GA) of the GAlib [28] is used. A schematic

description of the interaction of PSI methodology with the SWMM and the GA codes is shown in Fig. 1.
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GA: selection; crossover;
mutation; strings fitness

Unknown variables: GAlib
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. Score of objective function
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Duration Hydraulics and water quality
SWMM extended period simulation

Fig. 1. Schematic representation of the PSI methodology

In the first step the GA defines the initial population. In more detail, the phenotypes/strings/solutions, randomly
generated by GA, consist of four unknown variables: (1) Contamination injection node, represented by an integer
number; (2) Contaminant concentration, represented by a real number; (3) injection starting time, represented by an
integer number; and (4) injection duration, represented by an integer number. In the second step, using the values of
the four variables furnished from GA, SWMM performs the hydraulic and water quality simulation and calculates the
objective function (Eq.1). In the third step the fitness of each individual solution, based on the objective function score
obtained from SWMM, is evaluated by GA. Depending on the fitness value new population is generated through
mutation and crossover. Steps 2 and 3 are repeated until a fixed number of generations are achieved.

3. The SWMM toolkit description

The idea of making a SWMM toolkit derived from the necessity of implementing the methodology, described in
the previous paragraph, for solving a PSI problem in sewer systems. So it is definitely not a complete SWMM
programmer's toolkit, but it responds to the main requirements for performing a wastewater quality simulation. The
programmer's toolkit is a DLL of functions that allows developers to customize SWMM's computational engine for
their own specific needs. It provides a series of functions that allows programmers to perform the SWMM's (the engine
consists of 46 C-code file and 19 header files) water quality solution engine to their own application. The functions
were written in ANSI standard C, in the file swmm.c, which provides supervisory control over the program. They can
be incorporated into 32-bit Windows applications written in C/C++ or in any other language that can call functions
within a Windows DLL. The Toolkit DLL file is named SWMMS5.DLL. The Toolkit comes with one header file and
one SWMMS . 1ib file that simplify the task of interfacing it with C/C++ code. The data flow diagram for performing
the PSI problem with the proposed methodology is shown in Fig. 2. In detail, the input processor module receives a
description of the simulated network from a SWMM input file (.INP). Then, a second input file is represented by the
SENSOR text file (.TXT), containing the information about the time series of the pollutant concentration measured in
different sensor nodes. The file’s contents are parsed, interpreted, and stored in a shared memory area. Both SWMM
hydraulics and water quality solver modules carry out an extended period simulation. During this process both the
computed hydraulic and water quality results for each preset reporting interval are written to an unformatted (binary)
output file (.OUT). Finally, if requested, a report writer module reads back the computed simulation results from the
binary output file (.OUT) for each reporting period and writes out selected values to a formatted report file (.RPT).
Any error or warning messages generated during the run are also written to this file. Different Toolkit functions have
been generated to carry out all of these steps under the programmer's control, including the ability to read or modify
some of the most important system's global data, related to the PSI problem. In particular, the newly built Toolkit
functions can be classified as five types according to the tasks they perform. The first type, which consists of two
functions, is basically for opening and closing the SWMM toolkit system. The second one is for retrieving information
about network nodes such as: node index, id, type and value of a particular parameter of that node. The third type
retrieves information about the used time pattern and it has five functions. The fourth group is for getting other relevant
information of the network like: number of network components of a specified object type, flow unit,
starting/ending/reporting time and step, duration etc. The penultimate group of functions is able to set new values for
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node parameters and time pattern. Finally, the last group, which consists of only one function, is for customizing a
simulation. The function swmm_step, already present in the original DLL provided by the US EPA, was modified to
OWNswmm_step, because the previous one didn't meet all the requirements of the PSI problem having only one
argument "elapsed time". In the new function another argument, "objective function score", has been added as in each
time step the PSI methodology demands the score of an objective function.

Sewer System Simulator (SWMMS5)
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Fig. 2. Data flow diagram of SWMM-PSI Toolkit
The main toolkit functions used in performing the PST methodology are:

e Calling OWNswmm_open function to open the toolkit system along with the SWMM input file and the SENSOR
text file, which contain the measurements of the time series concentration of the pollutants observed through the
Sensors.

o Using SWMMsetXXX series of functions to change system characteristics.

e Running a simulation time step using the OWNswmm_step function. If needed, SWMMsetXXX series of functions
can be used to re-set system characteristics.

o Finally calling OWNswmm_close function to close all files and release system memory.

4. Application and results

In order to show an application of the proposed PSI methodology with the SWMM-Toolkit the literature network
reported in the Example 8 of the SWMM application manual [11] has been considered, even if some characteristics
have been modified. The example system, schematically represented in Fig. 3, is a combined sewer and it consists of
31 nodes (28 junctions, 2 outfalls and 1 storage unit), 35 links (29 conduits, 1 pump, 1 orifice and 4 weirs). The served
area is 11.74 hectares and the system is close to a natural stream, represented in Fig. 3 with an ash colored line with
C label. Two outlets are also reported, where one is the WWTP, while the other one discharges combined sewer
overflow during wet weather.

In Fig. 3 the sewer pipes are reported with thick black line with P label and they drain the rain from the
subcatchments and/or dry weather flow. The interceptor, indicated with thin black line with I label, are pipes designed
to capture the sanitary flows during dry weather periods and convey them to the WWTP. The flow regulators (weirs
and orifices) and the pump station are also reported in Fig. 3. In the presented test, only dry weather flow (DWF) is
considered herein with the inflow values reported in Table 1 in the input nodes indicated in Fig. 3. The input discharges
follow a typical 24 hour variable pattern shown in Table 2.
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Fig. 3. Scheme of the example network

Table 1. DWF values in different nodes

Node J1 J2a J10 J11 J12 J13 Aux3 m
Flow (I/s) 227 2.83 0 0 3.54 3.48 227 3.48

Table 2. Hourly DWF pattern

Hour 1 2 3 4 5 6 7 8 9 10 11 12
Multiplier 0.4 0.3 0.2 0.2 0.5 0.8 1 1.8 1.6 1.4 1.2 1

Hour 13 14 15 16 17 18 19 20 21 22 23 24
Multiplier 1.1 1.1 1.2 1.3 1.3 1.4 1.4 1.5 1.3 1 0.6 0.5

Two input files are mandatory in order to accomplish the PSI methodology. One is the SWMM input file (.inp),
with all data describing the network; the second is a text file SENSOR having the time series concentration
measurements from the monitoring stations. In the presented test 6 sensors are assumed in the nodes J1, JI2, JI3, J14,
JIS and JI7 (Fig. 3). The measured synthetic data have been generated through a SWMM quality simulation
considering as “true” contamination scenario an injection of a conservative contaminant at node J1 with a
concentration of 2 mg/l starting at 8 AM with duration of 3 hours. The simulation was run from 6:00 to 14:00, with a
routing time step of 30 s. This duration was fixed considering the wastewater travelling time in the network. The first
detection of the contamination was revealed by sensor J1 at 10:00. The generated synthetic sensor text file, along with
the SWMM input file was used for running the PSI methodology. The following GA parameters were chosen: number
of population =100; number of generation= 100; mutation probability= 0.01 and crossover probability= 0.9. Applying
the PSI methodology presented in paragraph 2, the obtained values of the four PSI variables (Source Node, Input
Concentration, Starting Time and Duration) are summarized in Table 3 as Case 1, showing that the exact solution is
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obtained. This result was expected, since it represents just a preliminary test for verifying the capability of the Toolkit
in providing a useful instrument for performing the proposed PSI methodology or in general for running network
analyses from other applications. Further investigations for testing the PSI methodology in more complex situations
are necessary, such in wet weather conditions or considering measurement errors. Moreover, additional tests on a real
case study are also planned in future studies.

Table 3. PSI results.

Solution Source Node Concentration Starting Time Duration
(mg/1) (hr) (hr)

Exact Solution J1 2.0 8:00 3

Case 1 J1 2.03529 8:00 3

5. Conclusions

The paper is focused on the presentation of newly built toolkit functionality for SWMM, realized in order to
perform more complex applications related to wastewater hydraulic and quality simulations, such as optimization
methodologies that require running many system analyses with modified input parameters. Different Toolkit functions
have been generated, including the ability to read or modify some of the most important system's global data. In
particular, the new Toolkit functions can be classified as five types according to the tasks they perform. The first type
is basically for opening and closing the SWMM toolkit system, while the second one is for retrieving information
about network nodes. The third type retrieves information about the used time pattern and the fourth group is for
getting other relevant information of the network like number of network components of a specified object type, flow
unit, starting/ending/reporting time and step, duration etc. The penultimate group of functions is able to set new values
for node parameters and time pattern, and then the last group is for customizing a simulation.

The idea of making a SWMM toolkit derived from the necessity of implementing a methodology for solving a
pollution source identification (PSI) problem in sewer systems. The proposed methodology expresses the PSI as an
optimization problem which was solved using a Genetic Algorithm code combined with SWMM. Moreover, a
preliminary test in applying the proposed PSI methodology to a literature sewer system is presented, showing the
capability of the Toolkit in providing a useful tool for performing network analysis from other applications. The results
demonstrate also a good performance of the PSI methodology, even if it has to be tested in more complex situations
and on a real case study, which is the plan for future studies.
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