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Popular Summary 

The generation of wastewater from different sources (domestic, industrial, rainfall 
etc.), its subsequent transport, treatment and discharge constitute the integrated 
urban wastewater system (UWS). While the urban catchment is the source of 
wastewater generation, the sewer network (transport) and wastewater treatment 
plant (WWTP) (treatment) are the engineering infrastructures that ensure safe 
disposal of the generated wastewater into the receiving waters (e.g. rivers, lakes, 
oceans). Improving public health and hygiene have been the drivers for building 
and operating the urban wastewater infrastructure (sewers, WWTPs). However, 
as we gain more knowledge on the implications of human activities on the 
environment, it is recognized that an additional driver (without compromising 
public health) for management of wastewater is the improvement of receiving 
water quality. 

Modelling and simulation of the complex interconnected UWS can be a valuable 
tool to help understand and thereby efficiently operate such systems in order to 
achieve improved receiving water quality. Dynamic models enable us to study 
various possibilities (without actually implementing them in a real system) and 
choose the best solution for different conditions ranging from design, operation 
and system upgrade. When faced with the need to improve the performance of 
such systems, implementing control strategies is possibly the most cost effective 
solution (when compared to expanding the available capacity). In order to 
develop optimal control strategies, use of modelling tools is inevitable. 

Currently, different software packages offer toolboxes to simulate the entire UWS 
and evaluate the effect of control strategies and structural modifications on the 
receiving water quality. However, since the solutions implemented are specific to 
each case study and also use different evaluation criteria, it is not possible to 
objectively evaluate the different alternatives. 

The current thesis aims at developing a Benchmark Simulation Model for the 
integrated urban wastewater system (BSM-UWS) that consists of: i) an open-
source model library that describes the operation of different sections of an UWS; 
and ii) a hypothetical UWS layout using the developed model library. The model 
toolbox and the pre-defined layout can be used for various purposes ranging 
from: i) evaluating different control strategies on the pre-defined layout using 
unbiased evaluation criteria; ii) using the model library as a software to develop 
integrated models for other real catchments as well as for the individual sections 
of the UWS; and iii) using the pre-defined layout as a basis to improve the 
underlying modelling principles for various sections. Hence, the thesis is 
primarily aimed at providing a Benchmark Simulation Model for UWSs but also 
contributes to the field of integrated modelling by: i) enhancing aspects of model 
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development for the different sections; and ii) providing a freely distributed, 
open-source model library for simulating UWSs. It is envisioned that the control 
and operational strategies evaluated using the BSM-UWS layout will serve as a 
repository of control ideas for future users and also enhance our understanding of 
the UWS in general. 

The major milestones achieved in order to accomplish the above mentioned 
objectives are described below. 

• Firstly, the Dynamic Influent Pollutant Disturbance Scenario Generator 
(DIPDSG), which is primarily used to generate influent data for modelling 
WWTPs, is identified as a suitable starting point for the catchment model as 
well as for some aspects of sewer network modelling. The DIPDSG is 
calibrated for two real WWTPs in order to establish its predictive 
capabilities. The model blocks from the DIPDSG that are suitable for the 
BSM-UWS model library are identified. 

• A comprehensive model library for BSM-UWS is defined for the different 
sections, namely: i) catchment; ii) sewer network; iii) WWTP; and iv) river 
water system. Evaluation criteria for river water quality as well as for the 
performance of the sewer network and WWTP are presented. 

• A pre-defined layout for the BSM-UWS consisting of an urban catchment 
with an area of 540 hectares and 80 000 population equivalents is described. 
Different case studies are presented using: i) catchment and sewer extensions; 
and ii) the fully integrated BSM-UWS. Additionally, a global sensitivity 
analysis is performed to identify the most important control handles and 
design parameters that influence the river water quality. 
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Nomenclature 

Acronyms  

ADM1 Anaerobic Digestion Model No. 1 
AER Aeration tank. Suffixes 1,2 and 3 represent the first, second 

and third tanks, respectively (in BSM-UWS) 
ANAER Anaerobic tank. Suffixes 1 and 2 represent the first and second 

tanks, respectively (in BSM-UWS) 
ANOX Anoxic tank. Suffixes 1 and 2 represent the first and second 

tanks, respectively (in BSM-UWS) 
ASM Activated Sludge Model. Suffixes, 1, 2, 2d and 3 denote 

versions 1, 2, 2d and 3, respectively 
ATS Aeration tank settling 
ATV Abwassertechnische Vereinigung (German) 
BP Bypass (in BSM-UWS) 
BSM Benchmark Simulation Model platform. Suffixes 1, 1_LT, 2 

and -UWS denote versions 1, 1 Long Term, 2 and Urban 
Wastewater System, respectively 

CONTROL Control elements model block (in BSM-UWS) 
CSO Combined sewer overflow 
DHI Dansk Hydraulisk Institut (Danish) 
DIPDSG Dynamic Influent Pollutant Disturbance Scenario Generator 
DOM Domestic model block (in BSM-UWS) 
DORA Dynamic Overflow Risk Assessment 
DWF Dry weather flow 
EU European Union 
FIRST-FLUSH Model block representing first flush effects in the sewer 

network (in BSM-UWS) 
GSA Global sensitivity analysis 
HH Households model block (in DIPDSG) 
IFAK Institut für Automation und Kommunikation (German) 
IND Industry model block (in BSM-UWS) 
IndS Industry model block (in DIPDSG) 
INF Infiltration to sewer model block (in BSM-UWS) 
INTERURBA Interactions between sewers, treatment plants and receiving 

waters in urban areas (conference) 
IWA International Water Association 
PC Primary clarifier (in BSM-UWS) 
PE Population equivalent 
PI Proportional-Integral controller 
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RAIN Rainfall model block (in DIPDSG) 
RST Rainwater storage tank (in BSM-UWS) 
RTC Real-time control 
RWQM1 River Water Quality Model No. 1 
SBR Sequencing batch reactor 
SC Sub-catchment (in BSM-UWS) 
Sec.C Secondary clarifier (in BSM-UWS) 
SNOW Snowmelt model block (in DIPDSG) 
SOIL Infiltration model block (in DIPDSG) 
ST Storage tank (in BSM-UWS) 
STORAGE Storage tank model block (in BSM-UWS) 
SW Stormwater model block (in BSM-UWS) 
TRANSPORT Sewer transport model block (in BSM-UWS) 
USEPA United States Environmental Protection Agency 
UWS Urban wastewater system 
WWTP Wastewater treatment plant 
 

Chemical Formulae and Analysis Parameters 

BOD5 5-day biochemical oxygen demand g BOD.m-3 
C Carbon  
CO2 Carbon dioxide g C.m-3 
COD Chemical oxygen demand. Suffixes sol 

and part denote soluble and particulate 
fractions, respectively 

g COD.m-3, 
kg COD.d-1 

DO Dissolved oxygen g.m-3 
H Hydrogen  
H2CO3 Carbonic acid g C.m-3 
H2S Hydrogen sulphide g.m-3 
K Potassium  
Mg Magnesium  
N Nitrogen  
NH3 Un-ionized ammonia g N.m-3 
NH4

+ Ammonium g N.m-3, kg N.d-1 
NO3

- Nitrate g N.m-3, kg N.d-1 
O Oxygen  
P Phosphorus  
PO4

3- Phosphate g P.m-3, kg P.d-1 
TKN Total Kjeldahl nitrogen g N.m-3, kg N.d-1 
TSS Total suspended solids g.m-3 
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Model State Variables  

SCa Dissolved calcium ions g.m-3 
SCO2 Sum of dissolved CO2 and H2CO3 g C.m-3 
SCO3 Dissolved carbonate g C.m-3 
SH Hydrogen ions g.m-3 
SH2PO4 Part of inorganic dissolved phosphorus g P.m-3 
SHCO3 Bicarbonate g C.m-3 
SHPO4 Part of inorganic dissolved phosphorus g P.m-3 
SI Inert dissolved organic substrate g COD.m-3 
SNH3 Un-ionized ammonia g N.m-3 
SNH4 Ammonium g N.m-3 
SNO2 Nitrite g N.m-3 
SNO3 Nitrate g N.m-3 
SO2 Dissolved oxygen g.m-3 
SOH Hydroxyl ions g H.m-3 
SS Dissolved organic substrate g COD.m-3 
XALG Algae and macrophytes g COD.m-3 
XCON Consumers g COD.m-3 
XH Heterotrophic organisms g COD.m-3 
XI Inert particulate organic material g COD.m-3 
XII Particulate inorganic material g COD.m-3 
XN1 Organisms oxidizing ammonium to 

nitrite 
g COD.m-3 

XN2 Organisms oxidizing nitrite to nitrate g COD.m-3 
XP Phosphate adsorbed to particles g P.m-3 
XS Particulate organic material g COD.m-3 
 

Other Symbols 

a Accumulation rate (in accumulation and 
washoff model) 

kg.ha-1 

µ Mean of elementary effects  
µ* Mean of absolute values of elementary 

effects 
 

A Catchment surface area (in accumulation 
and washoff model) 

ha 

A Cross sectional area of river stretch m2 
Aimp Percentage impervious area (in DIPDSG)  
ASC Area of secondary clarifier m2 
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Asoil Hypothetical area for soil model (in 
DIPDSG) 

m2 

b Removal rate during dry weather (in 
accumulation and washoff model) 

d-1 

C Pollutant concentration in a tank. 
Suffixes in and out represent the inflow 
and outflow concentrations, respectively 

g.m-3 

Cmax Hourly maximum concentration. 
Calculated for TSS, TKN and PO4

3- 
from sewer overflows and DO, NH3 
from rivers 

g.m-3 

Cr Dimensionless runoff coefficient  
EMC Event mean concentration g.m-3 
EQI Effluent quality index kg poll. units.d-1 
FFfraction Fraction of particulates that settle in the 

sewer network (in DIPDSG) 
 

Grain Effect of rainfall on temperature (in 
DIPDSG) 

 

Gsnow Effect of snow melting on temperature 
(in DIPDSG) 

 

i Rainfall intensity. Suffixes e and n 
denote effective and net rainfall 
intensity, respectively 

mm.h-1 

Infbias Parameter affecting mean annual 
infiltration to sewers (in DIPDSG) 

m3.d-1 

IQI Influent quality index kg poll. units.d-1 
k Residence time constant d 
Kdown Parameter determining flow to 

downstream aquifer (in DIPDSG) 
m3.d-1 

KLa Oxygen transfer coefficient. Suffixes 1, 2 
and 3 represent aeration tanks 1, 2 and 
3, respectively 

d-1 

kr Unit conversion factor for Manning’s 
formula 

 

Kinf Parameter determining infiltration flow 
to sewer (in DIPDSG) 

m2.5.d-1 

Mmax Maximum particulate load that can settle 
in the sewer network (in DIPDSG) 

kg 

Ms Mass of solids accumulated in the 
catchment (in accumulation and washoff 
model) 

kg 
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n Manning’s roughness coefficient for a 
river stretch 

s.m-1/3 

Novf Overflow frequency events.yr-1 
OQI Overflow quality index kg poll. units.d-1 
Pi,hhperPE Daily average pollutant load from 

households for the pollutant i (in 
DIPDSG) 

g.d-1.PE-1 

Pi,ind Daily average pollutant load from 
industry for the pollutant i (in 
DIPDSG) 

g.d-1 

Q Flow rate from a tank. Suffixes in and 
out represent inflow and outflow, 
respectively 

m3.d-1 

QBP Maximum flow rate after bypass 
location. Suffixes 1 and 2 denote bypass 
locations BP1 and BP2, respectively 

m3.d-1 

Qind Daily average industrial wastewater flow 
rate (in DIPDSG) 

m3.d-1 

Qintr Internal recirculation rate m3.d-1 
Qlim Flow rate above which particulates are 

washed off from the sewer network (in 
DIPDSG) 

m3.d-1 

Qmax,RST Maximum throttle flow rate for 
rainwater storage tank 

m3.d-1 

Qmax,ST Maximum throttle flow rate from 
storage tank (online). Suffixes 2, 5 and 6 
denote storage tanks 2, 5 and 6, 
respectively 

m3.d-1 

Qpercm Volume per cm snow (in DIPDSG) m3.cm-1 
Qpermm Volume per mm rain (in DIPDSG) m3.mm-1 
QperPE Daily average flow rate per population 

equivalent (in DIPDSG) 
m3.d-1.PE-1 

Qpump,ST Maximum pump capacity. Suffixes 1 
and 4 denote storage tanks 1 and 4, 
respectively 

m3.d-1 

Qr Sludge recycle rate m3.d-1 
Qthrottle,ST4 Maximum throttle flow rate from 

storage tank 4 (offline) 
m3.d-1 

Qw Sludge wastage rate m3.d-1 
Rh Hydraulic radius of a river stretch m 
S Horizontal river slope  
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subareas Parameter representing the length of the 
sewer network (in DIPDSG) 

 

Tamp Amplitude for the yearly temperature 
sinusoidal curve. Suffix d denotes daily 
sinusoidal curve (in DIPDSG) 

°C 

Tbias Bias for the yearly temperature 
sinusoidal curve (in DIPDSG) 

°C 

Texc Exceedance duration. Calculated for 
TSS, TKN and PO4

3- from sewer 
overflows and DO, NH3 from rivers 

d.yr-1 

Tfreq Frequency of the yearly temperature 
sinusoidal curve. Suffix d denotes daily 
sinusoidal curve (in DIPDSG) 

rad.y-1 

Tovf Overflow duration d.yr-1 
Tphase Phase shift for the yearly temperature 

sinusoidal curve. Suffix d denotes daily 
sinusoidal curve (in DIPDSG) 

rad 

V Volume of reservoir tank m3 
VAER Volume of aeration tank. Suffixes 1, 2 

and 3 represent aeration tanks 1, 2 and 
3, respectively 

m3 

VANAER Volume of anaerobic tank. Suffixes 1 
and 2 represent anaerobic tanks 1 and 2, 
respectively 

m3 

VANOX Volume of anoxic tank. Suffixes 1 and 2 
represent anoxic tanks 1 and 2, 
respectively 

m3 

Vovf Overflow volume m3.yr-1 
VPC Primary clarifier volume m3 
VRST Volume of rainwater storage tank m3 
VST Volume of storage tank. Suffixes 1, 2, 4, 

5 and 6 denote storage tanks 1, 2, 4, 5 
and 6, respectively 

m3 

w Washoff rate for particulate pollutants 
during rain events (in accumulation and 
washoff model) 

kg.mm-1 

x Dimensionless factor for multi-linear 
reservoir model 

 

σ Standard deviation of elementary effects  
ϕsoil Porosity of soil (in DIPDSG) m.d-1 
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Chapter 1  

Introduction 

Water, a major component for the survival of life on earth has intrigued human 
curiosity ever since the beginning of civilization. Being one of the most essential 
components in our daily life, it is perhaps not very hard to figure out various 
functions of water in our modern life style. Human consumption, agriculture, 
domestic activities (toilets, kitchen) and industrial activities are some of the 
common uses of water that we encounter every day. The wastewater from all these 
sources is a cause of pollution when left untreated, leading to detrimental effects on 
human health and the environment. The complex system of engineering 
infrastructures that deals with collecting this wastewater, transporting, treating and 
finally releasing it back into the environment (or even better re-using it) in a safe 
manner comprises the urban wastewater system (UWS). Initial attempts at 
building this infrastructure were driven by the need to protect humans from the ill-
effects of coming in contact with wastewater. Hence, earlier wastewater 
infrastructure was mainly focussed on collecting and discharging all the wastewater 
away from human settlements (generally without any treatment). Now, with a 
better understanding of the environmental impacts of discharging untreated 
wastewater into receiving water bodies, the focus has been shifting towards 
protecting the quality of the receiving waters (rivers, lakes etc.). 

The different sections of this wastewater system – sewer network, wastewater 
treatment plant (WWTP) and receiving water system – are generally managed by 
different organizations. However, in order to be able to assess the impact on 
receiving waters, the interactions between these systems should be considered in a 
holistic manner. Hence, there is a paradigm shift in research and industry – instead 
of focussing on one part of the UWS, one aims to evaluate the entire UWS in an 
integrated manner. Using modelling tools to perform such evaluations is becoming 
an increasingly important approach. 
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In simple terms, models are used to reproduce the behaviour of a system using 
mathematical tools that describe various phenomena occurring in the system. The 
more complex a system becomes, the more valuable it is to use modelling tools to 
study it. This makes the choice of modelling almost necessary, when assessing 
complex UWSs. The thesis deals with developing models for various sections of an 
UWS, integrating these models and defining metrics that make it possible to 
evaluate the impact of various changes on different sections of the UWS. 

1.1. Aim and Outline 

The aim of this thesis is to develop an urban wastewater system-wide Benchmark 
Simulation Model (BSM-UWS) that can be used to evaluate control strategies 
(local/integrated) and structural modifications in different sections of the UWS. 
With an integrated model, a further aim is to replace/append the traditional 
evaluation metrics (effluent quality based for WWTPs and overflow based for 
sewer networks) with river water quality based evaluation criteria. The toolbox 
developed can be used as a standard benchmarking tool to evaluate various control 
strategies on the pre-defined layout as well as be adapted to other UWSs using the 
building blocks provided in the model library. It can also be used to describe the 
individual sections of the UWS. The toolbox and the case studies presented in the 
thesis will enhance our understanding of the UWS and also provide inspiration for 
various integrated control strategies that can be implemented on a system-wide 
scale. 

The thesis describes the spatial extensions to the WWTP benchmark simulation 
models. The extensions include model development for: i) catchment; ii) sewer 
network; and iii) receiving water system. In addition to the new model blocks, 
evaluation criteria for the three sections (sewer network, WWTP and river water 
system) are presented. The thesis also provides example case studies indicating the 
potential scenarios where the developed models can be used. 

Chapter 2 presents an overview of the state-of-the-art in modelling the major 
sections of an UWS. It provides the background information on integrated 
modelling and the progress that has been achieved in this field. An overview of 
various integrated control strategies that are implemented in research/practise is 
provided. 

Chapter 3 describes the modelling principles for the Dynamic Influent Pollutant 
Disturbance Scenario Generator (DIPDSG) that serves as the starting point for the 
catchment and sewer network extensions. The chapter provides two calibration 
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exercises on full-scale WWTPs that are presented in Paper I as a support to the 
ability of the DIPDSG in simulating catchment and sewer phenomena. 

Chapter 4 details the model library for various sections in the BSM-UWS, which 
include catchment, sewer network, WWTP and river water system. Evaluation 
criteria for sewer network, WWTP and river water system are presented. For the 
catchment and sewer extensions, Paper II describes the initial modelling results and 
Paper III provides a detailed description of all the model elements in an updated 
version of the model. Paper IV presents the entire model library for the BSM-
UWS. Evaluation criteria are presented in Paper III and Paper IV. 

Chapter 5 presents the UWS layout and characteristics for the BSM-UWS. Open 
loop results for the integrated model are presented. Case studies from Paper III 
(catchment and sewer BSM) and Paper IV (BSM-UWS) are summarized in this 
chapter. A global sensitivity analysis (GSA) study aimed at determining the major 
control handles and design parameters in the BSM-UWS is described (Paper V). 
Finally, potential applications of the platform and model limitations are discussed. 

Chapter 6 summarizes the major conclusions from all the above chapters in the 
thesis. Future perspectives for the research are also discussed. 

1.2. Key Contributions 

The major contributions from the research are summarized below together with an 
overview of the papers published/written during the research period. 

• An open-source, freely distributed integrated Benchmark Simulation 
Model (BSM-UWS) is developed, which includes description of flow rate 
and pollutant transformations in: i) catchments; ii) sewer networks; iii) 
wastewater treatment plants; and iv) river water systems. The models 
library can be used as a benchmarking tool as well as for developing 
integrated models for other real cases. The individual model blocks (e.g. 
storage tanks, river models etc.) can also be used as standalone models to 
simulate limited sections of the UWS. 

• Evaluation criteria using traditional metrics for WWTP effluent and sewer 
overflows are defined. More importantly, holistic evaluation criteria based 
on the chemical quality of river water systems are developed. 

• Various case studies highlighting control strategies (local/integrated) as 
well as structural modifications that can be evaluated using the BSM-UWS 
are presented and evaluated. This demonstrates the usefulness and 
applicability of BSM-UWS and integrated modelling studies. 
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The thesis is a summary of the five research papers mentioned in the list of 
publications. An overview of each of these papers is provided below. 

Paper I: Journal paper published in Water Research (impact factor 2015 – 5.99). 
The paper presents calibration and validation of the Dynamic Influent Pollutant 
Disturbance Scenario Generator (DIPDSG) using data from two full-scale 
WWTPs. Case studies describing potential applications of the model are presented. 

Paper II: A conference publication as oral presentation at the International 
Conference on Urban Drainage, Kuching, Malaysia, 2014. The paper describes the 
initial attempts to develop a catchment and sewer BSM. A simple control case 
study is also presented. 

Paper III: Published in Environmental Modelling and Software (impact factor 
2015 – 4.20) describes the first “outside-the-fence” extensions to the benchmark 
simulation models. The catchment and sewer BSM is developed and evaluation 
criteria for assessment of sewer overflows are presented. Various case studies 
presenting control strategies and structural modifications to the system are 
presented. 

Paper IV: Journal paper published in Environmental Modelling and Software 
(impact factor 2015 – 4.20). It presents the complete urban wastewater system-
wide BSM (BSM-UWS) together with evaluation criteria for sewer overflows, 
WWTP effluent quality and river water quality. Case studies illustrating various 
local and integrated control strategies are described. 

Paper V: A manuscript describing the global sensitivity analysis (GSA) of the BSM-
UWS in order to identify key control handles and design parameters that have a 
strong influence on the river water quality. The information can be used to develop 
various control strategies for the given layout in the future. 

Source code from the research is open-source and freely distributed. The two 
model packages (catchment and sewer BSM, BSM-UWS) are described below. 

• Catchment and sewer BSM includes the model library for various blocks 
in the catchment and sewer network. Evaluation criteria for sewer 
performance are also included.  

• BSM-UWS consists of the model library for all sections in the UWS 
(catchment, sewer network, WWTP, river water system). The model 
library also includes evaluation criteria for sewer network, WWTP and 
river water system. A block-wise approach is used for the model 
development, which allows users to model either a specific section (or only 
a few components of a section) or the entire UWS. 
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1.3. Limitations 

Simplifications are made in describing the different sections (e.g. hydrological 
processes in the catchment, flow phenomena in the sewer network, biological 
processes in WWTP and river system) considering the purpose of the study. 
Although the BSM-UWS layout can be used to evaluate various control 
strategies, the best control strategy thus obtained may not necessarily perform 
in a similar manner for another catchment due to differences in the layout and 
design capacities. However, the control principles demonstrated for the BSM-
UWS can be transferable to other catchments. The model library mostly uses 
standard approaches that are well established. However, they are currently only 
used to describe a hypothetical UWS and not fully calibrated for a real case 
study. 
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Chapter 2  

Background 

This chapter details various elements that comprise the urban wastewater system. An 
overview of the commonly available modelling approaches for each of these elements is 
presented. Additionally, the state-of-the-art in integrated modelling and control of 
urban wastewater systems is described. 

2.1. Urban Wastewater Systems 

Various sections involved in the collection, transport, treatment and discharge of 
sewage and stormwater together comprise the urban wastewater system (UWS). In 
this chain of interlinked elements, the starting point for generation of 
wastewater/stormwater is the urban catchment. Sewage is generated from 
households and industries while stormwater is mainly the runoff from urban 
surfaces during rain events. The invisible underground sewer network transports 
the generated wastewater to the wastewater treatment plant (WWTP). As the name 
suggests, the WWTP is involved in removing the pollutants present in the raw 
sewage before discharging the treated effluent into receiving waters. Receiving 
waters form the final link in this chain (Figure 2.1). In many cases, this receiving 
water system is the starting point for the drinking water system for any 
downstream city (although this is outside the scope of this thesis). Historically, the 
objective of an UWS has been to convey the sewage away from the city in order to 
avoid health hazards to urban dwellers. However, owing to our increasing 
understanding of anthropological pressures on the natural ecosystem, the European 
Union has (re-)defined the objective of an UWS as to “protect the chemical and 
ecological status of a river” (Council of the European Communities, 2000). 
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In this context, it is essential to understand the interactions between different parts 
of an UWS in order to improve their performance individually as well as to protect 
the receiving waters in a holistic manner. Modelling can be a valuable tool not only 
for understanding the individual sections and their interactions but also for serving 
as an engineering tool to explore the potential for improvement in the performance 
using different approaches (e.g. process control, upgrading the existing 
infrastructure). 

 

Figure 2.1: Various sections of an urban wastewater system which include: i) catchment (top); ii) 
sewer network (top and middle); iii) wastewater treatment plant (bottom left); and iv) 
receiving waters (bottom). (Copyright: Aquafin, Belgium. Reprinted with permission). 
Note that the drinking water system (bottom right) is outside the scope of this thesis. 

The following sub-chapters present an overview of the state-of-the-art in the 
modelling of various sections of the UWS, namely: 

i. catchment; 

ii. sewer network; 

iii. WWTP; 

iv. receiving water system. 
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2.2. Modelling the Integrated Urban Wastewater 
System 

2.2.1. Catchment 

Generation of wastewater from urban catchments can be described using different 
model blocks for flow rate and pollutant loads during dry weather (sewage) as well 
as rain events (stormwater). A description of the commonly used approaches is 
provided in this section. 

Sewage 
A diurnal variation profile (can also be user-defined) (Figure 2.2) is one of the most 
common approaches for modelling the dynamics of dry weather wastewater 
generation. Such a profile, combined with daily average values for flow 
rate/pollutant loads, is available in commonly used simulation software (e.g. ifak, 
2016; Gernaey et al., 2011). Weekly and seasonal variations can also be included in 
the profile. Different profiles and mean pollutant loads can be defined for domestic 
and industrial sources (Butler, 1993; Ainger et al., 1997). Another approach is to 
use a Fourier series to simulate the diurnal variation in dry weather flows 
(Langergraber et al., 2008). In cases where the dynamics of the daily variations are 
less important (e.g. urban drainage models), a constant value is generally used to 
represent the contribution of sewage to the total flow. 

 

Figure 2.2: Diurnal variation in dry weather wastewater generation from domestic 
sources with distinct morning and evening peaks. 
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Stormwater 
Modelling the generation of stormwater due to rain events requires describing the 
underlying processes for flow rate as well as pollutant loads. 

Flow Rate Generation from Rainfall 

The contribution of rainfall to urban runoff is modelled by a two-step approach: i) 
determining effective rainfall intensity by accounting for various losses; and ii) 
modelling the surface routing of the generated runoff to a sewer network (Butler & 
Davies, 2004). 

Accounting for Losses in Rainfall: Detailed hydrological models take into account all 
the losses on the catchment surface. Major losses generally modelled are initial 
losses (interception, depression storage) and continuous losses (evapo-transpiration, 
infiltration to soil). As the name suggests, initial losses only affect the runoff in the 
beginning of the rain event while continuous losses are accounted for during the 
entire rainfall period.  

A simple and commonly used approach is to lump all the continuous losses into a 
runoff coefficient. Firstly, net rainfall intensity is obtained after subtracting initial 
losses (generally assumed as a constant amount of rainfall, e.g. 2 mm). A runoff 
coefficient is then used to determine the effective rainfall intensity for the specific 
catchment, 

𝑖e = 𝐶r𝑖n (Eq. 2.1) 

where ie is the effective rainfall intensity (mm.h-1), in is the net rainfall intensity 
(mm.h-1) (after subtracting initial losses) and Cr (-) is the dimensionless runoff 
coefficient. 

Another approach is to compute the losses from impervious and pervious areas 
separately. While the impervious area runoff leads to overland flow and reaches the 
sewer network almost immediately, the runoff from pervious area leads to a delayed 
response from the catchment. An infiltration model is generally used to compute 
the pervious area runoff (e.g. Horton, 1940). 

Surface Routing: After accounting for all the losses, the generated runoff is conveyed 
to the sewer network (e.g. into gully inlets, open stormwater drains) through 
surface routing. Figure 2.3 provides a graphical description for the conversion of 
the effective rainfall intensity (Figure 2.3a) into a response hydrograph from the 
catchment (Figure 2.3b). 
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Figure 2.3: Effective rainfall (a) and the corresponding runoff from a catchment (b). 

Commonly used methods for modelling surface routing are: i) synthetic unit 
hydrographs (Harms & Verworn, 1984); ii) time-area curves (Hall, 1984); and iii) 
reservoir models (e.g. Nash, 1957). In the context of integrated modelling, 
reservoir models are generally chosen. A description of various reservoir models is 
given in Chapter 2.2.2 – together with models for sewer transport. 

Pollutant Loads During Rain Events 

Pollutants accumulated on the roads, pavements, rooftops etc. reach the sewer 
network during rain events. Some of the common approaches used to model the 
generation of pollutant runoff from urban catchments are mentioned below. 

Event Mean Concentrations (EMC): This is the simplest approach to describe 
pollutant loads during a rain event. It assumes that a uniform concentration of 
each pollutant reaches the sewer network during the entire rainfall duration. Values 
for EMC can be assumed based on literature (Ellis & Mitchell, 2006) (Table 2.1) 
or using experimental data from a specific catchment (Langeveld et al., 2013). The 
method is not suitable to predict concentration changes occurring during the rain 
event.  

Table 2.1: Event mean concentrations (EMC) for different pollutants 
(reproduced from Ellis and Mitchell (2006)). Mean values are 
given within brackets (). 

Quality parameter EMC (g.m-3) 
Suspended solids 21-2582 (90) 

BOD5 7-22 (9) 

COD 20-365 (85) 

Ammonium nitrogen 0.2-4.6 (0.56) 

Total nitrogen 0.4-20 (3.2) 

Total phosphorus 0.02-4.30 (0.24) 
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Regression Equations: Regression analysis of historic data is used to determine the 
relationship between the pollutant concentration and catchment characteristics, 
like surface type, land use etc. Such curves provide an accurate description of the 
pollutant loads for the catchments from using historic data and can also be used for 
other catchments with similar properties (Butler & Davies, 2004). 

Accumulation and Washoff Models: A simplified description of pollutant buildup 
and washoff processes (Butler & Davies, 2004) is represented by accumulation and 
washoff models. Various factors such as land use, population, seasonal variations, 
street cleaning and surface conditions contribute to the accumulation of pollutants. 
The change in mass of particulate solids (Ms) (kg) on the catchment surface (A) 
(ha) due to accumulation and washoff processes is described as: 

d𝑀𝑠(t)
dt = 𝑎𝑎 − 𝑏𝑀s(t) −𝑤𝑖(t)𝑀𝑠(t) (Eq. 2.2) 

where a (kg.ha-1.d-1) is the representative accumulation rate, b (d-1) is the removal 
rate during dry weather introduced in order to limit the mass of solids accumulated 
and w (kg.mm-1) represents the washoff rate during rain events. The extent of 
washoff is influenced by the rainfall intensity i (mm.d-1). 

Model parameters need to be calibrated using data from the catchment. A major 
advantage of such models is the ability to describe the variation in pollutant 
concentrations during the rain event as opposed to using constant values for the 
entire rainfall duration. 

2.2.2. Sewer Network 

Various phenomena affecting the flow rate and quality of wastewater (and/or 
stormwater) in the sewer network include: i) sewer hydraulics; and ii) pollutant 
transport. 

Sewer Hydraulics 
Hydraulic behaviour of wastewater in the sewer network can be described with 
either detailed hydrodynamic models or with simplified conceptual modelling 
approaches. The choice of the modelling approach mainly depends on the 
objective of the study. 
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Hydrodynamic Models  

The Saint-Venant equation (Saint-Venant, 1870), consisting of a continuity 
equation and momentum equation, is used to provide a detailed description of 
wastewater transport in the sewer network. Although these equations are used 
widely in urban drainage engineering, they are not suitable in the context of 
integrated modelling. When using a single platform to describe all sections of an 
integrated UWS, these hydrodynamic models pose challenges in terms of model 
complexity and hence result in extensive simulation times. To overcome this 
problem, conceptual reservoir models are used. 

Conceptual Reservoir Models 

Different conceptual approaches can be broadly classified into: 

i. linear reservoir models; 

ii. multi-linear reservoir models; 

iii. non-linear reservoir models. 

A hypothetical reservoir (or tank) is modelled to mimic the behaviour of the sewer 
network. The input flow rate is the sewer flow from upstream pipes and/or 
catchment surface runoff. The output is described as a function of the storage 
volume. Different approaches can be used depending on the relationship between 
input, output and storage volume of the reservoir. 

Linear Reservoir Models: This approach is based on the concept of Nash cascades 
used for hydrological routing models in catchments (Nash, 1957; Viessman et al., 
1989). The volume balance and the relationship between volume and outflow for a 
single tank are described as: 

d𝑉(t)
dt = 𝑄in(t) −𝑄out(t) (Eq. 2.3) 

𝑉(t) =  𝑘𝑄out(t) (Eq. 2.4) 

where the inflow to the reservoir is Qin (m3.d-1) and the outflow is Qout (m3.d-1). V 
(m3) is the storage volume. The parameter k (d) represents the residence time 
constant. 

Multi-Linear Reservoir Models: Multi-linear models are a combination of different 
linear relationships between various components of sewer flow. One example of a 
multi-linear model is the Muskingum method (Cunge, 1969), which was originally 
developed to describe river flow. This approach has been adopted in some 
simplified sewer models (Achleitner et al., 2007). The storage volume as a function 
of both the inflow and outflow is given as: 
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𝑑𝑉(t)
𝑑t = 𝑄in(t) − 𝑄out(t) (Eq. 2.5) 

𝑉(t) = 𝑘(𝑥𝑄in(t) + (1 − 𝑥)𝑄out(t)) (Eq. 2.6) 

where a dimensionless factor x (-) describes the relation between inflow, outflow 
and total volume. 

Non-Linear Reservoir Models: An improvement over linear reservoirs is to include 
the non linearity in the relationship between reservoir volume and outflow. This 
approach has been used in the modelling software SMUSI (Muschalla et al., 2007). 
The non-linear parameters are computed based on the pipe geometry (Mehler, 
2000). An example of non-linear reservoir model as used in Gernaey et al. (2011) 
is: 

d𝑉(t)
dt = 𝑄in(t) −𝑄out(t) (Eq. 2.7) 

𝑄out(t) = 𝑘𝑉(t)1.5 (Eq. 2.8) 

Pollutant Transport in Sewers 
Soluble pollutant transport in sewers can either be described using advection-
dispersion models or by using conceptual models representing completely mixed 
tanks in series. In addition, sediment transport is modelled by various empirical 
equations. 

Advection-Dispersion Model 

Advection represents the transport of pollutants at the mean velocity of flow while 
dispersion describes the spreading of the pollutants relative to the mean flow 
velocity. The full advection-dispersion equation is a partial differential equation 
describing the change in pollutant concentration with respect to time as well as 
distance. Owing to the partial differential nature of the equation, such models are 
seldom used in an integrated modelling framework. 

Completely Mixed Tank Models 

A conceptual approach is to represent the transport of pollutants using a series of 
completely mixed tanks. The mass balance for each of the tanks is defined as: 

d𝐶out(t)
dt =

𝑄(t)
𝑉 (𝐶in(t) − 𝐶out(t)) (Eq. 2.9) 

 

where Q (m3.d-1) is the flow rate and Cin (g.m-3), Cout (g.m-3) are inflow and outflow 
concentrations of the pollutant, respectively. 

  

14



15 
 

Sediment Transport Models 

Modelling the complex phenomena involved in the sediment transport in sewers 
has been investigated mainly during the late 20th century. A comprehensive review 
is provided by Bertrand-Krajewski et al. (1993). Two major approaches are 
mentioned here.  

Ackers-White Model: Initially developed to describe sediment transport in open 
alluvial channels (alluvial channels are characterized by self-formed morphology 
mainly due to sediment transport and deposition), the model was later adapted to 
circular pipes (Ackers & White, 1973; Ackers, 1991). Deterministic sewer software 
like MOSQITO (Payne et al., 1990) and MOUSE (Lindberg et al., 1989) use such 
approaches. These models are difficult to apply mainly due to lack of detailed sewer 
characteristics data for calibration. 

Velikanov Approach: This is a simplified approach based on efficiency coefficients 
and threshold sediment concentrations that trigger different sediment transport 
phenomena (Bujon et al., 1992). Depending on the concentration of sediments in 
the sewer network, the sediment particles either: i) deposit in the sewers; ii) 
transport with the flow; or iii) erode from the existing deposits. This simplified 
approach is used in modelling software like FLUPOL (Bujon et al., 1992) and 
HORUS (Zug et al., 1999).  

Nevertheless, it should be highlighted that sewer sediment transport has not been 
completely understood and further efforts need to be directed to address this 
problem. 

Biological Transformations in Sewer Network 
Depending on the characteristics of the sewer network (length, slope, 
gravity/pumped system etc.), various biological transformations can take place in 
this network of pipes (Nielsen et al., 1992). In principle, all the biological processes 
occurring in a WWTP can also occur in a sewer network. Nevertheless, the sewer 
network has considerable differences (Hvitved-Jacobsen et al., 1998). These 
include: 

i. biological processes can occur in bulk phase, sediments as well as in 
biofilm; 

ii. availability of biomass is limited in comparison to WWTP; 

iii. soluble substrate is readily available in abundance; 

iv. depending on the type of sewer network – gravity sewers or pumped 
system (rising mains) – predominance of aerobic or anaerobic processes is 
determined. 
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In brief, the major biological processes commonly modelled are: 

i. degradation of organic matter in the presence of oxygen; 

ii. anoxic degradation of organic matter, with nitrate as electron acceptor; 

iii. conversion of organic matter to volatile fatty acids under anaerobic 
conditions; 

iv. production of hydrogen sulphide and methane (anaerobic). 

Additionally, other processes that are considered important include: 

v. biofilm growth, attachment and detachment; 

vi. surface aeration (for oxygen mass transfer); 

vii. sediment deposition and resuspension. 

Modelling of biological processes in sewer networks was initially developed to 
describe hydrogen sulphide (H2S) production. The corrosion effects of H2S led to 
empirical modelling of the underlying biological processes, mainly as an attempt to 
solve the corrosion problems (Nielsen et al., 1992). However, more mechanistic 
models are currently available to address this issue (Sharma et al., 2008). Hvitved-
Jacobsen et al. (1998) described the aerobic processes in the bulk phase as well as a 
simplified biofilm model for a gravity sewer network. The model was later 
extended by Tanaka & Hvitved-Jacobsen (1998) to include anaerobic processes in 
a pumped sewer network. Huisman & Gujer (2002) developed a unified approach 
using Activated Sludge Model No. 3 (ASM3) (Henze et al., 2000), in order to 
facilitate the integration of a sewer model with WWTP and river models. Also, the 
biofilm processes were considered in detail. In addition, extensions to the sewer 
models to describe the transport and transformation of micropollutants have also 
been developed (Lindblom, 2009; Plósz et al., 2013; Snip et al., 2014). 

2.2.3. Wastewater Treatment Plant 

The key unit operations in a WWTP (Figure 2.4) can be broadly divided into: i) 
biochemical processes; and ii) physical processes. Other ancillary units include 
storage tanks and sludge handling units (thickeners, dewatering units etc.). 

Biochemical Processes – Activated Sludge Models 
At the heart of the WWTP is the activated sludge process. A series of biochemical 
reactors are used to remove organic matter and nutrients from the raw wastewater. 
A secondary settling tank after the biological reactors ensures that the sludge is 
recycled whereas the treated effluent is either released into the receiving water or 
sent for tertiary treatment. Various configurations of the biochemical reactors are 
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used to achieve different treatment objectives (Tchobanoglous et al., 2004). The 
reactors are operated in anaerobic, anoxic and aerobic conditions. Additionally, for 
the treatment of excess sludge, anaerobic digesters are generally employed. State-of-
the-art International Water Association (IWA) models (Henze et al., 2000) can be 
used to describe these unit operations. The major biological process models are 
briefly mentioned below. 

• Activated Sludge Model No. 1 (ASM1): This is the first and the most widely 
used activated sludge model from the IWA Task Group on Mathematical 
Modelling for Design and Operation of Biological Wastewater Treatment 
(Henze et al., 1987). The model includes key processes for biological 
removal of organic carbon and nitrogen. Apart from the ability to predict 
effluent concentrations, the model development is focused to be able to 
accurately describe concentrations of pollutants and solids in the biological 
reactors. 

• Activated Sludge Model No. 2 (ASM2): The ability to model biological as 
well as chemical removal (precipitation) of phosphorus is the major 
improvement in ASM2 compared to ASM1. The model not only includes 
new state variable for phosphorus accumulating organisms (PAO) but 
additionally includes internal storage components and polyphosphates 
(Henze et al., 1995). 

• Activated Sludge Model No. 2d (ASM2d): As a minor modification to 
ASM2, the model considers the denitrifying ability of phosphorus 
accumulating organisms in ASM2d (Henze et al., 1999). In addition, 
various extensions to ASM2d describing physico-chemical processes (acid-
base reactions, ion pairing, precipitation etc.) are available (Flores-Alsina et 
al., 2015; Solon, 2017). This leads to a better description of phosphorus, 
iron, sulfur and nitrate dynamics in the system. 

• Activated Sludge Model No. 3 (ASM3): This model is considered as an 
update to ASM1 and is recommended to be used as a framework for 
addition of new processes and state variables (Gujer et al., 1999). One of 
the major changes is the decoupling of the death and regeneration 
processes and also the linkage between heterotrophs and nitrifiers as a 
result of this. In ASM3, the decay processes in heterotrophic and 
autotrophic bacteria are separated and also the death-regeneration concept 
is replaced with a death-endogenous respiration process. The second 
improvement in ASM3 is the modelling of cell internal storage 
compounds for all biomass state variables. As a replacement for ASM2d, 
an ASM3-BioP model (includes phosphorus processes) (Rieger et al., 
2001), was later developed which uses the same principles as ASM3. 
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• Anaerobic Digestion Model No. 1 (ADM1): The IWA Task Group on 
Mathematical Modelling of Anaerobic Digestion Processes developed a 
model framework for describing the biological and physico-chemical 
processes in anaerobic digesters (Batstone et al., 2002). The biological 
processes include: i) fermentation, anaerobic oxidation and 
methanogenesis as cellular processes; and ii) disintegration (partly non-
biological) and hydrolysis as extra-cellular processes. The physico-chemical 
model includes different aspects, such as ion association/dissociation, gas 
transfer and precipitation, in a simplified manner. The model forms a 
generic framework and various modifications and additional processes 
have been implemented to enhance the ADM1 model (Batstone et al., 
2006; Solon et al., 2015; Flores-Alsina et al., 2016). 

 

Figure 2.4: Major unit processes in a WWTP and commonly used models to describe the 
biochemical transformations in these processes (from Gernaey et al. (2014)). 

Physical Processes 
The two major physical processes in a WWTP are: i) primary settling; and ii) 
secondary settling. 

Primary Settler 

The major objective of primary settlers is removal of particulate organics as well as 
inorganic pollutants thereby facilitating improved biological removal in the later 
stages. The model developed by Otterpohl & Freund (1992) is commonly used to 
describe primary clarifiers. It makes use of efficiency factors for different soluble 
and particulate state variables in order to estimate their effluent concentrations. A 
more mechanistic approach using different settling velocities based on particle size 
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distribution of the particulates is developed by Bachis et al. (2015). Although not 
widespread, such detailed models can improve the prediction capability of primary 
settler operation under different flow conditions. 

Secondary Settler 

Separation of the treated effluent from the sludge is achieved using secondary 
clarifiers. The treated effluent is either discharged as an overflow or sent to further 
tertiary treatment. The settled sludge is recycled back to the biological reactors. 
The Takács secondary settler model (Takács et al., 1991) is commonly employed 
for the majority of the WWTP models. It uses a modified Vesilind settling 
function (Vesilind, 1968) to describe hindered settling. Although widely used, the 
approach has issues related to numerical robustness and also limitations in its 
ability to predict wet weather operation of the settler. The Bürger-Diehl settler 
model (Bürger et al., 2011; 2012; 2013) overcomes these limitations. Three 
principal processes included in the model are: i) bulk flow; ii) hindered settling; 
and iii) compression. Without any significant increase in simulation time, the 
model has been able to improve the description of the secondary settler behaviour 
(Arnell, 2015). 

The above section only covers the standard approaches for the configurations that 
are commonly found in municipal WWTPs. Nevertheless, models for other 
configurations and processes, like membrane bioreactors, high rate activated sludge 
processess, biofilm, filtration, granular sludge systems etc., are available (Fenu et 
al., 2010; Nogaj et al., 2013; Wanner & Reichert, 1996). Also, the model 
complexity of the existing models is ever increasing in order to be able to describe 
physico-chemical processes and nutrient recovery unit operations (Batstone et al., 
2012; Flores-Alsina et al., 2016). In conclusion, it can be said that WWTP 
modelling is a fairly mature field of engineering with continuous model 
improvement efforts and also a quick adaptation of the developed models by the 
modelling industry. 

2.2.4. River Water System 

The first and the most simplified description of river water quality is the Streeter 
and Phelps model (Streeter & Phelps, 1925). It describes the effect of organic 
matter on the dissolved oxygen concentration in the river. Since then, more 
processes and state variables have been included to simulate the biochemical 
variations in the river water quality. The QUAL family of models (Brown & 
Barnwell, 1987) and WASP (Di Toro et al., 1983) by United States 
Environmental Protection Agency (USEPA) are commonly used in river quality 
simulations. However, for integrated modelling purposes, lack of compatibility of 
river water quality state variables with those from other sections of the UWS and 

19



the difficulty of information exchange limits the direct application of such models. 
The Duflow water quality model developed by Lijklema et al. (1996) is one of the 
models currently being used in UWS analysis. It is available in commercial 
software like WEST and SIMBA#. Another model that is currently available is the 
River Water Quality Model No. 1 (RWQM1) (Reichert et al., 2001b; Shanahan et 
al., 2001; Vanrolleghem et al., 2001). This model is the result of an IWA task 
group, set up to identify the missing gaps in river quality models and to build a 
river model that can be linked to the activated sludge family of models. A 
simplified version of RWQM1 is used to describe the river system in this thesis. A 
brief description of the RWQM1 framework is provided below. 

River Water Quality Model No. 1 
Taking into consideration the need for integrated modelling, a river water quality 
modelling framework that can be easily interfaced with the ASM family of models 
for WWTPs was developed by the IWA Task Group on River Water Quality 
Modelling (Reichert et al., 2001a). The task group addressed some of the major 
limitations in the existing water quality models for rivers. 

• Biomass as a state variable: Earlier river models do not explicitly consider 
biomass as a state variable. It is either assumed that biomass is always 
available or a constant biomass concentration is assumed. RWQM1 
includes different bacterial populations as state variables to address this 
limitation. 

• Elemental composition of state variables: The elemental constituents of all 
the state variables are defined (for carbon (C), hydrogen (H), nitrogen 
(N), oxygen (O), and phosphorus (P)). The mass fractions can be easily 
altered by users. Also the chemical oxygen demand (COD) equivalent for 
each state variable is determined based on a balanced mineralization 
reaction using these mass fractions. 

The task group did not present a single model but provided a framework on which 
models of varying complexity can be built depending on the purpose of the study. 
Commonly used state variables and processes are described here. 
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Table 2.2: List of state variables used in RWQM1. 

Definition Notation 
Dissolved organic substrate SS 

Inert dissolved organic substrate SI 

Ammonium SNH4 

Un-ionized ammonia SNH3 

Nitrite SNO2 

Nitrate SNO3 

Part of inorganic dissolved phosphorus SHPO4 

Part of inorganic dissolved phosphorus SH2PO4 

Dissolved oxygen SO2 

Sum of dissolved CO2 and H2CO3 SCO2 

Bicarbonate SHCO3 

Dissolved carbonate SCO3 

Hydrogen ions SH 

Hydroxyl ions SOH 

Dissolved calcium ions SCa 

Heterotrophic organisms XH 

Organisms oxidizing ammonium to nitrite XN1 

Organisms oxidizing nitrite to nitrate XN2 

Algae and macrophytes XALG 

Consumers XCON 

Particulate organic material XS 

Inert particulate organic material XI 

Phosphate adsorbed to particles XP 

Particulate inorganic material XII 

 

State Variables 

State variables described in RWQM1 can be broadly classified into organic matter, 
biomass, nutrients (nitrogen and phosphorous) and oxygen (Table 2.2). 

1. Organic matter: Dissolved (SS, SI) and particulate state variables (XS, XI and XII) 
are defined. While SS represents the dissolved organic substrate that is readily 
available for biodegradation, SI is the inert dissolved organic substance, which 
is non-biodegradable. XS can be biologically degraded (after hydrolysis to SS), 
while XI and XII are particulate organic and inorganic inerts, respectively. XI can 
be produced during biological processes whereas XII is a conserved state 
variable and is neither consumed nor produced by the processes modelled in 
RWQM1. 

2. Biomass: XH (heterotrophic organisms), XN1 and XN2 (nitrifiers), XALG (algae 
and macrophytes) and XCON (consumers – higher order organisms) are 
included as biomass state variables.  

21



3. Nitrogen: Nitrogen state variables are SNH4 (ammonium), SNH3 (un-ionized 
ammonia), SNO2 (nitrite), SNO3 (nitrate) and SN2 (elemental nitrogen). SNH3 is 
only involved in the equilibrium reactions between SNH4 and SNH3. 

4. Phosphorus: Phosphorus state variables used in the model are SHPO4, SH2PO4 
(inorganic dissolved phosphorus) and XP (adsorbed phosphorus). Distribution 
of inorganic dissolved phosphorus into SHPO4 and SH2PO4 depends on the pH. 

5. Oxygen: Dissolved oxygen is modelled as SO2. It is affected by various 
biological processes as well as surface reaeration. 

Other state variables included are SCO2 (dissolved carbon dioxide (CO2) and 
carbonic acid (H2CO3)), SHCO3 (bicarbonate), SCO3 (carbonate), SH (hydrogen ions), 
SOH (hydroxyl ions) and SCa (dissolved calcium ions). These state variables are 
mainly used for pH calculations. 

Processes 

1. Aerobic growth of heterotrophs: In the presence of oxygen, heterotrophic 
organisms (XH) consume dissolved organic substrate, oxygen and nutrients for 
growth. 

2. Aerobic endogenous respiration: Endogenous respiration for all biomass state 
variables (XH, XN1, XN2, XALG, XCON) is described. It is an oxygen consuming 
process. 

3. Anoxic growth of heterotrophs: Under anoxic conditions, a two-step 
denitrification process is modelled. Nitrate is first converted to nitrite and then 
to molecular nitrogen. Nitrate and nitrite are used as the electron acceptors, 
respectively. 

4. Anoxic endogenous respiration of heterotrophs: In the absence of oxygen, a 
one-step process is used to describe the respiration of heterotrophic biomass 
using nitrate. 

5. Growth of nitrifiers: Two different autotrophic organisms are modelled (XN1, 
XN2). While XN1 oxidizes ammonium to nitrite, XN2 oxidizes nitrite to nitrate. 

6. Growth of algae: In the presence of sunlight, the growth of algae (XALG) is 
modelled with either ammonium or nitrate as the nutrient source. 

7. Growth of consumers: Consumers (XCON) are higher order organisms that 
depend on algae, particulate organic matter and bacteria for growth. 

8. Death of algae/consumers: Algae and consumers are converted to slowly 
biodegradable particulates and inert organic matter in this process. 

9. Hydrolysis: Heterotrophic conversion of slowly biodegradable particulates to 
dissolved substrate is modelled as hydrolysis. 

22



23 
 

10. Phosphate processes: These include adsorption of inorganic phosphate to 
particulate matter and desorption of bound phosphate as inorganic dissolved 
phosphorus. 

11. Chemical equilibria: Various chemical equilibria processes for the carbonate 
system, hydrogen system, phosphate etc. are included. 

2.3. Development of Integrated Urban Wastewater 
System Models 

Integrated models combine different sections of an UWS. A model can be called 
integrated if it includes the interactions between at least two sections (Rauch et al., 
2002). The primary driver for integrated modelling is to enhance the performance 
of an UWS in a holistic manner. Moving from the traditional evaluation measures 
(e.g. WWTP effluent quality, number and duration of sewer overflows etc.) 
towards integrated assessment (based on receiving water quality) is possible only 
with the use of integrated modelling approaches. 

2.3.1. Brief History of Integrated Modelling 

The idea of integrated modelling was proposed around 40 years ago by Beck 
(1976). One of the early integrated models was developed by Beck & Finney 
(1987). The model was mainly used to study operational strategies to reduce the 
stress on downstream rivers. Many authors (e.g. Harremoës et al., 1993; House et 
al., 1993) identified the interactions between the different sections in an UWS and 
argued for the development of holistic approaches to improve the quality of 
receiving waters. The INTERURBA (Interactions between sewers, treatment plants 
and receiving waters in urban areas) 1992 workshop highlighted the state-of-the-art 
and also identified the problems involved in UWS modelling (Lijklema et al., 
1993). The workshop strongly emphasized the need to design and operate sewers 
as well as WWTPs based on receiving water quality impacts. Meanwhile, an 
important development in the WWTP modelling community had taken place. 
The efforts to standardize activated sludge models by the IWA Task Group on 
Mathematical Modelling for Design and Operation of Biological Wastewater 
Treatment led to the technical report on Activated Sludge Model No. 1 (ASM1) 
(Henze et al., 1987). This has not only helped the WWTP modelling community 
but also paved the way towards improving other models (sewer and river systems). 
With the research community recognizing the need for integrated approaches in 
managing UWSs, there has been a renewed interest in integrated modelling of 
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UWSs during the late 90s. Various factors contributing to this include the 
availability of technical know-how and also increased computational power. The 
enforcement of the European Union (EU) Water Framework Directive to have a 
good chemical and ecological status of the receiving water necessitated a shift from 
traditional emission based strategies to receiving water quality based approaches for 
the management of UWSs (Vanrolleghem et al., 2005a) and hence generated a new 
interest in the field of integrated modelling and control. The INTERURBA II 
conference in 2001 is an indication that there is great and continued interest in the 
idea of integrated modelling (Rauch et al., 2002). Another major advancement in 
the parallel field of river water quality modelling is the development of a 
standardized and consistent framework for modelling river water quality. One of 
the main features of RWQM1 is the ease of integration with WWTP models 
(Reichert et al., 2001b; Shanahan et al., 2001; Vanrolleghem et al., 2001). With 
the availability of standard models for all the sections, efforts towards integration 
strengthened further. Integrated models were developed by several academic groups 
as well as commercial software developers (e.g. Schütze et al., 1999; Mannina et al., 
2006; Achleitner et al., 2007; Vezzaro et al., 2014a; DHI, 2016; ifak, 2016). 
Armed with integrated modelling toolboxes, the next step was to apply them to 
improve/prioritize efforts towards holistic analysis of UWS performance. 
Integrated modelling studies were undertaken for different urban catchments (e.g. 
Odenthal, Germany (Erbe et al., 2002); Copenhagen, Denmark (Harremeös et al., 
2002; Vezzaro et al., 2014b); Lambro river, Italy (Benedetti et al., 2007); Dommel, 
The Netherlands (Weijers et al., 2012)). Also, integrated models were used to 
analyse future scenarios and mitigation strategies (Doglioni et al., 2009; Fu et al., 
2009; Astaraie-Imani et al., 2012). Multi-objective optimization studies were used 
to support decision making and improve the river water quality (Muschalla, 2008). 
As the drivers for adopting integrated models keep increasing (in terms of software 
availability, potential environmental and economic benefits, legislative 
requirements), it is expected that undertaking such an exercise will only become 
more commonplace and academics, practitioners as well as society at large will be 
able to reap the benefits of the approach. 

A more detailed review on integrated models and state-of-the-art is provided in Rauch 
et al. (2002), Schütze et al. (2011), Benedetti et al. (2013) and Bach et al. (2014). 
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2.3.2. Challenges to Integrated Modelling  

Although detailed models for all the sections exist, the idea of integrating them is 
far more complex and challenging than simply plugging them together. The major 
challenges and some approaches to handle them are described below. 

• Adapting to the purpose – simplifying the model: The models for sewers, 
WWTPs and rivers are made for different purposes and cannot be 
integrated without modifications/simplifications to the model. For 
example, in the case of sewer models, 2D continuity and momentum 
equations (Saint-Venant equation) are replaced by conceptual models 
(Meirlaen et al., 2002; Solvi, 2007). This not only allows for the 
integration of sewer models with other elements in the UWS, but also 
significantly reduces the simulation times. Other simplifications in terms 
of spatial and time boundaries are also commonly employed 
(Vanrolleghem et al., 2005a). 

• Adapting to the purpose – adding complexity to the model: While some 
aspects of the models are simplified, other areas need an improved 
description of the underlying processes. The difference in the level of detail 
and complexity between sewer models and WWTPs in terms of their 
ability to describe pollutants needs to be reconciled (Fronteau et al., 
1997). A major step towards reconciliation between WWTP and river 
quality models is the RWQM1 (Reichert et al., 2001a). The modelling 
framework for RWQM1 draws inspiration from ASM models for 
WWTPs and also facilitates interfacing with WWTP models. 

• Model calibration and validation: Integrated modelling aggravates the 
identifiability and model calibration issues that already exist in the models 
for the individual sections (Reichert & Vanrolleghem, 2001; Sin et al., 
2005). Coupled with this is the need for extensive data collection 
campaigns needed to satisfactorily calibrate the UWS models. Detailed 
frameworks are developed to address this issue and provide guidelines on 
the best practices for applying integrated models to real urban catchments 
(Breinholt et al., 2008; Muschalla et al., 2009). Nevertheless, one should 
recognize the fact that inherent identifiability issues and their effect on 
model calibration cannot be completely removed. 
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2.3.3. Integrated UWS – Commonly Used Software 

The WEST modelling software offers WESTforIUWS (DHI, 2016), which can 
simulate the catchment, sewer, WWTP and river water system of an integrated 
UWS. It offers possibilities to evaluate water quality based objectives for both long 
term and short term evaluation periods. Additionally, uncertainty and sensitivity 
analysis of the models can also be performed. 

SIMBA# water is developed by Institut für Automation und Kommunikation 
(ifak), Germany (ifak, 2016) and is used for simulation of the integrated UWS. 
The software consists of a model library to simulate processes in sewers, WWTPs 
and rivers. Simplified hydrological models as well as hydrodynamic models are 
available for the sewer network. Various modules for biochemical and physical 
processes in the WWTP and also different possibilities to simulate biochemical 
processes in the river are included. Additionally, it facilitates easy implementation 
of control studies. There is a possibility to program the controllers using industry 
standard languages such as structured text, petri nets etc. 

CITY DRAIN is an open-source Matlab based toolbox for integrated UWS 
evaluations (Achleitner et al., 2007). It has hydrological models for sewers and river 
systems as well as a simplified WWTP model. It gives the users a possibility to 
create their own user defined blocks in addition to the existing model library. It 
allows for fast simulation of the UWS owing to its simplified nature. 

2.4. Integrated Control of Urban Wastewater Systems 

Availability of modelling tools and an increasing need to optimize/control UWSs 
in a holistic manner led to the study of integrated control in an UWS context 
(Rauch & Harremoës, 1999; Meirlaen et al., 2002; Butler & Davies, 2004; 
Schütze et al., 2011). Integrated modelling is clearly the pre-cursor to integrated 
control and hence the advances in the field of integrated control closely follow 
those from integrated modelling. 

Schütze et al. (1999) have characterized integrated control in the context of UWSs 
based on the following two aspects and presented a methodology for 
implementation of integrated control strategies. 

• Integration of objectives: Control objectives in one section (sewer network, 
WWTP or receiving water) may be based on criteria measured in other 
sections (e.g. minimize peak loads to the WWTP based on water levels in 
the sewer network). 
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• Integration of information: Control decisions in one section may be based 
on the information about states in another section (e.g. control of aeration 
rate in the WWTP based on flow rate in the upstream sewer network). 

The majority of the studies on integrated control are theoretical where a system-
wide model is used to demonstrate the benefits of integrated control for a 
particular urban catchment. Nevertheless, there are a few case studies where 
integrated control is implemented in a real catchment or at least tested in pilot 
scale.  

Various studies on integrated control can be broadly classified into three categories 
namely:  

i. heuristic control; 

ii. offline optimization; 

iii. online optimization. 

2.4.1. Heuristic Control  

Expert knowledge about the system can be used to devise control strategies that can 
enhance the performance of the system. Very often, such controls are achieved 
through: i) detailed understanding of the process dynamics either through 
experiments or existing knowledge (e.g. from operators); and ii) development of 
control strategies through several trial-and-error runs before coming up with the 
final set of rules and set points for the control algorithm. In many cases, the 
information about present/future situation can be obtained from a simulation 
model. A simple IF-ELSE control rule can be: 

IF (inflow to WWTP greater than a defined flow rate) 

Reduce pumping at an upstream pumping station 

ELSE 

Continue to pump at the current rate 

Wiese et al. (2005) developed and tested a rule-based integrated control strategy for 
the operation of a sequencing batch reactor (SBR) at WWTP Messel, Germany. A 
simulation model determines the future state of the sewer network based on a 
sewer model and weather radar forecast information. The operation of the SBR 
plant was modified from a dry weather cycle (6h) to a wet weather cycle (8h) based 
on the information from the model. This facilitated improved operation of the 
WWTP due to early switching to the wet weather mode using rule-based control 
with a prediction model. 
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Meirlaen (2002) developed an integrated model for the Tielt river catchment in 
Belgium. The model was further used to demonstrate integrated control strategies. 
Rule-based control strategies to improve river ammonium as well as dissolved 
oxygen concentrations were implemented. 

Sewer and WWTP control considering the interactions between these sections was 
also developed and implemented in Wilhelmshaven, Germany (Seggelke et al., 
2013). It describes: i) a sewer real-time control (RTC) strategy that aims to reduce 
combined sewer overflow (CSO) frequency and volume; and ii) an integrated 
control strategy, which manipulates the pumping station operation (in the sewer 
network) to limit the maximum inflow to the WWTP. The control decision was 
based on the current operation state of the WWTP (e.g. suspended solids in the 
aeration tanks, sludge volume in the clarifiers etc.). 

A simulation study of the Odenthal catchment in Germany was performed by Erbe 
et al. (2002). The study included sewer RTC as well as integrated control of sewer 
and WWTP. The integrated control strategy modifies the bypass (at the WWTP) 
and inflow to the WWTP based on secondary settler effluent solids concentration. 

An impact-based RTC of the sewer network was developed at Dommel, The 
Netherlands (Benedetti et al., 2013; Langeveld et al., 2013). The control strategy 
manipulates the operation of pumping stations mainly in the sewer network, 
although an integrated model was used to evaluate the impact on the WWTP and 
more importantly on the river water quality. 

Aeration tank settling (ATS) was implemented to avoid significant loss of 
biological capacity during wet weather in the WWTP at Aalborg, Denmark 
(Nielsen et al., 1996; 2000; Nielsen & Nielsen, 2005). The operation of the 
WWTP changes to ATS mode based on the influent flow rate. An improvement to 
this approach was also suggested that uses flow prediction to determine the future 
inflow to the WWTP. This information can be used to effectively change from 
normal operation to ATS in advance. 

2.4.2. Offline Optimization 

Optimization techniques can be used to determine optimum set points and 
actuator responses for various control strategies developed using rule-
based/heuristic methods. An integrated model with the chosen control strategy 
together with: i) operational constraints for the actuators (e.g. upper and lower 
limits for the pumping rates); ii) a range of possible sensor set points to trigger 
controls (e.g. various possible river ammonium concentrations at which a particular 
control should be triggered); and iii) an objective function (or multiple objective 
functions) that can be used to determine the best combination, are generally 
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needed. The optimization algorithm efficiently determines the best possible 
settings for various elements in the control algorithm. 

Rauch & Harremoës (1999) used genetic algorithms to optimize RTC for a 
hypothetical urban catchment based on the Copenhagen wastewater system. A 
genetic algorithm was used to increase the minimum oxygen concentration in the 
river stretch predicted using an integrated model. The study highlighted the 
potential of integrated control versus sewer RTC (to minimize overflow volume) 
with respect to the river quality. It was shown that a reduction in overflow volume 
does not necessarily lead to the best river water quality. Also, a water quality based 
real time integrated control strategy was assessed on the Copenhagen UWS. The 
Dynamic Overflow Risk Assessment (DORA) (Vezzaro & Grum, 2014) strategy 
was applied taking into consideration water quality at the WWTP inlet and at a 
sensitive bathing location in the receiving water system (Vezzaro et al., 2014b). 

Fu et al. (2008) demonstrated the case of using genetic algorithms to optimize 
control strategies with multiple objectives. An offline optimization procedure was 
used. Objective functions for optimization (in terms of river ammonium, dissolved 
oxygen concentration and pumping costs) were defined and the desired range of 
operation of the actuators was used as a constraint for the optimization. Finally, 
using the Pareto optimal front obtained from the study, control strategies could be 
chosen by understanding the trade-offs between different objectives. The study was 
carried out on a hypothetical urban catchment (Schütze et al., 2011) with the 
WWTP inspired from the Norwich WWTP and the sewer network inspired from 
the ATV case study (ATV, 1992) and upscaled. 

Schütze et al. (2011) developed the system-wide simulation toolbox SYNOPSIS 
and used it to demonstrate the potential of integrated control strategies. Various 
offline optimization procedures were used to determine optimum set points for the 
operation of control handles in sewer and WWTP. 

2.4.3. Online Optimization 

In online optimization, a set of available actuators and their range of response are 
chosen; and an optimization algorithm is used to determine the ideal actuator 
response up to a predefined time period in the future. The optimization algorithm 
uses a model of the integrated system to minimize an objective function (e.g. 
minimize the overflow volume, reduce ammonium concentration in the river) by 
varying the actuators signals. The optimization procedure determines the best 
setting for each actuator variable that will be chosen for the prediction horizon. 
The process repeats itself at a chosen frequency.  
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The sewer network and WWTP in Copenhagen are controlled by an integrated 
control framework which consists of: i) online optimization of the sewer operation 
considering both the current state of the WWTP and also rainfall forecasts; and ii) 
switching the WWTP into wet weather mode (aeration tank settling) using radar 
based forecasts of inflow to the WWTP (Grum et al., 2011; Sharma et al., 2013; 
Mollerup et al., 2016). 

Seggelke et al. (2005) described a prognosis tool that determines the maximum 
hydraulic capacity of the WWTP dynamically. An integrated model with WWTP 
and river was used for the online optimization. At each time-step, the optimizer 
determines the optimum inflow to the WWTP (based on several future scenarios) 
that will lead to the lowest ammonium concentration in the river. 

2.5. Benchmark Simulation Models 

The International Water Association (IWA) Benchmark Simulation Models 
(BSM1, BSM1_LT, BSM2) consist of a predefined plant layout, process models, 
sensor and actuator models, influent wastewater characteristics and evaluation 
criteria (Jeppsson et al., 2013). They were originally developed with the objective 
to evaluate control strategies in wastewater treatment plants (WWTPs) and have 
been widely used in both industry and academia. Up to date, more than 500 
publications are related to the BSM family products (Gernaey et al., 2014). The 
major BSM models are described briefly below. 

• BSM1: The plant configuration for BSM1 consists of activated sludge 
reactors (with two anoxic and three aerobic tanks in series) followed by a 
secondary settler. Various influent profiles (dry, rain, storm) are used as 
inputs and the evaluation is performed for a period of 7 days (Copp, 
2000). The evaluation criteria are focused on the effluent quality and 
operating costs. Although, the layout is useful to evaluate short term 
effects of control/operation, it was not suitable to evaluate changes in 
sludge age etc. which have time constants that are longer than the 7-day 
evaluation period. 

• BSM1_LT: In order to support long term evaluations, BSM1 is further 
extended temporally to BSM1_LT (LT stands for long term) (Rosén et al., 
2004). A 1-year evaluation period is now used. Although, the plant 
configuration remains the same, the influent characteristics and evaluation 
criteria are improved. A dynamic influent generator (DIPDSG) (Gernaey 
et al., 2011) is used to generate influent files with different characteristics 
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(includes daily, weekly and yearly variations, medium and high intensity 
rainfall, temperature variations etc.). 

• BSM2: In order to evaluate control strategies not only in the activated 
sludge reactors but also in other unit operations of a WWTP, BSM1_LT 
is extended with new unit operations. Primary settlers are included in the 
water line. Also, anaerobic reactors are added to the activated sludge tanks. 
A sludge line consisting of sludge dewatering units, thickeners and 
anaerobic digester is included. In terms of evaluation criteria, costs related 
to sludge handling and also the energy gains due to biogas production are 
considered (Jeppsson et al., 2007; Nopens et al., 2010). 

Although, there has been a lot of progress in the BSMs, all of them are focussed on 
inside-the-fence evaluation of the WWTP performance. Life cycle analysis tools 
have been used to extend the scope of evaluation to include external factors like 
origin, production and transport of chemicals and electricity and also usage of the 
produced energy outside the WWTP (Arnell et al., 2017). The current project is 
the first attempt at spatially extending the BSMs outside-the-fence of a WWTP 
and thereby allowing for objective evaluation of integrated control strategies (and 
their impact on different sections of the UWS). More importantly, with an 
integrated BSM, evaluation of the control strategies can be directly linked to the 
river water quality instead of using traditional (and mostly indirect) metrics based 
on sewer overflow volumes and WWTP effluent quality. 
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Chapter 3  

Influent Generator for WWTPs 
– A Pre-Cursor to System-Wide 
Modelling 

This chapter summarizes the work presented in Paper I on an influent wastewater 
generator model for BSMs. An overview of the model is presented, calibration and 
validation of the model using full-scale data from two WWTPs and case studies using 
the influent generator are provided. The suitability of the model as the starting point for 
spatial extensions to the existing BSMs is discussed.  

3.1. Introduction 

Influent wastewater quality and flow rate are the most dynamic inputs to a WWTP 
and hence high frequency data for a variety of biochemical constituents is generally 
required for a detailed WWTP model calibration exercise. However, owing to large 
costs (in terms of time as well as money), it is not always possible to gather all the 
necessary data with the required level of detail. The Dynamic Influent Pollutant 
Disturbance Scenario Generator (DIPDSG) is a phenomenological model that is 
developed to address this problem. The approach is based on three important 
aspects namely: i) model parsimony – limiting the number of parameters to the 
smallest extent possible; ii) model transparency – using model parameters that have 
a physical meaning when possible; and iii) model flexibility – the proposed influent 
model can be easily modified/extended for other applications where long influent 
wastewater time series is needed. 
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Many of the essential elements available in DIPDSG can be re-used to develop the 
catchment and sewer models for the BSM-UWS. The work described in Paper I 
demonstrates the capabilities of the DIPDSG to generate influent profiles for real 
WWTPs. Hence, the suitability of the underlying model blocks from DIPDSG to 
describe the generation of wastewater from the urban catchment is strongly 
established. In this chapter, a summary of the DIPDSG model and the 
calibration/validation of the model to produce influent profiles for two WWTPs in 
Sweden and Denmark are presented. Furthermore, different scenarios where the 
model can be used are elaborated. 

3.2. Model Description 

The DIPDSG (Figure 3.1) is used to generate: i) flow rate; ii) pollutant 
concentrations; and iii) temperature dynamics at the WWTP inlet. The model 
structure includes source blocks for: i) flow rate; and ii) pollutant load generation 
from the catchment; and subsequently, iii) a transport block to describe their 
transport in the sewer network. Additionally, a temperature model block to 
simulate the temperature of the influent wastewater is also developed. 

 

Figure 3.1: DIPDSG model illustrating various model blocks for generation of flow rate, 
pollutants and temperature at the WWTP inlet (from Paper I). 

  

HOUSEHOLDS (HH)

INDUSTRIES (IndS)

SEASONAL CORRECTION 
FACTOR

RAINFALL /
SNOW MELTING

HOUSEHOLDS (HH)

INDUSTRIES (IndS)

SOIL MODEL

FIRST FLUSH EFFECT
MODEL

ASM-1/ ASM-X 
FRACTIONATION

TEMPERATURE

FLOW RATE MODEL BLOCK

POLLUTANTS MODEL BLOCK

TEMPERATURE MODEL BLOCK

TRANSPORT 
MODEL BLOCK

100-aH

aH

SEWER SYSTEM 
MODEL

infiltration

34



35 
 

3.2.1. Flow Rate 

In order to describe the influent flow rate, contributions from various sources, 
namely: i) households (HH); ii) industry (IndS); iii) rainfall (RAIN)/snow melting 
(SNOW); and iv) infiltration (SOIL), are modelled. Pre-defined flow rate profiles 
are used to simulate the daily, weekly and seasonal variations. These profiles are 
multiplied with the daily mean flow rate to generate the contributions from 
domestic and industrial sources during dry weather periods. RAIN and SNOW 
blocks describe the contribution of precipitation to stormwater flow. Precipitation 
on impervious area reaches the sewer network directly whereas that on pervious 
area reaches the infiltration (SOIL) model block. The SOIL block mimics the 
behaviour of soil with inputs from the precipitation on pervious areas and yearly 
groundwater profile (with seasonal variations in groundwater level). The output 
from the SOIL block determines the extent of infiltration to the sewer network as 
well as groundwater flow to the downstream aquifer. The net flow rate generation 
is the total sum of all the above contributions (HH+Inds+RAIN/SNOW+SOIL). 

3.2.2. Pollutant Loads 

Pollutant load generation from the catchment uses the same principles as the flow 
rate generation. Pollutants considered are soluble and particulate COD (CODsol, 
CODpart), ammonium (NH4

+) and total Kjeldahl nitrogen (TKN). Two sources of 
pollutant generation are considered (domestic and industrial). Source profiles for 
pollutant load variations on daily, weekly and yearly basis are defined. These 
profiles are multiplied with the mean pollutant loads. Only dry weather pollutant 
generation is modelled. Hence, it cannot simulate the dynamics of pollutant 
generation from the catchment due to rain events. However, first flush effects in 
the sewer network are considered. The pollutant loads generated are further 
transformed into ASM state variables depending on the type of activated sludge 
model used for the WWTP model (ASM1, ASM2, ASM2d and ASM3). 

3.2.3. Temperature 

The temperature block describes the variation in temperature at different time 
scales. The daily changes in temperature during day and night times are 
considered. Also, seasonal effects leading to variation in temperature are included. 
Both these phenomena are modelled using sinusoidal wave forms with daily and 
yearly frequencies. In addition, the change in temperature due to precipitation 
events is considered. A temperature drop proportional to the intensity of 
rainfall/snowmelt is modelled. 
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3.2.4. Transport 

A tanks-in-series approach is used to represent the sewer network. A non-linear 
reservoir model is used to represent the volume balance in each tank. Additionally, 
a first-flush block describes the high pollutant loads to the WWTP during the 
beginning of a rain event. The higher loads are due to washoff of particulate 
pollutants, which accumulate in the sewer network during a preceding dry weather 
period. The first-flush model assumes that a constant fraction of the particulates 
are accumulated in the sewer network during dry weather periods. During rain 
events, a Hill function (Hill, 1910) is used to represent the washoff of the 
accumulated solids depending on the flow rate and the available solids in the sewer. 

3.3. WWTPs Under Study 

Data from two large WWTPs at Bromma, Sweden (WWTP1) and Lynetten, 
Denmark (WWTP2) are used for the calibration of the DIPDSG model (Table 
3.1). Carbon (COD), nitrogen and phosphorus removal are achieved in both 
WWTPs using mechanical, biological and chemical unit operations. Data for 
WWTP1 is available for 2009/2010 while WWTP2 data is available for the period 
between 2010 and 2011. Daily average values are used for flow rate and pollutant 
loads. 

Table 3.1: Major inflow characteristics for WWTP1 and WWTP2. 

Parameter WWTP1 WWTP2 
Catchment area 25 000 ha 76 000 ha 

Population equivalents 300 000 750 000 

Treatment capacity 10 800 m3.h-1 23 000 m3.h-1 

Influent flow rate 120 000 m3.d-1 170 000 m3.d-1 

COD load 35 000 kg.d-1 95 000 kg.d-1 

N load 3 100 kg.d-1 7 300 kg.d-1 

P load 380 kg.d-1 1 200 kg.d-1 

 

Flow and temperature data are available at high frequency (1 sample every 6 mins) 
at both locations. Rainfall data with a frequency of 3 samples per day is available 
for the catchment of WWTP1. Two to three daily averaged flow proportional 
samples per week are available for pollutant concentrations at WWTP2. Due to the 
limited data availability, WWTP1 data is used for the calibration of influent flow 
rate and temperature while WWTP2 data is used to calibrate the influent pollutant 
loads. 
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3.4. Results 

3.4.1. Flow Rate at WWTP1 

Global sensitivity analysis (GSA) results from Flores-Alsina et al. (2012b) are used 
to perform a step-wise calibration and validation exercise. Key parameters affecting 
long term (monthly, yearly trends), daily and hourly dynamics are determined 
from the GSA study. The first step is to calibrate the model for yearly and monthly 
average flow rate data. It is assumed that 56 % of the influent flow to the WWTP 
originates from domestic and industrial sources, where domestic sources contribute 
to 82 % of the flow and the industrial sources contribution is 18 %. The 
remaining 44 % arises from infiltration to the sewers. The parameters calibrated 
(Table 3.2) are: i) PE (300 000 PE) (population equivalents) and QperPE (0.15 
m3.d-1.PE-1) (daily average flow rate per population equivalent) from the HH 
block; ii) Qind (10 000 m3.d-1) (daily average industrial flow rate) from the IndS 
block; and iii) SOIL block parameters Infbias (80 000 m3.d-1) (effects mean annual 
infiltration flow rate to sewer), Kdown (30 000 m2.d-1) (determines flow to 
downstream aquifer) and Kinf (450 000 m2.5.d-1) (determines infiltration flow to 
sewer). In order to calibrate the daily dynamics, parameters representing the wet 
weather phenomena are calibrated. These include: i) RAIN/SNOW block 
parameters Qpermm (25 000 m3.mm-1) (volume per mm rain), Qpercm (35 000 
m3.cm-1) (volume per cm of snow) and Aimp (75 %) (percentage of impervious 
area); and ii) SOIL block parameters Asoil (25 000 m2) (hypothetical area of the soil 
model) and ϕsoil (2.0 m.d-1) (porosity of soil). The hourly dynamics are calibrated 
using the number of subareas (8) parameter. It represents the length of the sewer 
network. Each subarea includes three completely mixed tanks in series. 

Table 3.2: Major parameters used for calibration of DIPDSG in different time scales. 

Calibration variable Monthly Daily Hourly 

Flow rate PE 
QperPE 
Qind 
Infbias 
Kdown 
Kinf 

Qpermm 
Qpercm 
Aimp 
Asoil 
ϕsoil 

subareas 

Temperature Tbias 
Tamp 
Tfreq 
Tphase 

Td,amp 
Td,freq 
Td,phase 

Grain 
Gsnow 

Pollutants PE 
Pi,hhperPE 
Pi,ind 

FFfraction 
Mmax 
Qlim 
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The calibration (Figure 3.2a) (year 2009) and validation (Figure 3.2b) (year 2010) 
results for the flow rate indicate that the model is successful in reproducing the 
yearly flow rate trends. From Figures 3.2c, e and Figures 3.2d, f, the diurnal 
variations in daily flow rate due to changes in water usage patterns throughout the 
day can be noticed. Morning and evening peaks, followed by a minima during 
night can be observed. Both the calibration (e.g. Figure 3.2c – day 164) and 
validation (e.g. Figure 3.2d – day 161) indicate that the model can successfully 
reproduce the high flow rates during rain events. It is also interesting to note the 
flow rate “tails” (delayed high flows) after these rain events. Such an effect is 
observed due to the delayed flow rate (e.g. from infiltration to sewers) that reaches 
the WWTP even after the end of a rain event. The effect of snow melting on flow 
rate, leading to increased flow rate at the WWTP, can be noticed in Figure 3.2e 
(e.g. day 86) and Figure 3.2f (e.g. day 81). However, it can be seen that the model 
has some inaccuracies as well. This can be due to non-availability of high frequency 
rain data and/or inaccuracies in the rainfall and snowmelt models. 

 

Figure 3.2: Calibration (blue) and validation (red) results of DIPDSG for flow rate data (grey) from 
WWTP1. Daily average flow rate for the entire year (a, b); and snapshots from 
summer (c, d) and winter time periods (e, f) representing higher flows due to rainfall 
and snow melting, respectively. Day 0 is 1st January, day 80 is 21st March and day 160 
is 9th June (modified from Paper I). 
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3.4.2. Temperature at WWTP1 

A similar approach is followed to calibrate the temperature at WWTP1. Firstly, the 
long term dynamics are calibrated using the parameters representing bias (Tbias) (15 
°C), amplitude (Tamp) (5 °C), frequency (Tfreq) (2π rad.y-1) and phase shift (Tphase) 
(0.8π rad) for the yearly sinusoidal curve. For the daily dynamics, the variatios are 
mainly caused by day/night changes in temperature. The daily variation in 
temperature is described using the parameters Td,amp (0.5 °C), Td,freq (2π rad.d-1) and 
Td,phase (1.5π rad) representing the amplitude, frequency and phase shift for the 
daily sinusoidal curve. During rain events and snow fall, a drop in temperature can 
be observed. Precipitation effects on temperature are calibrated using the 
proportional gain parameters Grain (0.4) and Gsnow (0.4). The parameters lead to a 
decrease in temperature (in comparison to the dry weather values) proportional to 
the precipitation intensity. All the calibrated parameters are listed in Table 3.2. 

 

Figure 3.3: Calibration (blue) and validation (red) results from DIPDSG temperature module for 
WWTP1 temperature data (grey). Yearly dynamics (a, b) and daily variations (c, d) 
are presented. Day 0 is 1st January and day 160 is 9th June (modified from Paper I). 
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Although the temperature model is simple, it is successful in reproducing the daily 
and seasonal trends in temperature. The calibration and validation of daily and 
monthly temperature changes are presented in Figures 3.3a, b. Data from year 
2009 is used for calibration while that from 2010 is used for validation. A 
significant change in temperature between cold (e.g. 0 – 100 days) and warm 
months (e.g. 200 – 300 days) can be noticed in the data and is reproduced 
successfully by the model. The variation in temperature on a daily basis (day and 
night differences) is also clearly reproduced both during calibration (Figure 3.3c) 
and validation (Figure 3.3d). Additionally, the model is able to describe the drop in 
temperature observed due to precipitation events as observed in Figure 3.3c (day 
165) and Figure 3.3d (day 163). However, in some cases, a bias or delay in the 
results is noticed (e.g. days 170 – 180 in Figure 3.3c), especially with respect to 
daily variations and the influence of precipitation events. A more accurate 
description would hence require improvements to the modelling of daily variations 
and precipitation induced temperature differences in the model. 

3.4.3. Influent Pollutant Loads at WWTP2 

Due to the simplified approach, pollutant load generation from the catchment is 
only represented by the HH and IndS blocks. No wet weather pollutant load from 
the HH and IndS blocks is assumed. Nevertheless, the transport block can be used 
to represent the additional particulate pollution arising from the sewer network 
during the beginning of rain events. During the calibration exercise, COD and 
TKN pollutant loads at WWTP2 are described by the model using the parameters 
given in Table 3.2. In the HH blocks, PE (750 000 PE) (population equivalents) 
and daily average pollutant loads per PE (Pi,hhperPE) (CODsol: 16.42 g.d-1.PE-1; 
CODpart: 97.82 g.d-1.PE-1; NH4

+: 4.82 g N.d-1.PE-1; TKN: 7.23 g N.d-1.PE-1) are 
used for calibration. Similarly, the daily average loads (Pi,ind) (COD: 18 000 kg.d-1; 
TKN: 2 700 kg N.d-1) from the industry block (IndS) are calibrated. The 
contribution of industrial loads to the total pollutant load is determined based on 
the data. Also, the ratio between particulate and soluble COD is determined from 
the data. For the particulate pollutant variation during rain events, the first-flush 
model is calibrated. The major parameters are: i) FFfraction (0.75) – determines 
the fraction of particulates that settle in the sewer network during dry weather 
periods; ii) Mmax (120 000 kg) – maximum particulate load that can settle in the 
sewer network (this parameter limits the amount of solids available in the sewer 
network, especially during long dry weather spells); and iii) Qlim (560 000 m3.d-1) – 
flow rate limit above which washoff of particulates intensifies. It should be noted 
that the model does not use absolute flow rate limit values to trigger the washoff. 
Instead, a Hill function is used to represent a smooth transition in washoff with 
increasing flow rate values. 
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Figure 3.4: Pollutant loads (kg.d-1) for COD (calibration (a), validation (b)) and TKN (calibration 
(c), validation (d)) at WWTP2. Calibration (blue) and validation (red) results from the 
model compared with data (black). Day 0 is 1st January (from Paper I). 

Data from year 2010 is used for calibration while that from 2011 is used for 
validation. For both COD (Figures 3.4a, b) and TKN (Figures 3.4c, d), it is 
noticed that the model predictions (calibration and validation) are well within the 
range of the observed values. Additionally, it is clear that the monthly trends are 
well described by the model, especially the drop in pollutant loads during the 
holiday period (month 7 – around day 200). This is observed during both the 
calibration and validation periods for COD as well as TKN. Another effect is the 
increased pollutant loads at the beginning of rain events due to first flush of 
pollutants (e.g. COD: Figure 3.4a – day 166; TKN: Figure 3.4d – day 37). 
Although, the model fits reasonably to the daily pollutant loads, the accuracy of the 
model in describing diurnal variations could not be validated due to lack of high 
frequency data. An area of potential improvement for the model is the description 
of pollutant loads from rainfall runoff. The current model assumes that no 
pollution reaches the WWTP from surface runoff of stormwater. It can be 
improved in a simple manner by assuming constant pollutant concentrations in the 
surface runoff during rain events. 
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3.5. Scenario Analysis  

A calibrated and validated influent generator model can be put to many other uses 
apart from using it for the designed purpose of generating long term influent data 
for WWTPs. In order to present the capabilities of the model, three example 
scenarios are evaluated: 

i. effect of rainfall on influent flow rate; 

ii. determining uncertainty in influent loads; 

iii. generating high frequency data. 

3.5.1. Effect of Rainfall on Influent Flow Rate 

The model considers the effect of rainfall on the influent dynamics through two 
different model blocks: i) RAIN block simulates the runoff generated immediately 
during the rainfall; and ii) SOIL model describes the delayed response of the 
catchment to rainfall. The impact of two different types of hypothetical rainfall 
time series (generated using the rainfall model presented in Gernaey et al. (2011)): 
i) low intensity and high frequency – many small rain events; and ii) high intensity 
and low frequency – a few heavy rain events, is evaluated (Figure 3.5). The results 
clearly indicate a strong difference in the influent flow rate profile for the two 
scenarios. Figure 3.5a represents frequently repeated low intensity events leading to 
a lot of peak flows to the WWTP although the peaks are only around 2 – 3 times 
the dry weather values. In Figure 3.5b, a much stronger effect is observed with 
higher peak values.  

 

Figure 3.5: Scenario analysis for flow rate at WWTP1 using two different rainfall patterns. Low 
intensity and high frequency rainfall (a) and high intensity and low frequency rainfall 
(b) patterns. Day 0 is 1st January (from Paper I). 
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Such an analysis can be valuable for WWTP modelling to evaluate various control 
and structural modification possibilities. The effect of rainfall profiles on the 
control strategy performance can be evaluated and also optimized. Wet weather 
operational procedures can be identified to mitigate any potential issues during rain 
events. This can be simple strategies like activating a bypass control, modifying 
recycle and wastage rates to advanced operation including aeration tank settling 
etc.  

3.5.2. Determining Uncertainty in Influent Loads 

Although the model has been successful in describing the pollutant loads at 
WWTP inlets, it is well known that ASM fractionation parameters have a strong 
influence on the organic matter biodegradability (Henze et al., 2000). Most 
modelling studies either use the default fractionation parameters or use limited data 
to calibrate the fractionation parameters. The ASM fractionation block in the 
DIPDSG model provides the opportunity to evaluate the uncertainty arising from 
the values chosen for the fractionation parameters. 250 Monte Carlo simulations 
are performed by varying the ASM fractionation parameters in a range of 50 % 
from the default values. Figure 3.6 shows that all the data points can be represented 
within the 5th and 95th percentiles. Additionally, it also generates high frequency 
data, which is missing in the measurements (e.g. peak values). The uncertainty thus 
produced can later be used to simulate WWTP dynamics by varying the influent 
loads within the range of values obtained using the DIPDSG model. 

 

Figure 3.6: Monte Carlo simulations representing the 5th (blue) and 95th (grey) percentile 
for influent 5-day biochemical oxygen demand (BOD5) loads (kg.d-1) at 
WWTP2. Data is represented as red dots. Day 0 is 1st January (from Paper I). 
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An advantage of such an analysis is that it provides a clear idea on the range of 
variability in organic matter arriving at the WWTP. This information can be used 
to design and operate the WWTPs without using large safety factors 
(Tchobanoglous et al., 2004). It can lead to reduction in construction costs due to 
reduced design volumes (Belia et al., 2009). 

3.5.3. Generating High Frequency Data 

Another potential application of the DIPDSG model is to generate high frequency 
data for detailed WWTP process analysis with limited measured influent data for 
calibration. Such data is especially important for WWTP modelling studies that are 
aimed at analysing control strategies or evaluating peak effluent concentrations etc. 
Also, the high costs involved in data collection efforts can be reduced using such an 
approach. Figure 3.7 represents the match between data and model results for daily 
pollutant loads. Furthermore, high frequency (hourly) diurnal profiles for the 
COD load to a WWTP representing morning and evening peaks are produced by 
the model. It is noticed that the profiles for consecutive days are different in spite 
of having similar source profiles for the HH and IndS blocks. This is due to the 
addition of white noise. Additionally, the diurnal profiles can be varied by using 
the subareas parameter representing the length of the sewer network. The longer 
the sewer network, the more delayed and attenuated are the daily peak values.  

 

Figure 3.7: Generating high frequency data (grey) from the DIPDSG model calibrated with daily 
average influent data (red) for COD loads (kg.d-1). Daily average values from the 
simulations (blue) are also presented. Day 155 is 4th June (from Paper I). 
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3.6. DIPDSG as a Pre-Cursor to Catchment and 
Sewer Models 

The calibration and validation efforts confirm the capability of the DIPDSG 
toolbox to accurately model short term and long term influent profiles for 
WWTPs. Various scenarios that can be simulated using the model were also 
presented. It is clear that the phenomenological approach adopted in the model 
development allows modelling some of the underlying processes involved in 
catchment and sewer network (albeit in a simplistic manner) in order to describe 
the influent profiles. Hence, the suitability of the building blocks from the 
DIPDSG model as components in the system-wide benchmarking exercise can be 
examined. 

Several of the model blocks can be directly used for the system-wide model, 
especially to describe the catchment and sewer network dynamics. In order to 
represent the dry weather wastewater generation from the catchment: i) HH and 
IndS blocks describing the flow rate generation from catchment; and ii) pollutants 
block that includes domestic and industrial sources are suitable. However, they 
need to be integrated to represent the generation of wastewater (which includes 
both pollutants and flow rate). The temperature block describing seasonal, daily 
and short term (hourly) variations is directly transferable without any further 
modifications. The output from the model is useful to describe temperature state 
variable in the sewer network, WWTP as well as the river. Another model block 
that is suitable for the system-wide model is the SOIL block. It can be used to 
represent the contribution of infiltration flow to the sewers during dry weather as 
well as to describe the delayed response from the catchment to rainfall. The first-
flush model can also be used directly. It might be necessary to use multiple first-
flush blocks (e.g. for each sub-catchment). 

However, the RAIN and SNOW blocks can be further improved by using a more 
physically-based approach. The calibration parameters Qpermm and Qpercm do not 
have a direct physical meaning. Hence, an approach using runoff coefficients and 
catchment area can be considered. The transport block representing the sewer 
network can be used as a starting point to describe the transport of wastewater in 
the sewer network. However, instead of using a single transport block, the 
underlying sewer models should be used at different locations in the catchment. 

Nevertheless, the DIPDSG model lacks some key features for it to be used directly 
as a model for describing catchment and sewer network. Although the transport 
block can describe the effect of a sewer network, it does not have the possibility to 
model storage tanks and overflow structures. Without these features, control and 
operational strategies cannot be evaluated (which is an important feature for an 
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integrated model). Another aspect is the description of pollutant load generation 
during wet weather events. The DIPDSG assumes that no pollutants are generated 
from the catchment surface during wet weather events. While this assumption may 
be justified in the case of influent generators, it is essential to have such phenomena 
described in an integrated model. 

Although the building blocks are available for describing some of the processes, it is 
obvious that considerable work is required in order to adapt them to an integrated 
modelling framework. For example, HH and IndS blocks should be used at 
different locations (for each sub-catchment) and also integrated with other source 
generation blocks (like pollution loads and wet weather phenomena). In 
conclusion, the model blocks (especially for flow rate/pollution load generation) in 
the DIPDSG represent a good starting point for the system-wide BSM. The fact 
that the model has been successfully calibrated with data from real WWTPs only 
adds to the confidence in the model and also makes a strong case for adapting it to 
the maximum extent possible for integrated modelling purposes. 

3.7. Summary of Key Findings 

The calibration and validation of the DIPDSG with full-scale data is successfully 
performed. The items below summarize the key findings. 

• The flow rate model is able to describe the daily, weekly and yearly 
variations in domestic and industrial wastewater generation. The effect of 
rainfall and snowmelt are also well modelled. 

• The temperature block can successfully model the daily and yearly trends 
in wastewater temperature variation. Also, the effect of precipitation events 
on temperature is well predicted. 

• The pollutant loads in raw influent wastewater are reproduced by using 
the DIPDSG. The increased particulate pollutant load at the beginning of 
rain events is simulated using the model. 

• The application of DIPDSG for future studies to produce raw influent 
wastewater date for different scenarios is demonstrated using various case 
studies. 

• The suitability of the DIPDSG as a good starting point for catchment and 
sewer extensions to the BSM platform is established. 
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Chapter 4  

BSM-UWS: Model Library 

This chapter describes the modelling principles for the system-wide BSM (BSM-UWS) 
from Paper II, Paper III and Paper IV. The building blocks for all the four sections of 
an UWS (catchment, sewer network, WWTP and river water system) are summarized. 
Evaluation criteria for sewer overflows, WWTP effluent and river water quality are 
defined. 

4.1. Introduction 

It has been well established that WWTPs are strongly interconnected with other 
segments of an UWS (catchment, sewer network, river) (Rauch et al., 2002). 
Hence, the idea of operating and optimizing each of these sections individually 
does not necessarily lead to the best solution for the entire UWS. It is also 
important to evaluate the impact of the operation of individual sections on the 
river water quality. Based on the EU Water Framework Directive to improve the 
chemical and ecological quality of rivers (Council of the European Communities, 
2000), it has become increasingly important to perform holistic assessment of the 
UWS. Integrated models are valuable tools for such an analysis (Mannina et al., 
2006; Schütze et al., 2011; Solvi, 2007). These models can be used to study 
structural modifications (e.g. Astaraie-Imani et al., 2012; Weijers et al., 2012) and 
control strategies (Fu et al., 2009; Seggelke et al., 2013) spanning across different 
sections of the UWS. 

In order to be able to model and evaluate the UWS in a holistic manner, a system-
wide BSM model is envisioned. The first step towards this goal is to develop 
models for catchment, sewer network and river water system that can be easily 
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integrated with the existing WWTP models. This chapter provides the details of 
the model library for all the four sections (catchment, sewer network, WWTP and 
river water system). In addition to the existing WWTP evaluation criteria (Gernaey 
et al., 2014), performance criteria for the sewer network (based on sewer overflows) 
and river quality (based on chemical quality of the river) are introduced. 

4.2. Model Description 

4.2.1. Catchment 

The starting point for the catchment model is the BSM2 Dynamic Influent 
Pollutant Disturbance Scenario Generator (DIPDSG) (Gernaey et al., 2011), 
which is described in Chapter 3. The most important state variables included in 
the catchment model are flow rate and five pollutant variables. COD is divided 
into soluble (CODsol) and particulate (CODpart) fractions. Ammonium (NH4

+), 
nitrate (NO3

-) and phosphate (PO4
3-) are modelled as soluble components. The 

model simulates the generation of wastewater from four major sources, namely: i) 
domestic (DOM); ii) industrial (IND); iii) stormwater (SW); and iv) infiltration to 
sewers (INF). 

Domestic (DOM) sub-model simulates the generation of domestic wastewater and 
pollutant loads. The variation in wastewater generation is modelled using three 
pre-defined profiles for daily, weekly and yearly variations in flow rate and 
pollutant loads (Figure 4.1). The daily variations are due to changes in wastewater 
generation depending on the time of day. Typically, more wastewater is generated 
during mornings and evenings with lowest generation during nights. Weekly 
changes are due to difference in lifestyle during weekdays and weekends. This leads 
to lower wastewater flow and pollutant loads during the weekend. Also, yearly 
trends with holiday periods (with lower wastewater generation) during summer are 
considered. All three source profiles are combined to generate a dynamic time 
series, which is further multiplied with the flow rate/pollutant load per population 
equivalent and the number of population equivalents at each sub-catchment to 
produce a dynamic wastewater profile for the sub-catchment. Zero mean white 
noise is added to the output in order to avoid having identical values during 
different days of the week and also to avoid too strong correlation between 
different variables. 

Industrial (IND) sub-model considers weekly and yearly variation in flow rate and 
pollutant loads. The weekly variations are a reflection of the production cycles and 
maintenance periods (Figure 4.2a). Production cycles with peak production during 

48



49 
 

day time and lower production during the night are assumed. A maintenance 
window on Fridays, which results in higher wastewater generation due to cleaning 
activities, is considered. Additionally, weekends are considered to show the lowest 
production. Holiday periods during summer and Christmas with lower production 
represent the yearly variations (Figure 4.2b). 

 

Figure 4.1: Diurnal variation in pollutant loads and flow rate (a). Weekly variation with two different 
profiles for flow rate and pollutants (day 0 is Monday) (b). Yearly profile (starting 1st July) 
with similar dynamics for pollutants and flow rate (c) (from Paper III). 

Similar to the DOM sub-model, industrial wastewater generation is modelled by 
combining the source profiles for weekly and yearly variations and multiplying it 
with the mean daily pollutant load/flow rate. Also, the profiles for DOM and IND 
sub-models for daily, weekly and yearly variations are different. Additionally, the 
pollutant loads and their ratios (COD/N) are different for both sources. Similar to 
the DOM sub-model, zero mean white noise is added to the outputs. 

 

Figure 4.2: Weekly variation in industrial flow rate and pollutant loads (day 0 is Monday) (a). 
Yearly industrial wastewater production trends (b). The yearly profile begins on 1st 
July. For simplicity, it is assumed that the first day of July is a Monday (from Paper III). 
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Stormwater (SW) sub-model describes the generation of stormwater that is 
conveyed to the sewer network during rain events. A rainfall runoff model is used 
to simulate the conversion of rainfall to urban runoff. The model considers that 
impervious and pervious areas contribute differently to the urban runoff. The 
rainfall on impervious areas is directly converted into runoff using a runoff 
coefficient. For the pervious areas, rainfall leads to delayed runoff from the 
catchment. The contribution from pervious areas is not directly included in the 
model but a SOIL model describes the infiltration to sewers taking into account 
the pervious area contribution as an input. 

 

Figure 4.3: Effect of rain events on soluble pollutants (CODsol) (a) and particulates (CODpart) (b) (from Paper III). 

Pollution generation from storm events is modelled for soluble as well as 
particulate pollutants (Butler and Davies, 2011). Soluble pollutants reaching the 
sewer network due to rain events are considered to have a constant concentration 
for the entire rain event. Hence, event mean concentrations (EMC) are used 
(Figure 4.3a). For the particulate pollutant (CODpart), an accumulation and 
washoff model describes the generation of pollution during rain events. Figure 4.3b 
presents the difference between CODpart load (kg.d-1) during dry weather and rain 
events illustrating the impact of the first-flush effect. A description of the model is 
provided in Section 2.2.1. During dry periods, the particulate pollutants 
accumulate on the catchment surface at a constant rate. A maximum limit is 
defined in order to avoid very high solids content on the surface, especially during 
long dry spells. During rain events, the accumulated mass of solids is washed off at 
a rate related to the rainfall intensity. 

Infiltration to Sewers (INF) sub-model includes inputs from: i) upstream 
groundwater levels (modelled using a sinusoidal wave with a yearly frequency); and 
ii) percolation of stormwater from pervious areas (this input comes from the SW 
sub-model) into a hypothetical storage tank (SOIL). The outputs from the tank 
are: i) infiltration to the sewer network determined by a non-linear relationship 
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between tank level and infiltration flow rate (Gernaey et al., 2011); and ii) water 
level in the groundwater system. As shown in Figure 4.4, the infiltration to sewers 
follows an annual trend as well as short term variations due to rain events. The 
purpose of this model is to describe the infiltration to the sewers and hence the 
groundwater system dynamics are not modelled in a detailed manner. Also, it is 
assumed that no pollutant loads reach the sewer from the infiltration model. 

 

Figure 4.4: Infiltration to the sewer network depicting annual trends as well as rainfall 
dependent inflows. Day 0 is 1st July (from Paper III). 

In addition to the above four models, a supplementary module that generates 
rainfall time series based on historic data is also developed. It uses a stochastic 
rainfall generator approach (Richardson, 1981; Talebizadeh et al., 2016). The first 
step is to determine the dry and wet periods during the entire evaluation period. A 
two state Markov chain model is used to represent the wet and dry periods. The 
transition between these states is estimated using historic rainfall data. Starting 
from a default state (assumed as dry), the model determines the wet and dry 
periods (with each period lasting 15 min). The next step is to determine the rainfall 
intensity during the wet periods. For this purpose, the historic rainfall data is fitted 
to a Gamma distribution (Buishand, 1978). Hence, for each wet period, the 
gamma distribution is sampled to determine the rainfall intensity for that period. 
Although monthly and annual total rainfall are well described, the model does not 
reproduce high intensity rainfall events well. This is due to the fact that such high 
intensity rainfall events are very rare and hence the probability of such an event 
being sampled from the fitted Gamma distribution is low. It is important to 
highlight that the approach presented herein is an empirical one and an accurate 
description of extreme rainfall events will require detailed modelling efforts. 

 

 

 

time (d)

0 100 200 300

flo
w

 ra
te

 (m
3 .d

-1
)

0

1000

2000

3000

4000

51



4.2.2. Sewer Network 

The generated wastewater and stormwater from the catchment model are conveyed 
to the WWTP through the sewer network. Also, excess flow beyond the sewer 
capacity is discharged into the river as sewer overflow. The model consists mainly 
of three elements, namely: i) TRANSPORT sub-model to describe the flow of 
wastewater/pollutants in the sewer; ii) STORAGE sub-model that represents 
various storage tank configurations and the control elements (CONTROL) present 
(e.g. pumps, throttle valves); and iii) FIRST-FLUSH sub-model that mimics the 
generation of high pollutant loads at the beginning of rain events. 

Pollution/Flow Rate Transport (TRANSPORT) sub-model simulates the 
transport of wastewater through the sewer network. The conceptual modelling 
approach using a series of linear reservoirs is implemented (Viessman et al., 1989). 
Such reservoir models are used to connect different sub-catchments to the trunk 
sewer network, which is then connected to the WWTP. The number of such 
reservoirs and the residence time of each reservoir represent the capacity of the 
sewer network. Figure 4.5 shows that a longer sewer network will lead to longer 
time delays between the inflow and outflow from the sewer network and also lead 
to attenuation of the flow rate and pollutant concentrations. 

 

Figure 4.5: Effect of number of consecutive reservoirs on sewer outflow for a given inflow (blue) (from Paper III). 

Storage Tank (STORAGE) sub-model represents the different possible 
configurations of the storage tanks. Four different configurations are modelled 
(Figure 4.6): 

i. online pass-through tank; 

ii. online bypass tank; 

iii. offline pass-through tank; 

iv. offline bypass tank. 
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Online tanks are in line with the sewer network, which means that all flow during 
dry weather as well as rain events reaches the storage tank. Offline tanks are utilized 
only when the flow rate crosses a threshold throttle limit for the downstream sewer 
pipe. In a pass-through configuration, the overflow weir is at the end of the pipe. 
Hence, any excess flow mixes with the wastewater that is already in the storage tank 
before overflowing. In a bypass configuration, the excess flow overflows without 
mixing with the constituents that are already in the storage tank (ATV, 1992; 
Schütze et al., 2011). A conceptual tank with inputs from upstream sewer 
network(s) and/or catchment(s) determines the storage tank volume or level. The 
two outputs from the model are: i) flow to the downstream sewer network; and ii) 
overflow to the receiving water (if any). 

  
a b 

  
c d 

Figure 4.6: Various possible configurations for storage tanks. Online pass-through (a), online bypass 
(b), offline pass-through (c) and offline bypass (d) configurations. Actuator elements such 
as valves and pumps, are included in the model (from Paper III). 

Other key aspects are the control elements (CONTROL) – pumps and valves that 
are available at the storage locations. The effect of valve opening on the throttle 
flow to the downstream sewer is modelled by assuming a linear relationship 
between valve opening and outflow rate. The valve opening can be defined either 
as a constant value for the entire period or as an input from a control system. For 
storage tanks where pumping is used to deliver the stored wastewater to the 
downstream sewer/WWTP (e.g. offline tanks), a pumping model (Kroll et al., 
2016) with the possibility to implement frequency control and also define multiple 
pumps at a storage location (each with a different maximum pumping capacity) is 
used. The pumping rate can be altered using a control system. 

Particulate First-Flush (FIRST-FLUSH) sub-model is used to represent the high 
particulate loads that are generated from the sewer network at the beginning of a 
rain event (Figure 4.7). It is modelled based on the approach described in Gernaey 
et al. (2011). A fraction of the particulate COD load is deposited in the sewer 
pipes during dry weather. This accumulated load is washed off during rain events 
as a function of the flow rate. 
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Figure 4.7: CODpart mass (kg) accumulated in the sewer (a) and the consequent washoff during rain 
events (b) described using the first-flush model (from Paper III). 

4.2.3. Wastewater Treatment Plant 

The model library for WWTP unit operations that is developed for BSM1 and 
BSM2 (Gernaey et al., 2014) is re-used when developing the WWTP section for 
BSM-UWS. The major unit operations are described below. 

Primary Clarifier (PC) uses the Otterpohl & Freund model (Otterpohl & Freund, 
1992) to describe the settling process. Settling efficiency factors for different state 
variables are defined based on the residence time of the settler. It is assumed that 
only particulate fractions undergo settling and all the soluble state variables reach 
the biological reactors. Additionally, adjustment factors to vary settling efficiency 
(e.g. with chemically enhanced settling) and also to define separate settling 
efficiencies for the different state variables are also introduced. 

 

Figure 4.8: Input (blue) and output (red) concentrations for NH4
+ (a) and TSS (b) from the primary clarifier model. 
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Figures 4.8a, b describe the solubles (NH4
+) and particulate (total suspended solids 

(TSS)) concentrations at the inlet and outlet of the primary clarifier, respectively. It 
can be noticed that the NH4

+ concentration is only attenuated due to the residence 
time in the clarifier while TSS undergoes settling. 

Biological Reactors sub-model employs ASM2d (Henze et al., 1999) to describe 
the biological processes in the activated sludge reactors. ASM2d includes a 
description for chemical and biological removal of phosphorus. Inclusion of 
phosphorus accumulating organisms and cell internal storage compounds (organic 
and inorganic) are the major modifications in comparison to ASM1. Additionally, 
in ASM2d, the denitrifying ability of phosphorus accumulating organisms is also 
considered. ASM2d is generally the model of choice to describe nutrient removal 
processes when phosphorus removal is important (amongst the standard ASM 
models – ASM1, ASM2, ASM2d and ASM3). 

 

Figure 4.9: ASM2d model used in aerobic reactors depicting nitrification with removal of ammonium 
(a) and production of nitrate (b) in the aeration tanks (AER1 and AER3). 

The process of nitrification in the aeration tanks (AER1 and AER3) is depicted in 
Figure 4.9 for the WWTP configuration used in BSM1_ASM2d (Flores-Alsina et 
al., 2012a). NH4

+ is removed while NO3
- is produced at the end of the aerated 

system. The produced NO3
- is generally recirculated to the anoxic zone (ANOX1, 

ANOX2) for removal under denitrifying anoxic conditions. 

Secondary Clarifier (Sec. C) is modelled in the default BSM1 and BSM2 versions 
using the Takács settler model (Takács et al., 1991). However, BSM-UWS uses the 
Bürger-Diehl settler model (Bürger et al., 2011; 2012; 2013), which is 
implemented in the BSM framework by Arnell (2015). The model is a 10-layer 
non-reactive settler model, which considers convection, compression and 
dispersion phenomena to describe the sludge concentration in the settling tank, 
effluent and underflow. The sludge concentration in the different layers of the 
settling tank is depicted in Figure 4.10. The dynamic variation of the sludge 
blanket level is visible. 
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Figure 4.10: TSS concentration along the depth of the settler simulated using the Bürger-Diehl settler model. 

In the current version of the BSM-UWS, the sludge line is not considered. Hence, 
the model blocks for anaerobic digester and other sludge handling units are not 
described. 

4.2.4. River Water System 

The complete river stretch is described by connecting a series of river system 
models, each describing the hydraulics and biochemical transformations taking 
place in that particular stretch. For the purpose of integrated modelling, the 
hydraulic processes are simplified and the biochemical transformations are 
described with a complexity that is similar to that of the ASM model used in the 
WWTPs. 

River Hydraulics 

Each river stretch is assumed to be of trapezoidal shape. Flow rate at the end of the 
stretch is described using the Manning’s formula: 

𝑄 =
𝑘r
𝑛
𝑎𝑅ℎ

2
3𝑆ℎ

1
2 (Eq. 4.1) 

where A is the cross sectional area of the river stretch (m2), Rh is the hydraulic 
radius (m), S is the horizontal slope of the river stretch, n is the Manning’s 
roughness coefficient (s.m-1/3) and kr is used for conversion of units (flow rate Q is 
expressed in m3.d-1). 
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River Biochemical Processes 

A simplified version of RWQM1 (Reichert et al., 2001a) described in Section 2.2.4 
is used to model the biochemical processes in the river. The major simplifications 
made to the RWQM1 model are highlighted below. 

• pH calculations are omitted. Hence the state variables used exclusively for 
pH calculations are also removed. 

• Higher organisms and consumers are not included in the model. 

• Mass fractions for some of the state variables are modified to be similar to 
ASM2d mass fractions. This simplification is done in order to make the 
interfacing between ASM2d and RWQM1 easier and more logical. 

All other kinetic and stoichiometric parameters are the same as the default values in 
the RWQM1 model. Solar irradiance is assumed to be dynamic with changes 
during day/night. 

 

Figure 4.11: Effect of pollutant load on river water quality in terms of DO (a) and NH3 (b) at three 
consecutive river stretches (stretches 1, 2 and 3) (modified from Saagi et al. (2015)). 

Figure 4.11 describes the dynamics of dissolved oxygen (DO) and un-ionized 
ammonia (NH3) in the river due to an intermittent organic load. It shows that the 
peak in NH3 concentration is at the location where WWTP effluent discharges 
into the river and it gets attenuated in the downstream stretches for both the rain 
events, whereas for DO, the location of the lowest oxygen concentration varies 
depending on the amount of organic load discharged into the river and also river 
hydraulics and biochemical characteristics. 
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4.2.5. Interfaces 

As the state variables for the sewer network, WWTP and river models are different, 
model interfaces are required to transform the state variables from one model to 
another. Some of the state variables can be directly mapped while others are 
transformed. Three different interfaces are developed for the BSM-UWS model. 

• SEWER-WWTP – Translates the pollutant state variables in the sewer 
(described as daily loads) to ASM2d state variables (described as 
concentrations). While some of the pollutants (NH4

+, PO4
3-) are directly 

mapped, others (CODsol, CODpart) are fractionated into multiple ASM2d 
state variables. 

• SEWER-RIVER – Converts the sewer state variables (load based) into 
RWQM1 state variables (concentration based). As in the case of the sewer-
WWTP interface, some of the pollutant state variables in the sewer are 
either directly mapped or fractionated into multiple RWQM1 state 
variables. Additionally, constant values are assumed for some state 
variables (e.g. inorganic carbon, algal biomass etc.) at the interface since 
these variables do not exist in the sewer model. 

• WWTP-RIVER – Transforms the ASM2d state variables in the WWTP 
to RWQM1 state variables in the river. While some of the state variables 
can be directly mapped, state variables that are present only in the ASM2d 
model are first transformed to other variables that are present in both the 
models. It is assumed that the state variables undergo biological processes 
described in the ASM2d model instantaneously. Once transformed, they 
can be mapped directly to RWQM1 state variables. 

For all interfaces, mass balances for COD, carbon, nitrogen and phosphorus are 
maintained using the principle described in Vanrolleghem et al. (2005b), Volcke et 
al. (2006), Nopens et al. (2009) and Flores-Alsina et al. (2016). 

4.3. Evaluation Criteria 

Sewer Network 

Sewer network performance during rain events is generally assessed by the flow rate 
and pollutant loads that are discharged into the river system (the lower, the better). 
The major evaluation criteria are mentioned below. 
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1. Overflow duration (Tovf, d.yr-1): The total overflow duration for a given year 
/evaluation period. 

2. Overflow frequency (Novf, events.yr-1): Represents the number of overflow 
events annually. Two overflow events are separated if there is at least one hour 
difference in time between these events. 

3. Overflow volume (Vovf, m3.yr-1): The total volume of overflow from all 
overflow locations that reaches the receiving water system in a year. 

4. Overflow quality index (OQI, kg pollutant units.d-1): An aggregated pollution 
index similar to the indices used in BSM WWTP models. It considers the 
pollutant load from different pollutants (COD, BOD, TSS, TKN, NO3

- and 
PO4

3-) and assigns weights to each one of them. The OQI is the sum of the 
total load for each pollutant multiplied by its individual weight. The weights 
for individual pollutants are similar to those used in the BSM2 and BSM1 
models. 

5. Hourly maximum concentration (Cmax, g.m-3): The concentration that is 
continuously exceeded for a period of at least 1 hour. Cmax is calculated for 
TSS, TKN and PO4

3-. 

6. Exceedance duration (Texc, d.yr-1): The total duration for which the pollutant 
concentration exceeds a pre-defined threshold limit. It represents the duration 
of acute pollutant discharge to the receiving water system. Pollutants 
considered are TSS, TKN and PO4

3-. 

All the above criteria are described for the entire sewer network but can also be 
computed for each overflow location individually. 

Wastewater Treatment Plant 

The evaluation criteria that have been developed for the BSM1 and BSM2 models 
can be calculated in the BSM-UWS as well. The major criteria are described here. 

1. Influent Quality Index (IQI) (kg pollutant units.d-1): An aggregated index that 
computes the cumulative pollutant load in the influent wastewater for six 
major pollutants (COD, BOD, TSS, TKN, NO3

-, PO4
3-). Each pollutant has a 

weight factor assigned to it. 

2. Effluent Quality Index (EQI) (kg pollutant units.d-1): An aggregated index 
computed for the wastewater effluent in a similar manner as the IQI. EQI 
includes both the bypass and the overflow from the secondary settler. 
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3. Operational Cost Index (OCI): It considers the operational costs from 
aeration, pumping, mixing, sludge handling and external carbon addition. 
Similar to the quality criteria, weights are assigned to each of the contributing 
operations and a net cost index is computed. 

River Water System 

Four evaluation criteria are described to assess the chemical quality of the river, 
mainly in terms of un-ionized ammonia (NH3) and dissolved oxygen (DO). The 
criteria are calculated as a cumulative index for the entire river. 

1. Exceedance duration (Texc, d.yr-1): Texc,DO and Texc,NH3 represent the total 
duration in a year for which the respective concentrations exceed a threshold 
value. The threshold values used are: NH3 – 0.018 g N.m-3 and DO – 6 g.m-3. 
The values are based on the limits prescribed for salmonid species in the Urban 
Pollution Management (UPM) manual (FWR, 2012). 

2. Hourly minimum oxygen concentration (Cmin,DO, g.m-3): Minimum dissolved 
oxygen concentration that is continuously reached for a duration of at least one 
hour. 

3. Hourly maximum ammonia concentration (Cmax,NH3, g N.m-3): Un-ionized 
ammonia concentration that is continuously exceeded for a period of at least 
one hour. 

4.4. Model Limitations 

Hydrological phenomena in the catchment (like evapo-transpiration, depression 
losses, infiltration, groundwater levels etc.) are described in a simple manner. The 
sewer model does not include backwater effects and biological transformations in 
the sewer pipes. Owing to its conceptual nature, it is not suitable to assess the sewer 
pipe water levels, pressure etc. For the WWTP, only the water line is currently 
included but will be extended to the sludge line as well in the near future. The river 
system chosen is assumed to be a shallow river without significant sediment oxygen 
dynamics and it is assumed that the pH in the river stays constant across the 
stretch. However, recently developed physico-chemical models (Flores-Alsina et al., 
2015; Solon, 2017) can be coupled with the river system model to predict pH 
dynamics in the future. Also, the limitation in the underlying models (reservoir 
models for sewer network, ASM2d for WWTP, RWQM1 for river) should be 
considered before deciding on the suitability of the model library for any case 
studies. 
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4.5. Summary of Key Findings 

The chapter presents the underlying model library for BSM-UWS together with 
evaluation criteria for different sections of the UWS. The key findings are 
summarized below. 

• The catchment model is capable of generating (dry/wet weather) flow rate 
and pollution loads (soluble/particulate) through the combination of four 
different sub-models (DOM, IND, INF and SW) describing the different 
sources of wastewater generation from a catchment. 

• The sewer model includes TRANSPORT and FIRST-FLUSH sub-models 
that can simulate: i) delay and attenuation noticed due to sewer network; 
and ii) increased pollutant loads at the beginning of rain events, 
respectively. Additionally, the STORAGE sub-model allows for modelling 
the storage tank dynamics and overflow discharges into the river system. It 
also includes all essential control elements (CONTROL) needed to 
implement sewer/integrated control strategies. 

• The WWTP model describes the physical and biological transformations 
that lead to removal of pollutants from raw wastewater. The model is 
adapted from the existing BSM WWTP models. 

• The river system model based on RWQM1 is implemented to predict the 
effect of sewer overflows and WWTP effluent on the chemical quality of 
the river. 

• Evaluation criteria are defined to assess the performance of sewer 
overflows, WWTP effluent and more importantly the river water system 
quality. With the new evaluation criteria, BSM-UWS performance can be 
assessed both using traditional indirect metrics (sewer overflow and 
WWTP effluent quality based) as well as using direct metrics based on the 
river water quality. 

The model library forms the basis for developing the system-wide BSM (BSM-
UWS). The next step in the process is to define a general system layout and 
appropriate characteristics of the BSM-UWS. 
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Chapter 5  

BSM-UWS: System Layout and  
Case Studies 

The chapter details the final layout for BSM-UWS and the characteristics for various 
sections. The case studies for catchment and sewer extensions (Paper III) and the entire 
BSM-UWS (Paper IV) are summarized. Finally, global sensitivity analysis (GSA) 
results from Paper V are described. A brief discussion on the choice of the system layout, 
potential applications and model limitations is presented. 

5.1. Introduction 

The IWA Benchmark Simulation Models are developed primarily with the aim to 
objectively evaluate control strategies in WWTPs. These models (BSM1, 
BSM1_LT, BSM2) consist of a predefined WWTP layout, process models, sensor 
and actuator models, influent characteristics and evaluation criteria (Gernaey et al., 
2014). They are extensively used for benchmarking purposes (e.g. Stare et al., 
2007; Flores-Alsina et al., 2008; Sweetapple et al., 2014) and as model libraries for 
other full-scale studies (e.g. Lindblom et al., 2016; Kazadi Mbamba et al., 2016). 
Additionally, model extensions are also carried out using the BSM layouts (e.g. 
Snip et al., 2014; Solon et al., 2015). Currently, more than 500 publications using 
BSMs indicate the phenomenal success of the BSM family of models (Jeppsson et 
al., 2013). However, all these models are limited to the WWTP. For the first time, 
spatial extensions outside the fence of WWTP are attempted. An UWS-wide 
integrated model that can be used to directly evaluate the effect of various control 
strategies on river water quality is developed. 
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The Chapter describes the BSM-UWS layout that is developed using the model 
library presented in Chapter 4. The first set of case studies includes control 
strategies and structural modifications to the catchment and sewer BSM. Further, 
integrated and local control strategies using BSM-UWS are presented to 
demonstrate the applicability of the platform. A global sensitivity analysis (GSA) 
study to determine the most influential control handles and design parameters 
available in BSM-UWS is carried out. 

5.2. Layout and Characteristics 

The system layout consists of an urban catchment (with different sub-catchments) 
that generates sewage during dry weather and additionally stormwater during rain 
events (Figure 5.1). The sewer network connects all sub-catchments to the WWTP 
and transports all the collected wastewater to the treatment facility. During rain 
events, any excess flow beyond the capacity of the sewer network overflows into the 
river system. 

Table 5.1: System characteristics (catchment and sewer network) for the BSM-UWS (from Paper IV). 

Sub-catchment Area (ha) PE DWF (m3.d-1) Storage (m3) 

   DOM IND  

1 99 15 920 2 390  5 000 

2 21 3 920 590 2 500 1 000 

3 29 2 960 440   

4 71 9 600 1 440  4 400 

5 71 7 840 1 180  3 600 

6 249 39 760 5 960  8 100 

Total 540 80 000 12 000 2 500 22 100 

DWF: Dry weather flow; DOM: Domestic; IND: Industrial 

5.2.1. Catchment 

The hypothetical urban catchment structure is adopted from the ATV A 128 case 
study (ATV, 1992). It consists of six sub-catchments (SC1…SC6) connected to the 
WWTP through a sewer network (Figure 5.1). The catchment has a total area of 
540 hectares with 80 000 population equivalents. During dry weather, daily 
average wastewater generation is 19 000 m3.d-1. Contribution from domestic 
sources is 12 000 m3.d-1 and industrial sources is 2 500 m3.d-1. Daily average 
infiltration to sewers is assumed to be 4 500 m3.d-1. SC2 has both an industrial and 
domestic section, while the remaining sub-catchments generate domestic 
wastewater only (Table 5.1). 
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5.2.2. Sewer Network 

The sewer network consists predominantly of combined sewer networks. Five of 
the six sub-catchments (SC1, SC2, SC3, SC4 and SC6) are connected to combined 
sewer networks whereas only SC5 is connected to a separate sewer network (see 
Figure 5.1). The sewer network at each sub-catchment includes a storage tank 
(except at SC3). Two different storage tank configurations are used. Online pass-
through tanks are used at four locations (ST1, ST2, ST5 and ST6) whereas ST4 is an 
offline bypass tank. The outflows from online tanks are regulated by throttle 
valves/pumps, whereas those from offline tank are regulated by pumps with fixed 
pumping capacity. The total available storage volume is 22 100 m3 (approx. 40 
m3.ha-1 of catchment area). Individual storage volume for each tank (connected to a 
sub-catchment) is detailed in Table 5.1. The sewer overflows are discharged at five 
locations to the river system. 

 

Figure 5.1: BSM-UWS layout – sub-catchments (SC1, SC2, SC3, SC4, SC5 and SC6), sewer 
network with storage tanks (ST1,ST2, ST4, ST5 and ST6), WWTP and river water 
system (from Paper IV). 

5.2.3. Wastewater Treatment Plant 

An extended BSM1-ASM2d plant layout is used for the WWTP (Flores-Alsina et 
al., 2012a). The biological section includes two anaerobic tanks (ANAER1, 
ANAER2) (2 x 1 000 m3), two anoxic tanks (ANOX1, ANOX2) (2 x 1 500 m3) 
and three aerobic tanks (AER1, AER2, AER3) (3 x 3 000 m3). A primary clarifier 
(PC) (900 m3) and a secondary clarifier (Sec.C) (area – 2 500 m2) are used for 
separation processes before and after the biological reactors, respectively. In 

ST2

ST1 ST6 WWTP

ST4

ST5

2

3

1

4

5

6

RW1

RW4 RW7 RW8 RW11
RW16 RW30

ACTIVATED SLUDGE (AS)

RAINWATER
STORAGE 

PRIMARY CLARIFIER 
SECONDARY CLARIFIER 

IND

DOM

INF

SW

TRANSPORT FIRST 
FLUSH STORAGE

OVF1

O
VF

2

O
VF

4

O
VF

5

O
VF

6

W
W

TP
ef

f

65



addition, a rainwater storage tank (RST) (8 000 m3) at the beginning of the 
WWTP and two bypass facilities (BP1, BP2) (before and after the primary clarifier) 
are included. BP1 has a threshold of 90 000 m3.d-1 (any flow in excess of the 
threshold is bypassed and reaches the river system) while BP2 has a threshold of 70 
000 m3.d-1. 

5.2.4. River Water System 

A 30 km long urban river stretch is represented by a series of river model blocks 
(where each block contains the hydraulic and biochemical process model for a 1 
km stretch of the river). It is assumed that the river has a uniform bottom width of 
7 m and is trapezoidal in shape. From Figure 5.1, it can be seen that the river 
segment is modelled even after the WWTP discharge location. This is essential as 
the worst river quality does not necessarily occur at the point of effluent discharge. 
The river has a mean annual base flow rate of 72 500 m3.d-1. Additional runoff 
from an upstream catchment (area – 500 ha) reaches the river during rain events. 
The upstream pollutant concentrations are assumed to be constant and identical 
for both wet and dry weather conditions. WWTP effluent (WWTPeff-RW16) as 
well as sewer overflows from five overflow locations (OVF1-RW1, OVF2-RW4, 
OVF4-RW7, OVF5-RW8 and OVF6-RW11) reach the river system. 

5.3. Catchment and Sewer BSM – Control Strategies 
and Structural Modifications 

During the process of developing the BSM-UWS, the model blocks for the 
catchment and sewer network were developed initially. As this was already a 
significant extension to the BSM model family, case studies describing the 
applicability of the extensions (catchment and sewer BSM) were performed. The 
initial layout and system characteristics were gradually modified to reach the final 
version as described in the previous sections of this chapter. Major differences 
between the characteristics of: i) catchment and sewer BSM (Table 5.2); and ii) 
BSM-UWS (Table 5.1) are mentioned below. 

• Reduction in the length of the sewer network – The initial sewer network 
length (modelled in terms of the number of reservoir models in series) is 
observed to have caused significant peak shaving of the influent flow rate. 
Hence, the length of the sewer network is reduced to keep the influent 
flow rate peaks at a realistic level. 
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• Addition of a detailed pumping model – The pumping model from Kroll 
et al. (2016) is included in the online and offline storage tanks providing 
the ability to model multiple pumps at a storage location as well as 
simulate frequency control of pumps. 

• Changes to the storage tank locations – ST1 is converted to a storage 
location with overflow. Initially, it was a storage location without any 
overflow. Also, ST3 is removed. This is done as the location is very close to 
ST4 and hence can be easily simplified as one storage location. Changes to 
the storage tank volumes, throttle flows and overflow rates are also made. 

For the convenience of the reader, the system layout and characteristics of 
catchment and sewer BSM are presented in Figure 5.2 and Table 5.2 (details can 
be found in Paper III). 

 

Figure 5.2: Catchment and sewer BSM layout indicating various sub-catchments, storage tanks 
and control elements (from Paper III). 

In order to demonstrate the capability of the catchment and sewer BSM to 
simulate various control strategies and structural modifications, four case studies 
are implemented and analysed (see Table 5.3). No control (NC) represents the 
default configuration. 
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Table 5.2: Major characteristics for the catchment and sewer BSM. In comparison to BSM-UWS, the 
major change is the volume of storage tank (from Paper III). 

Sub-catchment Area (ha) PE DWF (m3.d-1) Storage (m3) 

   DOM IND  

1 99 15 920 2 390  5 500 

2 21 3 920 590 2 500 1 000 

3 29 2 960 440  2 000 

4 71 9 600 1 440  4 000 

5 71 7 840 1 180  4 000 

6 249 39 760 5 960  15 000 

Total 540 80 000 12 000 2 500 31 500 

DWF: Dry weather flow; DOM: Domestic; IND: Industrial 

These case studies include: 

i. reducing the bypass at the WWTP (C1); 

ii. reducing the total overflow from the system (C2); 

iii. modification of SC5 from a separate sewer network to a combined sewer 
network (S1); 

iv. inclusion of an additional storage tank at the WWTP influent (S2). 

Table 5.3: Evaluation of the catchment and sewer BSM for different scenarios. Evaluation criteria are 
described for cumulative as well as acute effects (from Paper III). 

Criteria NC C1 C2 S1 S2 
Cumulative effects      

Novf (events.yr-1) 137 142 141 82 137 

Tovf (d.yr-1) 71 71 71 21 71 

Vovf (m3.yr-1) 830 200 654 700 642 800 722 700 678 000 

OQI (kg poll. units.d-1) 3 110 2 118 2 068 2 937 2 076 

Acute effects      

Texc,TKN (d.yr-1)  49.0 50.7 50.6 20.3 47.6 

Cmax,TKN (g N.m-3) 51.1 51.1 51.1 48.8 51.1 

5.3.1. Reducing the Bypass at the WWTP (C1) 

The existing configuration of the BSM2 layout includes a bypass at the inlet of the 
WWTP, which redirects any excess inflow reaching the plant (inflow > 60 000 
m3.d-1) to the effluent section where it is mixed with the treated wastewater 
(Gernaey et al., 2014). A rule-based control strategy is developed to better utilize 
the available storage volume in ST6 (storage tank located upstream of WWTP – 
Figure 5.1). The objective of the control strategy is to reduce the outflow from the 
storage tank as long as there is storage capacity available in the tank. The two 
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conditions assessed by the control strategy are: i) inflow to ST6 exceeds 60 000 
m3.d-1; and ii) there is storage capacity available (ST6 level < 4 m). When both these 
conditions are fulfilled, the outflow from the tank is restricted using a valve. The 
valve opening is reduced to 65 %. Otherwise, the valve is fully open.  

The evaluation criteria at ST6 and bypass (BP) are presented in Table 5.4. With a 
better utilization of the ST6 capacity, there is an improvement noticed at the 
WWTP bypass. C1 leads to a decrease in yearly overflow volume (Vovf,BP) (39 %) 
and overflow quality index (OQIBP) (50 %) at the bypass. However, the 
improvements at the bypass led to a drop in performance at ST6. Yearly overflow 
volume (Vovf,ST6) increases by 54 % and the overflow quality index (OQIST6 ) 
increases significantly by 110 %. Additionally, the effect of the control strategy is 
also analysed using criteria that describe acute effects. Yearly exceedance duration 
for TKN (Texc,TKN) at both locations increases due to the control strategy. Hourly 
maximum concentration for TKN (Cmax,TKN) remains almost similar at the bypass 
while increasing at ST6. From a global point of view, Table 5.3 reveals that C1 
leads to a decrease in the yearly overflow volume (Vovf) discharged into the 
receiving water by 21 %. Also, the overflow quality index (OQI) is reduced by 32 
%. The control strategy did not have any major impact on the acute effects 
(Texc,TKN, Cmax,TKN). Summarizing, C1 successfully decreases the cumulative 
pollutant load to the receiving water but is not effective in handling critical 
situations. 

Table 5.4: Effect of C1 on the performance of ST6 and BP at WWTP (from Paper III). 

Criteria 
ST6 Bypass (BP) 

NC C1 NC C1 

Cumulative effects     

Novf (events.yr-1) 5 8 79 75 

Tovf (d.yr-1) 0.6 0.9 18 21 

Vovf (m3.yr-1) 21 400 32 900 473 300 286 400 

OQI (kg poll. units.d-1) 32 67 2 072 1 045 

Acute effects     

Texc,TKN (d.yr-1)  0.3 0.7 17.2 18.8 

Cmax,TKN (g N.m-3)  8.2 12.2 47.8 47.5 

5.3.2. Reducing the Total Overflow from the System (C2) 

Having noticed an improvement in the sewer network performance by using a 
rule-based control strategy at only one location (C1), such local control strategies 
are now implemented at all storage locations with overflow structures (Figure 5.2). 
For ST2, ST3 and ST6, if the water level is less than 4 m (max level = 5 m), the 
valve opening is reduced to 65 %. Otherwise, it is fully opened. The control 
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strategy for ST4 is different as it is an offline tank. The maximum throttle flow to 
the main sewer (any excess flow rate is directed to ST4) is controlled based on water 
level measurement in ST4. In the default case (NC), the maximum throttle flow is 
45 000 m3.d-1. If the flow rate exceeds this value, the flow is directed to the ST4. 
With control strategy C2 activated, if the level in ST4 is less than 4 m, the 
maximum throttle flow is 40 000 m3.d-1, and when the tank is filled above 4 m, the 
throttle flow limit is increased to 55 000 m3.d-1. Hence, the algorithm tries to 
utilize the storage tank capacity as much as possible by limiting the maximum 
throttle flow. With local control strategies implemented at ST2, ST3, ST4 and ST6, 
C2 is an example of various non-interacting local control strategies developed with 
an overall aim to reduce the cumulative overflow volume/load. 

 

Figure 5.3: Performance comparison between NC and C2 evaluated for the criteria Novf,i and Tovf,i 
(a), Vovf,i and OQIi (b), and Texc,TKN,i and Cmax,TKN,i (c), at various storage tanks (ST2, ST3, 
ST4, ST6) and the bypass (BP) (from Paper III). 

At the local level, a similar trend to that noticed in C1 is also observed in C2. The 
performance at the storage tanks where control is implemented has deteriorated 
while that at the downstream location (WWTP bypass in this case) has improved 
(Figure 5.3). At the bypass, criteria that show major improvements are yearly 
overflow volume (Vovf,BP) (46 % lower) and OQIBP (57 % lower). The acute effects 
at the bypass did not change much due to the control. Looking at the entire system 
(see Table 5.3), with an improved utilization of the available storage, a reduction in 
the yearly overflow volume (Vovf) (23 %) and overflow quality index (OQI) (34 %) 
is observed. The major observations that can be made are: 

i. the control strategy (C2) has a net positive impact on the sewer network 
performance although it leads to decreased performance at individual 
storage locations; 

ii. the results obtained from C1 and C2 are very similar. This is due to the 
fact that overflow at ST6 and the bypass are the major contributors to the 
total overflow from the system. 
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5.3.3. Modification of Sewer Network for SC5 from a Separate Sewer 
Network to a Combined Sewer Network (S1) 

As SC5 is connected to a separate sewer network, all rain events lead to stormwater 
overflows at ST5 that eventually reaches the river. As an illustration of structural 
modification that can be simulated using the model, the sewer network for SC5 is 
converted to a combined sewer network and the potential impact on overflow 
volume/load from SC5 as well as the entire system is evaluated. It is assumed that 
the volume of the storage tank remains unchanged. 

Table 5.5: Performance of ST5 for scenario S1 compared to the 
default case NC (from Paper III). 

Criteria NC S1 
Cumulative effects   

Novf (events.yr-1) 134 2 

Tovf (d.yr-1) 71 0 

Vovf (m3.yr-1) 268 800 2 100 

OQI (kg poll. units.d-1) 864 2 

Acute effects   

Texc,TKN (d.yr-1)  40.7 0.0 

Cmax,TKN (g N.m-3) 51.1 2.9 

 

The structural modification (S1), expectedly, has brought significant changes to 
the performance at ST5. Only two overflow events (Novf,ST5) are observed after the 
system modification (Table 5.5). The overflow quality index (OQIST5) has also 
reduced significantly from 864 kg poll units.d-1 to only 2 kg poll units.d-1. Also, the 
acute effects improved significantly. The yearly exceedance duration (Texc,TKN) and 
hourly maximum concentration (Cmax,TKN) reduced by a large extent (100 % and 94 
%, respectively). From a global perspective (Table 5.3), a significant drop in the 
yearly overflow frequency (Novf) (41 %) and yearly overflow duration (Tovf) (71 %) 
is observed due to the structural modifications. This is expected as the separate 
sewer network is now modified into a combined sewer. Although, there is a drop in 
yearly overflow volume (Vovf) (13 %), the overflow quality index (OQI) has only 
improved by 6 %. This shows that a major portion of the polluted stormwater 
from SC5 is leading to overflows at a different location. The change has also caused 
major improvements to the acute criteria. Texc,TKN and Cmax,TKN improved by 59 % 
and 5 %, respectively.  

The system modification causes an impact at various levels with: 

i. great improvements at the local level (ST5) leading to almost negligible 
overflows; 
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ii. major change (positive) at the sewer network level when compared to the 
default case (NC). However, similar or better results are observed for some 
evaluation criteria with the implementation of control strategies. 

5.3.4. Inclusion of an Additional Storage Tank at the WWTP Influent (S2) 

As a modification to the sewer network, this scenario studies the impact of 
including an additional storage tank at the WWTP influent. An online pass-
through tank with outflow regulated by a pump is added at the WWTP inlet. The 
volume of the storage tank is 8 000 m3. With this additional storage capacity, it is 
expected that the bypass at the WWTP can be reduced. 

Table 5.6: Evaluation criteria for S2 at the WWTP bypass (from Paper III). 

Criteria NC S2 
Cumulative effects   

Novf (events.yr-1) 79 35 

Tovf (d.yr-1) 18 10 

Vovf (m3.yr-1) 473 300 321 200 

OQI (kg poll. units.d-1) 2 072 1 037 

Acute effects   

Texc,TKN (d.yr-1)  17.2 8.2 

Cmax,TKN (g N.m-3) 47.8 31.7 

 

At the bypass location, the effect of additional storage is clearly visible on the 
criteria for cumulative effects (Table 5.6). A drop in yearly overflow frequency 
(Novf,BP) (56 %) and yearly overflow duration (Tovf,BP) (46 %) is observed. The 
yearly overflow volume (Vovf,BP) and the overflow quality index (OQIBP) are reduced 
by 32 % and 50 %, respectively. The storage tank addition was also successful in 
decreasing the acute effects described by yearly exceedance duration (Texc,TKN) and 
hourly maximum concentration (Cmax,TKN) for TKN as the tank helps in equalizing 
the incoming pollutant load and hence reduces the high concentration peaks. 
While comparing the changes in the performance of the entire system (Table 5.3), 
no major changes are observed in yearly overflow frequency (Novf) and yearly 
overflow duration (Tovf). A decrease is noticed in the yearly overflow volume (Vovf) 
(18 %) and overflow quality index (OQI) (33 %). The modification has led to 
marginal decrease in Texc,TKN (3 %) while it has no effect on Cmax,TKN. In spite of the 
high capital costs involved in construction of a storage tank at the WWTP 
influent, the overall performance improvement is similar to that from the control 
strategies.  
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To summarize, it is clear that overflow frequency and duration do not always 
reflect the pollution load discharged into the river. Based on the results, control 
strategy C2 leads to the biggest reduction in the cumulative effects determined by 
the volume and pollutant load discharged into the river system. The structural 
modification S1 reduces the acute effects significantly as this is the location where 
high concentration of pollutants (without treatment) are being discharged into the 
river. 

5.4. BSM-UWS – Control Strategies 

Three control strategies are devised and evaluated using the BSM-UWS. The case 
studies are developed to demonstrate the ability of the tool when modelling and 
evaluating local as well as integrated control alternatives. The focus has primarily 
been on developing simple yet realistic control strategies and not on identifying the 
best/optimum solution for the system. Open loop (OL) represents the default set 
up without any active control strategy. The three case studies evaluated are: 

i. control of dissolved oxygen concentration in the WWTP aeration tanks (C3); 

ii. modifying the biological capacity at the WWTP (by changing the bypass 
limits) based on river water quality (C4); 

iii. optimize storage tank utilization based on influent flow rate to the WWTP 
(C5). 

Table 5.7: Performance of various sections under OL, C3, C4 and C5 (from Paper IV). 

 OL C3 C4 C5 
Sewer     

Vovf (m3.yr-1) 203 400 203 400 203 400 207 700 

OQI (kg poll. units.d-1) 940 940 940 957 

WWTP     

IQI (kg poll. units.d-1) 92 714 92 714 92 714 94 377 

EQI (kg poll. units.d-1) 6 778 6 466 6 409 6 505 

River     

Texc,NH3 (d.yr-1)  16.2 5.5 6.2 7.8 

Texc,DO (d.yr-1) 12.8 13.7 12.1 11.4 
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5.4.1. Control of Dissolved Oxygen Concentration in the WWTP 
Aeration Tanks (C3) 

The dissolved oxygen concentrations in the three aeration tanks (AER1, AER2 and 
AER3) are controlled using a feedback controller. The oxygen level in AER2 is 
compared to an oxygen set point of 2 g.m-3 and the error is used to regulate the 
oxygen supply in AER2 using a Proportional-Integral (PI) controller. For tanks 
AER1 and AER3, a less precise approach is chosen. The oxygen supply rate for 
AER2 is adjusted using correction factors in order to regulate the oxygen supply to 
these tanks. Although, this does not lead to precise control of oxygen 
concentrations in AER1 and AER3, it is considered as a practical simplification in 
order to avoid using a large number of control loops. 

 

Figure 5.4: Variation in DO concentration in AER2 (a) and NH4
+ concentration in the WWTP 

effluent due to the effect of DO controller (C3) (b). Day 0 is 1st July (from Paper IV). 
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From the WWTP perspective, C3 is successful in: i) maintaining the desired DO 
concentration set point in AER2 and also loosely regulating the oxygen supply in 
AER1 and AER3; and ii) improving the effluent quality (EQI decreases by 5 % in 
comparison to OL) due to improved nitrification. Figure 5.4a shows the oxygen 
concentration in AER2, which is well controlled around 2 g.m-3 in comparison to 
the OL oxygen concentration with periods of both higher and lower oxygen 
supply. It also illustrates the effect of improved oxygen supply on the ammonium 
concentration in the effluent. With sufficient oxygen supply for the entire 
duration, nitrification capacity in the WWTP has increased leading to better 
effluent quality (Figure 5.4b).  

However, it does not lead to improvements in all the river criteria. While Texc,NH3 
reduces significantly (66 % lower than OL), Texc,DO increases by 7 % (Table 5.7). 
The drop in Texc,NH3 is mainly due to the lower NH4

+ concentration in the WWTP 
effluent. The reason for the increase in Texc,DO is not straightforward. It is observed 
that the DO control leads to marginally higher mixed liquor suspended solids 
concentration in the activated sludge reactors (better biomass growth with 
improved oxygen supply). During rain events, this causes higher TSS washoff 
concentration in the settler overflow leading to lower DO concentrations in the 
river. 

5.4.2. Modifying the Biological Capacity of the WWTP Based on River 
Water Quality (C4) 

The integrated control strategy (C4) regulates the bypass limits at the WWTP 
(thereby controlling the maximum treatment capacity of the WWTP) based on the 
river water quality (in terms of NH4

+ concentration) at the point of WWTP 
effluent discharge. If the NH4

+ concentration in the river exceeds 0.4 g N.m-3, 
indicating that there is a high load of untreated wastewater reaching the river 
system, the maximum capacity of the WWTP is increased by 20 % (by rising the 
bypass limits). However, in order to ensure that this will not lead to loss of biomass 
(and reduced nitrification capacity), the control strategy is switched off when the 
effluent suspended solids concentration is higher than 60 g.m-3. Also, the oxygen 
control at the WWTP (C3) is active. 

The objective of utilizing the WWTP biological treatment capacity to the 
maximum extent possible is achieved by the control strategy. Figure 5.5a shows the 
reduction in bypass volumes. The strategy leads to a 45 % drop in bypass volume 
when compared to OL. The reduced overflow volume leads to a lower EQI (which 
means better effluent quality) in spite of sending more wastewater to treatment (3 
% and 1 % lower than OL and C3, respectively).  
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Figure 5.5: Effect of C4 on bypass flow rate (a) and NH4
+ concentration in the river stretch where 

WWTP effluent is discharged (b). Day 77 is 16th September (from Paper IV). 

The improvement in river quality in comparison to OL is clearly evident in both 
criteria. Figure 5.5b shows lower river ammonium concentration due to C4. 
Texc,NH3 decreases by 62 % and Texc,DO decreases by 6 %. However, when compared 
to river water quality in C3, the results are mixed. While Texc,NH3 increased by 10 
%, Texc,DO decreased by 12 % (Table 5.7). The increase in Texc,NH3 is due to 
increased NH4

+ concentration in the effluent in spite of lower EQI. Texc,DO has 
reduced due to a lower bypass volume and hence less organic load to the river. 

5.4.3. Optimize Storage Tank Utilization Based on Influent Flow Rate to 
WWTP (C5) 

Taking inspiration from the control strategies implemented in Weyand (2002) and 
Kroll et al. (2016), a rule-based integrated control strategy that manipulates the 
behaviour of the storage tanks based on flow rate information at the inlet to the 
WWTP is implemented. Also, C5 can be considered as an extension of C1 (which 
manipulates only ST6 operation) to other storage locations (ST1, ST2, ST4). If the 
inflow (Qin,WWTP) to the WWTP is higher than 80 000 m3.d-1 and there is capacity 
available in the storage tank (hST < 4 m): i) only one pump is used in the pumping 
station at ST1 (i.e., the pumping capacity (Qpump,ST1) is reduced to 63 % of the 
maximum capacity); ii) at ST2 and ST6, the valve openings (Qmax,ST2, Qmax,ST6) are 
reduced by 50 % and 30 %, respectively; and iii) at ST4, the throttle flow 
(Qthrottle,ST4) is reduced by 50 %. C3 (WWTP DO control) is also active in C5. 

The control strategy shows better utilization of the storage tanks. Figure 5.6a shows 
that ST6 stores water for a longer duration in C5 than in the OL case. Also, the 
maximum throttle flow from ST4 is reduced in C5 (Figure 5.6b). This means that 
more flow is directed to ST4 instead of being sent downstream. This increases Vovf 
and OQI marginally (1 % increase compared to OL). As the control strategy tries 
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to store more water, there are situations where it leads to increased overflows from 
the storage tanks. 

With better utilization of the storage tanks to reduce the peak flows, the inflow to 
the WWTP shows reduced peaks (Figure 5.6c). Surprisingly, this does not translate 
to improved influent quality. With the storage tanks storing more wastewater, an 
increased amount of pollution is sent to the WWTP leading to higher IQI (2 % 
higher than OL). However, the EQI decreases by 4 % compared to OL due to 
reduced peak flows. 

The changes in the performance of the WWTP strongly affect the river water 
quality. Table 5.7 indicates that, while Texc,NH3 is better (51 % lower) than the OL 
case, it is 41 % higher than that in C3. As the effluent NH4

+ concentration from 
the WWTP increases (reflected in the higher EQI values compared to C3), Texc,NH3 
in the river also increases. However, due to reduced peak flows resulting in lower 
bypass volumes from the WWTP, Texc,DO improves by 11 % and 17 % in 
comparison to OL and C3. The reduced bypass flows lead to a drop in the organic 
load to the river thereby improving the oxygen levels in the river (Figure 5.6d). 

 

Figure 5.6: Effect of C5 on ST6 level (a), ST4 maximum throttle flow (b), WWTP influent flow rate (c) 
and DO concentration in the river (d) in comparison to OL. Day 77 is 16th September 
(from Paper IV). 

OL
CL3

st
or

ag
e 

ta
nk

 le
ve

l (
m

)

0.0

1.0

2.0

3.0

4.0

m
ax

. t
hr

ot
tle

 fl
ow

 (m
3 .d

-1
)

2e+4

4e+4

6e+4

8e+4

1e+5

time (d)

78 80 82 84

flo
w

 ra
te

 (m
3 .d

-1
)

0.0

3.5e+4

7.0e+4

1.1e+5

1.4e+5

OL
C5

time (d)

78 80 82 84

D
O

 (g
.m

-3
)

7.0

8.0

9.0

10.0

11.0

OL
C5

a) b)

c) d)

OL
C5

OL
C5

77



In conclusion, a clear winner in terms of the evaluation criteria is not directly 
evident. The choice of control strategy depends on the needs of the actual UWS. 
In order to reduce the high un-ionized ammonia concentrations in the river, C3 is 
the choice (from the evaluated options) while C5 leads to improved oxygen 
concentrations and C4 can be considered as a good compromise considering both 
the criteria. Hence, a multi-criteria approach is needed in order to arrive at the 
final choice of control strategy from the evaluated case studies.  

5.5. Global Sensitivity Analysis 

Global sensitivity analysis (GSA) is performed for two different sets of input 
factors: 

i. Control handles; 

ii. Design parameters. 
Table 5.8: List of control handles and design parameters used in the GSA study (from Paper V). 

Control handles (25 % variation) Design parameters (10 % variation) 

Section 
 Input  
factor Description Section 

Input 
factor Description 

Sewer  Qpump,ST1 Max. pump capacity  
for ST1 (m3.d-1) 

Sewer  VST1 ST1 volume (m3) 

 Qmax,ST2 Max. throttle flow for ST2 (m3.d-1)  VST2 ST2 volume (m3) 

 Qpump,ST4 Max. pump capacity 
for ST4 (m3.d-1) 

 VST4 ST4 volume (m3) 

 Qthrottle,ST4 Max. throttle flow for ST4 (m3.d-1)  VST5 ST5 volume (m3) 

 Qmax,ST5 Max. throttle flow for ST5 (m3.d-1)  VST6 ST6 volume (m3) 

 Qmax,ST6 Max. throttle flow for ST6 (m3.d-1) WWTP VRST  Rain storage tank volume (m3) 

WWTP Qmax,RST Max. throttle flow for RST (m3.d-1)  VPC Primary clarifier volume (m3) 

 QBP1 Max. flow rate after BP1 (m3.d-1)  ASC Secondary settler area (m2) 

 QBP2 Max. flow rate after BP2 (m3.d-1)  VANAER1 Anaerobic reactor 1 
volume (m3) 

 Qr Sludge recycle rate (m3.d-1)  VANAER2 Anaerobic reactor 2  
volume (m3) 

 Qw Sludge wastage rate (m3.d-1)  VANOX1 Anoxic reactor 1 volume (m3) 

 Qintr Internal recirculation rate (m3.d-1)  VANOX2 Anoxic reactor 2 volume (m3) 

 KLa1 Oxygen transfer coefficient 
for AER1 (d-1) 

 VAER1 Aerobic reactor 1 volume (m3) 

 KLa2 Oxygen transfer coefficient 
for AER2 (d-1) 

 VAER2 Aerobic reactor 2 volume (m3) 

 KLa3 Oxygen transfer coefficient 
for AER3 (d-1) 

 VAER3 Aerobic reactor 3 volume (m3) 

78



79 
 

The list of input factors for both sets is presented in Table 5.8. It is assumed that 
the control handles have a high uncertainty (25 %) as it should be possible to 
operate them within a broad range of variation. The uncertainty range in design 
values is based on Sin et al. (2009). A uniform distribution of input factors is 
assumed for both sets of input factors. 

Morris screening is used as the GSA method. It is a simple, yet computationally 
effective, GSA technique that can be applied to identify influential parameters 
from a large set of input factors. It uses the concept of elementary effects to 
determine the relative sensitivity of various input factors to a model output. The 
mean (µ) and standard deviation (σ) of such an elementary effects distribution are 
used to assess the relative importance of each of these input factors for the output. 
Additionally, µ*, the mean of the absolute values of the elementary effects is used 
to rank the parameters. 

5.5.1. Control Handles 

Only control handles that are influential to a limited extent are available for the 
sewer performance criteria. Both criteria (Vovf and OQI) have identical sensitive 
control handles with similar µ* values (Qmax,ST6 and Qthrottle,ST4) (Figures 5.7a, b). 

 

Figure 5.7: Ranking of sensitive control handles for sewer and WWTP performance for the criteria 
Vovf (a), OQI (b), EQI (c) and OCI (d) (from Paper V). 

The WWTP criteria EQI and OCI are affected by different input factors (Figures 
5.7c, d). EQI is influenced by a wide number of WWTP control handles (Qw, 
QBP2, Qmax,RST, QBP1, KLa1 and Qr) and sewer control handles (Qmax,ST6 and 
Qthrottle,ST4). OCI is understandably mainly influenced by pumping (Qw and Qr) and 
oxygen supply (KLa1 and KLa2) in the WWTP. 

Cmax,NH3 and Texc,NH3 have an identical set of important control handles. They are 
mainly sensitive to WWTP control handles (Figures 5.8a, b). Qthrottle,ST4 is the only 
sewer control handle influencing both criteria. On the other hand, river DO 
criteria (Cmin,DO and Texc,DO) are affected both by the sewer network (Qmax,ST6 and 
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Qthrottle,ST4) and WWTP control handles (Qw, QBP1, QBP2 and KLa1) (Figures 5.8c, d). 
However, there are some control handles that influence only one of these criteria. 
Hence, while the river un-ionized ammonia quality is mainly affected by WWTP 
control handles, the DO quality criteria are influenced both by the sewer network 
and WWTP controls. 

 

Figure 5.8: Important control handles for river water quality criteria in terms of NH3 – Cmax,NH3 (a) and 
Texc,NH3 (b) and DO – Cmin,DO (c) and Texc,DO (d) (from Paper V). 
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Additionally, Cmax,NH3 is also affected by the volume of the secondary clarifier (VSC). 
Hence, river un-ionized ammonia quality is mainly influenced by the biological 
treatment capacity in the WWTP and the effect of sewer overflows is limited. 

 

Figure 5.9: Influential design parameters affecting sewer (Vovf (a) and OQI (b)) and WWTP (EQI 
(c) and OCI (d)) performance (from Paper V). 

VSC is the most influential parameter for both Cmin,DO and Texc,DO. Other common 
design parameters are VPC, VST6 and VAER1. VST4 and VST5 influence only Cmin,DO, 
while VAER2, VRST and VAER3 have a strong effect on Texc,DO (Figures 5.10c, d). 
Hence, river DO quality criteria are affected by both WWTP and sewer design 
parameters. 

 

Figure 5.10: Ranking of the major design parameters influencing river water quality criteria – 
Cmax,NH3 (a), Texc,NH3 (b), Cmin,DO (c) and Texc,DO (d) (from Paper V). 
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5.6. BSM-UWS – Choice of Layout 

During the course of model development, the layout for BSM-UWS has been 
extensively discussed. In the case of the WWTP, the choice is relatively 
straightforward, which is to use the existing BSM1 and BSM2 (in the future) 
layouts. The only modification to the WWTP is the addition of a storage tank at 
the WWTP inlet. For the river system, a simple layout with a single river running 
across the urban catchment with overflows at several locations is chosen. For the 
catchment and sewer network, the current layout is adapted from the ATV A 128 
case study (ATV, 1992) and scaled up. However, it is clear that the sewer network 
layout varies significantly across catchments and also in different countries. Hence, 
it is impossible to propose a benchmark layout that represents the majority of sewer 
networks in the world (or at least in Europe). The provided layout is only one 
among the many possible layouts. It is also clear that the performance of a control 
strategy will vary depending on the layout. Therefore, a control strategy that 
performs well on the BSM-UWS does not necessarily perform similarly on another 
real catchment. In fact, the aim of the benchmark layout is to provide a standard 
layout for different research groups to simulate and evaluate their control ideas and 
not to find the best possible control strategy for a given UWS. However, the 
knowledge gained from the case studies using the BSM-UWS layout can be 
transferred to other layouts. 

5.7. Potential Applications of BSM-UWS 

The major areas where the BSM-UWS can potentially be used are mentioned 
below. 

• Benchmarking control strategies – This is the primary objective behind the 
development of BSM models and it is expected that BSM-UWS will be 
used in a manner similar to BSM1 and BSM2 for this purpose. In 
particular, various rule-based control strategies (e.g. Seggelke et al., 2005; 
Vanrolleghem et al., 2005a), optimization routines (e.g. Fu et al., 2008; 
Muschalla, 2008) and permitting frameworks (e.g. Meng et al., 2016) can 
be evaluated using this layout. 

• Adapting the model to other catchments – With the model library 
available (and distributed freely) for the BSM-UWS, system-wide models 
for real catchments can be developed and evaluated using the BSM model 
library as a software tool. Additionally, the toolbox can be used to model 
the individual sections (or select components) only. 
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• Including new model features – The standard layout and model library 
(with access to verified source code) makes the BSM family of models an 
ideal choice to implement new model features and evaluate them. Various 
model additions, such as biological reactions in the sewer network 
(Huisman & Gujer, 2002) and sediment dynamics in the river (Reichert et 
al., 2001a) can be implemented within the BSM-UWS layout. 

5.8. Summary of Key Findings 

• A standard layout for different sections of the BSM-UWS is presented and 
the major characteristics are described. An urban catchment with an area 
of 540 hectares and 80 000 population equivalents is connected to a sewer 
network with a total storage volume of 22 100 m3. The WWTP is a 
BSM1_ASM2d model with unit operations for removal of organic matter 
and nutrients. A 30 km river stretch runs across the urban catchment with 
facilities to discharge sewer overflows and WWTP effluent at different 
locations in the river system. 

• Control strategies and structural modifications to the catchment and sewer 
BSM are presented. The performance is evaluated using sewer overflow 
criteria. The control strategy C2 gives the best results in terms of 
cumulative effects whereas S1 reduces the acute effects significantly. 

• Local and integrated control strategies are demonstrated using the BSM-
UWS. The impacts of the control strategies on the performance of the 
sewer network, the WWTP and more importantly on the river water 
quality are assessed. The case studies highlight that there is no single 
winner in terms of all the evaluation criteria. While C3 is the choice when 
reducing Texc,NH3 is important, C5 is the best strategy in terms of reaching 
the lowest Texc,DO. The results highlight the difficulty in achieving 
improvement in both Texc,NH3 and Texc,DO simultaneously. 

• Influential control handles and design parameters for river water quality as 
well as sewer network and WWTP performance are determined. 
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Chapter 6  

Conclusions and  
Future Perspectives 

6.1. Conclusions 

The thesis summarizes the work carried out towards extending the benchmark 
simulation models (BSM) “outside-the-fence” of WWTPs. The major conclusions 
from the work are mentioned below. 

• A model library describing the: i) generation of wastewater from 
catchments during dry weather and rain events; ii) transport of the 
generated wastewater through the sewer network as well as various control 
possibilities in the form of storage tanks, pumps etc.; iii) physical 
separation processes (primary and secondary settling) and biochemical 
processes (activated sludge system) for the treatment of the wastewater; 
and iv) the effect of the discharged effluent and sewer overflows on the 
biochemical quality of the river is developed. Interfaces linking these 
different sections are developed ensuring conservation of COD, carbon, 
nitrogen and phosphorus. In addition to the model library, existing 
evaluation criteria for the WWTP, new criteria for the sewer network 
performance (based on sewer overflows) and river water quality in terms of 
river DO and NH3 are presented. 

• A system-wide benchmark model (BSM-UWS) for a pre-defined UWS 
layout is developed using the model library. The layout consists of: i) six 
sub-catchments generating wastewater; ii) a sewer network with various 
possibilities for control (storage tanks, pumps and throttle valves); iii) a 
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modified BSM1 WWTP model, which includes a rainwater storage tank, 
bypass facilities and primary clarifier in addition to the activated sludge 
system; and iv) a 30 km river stretch that receives the WWTP effluent as 
well as overflows from the sewer network during rain events. 

• Several case studies are developed to describe the usefulness of the tools for 
evaluating control strategies and structural modifications on the pre-
defined layout. The first set of case studies are developed using the 
catchment and sewer extensions. The evaluation criteria are based on sewer 
overflows. Case studies include both control strategies and structural 
modifications. The second set of case studies are focussed on control 
strategies using the system-wide model (BSM-UWS). Control alternatives 
at the local level (DO control) and integrated scale (sewer-WWTP, 
WWTP-river) are designed and evaluated using criteria for sewers, 
WWTPs and more importantly the river water quality.  

• Finally, a global sensitivity analysis is performed to identify the major 
control handles and design parameters that affect the river water quality as 
well as the performance of the individual sections. It is noticed that the 
control handles in one section have a strong influence on the performance 
of the other sections. Also, the influential control handles for sewer, 
WWTP and river water quality are different. This indicates that control 
strategies that improve the performance of the sewer network or WWTP 
need not necessarily lead to positive results for the river water quality. 

The work presents an open-source and freely distributed model library, pre-defined 
layout and evaluation criteria for integrated modelling and control that can be of 
great use to: i) develop and evaluate control strategies (local/integrated) using the 
system layout; ii) develop UWS models (or for the individual sections) for various 
real scenarios by using the model library; and iii) enhance the model development 
for integrated models by extending the model library. 

6.2. Future Research 

There are several areas for future research that can further enhance the capabilities 
and the application of the BSM-UWS. 

The version of BSM-UWS presented in this thesis contains several simplifications. 
While some of these simplifications are justified in an integrated modelling set up, 
others can be improved to make the toolbox even more versatile. The main 
elements that need improvement are: i) sewer model to include backwater effects; 
ii) addition of sludge line to the WWTP (the sludge line already exists in other 
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versions of the BSM but should be integrated with the system-wide model); and iii) 
river system model that includes sediment oxygen dynamics. Apart from these 
major additions, several other new features may be necessary depending on the 
individual case study. These include: i) processes to describe the accumulation and 
washoff of solubles and particulates in both the catchment and sewer network in an 
improved manner (the current version only includes particulate dynamics); ii) 
biological conversion models (to simulate the dynamics of hydrogen sulphide, 
methane, micropollutants etc.) in the sewer network; iii) the physico-chemical 
framework to model the pH variations in the WWTP and river (this is already 
developed but should be integrated with the existing models). 

Only limited case studies on the potential application of the model library as a 
benchmarking tool are presented in this thesis (Chapter 5). Various new control 
strategies cases can be implemented using the layout. Multi-objective optimization 
studies as well as control strategy optimization can be performed on the layout. 
Also, several integrated control strategies and system modifications available in 
existing literature as well as new ideas can be implemented on the layout. This will 
be a major utilization of the developed modelling software. 

As is the case with the WWTP benchmark systems, it is expected that the BSM-
UWS will be used by various researcher and practitioners to describe their UWSs 
and evaluate scenarios that are important for the local conditions. Hence, utilizing 
the BSM-UWS and adapting it to other catchments is an important area for future 
research. Here, it is anticipated that users will also use the individual model blocks 
to describe only an individual section or a set of unit operations (e.g. pumping 
models, storage tank models etc.). 
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a b s t r a c t

The objective of this paper is to demonstrate the full-scale feasibility of the phenomeno-

logical dynamic influent pollutant disturbance scenario generator (DIPDSG) that was

originally used to create the influent data of the International Water Association (IWA)

Benchmark Simulation Model No. 2 (BSM2). In this study, the influent characteristics of two

large Scandinavian treatment facilities are studied for a period of two years. A step-wise

procedure based on adjusting the most sensitive parameters at different time scales is

followed to calibrate/validate the DIPDSG model blocks for: 1) flow rate; 2) pollutants

(carbon, nitrogen); 3) temperature; and, 4) transport. Simulation results show that the

model successfully describes daily/weekly and seasonal variations and the effect of rainfall

and snow melting on the influent flow rate, pollutant concentrations and temperature

profiles. Furthermore, additional phenomena such as size and accumulation/flush of

particulates of/in the upstream catchment and sewer system are incorporated in the

simulated time series. Finally, this study is complemented with: 1) the generation of

additional future scenarios showing the effects of different rainfall patterns (climate

change) or influent biodegradability (process uncertainty) on the generated time series; 2) a

demonstration of how to reduce the cost/workload of measuring campaigns by filling the

gaps due to missing data in the influent profiles; and, 3) a critical discussion of the pre-

sented results balancing model structure/calibration procedure complexity and prediction

capabilities.
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Nomenclature

ai Fraction of a given ASM1 state variable, where i

can be SI (aSI), SS (aSS), XI (aXI), XS (aXS) and XBH

(aXBH)

A1 Surface area of the variable volume tank (‘Soil’

model block) [m2]

aH A parameter determining the direct contribution

of rainfall falling on impermeable surfaces in the

catchment area to the flow rate in the sewer (‘Rain

generator’ model block) [%]

ASMs Activated Sludge Models

BSM1 Benchmark Simulation Model No.1

BSM2 Benchmark Simulation Model No.2

COD Chemical Oxygen Demand

CODpart Particulate COD

CODpart_gperPEperd CODpart load per person equivalent per

day (‘Households pollutants’ model block)

[(g COD pe�1) d�1]

CODpart_Ind_kgperd CODpart load from industry per day

(‘Industry pollutants’ model block) [kg COD d�1]

CODsol Soluble COD

CODsol_gperPEperd CODsol load per person equivalent per day

(‘Households pollutants’ model block)

[(g COD pe�1) d�1]

CODsol_Ind_kgperd CODsol load from industry per day

(‘Industry pollutants’ model block) [kg COD d�1]

CODtot Total COD

FFfraction Fraction of TSS that can settle in the sewer (‘First

flush effect’ model block) [e]

Grain_Temp Proportional gain to adjust the temperature

after a rain event (‘Temperature’ model block) [e]

Gsnow_Temp Proportional gain to adjust the temperature

after a snow event (‘Temperature’ model block) [e]

InfBias Mean value of the sine wave signal for generating

seasonal effects due to infiltration (‘Seasonal

correction factor’ model block) [m3 d�1]

IWA International Water Association

Kdown Gain for adjusting the flow rate to downstream

aquifers (‘Soil’ model block) [m d�1]

Kinf Infiltration gain (‘Soil’ model block) [m2.5 d�1]

Mmax Maximum mass of stored sediment in the sewer

system (‘First flush effect’ model block) [kg]

MC Monte Carlo simulation technique

Ntot Total N concentration [g N m�3]

Norg Total organic N concentration [g N m�3]

PE Person equivalent (‘Households’ model block) [e]

QInd_weekday Average wastewater flow rate from industry

on normal weekdays (Monday to Thursday)

(‘Industry’ model block) [m3 d�1]

Qlim Flow rate limit triggering a first flush effect (‘First

flush effect’ model block) [m3 d�1]

Qpermm Flow rate per mm rain (‘Rain generator’ model

block) [m3 mm�1]

Qpercm Flow rate per cm of snow (‘Rain generator’ model

block) [m3 cm�1]

QperPE Wastewater flow rate per person equivalent

(‘Households’ model block) [m3 d�1 PE�1]

SU Inert soluble COD [g COD m�3]

NH4Ind_kgperd SNHX load from industry per day (‘Industry

pollutants’ model block) [kg N d�1]

NH4gperPEperd SNHX load per person equivalent per day

(‘Households pollutants’ model block)

[(g N pe�1) d�1]

SB Readily biodegradable COD [g COD m�3]

Subareas A parameter that forms a measure of the size of

the catchment area. It will determine the number

of variable volume tanks in series that will be used

for describing the sewer system (‘Sewer’ model

block) [e]

TKN Total Kjeldahl nitrogen [g N m�3]

TAmp Seasonal temperature variation, amplitude

(‘Temperature’ model block) [�C]
TBias Seasonal temperature variation, average

(‘Temperature’ model block) [�C]
TdAmp Daily temperature variation, amplitude

(‘Temperature’ model block) [�C]
TdFreq Daily temperature variation, frequency

(‘Temperature’ model block) [rad d�1]

TdPhase Daily temperature variation, phase shift

(‘Temperature’ model block) [rad]

TFreq Seasonal temperature variation, frequency

(‘Temperature’ model block) [rad d�1]

TKNgperPEperd TKN load per person equivalent per day

(‘Households pollutants’ model block)

[(g N pe�1) d�1]

TKNInd_kgperd TKN load from industry per day (‘Industry

pollutants’ model block) [kg N d�1]

TPhase Seasonal temperature variation, phase shift

(‘Temperature’ model block) [rad]

TSS Total suspended solids concentration [g.m�3]

WWTP Wastewater treatment plant

XANO Autotrophic biomass [g COD m�3]

XOHO Heterotrophic biomass [g COD m�3]

XU Inert particulate COD [g COD m�3]

XCB,N Particulate organic nitrogen [g N m�3]

XCB Slowly biodegradable particulate COD [g CODm�3]

WWTP1 Data set for WWTP1 (Bromma, Stockholm,

Sweden)

WWTP2 Data set for WWTP2 (Lynetten, Copenhagen,

Denmark)
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1. Introduction

The use of activated sludge models (ASM) is constantly

growing and both industry and academia are more and more

introducing these tools when performing WWTP bench-

marking (Copp, 2002; Jeppsson et al., 2007; Gernaey et al.,

2014), diagnosis (Rodriguez-Roda et al., 2002; Olsson, 2012),

design (Flores et al., 2007; Rieger et al., 2012), teaching (Hug

et al., 2009) and optimization (Rivas et al., 2008). The level of

detail and the specific data required for a modelling exercise

strongly depend on the project objectives (Rieger et al., 2012).

In general, the more detailed and accurate the results of the

simulation study, the more detailed is the set of data needed.

For instance monthly or yearly average values may be suffi-

cient for a large variety of steady-state modelling projects,

such as developing a process configuration for biological

nutrient removal (Flores-Alsina et al., 2012a) or calculating

sludge production (Spérandio et al., 2013). However, if dy-

namic processes need to be investigated, daily values and

typical diurnal patterns are required. Indeed, there is a need

for high frequency influent data to accurately optimize aera-

tion systems (Rieger et al., 2004), develop control strategies to

handle storm flows (Maruejouls et al., 2012) or design treat-

ment systems to meet effluent nitrogen/phosphorus limits

(Phillips et al., 2009).

Full characterization of influent profiles requires a large

amount of work and there is a high cost involved when ana-

lysing the samples taken from the influent wastewater for the

most relevant influent pollutants (soluble and total chemical

oxygen demand (COD), total suspended solids (TSS), ammo-

nium nitrogen (NH4eN), total Kjeldahl nitrogen (TKN), ortho-

phosphate phosphorus (PO4eP), total phosphorus (TP), etc.).

Recent developments in measurement technology make ni-

trogen, phosphorus and total organic carbon sensors more

reliable and cheap. Nevertheless, there is often a severe

mismatch between the assumed and the real values entering

the treatment plant, for example as a consequence of drift of

the sensor signal (Rieger et al., 2004). Indeed, several standard

lab analyses, such as COD, can still not be performed reliably

in on-line mode on the influent of a WWTP (Olsson, 2012).

In essence, the success of manymodelling studies strongly

depends on having sufficiently long influent time series e the

main disturbance of a typical WWTP e representing the

inherent natural variability of the flow rate, pollutant con-

centrations and temperature at the plant inlet as accurately as

possible (Ráduly et al., 2007). This is an important point to

consider since most modelling projects suffer from lack of

realistic data representing the influent wastewater dynamics.

When including a catchment-specific detailed list of pertur-

bations, model predictions are both more reliable and useful

in practice and the “real” capacity of the plant under study to

handle different types of events is better understood.

Literature offers a wide range of tools reproducing influent

characteristics by means of mathematical models. The

simplest approaches are based on black-box models and

generate the required time series by means of different

modelling principles. For example, dynamic influent flow rate

data can be reproduced by means of a simple equation, such

as a Fourier series (sum of sinusoids with varying frequencies

and phase shifts) whose parameters are fitted to dynamic

influent data (e.g. Carstensen et al., 1998; Bechmann et al.,

1999; Langergraber et al., 2008; Alex et al., 2009). Stochastic

models are a bit more complex and they are especially suited

to describe compounds without a clear pattern of occurrence.

For example Ort et al. (2005) developed a stochastic model

describing short-term variations of benzotriazole concentra-

tions (a chemical contained in dishwasher detergents). Addi-

tionally, during the development of the BSM1_LT platform

(BSM1 Long Term, Rosen et al., 2004), the influent model for

ASM variables was combined with a Markov chain modelling

approach to describe the occasional occurrence of either toxic

or inhibitory influent shock loads (Rosen et al., 2008). The

same principle was later used by Snip et al. (2013) to describe

the occurrence of diclofenac and other xenobiotic compounds

without a clear administration pattern. Finally, the most

complex approaches are constructed using first principles’

models and contain a full deterministic description of the

different draining units (Achleitner et al., 2007; Elliott and

Trowsdale, 2007; Devesa et al., 2010). As model complexity

increases, the predictive capabilities of the model might be

improved, i.e. it can capture the dynamics related to a larger

variety of phenomena. However, the calibration effort in-

creases exponentially. This can be overcome by using so-

phisticated/computer time-demanding calibration

procedures based on Bayesian methods (Lindblom et al., 2011;

Rieckermann et al., 2011) or increasing the required quantity

of data/measurements to adjust the different model param-

eters (Gamerith et al., 2009, 2011).

Phenomenologicalmodelshavealsoshowntobeuseful tools

to handle these types of problems (Gernaey et al., 2006; De

Keyser et al., 2010; Gernaey et al., 2011). This is mainly due to

three basic principles which are applied during the model

development: 1) model parsimony, i.e. limiting the number of

parameters as much as possible; 2) model transparency, by

using model parameters that have a physical meaning when

possible; and, 3) model flexibility, such that the proposed

influent model can be easily modified/extended for other ap-

plications where long influent time series are needed.

Phenomenological models represent a good compromise be-

tween model complexity and prediction capability. For this

reason theauthorsbelieve that suchapproachescanbevaluable

tools to improve influent data quality duringmodelling studies.

The objective of this paper is to demonstrate the useful-

ness of the phenomenological dynamic influent pollutant

disturbance scenario generator (DIPDSG) that was previously

used to create the influent data of the International Water

Association (IWA) Benchmark Simulation Model No. 2 (BSM2)

with two full-scale applications. The Benchmark Simulation

models (BSM) were originally developed to objectively

compare control/monitoring strategies in wastewater treat-

ment systems (Gernaey et al., 2014). More than 300 scientific

papers and theses on work related to the benchmark systems

have been published to date (Jeppsson et al., 2013) demon-

strating the interest and need of the scientific community for

the tools developed in this framework. In fact, some of the

modelling tools originally developed to compare

control strategies are being used as stand-alone tools in full-

scale applications. Examples are: computationally efficient
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implementations (Rosen et al., 2006) of the Anaerobic Diges-

tion Model No. 1 (Batstone et al., 2002), the ASM/ADM in-

terfaces (Nopens et al., 2009) and the BSM2 final plant layout

(Nopens et al., 2010).

In this study, flow rate, pollution loads and temperature

characteristics of two large Scandinavian treatment facilities

(WWTP1, WWTP2) are studied for a period of two years.

WWTP1 is located in Stockholm (Sweden), while WWTP2 is

near Copenhagen (Denmark). The paper is organized as fol-

lows: Firstly, the two studied facilities and the phenomeno-

logical modelling approach used in the case studies are

described. Next, the calibration/validation results of the

model predictions with respect to flow rate, temperature and

organic material/nitrogen loads are presented. Finally, the

benefits of using such an approach are demonstrated with a

scenario analysis demonstrating situations where the DIPDSG

can be especially useful. The paper ends with a critical dis-

cussion of the results.

2. Methods

2.1. WWTPs under study

Wastewater treatment plant Bromma (WWTP1) receives

wastewater from the western part of Stockholm (Sweden),

based on a catchment area of 25 km2. Bromma has a capacity

of 300,000 PE and removes organic matter (COD), phosphorus

(P) and nitrogen (N) by mechanical, biological and chemical

processes. A data set comprising the years 2009 and 2010 is

used for the case study. During this period the average

influent flow rate was 120,000 m3 d�1 and the pollution loads

were approximately 35,000 kg COD d�1, 3100 kg N d�1 and

380 kg P d�1. The maximum (design) plant capacity (into the

activated sludge system) is 10,800 m3 h�1.

Wastewater treatment plant Lynetten (WWTP2) receives

wastewater from the central and north-eastern part of

Copenhagen, Denmark (8 municipalities), based on a catch-

ment area of 76 km2. Lynetten has a capacity of 750,000 PE and

removes COD, N and P from wastewater by mechanical, bio-

logical and chemical processes. A data set comprising the

years 2010 and 2011 is used for the case study. During this

period the average influent flow rate was 170,000 m3 d�1 and

average pollution loads were 95,000 kg COD d�1, 7300 kg N d�1

and 1200 kg P d�1. The maximum plant capacity (into the

activated sludge system) is 23,000 m3 h�1.

In both cases (WWTP1 & 2) high frequency data were

available for flow rate and temperature (1 sample every 6min).

Rainfall and snowmelting datawere reduced to three samples

per day (1 sample every 8 h). Rainfall, snow melting and out-

door temperature data for Stockholm were obtained from the

Swedish Meteorological and Hydrological Institute (SMHI)

(www.smhi.se). Two to three (daily-averaged) flow propor-

tional samples were taken per week for wastewater charac-

terisation. COD was measured by the standard dichromate

method, while N was determined by a colorimetric method in

a flow-injection system. In all cases, the measurements

reproduce wastewater quantity and quality at the inlet of the

WWTP (before by-pass and primary clarifier).

2.2. Description of DIPDSG

The phenomenological DIPSDGmodel used in the case studies

(Gernaey et al., 2011) is sub-divided in fourmain blocks: 1) flow

rate; 2) pollutants (carbon, nitrogen and phosphorus); 3)

temperature; and, 4) a transport model block. The software is

implemented in Matlab/Simulink (www.mathworks.com) and

can be obtained for free by contacting Prof. Krist Gernaey at

the Department of Chemical and Biochemical Engineering,

Technical University of Denmark (kvg@kt.dtu.dk).

Fig. 1 e Schematic representation of the modified influent generator to describe flow rate/pollutants/temperature dynamics.
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The generation of the influent flow rate is achieved by

combining the contributions from households (HH), industry

(IndS), rainfall (RAIN), snow melting (SNOW) and infiltration

(Inf) (see Fig. 1, top). Rainfall andsnowmelting contribute to the

total flow rate in two ways: the largest part (aH) of the rainfall

contribution to the flow rate originates from runoff from

impermeable surfaces, and is thus transported directly to the

sewer. Rainfall and snow melting on permeable surfaces

(fraction 100 � aH of the total flow rate) will influence the

groundwater level, and thus the contribution of infiltration to

the influent flow rate. Assuming a dry, a snow-melting and a

rainy season, the ‘Seasonal correction factor’ model block

creates thedesired seasonal effects. This seasonal correction is

combined with the rainfall falling on permeable surfaces, and

the sum of both flows is passed through the soil (SOIL) model

block. Afterwards, the net contribution of infiltration e an

output of the ‘Soil’ model block e is combined with the overall

flow rate resulting from industry and households and the flow

rate contribution from rainfall on impermeable surfaces.

Similar to the flow rate generation model, it is assumed

(see Fig. 1, middle) that there are two pollutant sources,

households and industry, which is an acceptable simplifica-

tion. Thus, the complexity of the model is reduced by

neglecting other sources (infiltration and run-off). Including

contributions from run-off can for example be important if

micro-pollutant influent profiles are needed, but that is not

the purpose of the work presented here. Pollutants from both

sources are combined and converted to ASM-X state variables,

where X can be 1, 2, 2d or 3 (Henze et al., 2000).

The temperature of the wastewater is included as an

additional state variable in the model influent (see Fig. 1,

bottom). The temperature profile includes a seasonal effect,

i.e. it is assumed that there is a warm and a cold season. In

addition, the model includes a daily temperature effect since

the temperature during daytime is slightly different from the

wastewater temperature at night.

Finally the last model block is related to transport (Fig. 1,

right). The particulate pollutants of each submodel are sub-

sequently passed through the ‘First Flush Effect’ model block,

where first flush effects are mimicked as a function of flow

rate: first flush effects will for example occur during severe

rain events following dry weather periods. Finally, the size of

the sewer system is incorporated in the influent dynamics as

well: the larger the sewer system, the smoother the simulated

diurnal flow rate and concentration variations.

This phenomenological modelling approach is used to

describe the 2009/2010 and 2010/2011 time series of WWTP1

and 2, respectively. Measured data from the first year are used

for model calibration purposes and model output/measure-

ments for the second year are used for validation.

3. Results

3.1. Dynamic modelling of influent flow rate in WWTP1

A stepwise procedure based on the results of the global

sensitivity analysis (GSA) performed by Flores-Alsina et al.

(2012b) is used to calibrate/validate the parameter set of the

used DIPDSG. This GSA study demonstrated that a stronger/

weaker impact of the model parameters on the flow rate dy-

namics depends on the analysed time scale. Indeed, the dy-

namics of the generated influent time series are affected

differently by a certain parameter if the considered time scale

is months, days or hours. In this case study we opted to first

calibrate flow rate per person equivalent (QperPE), the indus-

trial contribution (QInd_weekday) and the parameters related to

the soil model: 1) the gain to adjust the flow rate to the

downstream aquifers (Kdown); and, 2) the infiltration gain, a

measure of the quality of the sewer system pipes (Kinf), since it

was found out in the GSA that they have the strongest impact

on the yearly flow rate profile. Next, wet weather conditions

were fine-tuned when the time scale was reduced to days by

modifying both Qpermm and Qpercm, two parameters which

convert either rain intensities or snow level measurements

into flow. Finally, at the shortest time scale (hours), the suit-

able parameter values are identified to correctly describe the

hourly dynamics (flow rate peaks), which is achieved in

practice by extending/reducing the sewer length (parameter

subareas).

The (measured) yearly averaged influent flow rate is

around 120,000 m3 d�1. Default parameter values are used to

estimate the dry/wet weather fractions and the contributions

from households (HH), industry (IndS) and infiltration (Inf)

(Gernaey et al., 2011). The total (120,000m3 d�1) to dry weather

(98,000 m3 d�1) influent flow-rate ratio is around 1.22.

3.1.1. Households, industry and infiltration (DRY weather
flow)
In dry weather conditions 56% of the influent flow rate is

assumed to originate from HH and industrial wastewater IndS.

Specifically, 82% of this dry weather flow fraction is produced

by HH, whereas the other 18% represents industrial waste-

water. The remaining 44% of the influent flow rate (dry

weather conditions) originates from groundwater infiltration.

For example, the ‘Households’ (HH) model block contrib-

utes to the final influent flow rate dynamics by diurnal vari-

ations, a weekend effect and a holiday effect. This is achieved

by combining three normalized user-defined data files con-

taining: 1) a diurnal profile; 2) a weekly household flow pattern

including the weekend effect; and, 3) a yearly pattern

including the holiday effect. The relative contributions from

the data files are combined by multiplication. The generated

signal is then multiplied by two gains corresponding to the

flow rate per person equivalent (QperPE¼ 0.150m3 d�1) and the

number of person equivalents in the catchment area

(PE ¼ 300,000 population equivalent), respectively. The dy-

namic flow rate pattern is obtained by repeating the data files

in a cyclic manner.

The industrial contribution to the influent flow rate is

generated similarly to the HHmodel block. The industry (IndS)

model block is also based on user-defined files describing

diurnal variations, and weekend and holiday effects. Again,

the dynamic flow rate pattern sampled in a cyclic manner

from source files ismultiplied by a gain representing the use of

water by industry (QInd_weekday ¼ 10,000 m3 d�1) similar to the

generation of the diurnal flow rate patterns in the HH model

block.

A continuous groundwater contribution due to infiltration

processes is assumed. Thus, the quantity of water originating
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from upstream aquifers has to be modified (InfBias ¼
80,000 m3 d�1) in order to reach the pre-established percentage

of flow rate due to infiltration, i.e. 44% of the dry weather flow

rate. Also, it is necessary to adjust the quantity of water going

to: 1) downstream aquifers (Kdown ¼ 30,000 m2 d�1); and, 2)

infiltrated through the sewer pipes (Kinf ¼ 15*Kdown). Again,

default parameters were used to consider seasonal changes of

the amount of groundwater throughout the year (Inf). These

effects are assumed to be the result of seasonal, temperature-

related changes in the amount of evaporation.

3.1.2. Rainfall and snow melting (WET weather flow)
In the RAIN model block rainfall intensities are converted to

flow rate values using a conversion factor. The parameter

Qpermm, was estimated to be equal to 25,000 m3(mm rain)�1.

For this particular case, the original model structure (Gernaey

et al., 2011) had to be modified in order to take into account

snow melting (SNOW), which has a strong influence on

influent dynamics in large parts of Sweden. In essence the

snow-melting module is based on the same principle as the

rain generator. Snow level differences within Stockholm are

used to calculate the contribution to the influent flow rate. In

order to differentiate snow melting (surface runoff produced

from melting snow) from snow compaction (decrease of the

snow level due to gravity forces but without actual melting),

the snow-melting module is only activated when the ambient

temperature is positive. Differences in snow levels are con-

verted into flow rate using the conversion factor

Qpercm ¼ 35,000 m3(cm snow)�1. There is also a parameter aH,

which is set to 75% and corresponds to the contribution of

rainfall/snow melting falling on impermeable surfaces in the

catchment area (A1 ¼ 25 km2, porosity ¼ 2.0 g cm�3).

Finally, the length of the sewer is adjusted by the param-

eter subareas in order to refine the hourly peaks and the overall

dynamics of the generated time series (subareas ¼ 8). Each

subarea is comprised of 3 continuous stirred tank reactors

(CSTRs) with varying volumes.

3.1.3. Flow-rate calibration and validation results
Fig. 2 illustrates that the simple phenomenological model al-

lows reproducing the yearly variation in the influent flow rate

data of WWTP1 for the period comprised between 2009 (cali-

bration, Fig. 2a,b,e,g) and 2010 (validation, Fig. 2c,d,f,h). Fig. 2

a,b,c,d show that the proposed approach correctly describes

the main rain events. The calibrated influent model can also

capture the snow-melting period, which mainly takes place

during March and April (months 3e4, days 80e100) during

both calibration and validation periods. In addition, themodel

also captures the catchment’s seasonal variation, which is

basically a flow decrease during summer and winter caused

by the holiday periods. Fig. 2b,d depict an interesting feature

of the soil model that allows including a ‘memory effect’,

a b c d

e f

g h

t (month)
0 2 4 6 8 10 12 14

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

8,0e+4

1,0e+5

1,2e+5

1,4e+5

1,6e+5

1,8e+5

t (d)
0 100 200 300

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

5,0e+4

1,0e+5

1,5e+5

2,0e+5

2,5e+5

3,0e+5

3,5e+5

4,0e+5

t (month)
0 2 4 6 8 10 12 14

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

8,0e+4

1,0e+5

1,2e+5

1,4e+5

1,6e+5

1,8e+5

t (d)
0 100 200 300

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

5,0e+4

1,0e+5

1,5e+5

2,0e+5

2,5e+5

3,0e+5

3,5e+5

4,0e+5

t (d)
0 2 4 6 8 10 12 14

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

0,0

5,0e+4

1,0e+5

1,5e+5

2,0e+5

2,5e+5

3,0e+5

t (d)

0 2 4 6 8 10 12 14

f
l
o

w
-
r
a

t
e

 (m
3  d

-1
)

0

5e+4

1e+5

2e+5

2e+5

3e+5

3e+5

t (d)
160 162 164 166 168 170 172 174

f
l
o

w
 
r
a

t
e

 (m
3  d

-1
)

0,0

1,0e+5

2,0e+5

3,0e+5

4,0e+5

5,0e+5

t (d)
160 162 164 166 168 170 172 174

f
l
o

w
-
r
a

t
e

 (m
3  d

-1
)

0

1e+5

2e+5

3e+5

4e+5

5e+5

Fig. 2 e Calibration (red)/validation (blue) results (dots: measurements, solid line: simulations) of the influent flow rate for

2009 (a,b,e,g) and 2010 (c,d,f,h) for WWTP1 at different time scales: months (a,c), days (b,d) and four (15 day) snapshots
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following a rainfall/snowmelting, i.e. eachmajor rain event is

followed by a ‘tail’ in the flow rate. This tail illustrates the

effect of passing a percentage (100 � aH ¼ 25%) of the rainfall

through the soilmodel block (see Fig. 1). Delay of rainfall water

due to the accumulation in the soil model is a feature that can

be commonly observed in full-scale facilities (Tchobanoglous

et al., 2003). This phenomenon can be calibrated by modi-

fying the parameter Kinf and can describe different infiltration

dynamics, thereby providing an indication of the quality of the

sewer pipes. Finally, Fig. 2e,g,f,h describe the daily flow rate

profile which represents a general behaviour, namely one

morning peak, one evening peak, and late night and mid-day

minima. The morning and evening peaks represent the

increased activity of the residents just before going to work

(morning) or after returning from work. The late night mini-

mum flow rate corresponds to the night hours with strongly

reduced water consumption. The daytime flow rate shows a

small decrease corresponding to the residents’ working hours.

Finally, it should be mentioned that some discrepancies can

be observed (delays/bias) when reproducing rain events at

high frequency. This is mainly due to the lack of high reso-

lution rain data when performing this study (the authors had

only access to three measurements per day). More complex

rainfall models could provide a better correlation between the

measurements and the simulation data. A more in-depth

analysis of the required model complexity and the

prediction capabilities of the model are provided in the

Discussion section.

3.2. Dynamic modelling of influent temperature in
WWTP1

In this section, the same type of approach is used to calibrate/

validate the influent temperature. First of all, the parameters,

which have a strong effect on the largest time scale, are esti-

mated. These parameters represent the yearly average tem-

perature (TBias), amplitude (TAmp), frequency (TFreq) and phase

shift (TPhase). Secondly, parameters describing the effects of

rainfall (Grain_Temp) and snow melting (Gsnow_Temp) on the

overall temperature are adjusted. Those two parameters are

additional modifications of the original model proposal

(Gernaey et al., 2011) in order to account for the effect of rain-

fall/snow melting on the temperature dynamics. Finally, the

high frequency variation in the data is mimicked by calibrating

daily amplitude TdAmp (maximum and minimum temperature

during the day), frequency (TdFreq) and phase (TdPhase).

3.2.1. Seasonal and daily temperature variation
The temperature profile is modelled by a sine function with a

determined average temperature (TBias ¼ 15 �C), amplitude

(TAmp ¼ 5 �C) and frequency (TFreq ¼ 2p rad year�1). A phase

shift (TPhase ¼ 28.8 p rad) was applied, such that the maximum
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flow rate due to infiltration approximately corresponds to the

lowest temperature, and vice versa. Two proportional gains

Grain_Temp and Gsnow_Temp, both with a value of 0.4, are multi-

plied to the rain and snow-melting data and subsequently

subtracted from the generated time series in order to repro-

duce the observed temperature drop in the influent when

these phenomena take place. Finally, a daily temperature ef-

fect is included in the temperature model, assuming that the

temperature in the WWTP influent varies according to a si-

nusoidalwavewith amplitude TdAmp of 0.5 �C. The parameters

for the daily temperature dynamics were tuned such that the

minimum temperature for each day occurs around 3 a.m.

(TdFreq ¼ 2p rad �1 and TdPhase ¼ 1.5 p rad�1).

3.2.2. Temperature calibration and validation results
Fig. 3 shows the calibration results for 2009 (Fig. 3a,b,e,g) and

the validation results for 2010 (Fig. 3c,d,f,h) based on WWTP1

data. In both cases, the modelled temperature can reproduce

the seasonal effect, i.e. there is a warm and a cold season

(Fig. 3a,b,c,d). In addition, when the level of detail is expanded

by switching to a time scale of days, the effect of snowmelting

and heavy rain events can be observed (Fig. 3b,d). For example,

in both 2009 and 2010, it can be seen that snow melting takes

place around March and April (months 3e4, days 80e100),

which decreases the water temperature even more. In 2009,

two heavy rain events (Fig. 2b) can be observed in the

modelled temperature profile as two noticeable temperature

drops (Fig. 3b). In the validation data set, a similar phenome-

non can be observed at the end of the summer and beginning

of the fall. Finally, at the highest frequency the hourly tem-

perature variations can be observed, i.e. temperature in-

creases during daytime and decreases at night. Again, the

model is able to capture the general trend in these variations

(Fig. 3e,f,g,h). However, some differences can be observed. A

further model extension could be added in order to better

represent: 1) the daily variations between winter and summer

time (i.e., the temperature does not change in the same way);

and, 2) the recovery after a snow melting/heavy rain period.

This issue is addressed in more detail in the Discussion

section.

3.3. Dynamic modelling of influent loads in WWTP2

In the third case study the DIPDSG is adapted to reproduce

the influent characteristics of WWTP2. Again, the same

approach of calibrating the model parameters at different

time scales has been used. First of all, at the largest time

scale (months), the HH and IndS contributions have been

adjusted based on the different COD and N loads. For HH

these loads represent the quantity of pollution per person

equivalent (CODsol_gperPE, CODpart_gperPE, NH4gperPE and

TKNgperPE) in terms of soluble and particulate COD, ammo-

nium and total Kjeldahl nitrogen. A similar parameter set is

used to quantify the industrial contribution, which is repre-

sented by the parameters CODsol_Ind_kgperd, CODpart_Ind_kgperd,

NH4Ind_kgperd and TKNInd_kgperd. Using this approach, the

complexity of the model is reduced by neglecting other po-

tential sources of organic material and nitrogen (infiltration

and runoff). Thus, the calibration procedure is enormously

simplified, but on the other hand it decreases the prediction

capabilities of the model. Clearly, this is a trade off which

has to be decided for each case study. Secondly, at a medium

time scale (days), the parameters of the first flush model are

fine-tuned to correctly describe the accumulation-release of

particulate material in the sewer system. The ‘First flush

effect’ model block introduces additional influent dynamics

corresponding to a flushing of the sewer system following a

severe rain event. The model is based on the assumption

that a fraction of the particulate material can settle in the

sewer system. Part of the accumulated material is released

when there is a sudden increase of flow modifying the dy-

namics of the particulate compound concentrations at the

inlet of the WWTP. The parameters to adjust are: 1) the

quantity of particulate material that can settle in the sewer

(FFfraction); 2) the total mass of solid particulates that can be

accumulated (MMax); and, 3) the flow rate limit triggering the

first flush event (Qlim).

3.3.1. Households and industry (DRY weather loads)
Similarly as when re-creating the influent flow rate, the HH

model block contributes to the final pollution profile with daily/

weekly/seasonal variation bymeans of user defined profiles for

COD (CODsol and CODpart), Kjeldahl nitrogen (TKN) and ammo-

nium nitrogen (NH4eN). The relative contributions of the data

files are combined bymultiplication and then transformed into

g COD PE�1 and g N PE�1 units, by using the following gains:

CODsol_gperPE ¼ 16.42 g COD PE�1 d�1, CODpart_gperPE ¼
97.82 g COD PE�1 d�1, NH4gperPE ¼ 4.82 g N PE�1 d�1 and

TKNgperPE ¼ 7.23 g N PE�1 d�1. The assumed number of in-

habitants in the catchment is 750,000 (PE). Again, the industrial

contribution is generated similarly to the HH model block.

Pollutant-specific user-defined profiles are sampled cyclically

describing diurnal variations, weekend and holiday effects. The

industrial contribution represents 10% and 5% of the total

organic and nitrogen loads, respectively. These industrial loads

represent a daily quantity of 18,000 kg COD d�1

(CODsol_Ind_kgperd þ CODpart_Ind_kgperd) and 2700 kg N d�1

(TKNInd_kgperd). The ratio between soluble and particulate COD

has been adjusted on the basis of available experimental data

(results not shown) and is 0.16. The same procedure is followed

to determine the ratio between NH4eN and TKN. No nitrate ni-

trogen is considered to be present in the influent.

3.3.2. First flush effect (WET weather loads)
During dry weather conditions it is assumed that 75% (FFfrac-

tion) of the total particulate material can settle in the sewer

system. This builds up amass of total suspended solids until a

maximum storage capacity of 120$103 kg (MMax) is reached.

This quantity of solids is supposed to remain at the bottom of

the sewer until it is flushed out after a heavy rain event. In the

model, such a first flush is triggered if the current flow rate is

higher than a threshold Qlim (Qlim ¼ 560,000 m3 d�1). TheMmax

and Qlim values are estimated by trial and error to match the

simulation results with the experimental data.

3.3.3. COD and N loads calibration and validation results
Fig. 4 shows the full-scale data and the model simulations for

COD (Fig. 4a,b,c,d) and TKN (Fig. 4e,f,g,h). The simulation re-

sults show that the set of phenomenological models pre-

sented herein can describe the general (yearly) variation of
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both compounds. In both 2010 and 2011, a substantial reduc-

tion in the pollutant load can be observed during the summer

months (7e8), which corresponds to the holiday period (see

Fig. 4, month 7, day 200). Finally, the sudden increases in the

pollution load are mainly caused by the flush out of the par-

ticulate fraction that is stored in the sewer system during dry

weather conditions (first flush). Other sources of pollution can

be included in the model as well, e.g. run-off, but again this

would add a higher degree of complexity to the model struc-

ture and the associated calibration procedure (see Discussion

section).

4. Scenario analysis

The scenario analysis presented in this section demonstrates

some benefits of using a DIPDSG when performing WWTP

model studies. Therefore, for exemplary purposes, we make

use of the calibrated and validated results of the two analyzed

plants (WWTP1 and 2) and study how the results are affected

by changing some settings in three different scenarios.

Scenario 1 evaluates the variation of the influent flow rate for

different rainfall patterns. In Scenario 2 the effect of parameter

uncertainty on the predicted influent biodegradability is

studied. Finally, Scenario 3 shows how the workload of

measuring campaigns can be reduced by synthetically

generating high frequency data on the basis of available low

frequency data.

4.1. Scenario 1: effect on different rainfall patterns

The contribution of rainfall has a huge impact on the yearly

influent flow rate profile. Rainfall patterns affect the quantity

of water arriving via: 1) run-off from impervious surfaces; and,

2) infiltration dynamics to the sewer pipes through the soil

model. The rain generator proposed by Gernaey et al. (2011) is
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used to reproduce different rainfall patterns. Snow melting is

defined by the same characteristics as forWWTP1 in 2009. The

influence of the different rainfall patterns is analyzed

assuming: 1) a year with a high frequency of events of low

intensities; and, 2) a year with a low frequency of events of

high intensities. Fig. 5 shows the effect of different rainfall

patterns (and related rain water volumes) on the overall flow

rate dynamics. For example, severe storm events are depicted

in Fig. 5b particularly during summer/fall. On the other hand,

Fig. 5a shows more frequent events but always with lower

peaks.

Such new influent profiles will have a strong impact on the

plant design and operation in wet weather conditions. For

example, additional modelling studies can then be performed

testing different control strategies to handle violent storm

events. The focus of such model studies could then be on

when/how to activate by-pass, decrease the waste flow rate to

avoid the wash-out of biomass, activate aeration tank settling

procedures etc. Another important point that could be studied

on the basis of such influent time series is how to operate

primary and secondary clarifiers under wet weather condi-

tions. In addition, the effect that these storm events can have

on the occurrence of particulate material can be further

analyzed by using the first flush model included in the pro-

posed approach. Thus, the quantity of particulate material

and the way in which it arrives to theWWTP can be predicted.

Again, strategies to smoothen the effects of such load peaks

on the overall process performance could be developed, tested

and finally implemented at full-scale level.

4.2. Scenario 2: uncertainty analysis of influent organic
biodegradability

The objective of the second scenario analysis is to show the

impact of ASM1 fractionation parameters on the influent

organic matter biodegradability (Henze et al., 2000). In order to

handle this problem, uncertainty analysis by means of Monte

Carlo (MC) simulationswasused. 50%of variation is assumed in

the default parameters used to calculate SU (aSU), SB (aSB), XU

(aXU), XCB (aXCB) and XOHO (aXOHO) from the calibrated HH and

IndS organic loads (CODsol_gperPE, CODpart_gperPE, CODsol_Ind_kgperd,

CODpart_Ind_kgperd). SU and SB are calculated from CODsol_gperPE

and CODsol_Ind_kgperd while XU, XCB and XOHO originate from the

CODpart_gperPE and CODpart_Ind_kgperd. In order to keep the mass

balanceconsistent andavoidnegativenumbersweassumethat

aSB ¼ 1 � aSU and aXCB ¼ (1� aXU � aXOHO) (see Corominas et al.

(2010) for further specifics about ASM nomenclature). Fig. 6

shows the BOD5 simulation results after sampling the input

uncertainty space 250 times using the Latin Hypercube (LH)

method (HeltonandDavis,2003).Thesoliddynamics timeseries
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comprise the5thand95thpercentilesof the 250MCsimulations

while the dots correspond to the experimental data series. The

resulting simulations demonstrate that measurements are

comprised within the limits of the calculated output

uncertainty.

Using this type of analysis has an important impact from a

design point of view. For example, when the uncertainty of the

influent organic matter biodegradability is accounted for, it is

possible to reduce safety factors and consequently the calcu-

lated anoxic volumes can be made smaller (Tchobanoglous

et al., 2003). As a result, the capital cost of upgrading acti-

vated sludge systems to achieve simultaneous removal of

organic carbon and nitrogen can be significantly decreased

(Belia et al., 2009; Flores-Alsina et al., 2012a).

4.3. Scenario 3: increased data frequency

Data frequency is critical in any dynamic modelling exercise.

This last scenario will demonstrate how the presented

phenomenological influent generator can reduce the cost and

workload of measuring campaigns by synthetically increasing

the frequency of the available data. Fig. 7 shows the average

daily COD values, both the measurements and the simulation

results. In addition, this plot is complemented by a “realistic”

high frequency dynamic profile generated by the model

assuming different sewer lengths (see the smoothing effect on

the daily dynamics). For this study, the daily profiles were

constructed based on the investigations carried out by Butler

et al. (1995). These studies showed that a pollutant peak in C

andN occurs in urban catchments in themorning, followed by

a smaller one in the evening. This ismainly due to the fact that

organic matter primarily originates from kitchen sinks and

WCs. Default profiles are being used for the IndS block

(Gernaey et al., 2011), but since the presence of industrial ac-

tivity in this catchment is rather low, the effect of the IndS

block is unnoticeable.

Optionally, zero-mean white noise can be added to the

variables by the user. Noise is added by multiplying a random

signal to a time series. Specifically in this case study, adding

noise is done with the purpose of avoiding that subsequent

days have exactly the same flow rate profile.

It is important to highlight that for the development of

process configurations for nitrogen and phosphorus removal

average values might be sufficient as data source (Flores-

Alsina et al., 2012a). However, typical diurnal patterns are

required if dynamic processes are to be investigated, such as

the design of a treatment system to meet peak effluent ni-

trogen/phosphorus limits or to optimize aeration control

(Rieger et al., 2012).

5. Discussion

This study has demonstrated that dynamic influent pollutant

disturbance scenario generators (DIPDSG) are promising tools

to improve model-based simulation studies in WWTPs since

they can: 1) significantly reduce the cost and workload of

measuring campaigns; 2) fill gaps due to missing data in

influent flow-rate/pollution/temperature profiles; and, 3)

create additional disturbance scenarios following the same

catchment principles as a previously calibrated phenomeno-

logical influent model. Even though the set of advantages

derived from using these tools is extensive, they also open the

door to several discussion points, which are analysed below.

5.1. Model complexity versus prediction capabilities

The phenomenological model originally developed to

generate the influent data for BSM2 (Nopens et al., 2010) and

comprehensively presented in Gernaey et al. (2011) represents

a good compromise betweenmodel complexity and predictive

capability. The tool generates realistic influent data to

perform simulation studies. Naturally, additional expansions

could be included as additional modules by increasing the

number of accounted drainage phenomena. For example

there are existing models that are more accurate in account-

ing for pollution run-off (Bertrand-Krajewski et al., 1993;

Ashley et al., 2002), combined sewer overflows (Ashley et al.,

2004), storm tanks (Schutze et al., 2002) and back-flow ef-

fects (Borsányi et al., 2008) in the sewer system. More realistic

mathematical representations of flow and pollution trans-

portation through the sewer pipes can be found for example in

Hager (1999). Also, additional phenomena such as seasonal

differentiation between daily temperature amplitude could be

easily included, i.e. the daily amplitude is different during

winter/summer. Likely the consideration of such additional

aspects could increase the predictive capabilities of both flow

rate and pollution loads provided by the presented approach

(particularly for high frequency dynamics). Nevertheless, the

increased calibration effort to adjust the additional parame-

ter(s) would come with the drawback of making this tool less

attractive for process engineers and water/wastewater de-

signers. The guidelines provided in this paper will help future

users of the influent generator to easily adapt the generated

time series to the desired influent conditions.

5.2. Description of non-traditional pollutants and
consumption rates

Current research is undertaken towards expanding the

influent generator to describe non-traditional pollutants such

as pharmaceuticals (Snip et al., 2013). Daily, weekly and sea-

sonal influent dynamics for these compounds are generated

following a phenomenological approach based on user-

defined pollutant profiles and for more random patterns an

additional stochastic module based on Markov chains. Hence,

administration patterns, bioavailability, half-life and total

annual consumption rates are the basis to generate the user-

defined profiles, while the Markov chains are constructed

assuming a set of transition probabilities. Additional physico-

(bio)chemical reactions in the sewer system, allow consid-

ering the effect of transport conditions on these compounds.

As a result it is possible to back calculate “consumption rates”

or pinpoint areas with the highest contribution (considering

the sewer hydraulic retention time) using reverse engineering.

5.3. Manual versus automatic calibration

During the development of the DIPDSG user protocol we

balanced the pros and cons of manual versus automatic
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calibration. With respect to automatic calibration the use of

traditional frequency-based techniques to estimate the pa-

rameters of the model presented herein was very difficult, i.e.

the model presents apparent identifiability problems (Weijers

and Vanrolleghem, 1996). This poor parameter identifiability

was primarily attributed to a couple of factors. First, themodel

outputs were not sufficiently sensitive to individual changes

of each parameter. For example, the effect of sewer length

cannot be observedwhen the analysed time scale ismonths or

days. Another example is related to the parameters deter-

mining the memory effect of the soil model, which cannot be

observed when the time scale is in the order of months. For

this reason, different model parameters must be calibrated at

different time scales. Secondly, changes in the model outputs

due to changes in certain parameters may be approximately

cancelled by appropriate changes in other parameters. In

other words some of the parameters can compensate each

other’s impacts depending on the analysed time scale, e.g. PE

vs QperPE, PE vs QInd_weekday, Kdown vs InfBias. This could be

addressed by estimating only the parameter which can be

identified and assuming good knowledge of the non-

identifiable parameters (Brun et al., 2002). However, this was

not the case here. Another solution would be the use of

Bayesian techniques. Bayesian approaches are better choices

for model predictions when there are poorly identifiable

model parameters (Omlin and Reichert, 1999). Nevertheless,

the necessary computational burden to run this study made

these options less attractive for the authors. Also, the cali-

bration of the influentmodel for bothWWTP1 andWWTP2 and

the justification of the available knowledge used to obtain the

a posteriori distribution of the model parameters can be

considered a whole study on its own.

5.4. Tool to complement ASM based simulation studies
and forecast future scenarios

Traditional design and upgrade concepts for WWTPs are based

on forecasting flow and loads over a period of 25e40 years.

Nevertheless, dynamics and complexity ofwastewater systems

make reliable predictions very difficult, i.e. the characteristics

of the catchment area can change substantially over the years.

For this reason, it is necessary to improve the planning and

design of wastewater treatment infrastructures through

methodologies that systematically account for future uncer-

tainty (Dominguez and Gujer, 2006). The use of the presented

tool can be very beneficial to answer “what-if” questions. For

example, what would happen if the industrial contribution is

increased? What is the effect of including a storm-tank on the

particulates in thewastewater influent? Another good example

would be for planners to add (town expansion) or remove

catchment areas (divert a part of town to another plant) to

check the future dynamic capacity of a WWTP. The presented

DIPDSG is expected to be useful to design engineers, regulators,

operators and students/junior engineers.

6. Conclusions

This study presented results of applying the phenomenolog-

ical DIPDSG that was originally developed to create the BSM2

influent data set to two full-scale applications. The key points

of this paper can be summarized as follows:

1) The DIPDSG can reproduce daily, weekly and seasonal

variations of the influent flow rate/temperature under dry/

wet weather conditions;

2) The DIPDSG can reproduce influent daily and monthly

variations of soluble/particulate compounds as well as the

effect of particulates’ accumulation/wash-out within the

sewer system;

3) The DIPDSG has proven to improve future modelling

studies, for example by generating additional scenarios,

and reducing cost and workload of measuring campaigns

by increasing data frequency and finally by running un-

certainty analyses.
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Achleitner, S., Möderl, M., Rauch, W., 2007. CITY DRAIN ª e

an open source approach for simulation of integrated
urban drainage systems. Environ. Model. Softw. 22 (8),
1184e1195.

Alex, J., Hetschel, M., Ogurek, M., 2009. Simulation study with
minimized additional data requirements to analyze control
and operation of WWTP Dorsten. In: Proc. 10th IWA
Conference on Instrumentation, Control and Automation,
14e17 June, Cairns, Australia.

Ashley, R.M., Bertrand-Krajewski, J.-L., Hvitved-Jacobsen, T.,
Verbanck, M., 2004. Solids in Sewers. Scientific and Technical
Report No. 14. IWA Publishing, London, UK.

Ashley, R.M., Dudley, J., Vollertsen, J., Saul, A.J., Jack, A.,
Blanksby, J.R., 2002. The effect of extended in-sewer storage
on wastewater treatment performance. Wat. Sci. Technol. 45
(3), 239e246.

Batstone, D.J., Keller, J., Angelidaki, I., Kayuznyi, S.V.,
Pavlostathis, S.G., Rozzi, A., Sanders, W.T.M., Siegrist, H.,
Vavilin, V.A., 2002. Anaerobic Digestion Model No. 1. Scientific
and Technical Report No. 13. IWA Publishing, London, UK.

Bechmann, H., Nielsen, M.K., Madsen, H., Poulsen, N.K., 1999.
Grey-box modelling of pollutant loads from a sewer system.
Urban Water 1, 71e78.

Belia, E., Amerlinck, Y., Benedetti, L., Johnson, B., Sin, G.,
Vanrolleghem, P.A., Gernaey, K.V., Gillot, S., Neuman, M.,
Rieger, L., Shaw, A., Villez, K., 2009. Wastewater treatment
modelling: dealing with uncertainties. Water Sci. Technol. 60
(8), 1929e1941.

Bertrand-Krajewski, J.-L., Briat, P., Scivener, O., 1993. Sewer
sediment production and transport modelling: a literature
review. J. Hydraul. Res. 31 (4), 435e460.
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ABSTRACT 

The need for integrated management of urban wastewater systems (UWS) is highly 
acknowledged in both research and industry. Modelling studies and practical experiences 
with integrated control of UWS clearly suggest the benefits of a holistic control approach. 
Given the success of benchmark simulation models (BSMs) in the study of control strategy 
options for wastewater treatment plants (WWTPs), a spatial extension of the BSM2 model to 
include sewer and catchment descriptions is presented in this paper. The extension includes 
detailed model descriptions for wastewater generation (flow rate/pollution) in a hypothetical 
catchment and its transport through a sewer network. The extension can be linked directly to 
the existing BSM2 model. Possibilities for the control of loads and flow rate exist in the form 
of storage tanks with pumps/valves as actuators. As an example, an integrated control scheme 
of the extended system is presented. The study demonstrates the potential (beneficial) effects 
that integrated control might have on the UWS by balancing the sewer overflows and/or 
WWTP overloading. 

KEYWORDS 

Benchmark simulation models, Integrated control, Modelling, Urban wastewater system. 

INTRODUCTION 

The International Water Association (IWA) Benchmark Simulation Models (BSM1, 
BSM1_LT, BSM2) consist of a predefined plant layout, process models, sensor and actuator 
models, influent wastewater characteristics and evaluation criteria (e.g. Jeppsson et al., 
2013). They were originally developed with the objective to evaluate control strategies in 
wastewater treatment plants (WWTPs) and have been widely used in both industry and 
academia. Up to date, more than 400 publications are related to the BSM family products 
(Gernaey et al., 2014). Over the years, it has become very clear that sewer networks, 
WWTPs and receiving waters are strongly interconnected, forming the urban wastewater 
system (UWS). Their (model-based) design and operation should be developed and evaluated 
in a more holistic manner (Benedetti et al., 2013). Integrated control has been studied for 
quite some years and the main benefits of using such an approach are demonstrated in several 
scientific contributions (e.g. Schütze et al., 2002; Vanrolleghem et al., 2005; Langeveld et 
al., 2013). For this reason, there is a need to extend the benchmarking platform to include 
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catchment, sewer network and receiving water models. As a result, it will be possible to 
create a decision support tool that provides water/wastewater engineers with an improved 
overall picture of the implications of each control strategy to different elements of the UWS. 

The objective of this paper is to present a first attempt at the spatial extension of the plant-
wide benchmark simulation model BSM2 (Jeppsson et al., 2007) to include a catchment and 
sewer network model. Different components of the model: 1) dry weather pollutant 
generation; 2) catchment runoff generation; 3) simplified sewer system description; and, 4) 
storage tanks and combined sewer overflow, are explained in detail. Finally, the model is 
combined with the plant-wide BSM2 model. In addition, an integrated control strategy based 
on WWTP influent flow rate control is implemented, simulated and evaluated. Results are 
used to demonstrate the usefulness/benefits of the proposed platform. 

MODEL DESCRIPTION 

Catchment characteristics 

The ATV A 128 catchment case study (ATV, 1992) was scaled up to meet the BSM2 
population equivalent (80,000) and total dry weather flow (18,500 m3/d). Population density 
and percentage of total area for each sub catchment is considered to be the same as in the 
ATV A 128 case study catchment. Table 1 describes the characteristics of the upscaled 
hypothetical catchment. It includes six sub catchments (SC), each with different areas and 
population densities. SC1, SC2, SC3, SC4 and SC6 are connected to a combined sewer 
system whereas SC5 is connected to a separate sewer network. All the defined SCs are 
considered to be urban/domestic (HH) except SC2, which is modelled as an industrial (IndS) 
area. The studied system has four storage structures (three online pass-through tanks and an 
offline bypass tank). The volume of each of these tanks is 25 m3/ha of the catchment area 
connecting to the storage tank. One of the online pass-through tanks is connected to the 
separate sewer system in SC5. The catchment also has two combined sewer overflows 
(CSOs) without storage (Figure 1). The catchment is connected to a WWTP  which has the 
same layout/characteristics as the BSM2 plant-wide model (Jeppsson et al., 2007). Sewer 
overflows and wastewater treatment effluents are discharged at various locations into the 
receiving waters. A receiving media model will be developed and included in the future 
based on the model by Reichert et al. (2001). The integration of the catchment, the WWTP 
and the river models in the same software will make it possible to study control strategies at a 
system-wide scale.  

Modelling the catchment pollutant loads and flow rate 

Dry weather pollutant load and flow rate generation 

The Dynamic Influent Pollutant Disturbance Scenario Generator (DIPDSG) proposed by 
Gernaey et al. (2011) is used as the starting point to model the pollutant loads and flow rates 
from the previously defined domestic/industrial sub catchments (see Figure 1). The proposed 
approach can generate the pollutant loads for soluble and particulate COD (kg COD/d), 
ammonia (kg N/d), nitrate (kg N/d), total Kjeldahl nitrogen (TKN) (kg N/d), total phosphorus 
(kg P/d) and flow rate (m3/d). The domestic model blocks (HH) contributes to the final 
influent flow rate dynamics with diurnal variations, a weekend and a holiday effect. This is 
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achieved by combining three normalized user-defined data files containing: 1) a diurnal 
profile; 2) a weekly household flow pattern including the weekend effect; and, 3) a yearly 
pattern including the holiday effect. The relative contributions from the data files are 
combined by multiplication. The generated outputs are then multiplied by factors 
corresponding to the flow rate per population equivalent (QperPE) (m3/PE.day), pollution per 
population equivalent (kg/PE.day) and the number of population equivalents in the catchment 
area (PE). The dynamic flow rate pattern is obtained by repeating the data files in a cyclic 
manner. The industrial contribution is generated in a similar manner. Again, the dynamic 
flow rate and pollutant patterns are sampled cyclically from source files and multiplied by a 
factor representing the use of water (Qind) (m3/d) and pollution release (kg/d) from the 
industry. The main differences between HH and IndS are: i) the dynamics of the generated 
time series; ii) the ratios between soluble and particulate components and between COD, N, 
and P. Zero-mean white noise is added to create a different stochastic component in each 
variable and make the generated time series more realistic. Noise variance is a tuneable 
parameter that depends on the nature and temporal scale of the generated time series. 

Table 1: Catchment characteristics of the extended BSM2 model. 

 
Figure 1: Extended BSM2 catchment and sewer 
system layout. 

Wet weather pollutant load and flow rate generation 

Rainfall data (mm/d) is given as an external input time series, e.g. Gernaey et al. (2011). A 
linear reservoir model is used to mimic the transport of rainwater to the sewer network. This 
approach is based on the concept of Nash cascades used for hydrological routing models in 
catchments (Viessman et al., 1989).  

Additionally, build up and washoff of particulate material on the catchment surface is also 
included (Butler and Davies, 2000). Equation 1 describes the mass balance for pollutants 
accumulated on the surface (Ms) (kg). The first two parameters of the equation refer to 
pollution build up. Pollutant accumulation is attributed to various factors like land use, 
population, seasonal variations, street cleaning, surface conditions etc. All these factors have 
been lumped into a single representative parameter named the surface accumulation rate 

(IndS)(HH)

 

Sub 
catchment 

Area 
(ha) 

PE Wastewater flow 
(m3/d) 

Domestic Industrial 

1 99 15920 2390  0 

2 21 3920 590 2500 

3 29 2960 440  0 

4 71 9600 1440  0 

5 71 7840 1180  0 

6 249 39760 5960  0 

Total 540 80000 12000 2500 
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constant (a) (kg/m2.s). This parameter defines the weight of pollutants accumulated for a 
given area and time period. A represents the catchment area (m2). The accumulation model 
can be further extended to avoid the pollutant concentration from increasing linearly. The 
equation has a removal rate characterized by the parameter b (decay rate constant (1/s)). 

The washoff term is formulated as a first-order equation. The negative sign indicates removal 
of pollutants from the surface as a result of washoff. The rate of pollutant washoff depends on 
the Washoff constant (k4) (mm) and on the rain intensity (i) (mm/s). The wastewater flow 
generated using the catchment runoff model is added to the dry weather flow and connected 
to the sewer network model. 

Transport model 

Infiltration 

In addition to the dry weather flow and rain, infiltration into the sewers also represents a 
significant contribution to the sewer flow. The seasonal change in the amount of infiltration is 
attributed to changes in the groundwater level over the year. Seasonal variation depends on 
average values (InfBias), amplitude (InfAmp) and frequency (InfFreq) (Gernaey et al., 
2011). The infiltration flow rate obtained is added to the inflow from the sub catchment and 
serves as the input to sewer system. 

Sewer network 

A conceptual linear reservoir modelling approach with varying tank volume is used to model 
the attenuation and delay generally observed in urban sewer systems (Schütze et al., 2002). 
A linear relationship between the sewer flow rate and volume is used (see Equations 2 and 
3). 

dܸ
dt

ൌ ܳ୧୬ െ ܳ୭୳୲ Eq. 2 

ܸ ൌ	
1
ܭ
ܳ௨௧ Eq. 3 

where V is the volume of the reservoir (m3), Qin and Qout are the inflow and outflow from the 
reservoir (m3/d), respectively, and 1/K is residence time constant (d). The pollutants are 
transported along with the flow and have the same residence time in the system. Equations 4 
and 5 show the variation of a pollutant X (kg), assuming that Xin and Xout are input and output 
loads (kg/d) of the reservoir model. 

dܺ
dt

ൌ ୧ܺ୬ െ ܺ୭୳୲ Eq. 4 

ܺ ൌ 	
1
ܭ
ܺ୭୳୲ Eq. 5 
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ൌ ܣܽ െ ୱܯܾ െ ݇ସ݅ܯୱ Eq. 1 
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Storage structures 

For the purpose of control strategy evaluation, storage tanks in the sewer system act as one of 
the important control elements. These storage elements can be used to limit or increase the 
flow and pollutant loads to the WWTP and combined sewer overflow (CSO). Different 
configurations of the storage tanks exist. The extended benchmark system includes models 
for the four major configurations of the storage elements in an urban drainage system. Online 
and offline modes of storage are modelled. Within each of these modes, pass-through and 
bypass configurations are described by the models. Valves are used as the control handles for 
online tanks and pump models are used in offline storage tanks. 

 
Figure 2: Different configurations of storage tanks: a) online pass-through tank; b) online bypass tank; c) offline 
pass-through tank; d) offline bypass tank. Pumps and valves are used as flow control elements in offline and online 
tanks, respectively. 

Online tanks are in line with the sewer system and the sewage flows through the storage tank 
to the downstream sewer and WWTP. In offline mode, any flow beyond the predefined 
throttle level of the sewer is diverted towards a storage tank. The stored flow is pumped back 
into the sewer system at a later point in time. If the overflow structure is present after the 
storage tank, it is termed as pass-through tank and those with an overflow structure before the 
storage tank are named bypass tanks as the excess flow bypasses the storage tank and reaches 
the receiving waters (see Figure 2). 

ܳ୲୦୰୭୲୲୪ୣ ൌ
ܳ୫ୟ୶ሺ݄ െ ݄୫୧୬ሻ୬

݄୭୬ 	ሺ݄ െ ݄୫୧୬ሻ୬
	 Eq. 6 

ܳ୭୴ୣ୰୪୭୵ ൌ ୵ୣ୧୰ሺ݄ܮܥ െ ݄୭୴ୣ୰୪୭୵ሻଵ.ହ	 Eq. 7 

The pollutant mass and flow balance around the tank vary depending on the configuration of 
the system. The throttle flow (Qthrottle) (m

3/d) and overflow (Qoverflow) (m3/d) are described by 
Equations 6 (Vallet, 2011) and 7 (Hager, 2010), respectively. Qmax is the maximum throttle 
flow (m3/d), ho is the height in the storage tank (m) when Q=Qmax/2, hmin is the minimum 
water level in the tank (m), h is the water level in the tank (m), C is a constant for weir 
overflow, Lweir is the length of the weir (m) and hoverflow is the height of the overflow weir 
measured from the bottom of the tank (m). 

For the specific system, SC2 and SC3 only have a CSO without storage. These are modelled 
as online pass-through tanks. As there is no storage in the actual system, the storage volumes 
in these tanks are considered to be a part of the sewer volume. An online pass-through tank is 
present downstream of SC1, SC5 and SC6. An offline bypass tank that can store the excess 
pollutant loads generated during the first flush is situated downstream of SC4 (see Figure 1). 
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First flush model 

A model describing the first flush effects during rain is added before the storage elements. 
This will allow studies of the influence of particulates on the CSOs and WWTP influent and 
effluent. Also, it will help studying control strategies that are aimed at handling the high first 
flush solid loads. The first flush model developed by Gernaey et al. (2011) is used in the 
model. It is assumed that only a fraction of the particulates is settleable (FFfraction). During 
dry weather periods, this fraction gradually settles in the sewer until it reaches a maximum 
mass of solids (Mmax). A switching function is used to describe the onset and intensity of the 
first flush during rain events. The intensity of the first flush can be tuned using the parameter 
FF. The mass balance in the first flush model is defined as follows: 

dܯ
dt

ൌ ܶܵ ୧ܵ୬ ൬1 െ
ܯ

୫ୟ୶ܯ
൰ െ

ܳ୧୬
୬

ܳ୪୧୫
୬ 	ܳ୧୬

୬ .ܯ. ܨܨ Eq. 8 

This equation describes the accumulation of the total mass of solids in the sewer as a function 
of the flux of solids that is entering (Min) and leaving (Mout) the system. Qin represents the 
influent flow rate (m3/d), TSSin represents the suspended solids concentration that forms the 
input to the model, Mmax (kg) is the maximum amount of TSS that can be stored in the sewer 
system, Qlim (m3/d) is the flow rate limit triggering the first flush effect, and FF (d-1) and n (-) 
are adjustable parameters to tune the desired strength of the first flush effect. 

Wastewater treatment plant under study 

The WWTP under study (BSM2) has the same layout as the BSM2 described by Jeppsson et 
al. (2007). The activated sludge (AS) unit is a modified Ludzack-Ettinger configuration 
consisting of 5 tanks in series. Tanks 1 and 2 are anoxic, while tanks 3, 4 and 5 are aerobic. 
Tanks 5 and 1 are linked by means of an internal recycle. The BSM2 plant further contains a 
primary and a secondary clarifier, a sludge thickener, an anaerobic digester, a storage tank 
and a dewatering unit. Further information about benchmark simulation models can be found 
in Gernaey et al. (2014). 

Description of the integrated control strategy 

The extended BSM2 model is evaluated by an integrated control strategy for equalization of 
the flow rate to the WWTP inlet. A feedback controller based on the information from a 
sensor located at the outlet of the storage tank situated downstream of SC6 determines the 
valve opening for the pass-through storage tank. The set point for the controller is determined 
offline and varies depending on the time of day, week and year. A PI (proportional-integral) 
controller is used to regulate the valve opening in order to achieve the desired throttle level. 

RESULTS 

Generation of the influent flow rate  

Figure 3 shows the simulated flow rate variation of the WWTP influent using the extended 
BSM2 proposed in this paper. The population equivalent (PE) and area (A) for each 
catchment are defined in Table 1. The average wastewater flow generation per capita 
(QperPE) is assumed to be 0.15 m3/PE.day. The industrial flow (Qind) from SC2 is 2500 
m3/d. In dry weather conditions 75% of the influent flow rate is assumed to originate from 
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HH and IndS. Strong differences in the daily and weekly influent dynamics can be 
appreciated between HH and IndS (see Figures 3a and 3b). The remaining 25% of the 
influent flow rate (dry weather conditions) originates from groundwater infiltration to the 
sewers. Thus, infiltration model parameters (InfBias, InfFreq and InfAmp) are modified 
accordingly. The stochastic model suggested by Gernaey et al. (2011) provides rainfall data, 
which is added to previously generated time series in order to create wet weather conditions 
(Figure 3c). Table 2 summarizes the simulation results of the BSM2 influent generator and 
the model presented herein. 

a b c 
Figure 3: Dynamic profiles for household (a) and industry (b) flow rate generation. Different components of the 
influent flow rate to the WWTP (c). 

Generation of the influent loads  

In dry weather conditions, average domestic (HH) and industrial daily (IndS) pollution loads 
(soluble COD, particulate COD, ammonia, nitrate, total Kjeldahl nitrogen and total 
phosphorus), for the six (SC1-SC6) different sub catchments (in kg/PE.day) are given as 
inputs to the model. Table 2 shows the yearly average concentrations at the WWTP inlet of 
the model presented in this paper and those of the well-established BSM2 influent generator 
for comparison. It is important to highlight the effect that wet weather conditions have on the 
dynamics of the particulates. Figure 4 shows the first flush effect on the TSS profile. During 
dry weather conditions, TSS can accumulate in the sewer system as long as the total amount 
of sediments stored in the sewer system is below Mmax (Eq. 8). During rain events, the 
function in the second part of the equation will induce the switching. Hence, the sudden 
increase of flow rate should result in a washout of sediments from the sewer system (first 
flush). 

 
a b 

Figure 4: Accumulation and washoff of TSS in the sewer system (a), effect of first flush on sewer inflow (blue) and 
outflow (green) TSS load (b). 
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Table 2: Comparison of yearly average influent flow rate and pollutant loads between the extended BSM2 presented 
in this study and the original BSM2 WWTP influent generator 

Parameter BSM2 This study 
Influent flow rate (m3/d) 20 669 24 147 
COD (kg/d) 592 573 
BOD (kg/d) 305 293 
TSS  (kg/d) 380 368 
TN    (kg/d) 55 52 

 
Effect of the proposed control strategy 

This section shows the simulation results of a control strategy that was aimed at equalizing 
the flow rate to the WWTP inlet using storage tank 6. The possibility to have a constant flow 
rate throughout the year does not exist due to limited storage volume. Different normalized 
levels for the throttle flow based on the time of day and week are defined. As infiltration is 
one of the major contributions to variation in daily dry weather flow, a normalized sine curve 
with the same frequency as the infiltration model (InfFreq) is used. This defines the seasonal 
variation in throttle flow. The final set point for the throttle is achieved by multiplication of 
the mean throttle flow (Qthrottle) with the normalized values for daily, weekly and seasonal 
variations. This value is dynamically fed to the PI controller and is compared with the 
measured flow rate at the storage tank outlet to define the valve opening. Figure 5 depicts the 
results when Qthrottle is set to 22 800 m3/d. This strategy was developed to avoid WWTP 
overloading at the expense of creating CSO events. The throttle flow is always maintained 
within the operational limits of the WWTP thereby generating sewer overflows during the 
intermittent rain events. Identification of the optimum throttle flow is critical to achieve flow 
equalization without causing significant sewer overflows and/or WWTP overloading. A 
balance between sending the excess flow to CSOs and overloading the treatment plant has to 
be evaluated. An integrated platform like this provides the ideal tool to perform such studies. 

 
Figure 5: Storage tank 6 inflow (blue), throttle flow (black) and combined sewer overflow (red) rates during a rainy 
period. The control strategy is aimed at reducing the overload to WWTP during rain events. 
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CONCLUSIONS 

An extension to the existing plant-wide BSM2 model is developed to account for a catchment 
and sewer system description. The study explains in detail the salient features and the 
modelling methodology that was necessary to include this extension. In addition, the 
proposed tool will provide the research/industry community with a platform for development 
and evaluation of integrated control strategies (not possible within the original BSM2). The 
authors illustrated the possibility to evaluate integrated/system-wide control strategies using a 
simplified case study. As the next step forward, the effect of the above mentioned control 
option on the WWTP and receiving water will be evaluated to show the 
potential/benefits/usefulness of urban wastewater system-wide control.  
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a b s t r a c t

This paper aims at developing a benchmark simulation model to evaluate control strategies for the urban
catchment and sewer network. Various modules describing wastewater generation in the catchment, its
subsequent transport and storage in the sewer system are presented. Global/local overflow based evalu-
ation criteria describing the cumulative and acute effects are presented. Simulation results show that the
proposed set of models is capable of generating daily, weekly and seasonal variations as well as describing
the effect of rain events on wastewater characteristics. Two sets of case studies explaining possible ap-
plications of the proposed model for evaluation of: 1) Control strategies; and, 2) Systemmodifications, are
provided. The proposed framework is specifically designed to allow for easy development and comparison
of multiple control possibilities and integration with existing/standard wastewater treatment models
(Activated Sludge Models) to finally promote integrated assessment of urban wastewater systems.
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1. Introduction

It has become increasingly clear that wastewater treatment
plants (WWTPs) are strongly interconnected to other elements
(sewer network, receiving media) within the urban wastewater
system (UWS) and the evaluation of WWTP control strategies
should be tackled in a more holistic manner (Rauch et al., 2002;
Bach et al., 2014). For this reason, there is a need to move
“outside the fence” of the WWTP and develop integrated tools for
model-based evaluation and control of the UWS (Benedetti et al.,
2013). This goal has inspired a large number of scientific contri-
butions that attempt to investigate different aspects of integrated
modelling. For example, Benedetti et al. (2004) and Vanrolleghem
et al. (2005) tackled important issues such as model integration
and model compatibility. Another important aspect has been
model complexity reduction to allow for long term simulations
(Erbe and Schütze, 2005; Fu et al., 2009a). The latter and the in-
crease in computational power promoted the use of Monte Carlo
simulations and the study of input uncertainty propagation
through the model either during the model development process
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or during model use (e.g. Astaraie-Imani et al., 2012; Benedetti
et al., 2008, 2010; Freni et al., 2011; Fu et al., 2009b). Long term
simulations can be conducted as well, including the study of in-
tegrated control (e.g. Fu and Butler, 2012; Weijers et al., 2012).
Finally, studies of the fate of particular compounds such as sulfur
compounds (Jiang et al., 2010), greenhouse gas emissions (Guo
et al., 2012) and micro-pollutants (Vezzaro et al., 2014; Snip
et al., 2014) were also performed.

One of the major areas of application for integrated models is
control. Integrated control has been studied for some years and the
main benefits of using such an approach are demonstrated in

several studies (e.g. Harremo€es et al., 1994; Schütze et al., 2002;
Vanrolleghem et al., 2005; Langeveld et al., 2013). With the
future clearly pointing towards integrated management of the
UWS, the need for development of efficient integrated control
strategies is growing. In this context, we believe that a bench-
marking tool can be extremely beneficial to develop and test con-
trol strategies in the UWS. Within sewer systems, Bors�anyi et al.
(2008) conducted a benchmarking study using real-time control
strategies applied to two virtual sewer systems. In the WWTP
community, benchmarking control strategies has been very suc-
cessful. Benchmark Simulation Models (BSM1, BSM1-LT and BSM 2)

Nomenclature

a rate of accumulation of pollutant (kg/ha d) (runoff
block)

Ac catchment area (m2)
Ai area for the specific sub-catchment “i” (m2)
Aimp impervious area of the catchment (m2)
Asoil surface area of the tank (m2) (soil block)
Ast area of the storage tank (m2) (storage block)
b decay rate constant (1/d) (runoff block)
Cmax(c) hourly maximum concentration for pollutant c (g/m3)
COD chemical oxygen demand
CODpart particulate COD
CODsol soluble COD
Cst constant for weir overflow (storage block)
EMC event mean concentration (g/m3)
FF parameter to tune the strength of first flush effect (d�1)

(first flush block)
FFfraction fraction of particulate material that can settle in the

sewers (first flush block)
GWin annual mean groundwater inflow (m3/d)

(groundwater block)
GWin,SCi GWin for each sub-catchment “i” (m3/d) (groundwater

block)
hinv invert level of the tank (m) (soil block)
hmax maximum level in the tank (m) (soil block)
hmin,st minimum water level in the tank (m) (storage block)
ho,st height in the storage tank when Q ¼ Qmax,st/2 (m)

(storage block)
hovf,st height of the overflow weir (m) (storage block)
hsoil height of the soil tank (m) (soil block)
hst water level in the soil tank (m) (soil block)
i rainfall intensity (mm/h)
Kdown gain for infiltration to groundwater aquifer (soil block)
Kinf gain for infiltration to sewers (soil block)
Kr residence time constant for the reservoir (d) (transport

block)
Ksoil soil permeability (m/d) (soil block)
Lweir,st length of the weir (m) (storage block)
Mff mass of particulates accumulated in the sewer (kg)

(first flush block)
Mi,st mass of pollutant “i” in the storage tank (kg) (storage

block)
Mmax,ff maximum particulate mass that can accumulate in the

sewer system (kg) (first flush block)
Mr mass of pollutant in the reservoir (kg) (transport block)
Ms mass of particulate pollutant on the surface (kg)

(runoff block)

nff parameter to tune the strength of first flush effect (first
flush block)

NH4
þ ammonia

NO3
� nitrate

Novf yearly overflow frequency (events/year)
nr number of reservoirs in series (transport block)
OQI overflow quality index (kg pollution units/d)
PEc population equivalents for the entire catchment
PEi population equivalents in sub-catchment “i”
PO4

3� phosphate
QGW infiltration to groundwater aquifer (m3/d) (soil block)
Qin,ff inflow to the first flush block (m3/d) (first flush block)
Qin,r inflow to the reservoir (m3/d) (transport block)
Qin,st inflow to the storage tank (m3/d) (storage block)
Qinf infiltration to sewers (m3/d) (soil block)
Qlim,ff flow rate limit triggering the first flush effect (m3/d)

(first flush block)
Qmax,st maximum throttle flow (m3/d) (storage block)
Qout,r outflow from the reservoir (m3/d) (transport block)
Qout,st outflow from the storage tank (m3/d) (storage block)
Qovf,st overflow from the storage tank (m3/d) (storage block)
Qpump,st pumping rate at the storage tank (m3/d) (storage block)
Qthrottle,st throttle flow from the storage tank (m3/d) (storage

block)
RDIin rainfall dependent inflow from pervious areas (m3/d)

(soil block)
rrc rainfall runoff coefficient
Texc(c) yearly exceedance duration for pollutant c (d)
Tovf yearly overflow duration (d)
Vovf yearly overflow volume (m3)
Vr volume of reservoir (m3) (transport block)
Vsoil storage volume of the tank (m3) (soil block)
Vst volume of the storage tank (m3) (storage block)
w washoff constant (mm�1) (runoff block)
Xi,st inflow load for pollutant “i” in the storage tank (kg/d)

(storage block)
Xin,ff particulate flux entering the first flush block (kg/d)

(first flush block)
Xin,r input load to the reservoir (kg/d) (transport block)
Xout,ff particulate flux leaving the first flush block (kg/d) (first

flush block)
Xout,r output load from the reservoir (kg/d) (transport block)
Xovf(c) yearly overflow pollutant load for pollutant c (kg)
a shape parameter for Gamma distribution (rainfall

block)
b scale parameter for Gamma distribution (rainfall

block)
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and associated spin-off products (influent generator, ADM1
implementation, sensor models, evaluation criteria etc.) have
demonstrated to be valuable tools in the field of WWTP optimi-
zation and have been widely used in both industry and academia
(Gernaey et al., 2014). Nevertheless, there is a lack of benchmarking
tools that allow objective comparison of control strategies in urban
catchments and sewer systems. Therefore: 1) Rigorous develop-
ment/evaluation of control strategies in the WWTP (Gernaey et al.,
2014) is based on influent generators (Gernaey et al., 2011; Flores-
Alsina et al., 2014; Martin and Vanrolleghem, 2014), and such
influent generators are not suitable for modelling control strategies
upstream of the WWTP; and, 2) In many cases, integrated UWS
control strategies cannot be developed and evaluated on a single
simulation platform.

The objective of this paper is to develop a catchment and sewer
network model to benchmark control strategies. The catchment
model reproduces the generation of wastewater through the
combination of four different sub-models (Domestic (DOM), In-
dustrial (IND), Stormwater (SW) and Infiltration to sewers (INF)).
The sewer model describes wastewater transport (TRANSPORT) as
well as the sudden increase of particulates during the beginning of
a rain event following a period of drought (FIRST FLUSH) and the
retention of wastewater (especially during rain events) using
storage tanks to avoid combined sewer overflows (STORAGE). A set
of evaluation criteria are used to assess the overflow discharged
into the receiving waters. The criteria can be applied for a specific
overflow location (Local) or for the entire system (Global). The
criteria can be further classified into those describing: 1) cumula-
tive effects; and, 2) acute effects on the receiving water system. As a
receiving water model is not used in this study, these criteria are
only indirect indicators of the effect of overflow discharges on river
systems. Additionally, case studies demonstrating the possible ap-
plications of the tool for analysing the impact of: 1) local/global
control strategies; and, 2) system modifications, are presented and
discussed in detail. The proposed framework is specifically
designed to allow for development and comparison of multiple
control strategies, and allows easy interfacing with existing
wastewater treatment (benchmark) models to finally promote in-
tegrated assessment of catchment, sewer network and WWTP
performance.

2. System characteristics and general model description

A hypothetical systemwith a similar structure as the catchment
described in ATV A 128 (ATV, 1992) is used as a case study. Fig. 1
illustrates the catchment configuration and its main characteris-
tics. The total catchment area (Ac) is 540 ha and comprises 80,000
population equivalents (PEc). Dry weather flow is scaled up to be
similar to the BSM2 influent characteristics (18,500 m3/d) (Gernaey
et al., 2014). The threemain contributors to dry weather floware: 1)
domestic sources with a daily average flow (DAF) of 12,000m3/d; 2)
industrial contributionwith a DAF of 2,500m3/d; and, 3) infiltration
to sewers which corresponds to 25% of the dry weather flow.

The system under study is comprised of six sub-catchments
(SC1,…, SC6) with different areas (A1,…, A6) and population den-
sities (PE1,…, PE6) (see Table 1). All the defined SCs are considered
to be domestic except SC2, which has both domestic and industrial
contributions. SC1, SC2, SC3, SC4 and SC6 are connected to a com-
bined sewer system whereas SC5 has a separate sewer system. The
proposed catchment also has six storage structures (five on-line
pass-through tanks and one off-line bypass tank) (see Fig. 9 for
additional details). Finally, it should be mentioned that the entire
catchment is connected to a WWTP, which has the same layout/
characteristics as the BSM2 plant-wide model (Jeppsson et al.,

2007). Sewer overflows and WWTP effluents are discharged at
various locations into the receiving waters as depicted in Fig. 1. It
should be noted that the current study does not include the river
system.

3. Catchment model

The catchment model is largely inspired by the BSM2 dynamic
influent pollutant disturbance scenario generator (DIPDSG)
(Gernaey et al., 2011) and uses many of its salient model blocks for
simulating the dynamics of flow rate and pollutant load generation.
The generation of wastewater at each sub-catchment (SCi) is ach-
ieved by combining the contributions from: 1) domestic (DOMi); 2)
industry (INDi); 3) infiltration to sewers (INFi); and, 4) stormwater
(SWi). The pollutants considered are chemical oxygen demand
(COD), ammonia ðNH4

þÞ, nitrate ðNO3
�Þ and phosphate ðPO4

3�Þ.
COD is further subdivided into CODsol (soluble COD) and CODpart
(particulate COD). All pollutants are represented as loads (kg/d).
The flow rate is expressed in m3/d units. In the catchment model,
the subscript “i” denotes various parameters and model state var-
iables for each sub-catchment.

3.1. Domestic (DOM)

In the proposed approach, the domestic (DOM) sub-model
contributes to the influent flow rate/pollutant dynamics by
diurnal variations, a weekend effect and a holiday effect. This is
achieved by combining three user-defined data files containing: 1)
a normalized daily profile; 2) a weekly pattern including the week-
end effect; and, 3) a holiday effect. The generated time series is then
multiplied by the flow rate/pollution load per population equiva-
lent (m3/PE day, kg/PE day) and the number of person equivalents
in the specific sub-catchment (PEi) (for default values see Gernaey
et al., 2011; Flores-Alsina et al., 2014; Snip et al., 2014).

� Normalized daily profile: The daily flow rate/pollution profile
represents a general behaviour with a morning peak, an evening
peak and a late night/mid-day minima (Fig. 2a). It is important
to notice that the particulate profile slightly lags behind that of
the soluble pollutants. This effect is introduced to account for
the slower transportation rate of particulates.

� Weekly profile: A drop in the flow-rate/pollutant generation
during weekends is modelled using a uniform value during
weekdays and a lower fraction during the weekends (Fig. 2b).
This corresponds to an 8% and 12% drop in flow rate on Satur-
days and Sundays, respectively. For pollution loads, a higher
reduction factor is applied (12% on Saturdays and 16% on
Sundays).

� Yearly profile (holiday effect): A similar approach as defined
above is used to account for the yearly profile. The holiday
period (3 week period during JulyeAugust) represents a 25%
reduction of the flow rate/pollution load during the first two
weeks and a 12% decrease during the third week (Fig. 2c).

Zero-mean white noise can be added to these inputs. It is up to
the model user to decide whether or not to include random noise.
The purpose of including noise is two-fold: 1) To avoid having
exactly the same profiles for pollutants/flow rates on different days
of the week; and, 2) To avoid an exact correlation (correlation
coefficient ¼ 1) between state variables in the catchment model
and also ASM state variables (see Gernaey et al., 2011; Snip et al.,
2014 for further information). This however does not remove the
correlation completely (e.g. flow rate and soluble pollutant profiles
are still correlated).
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3.2. Industrial (IND)

The industrial (IND) contribution to the influent flow rate/
pollutant load is generated similarly to the DOM sub-model. The
industry model block is also based on user-defined files describing
weekly and yearly effects. Again, the dynamic pattern is generated
by sampling in a cyclic manner from source files and then multi-
plied by the average daily wastewater/pollution generation from
the industry (m3/day, kg/day) (see Gernaey et al. (2011) for addi-
tional information/default values). In the case demonstrated in this
paper, these values only apply to SC2 as it is the only sub-catchment
with an industrial contribution. Adding zeromeanwhite noise adds
realism to the industrial wastewater profiles.

Fig. 1. Catchment and sewer BSM layout indicating various sub-catchments (①, ②, ③, ④, ⑤, ⑥ represent SC1, SC2, SC3, SC4, SC5 and SC6 respectively), storage tanks (ST1, ST2, ST3,
ST4, ST5, ST6) and control elements. Overflows are assumed to enter a receiving water (not modelled here). A snapshot of the underlying blocks for the CATCHMENT and SEWER
models is presented. The locations for control strategies (C1, C2) and structural modifications (S1, S2) are highlighted. DOM, IND, GW stand for domestic, industrial and groundwater
respectively.

Table 1
System characteristics for the catchment, storage tanks and sewer network.

Sub-catchment (SC) Area (ha) PE DWF (m3/day) Storage volume (m3)

DOM IND

1 99 15,920 2,390 5,500
2 21 3,920 590 2,500 1,000
3 29 2,960 440 2,000
4 71 9,600 1,440 4,000
5 71 7,840 1,180 4,000
6 249 39,760 5,960 15,000
Total 540 80,000 12,000 2,500 31,500

Fig. 2. Diurnal variation in pollutant loads and flow rate (a). Weekly variation with two different profiles (red ¼ pollutants, blue ¼ flow rate) (b) and yearly profile (starting first
week of July) with similar dynamics for pollutants and flow rate (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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� Weekly profile: As can be seen in Fig. 3, the variations in the
industry pollutant fluxes are less extreme than the variations of
the domestic pollutant fluxes. Also, when the industrial partic-
ulate pollutant flux is compared to the industrial wastewater
flow rate, the particulate pollutant flux shows a four hour time
delay to account for the slower transport of particulates. The
Friday afternoon effect is also illustrated in Fig. 3a, during which
the pollutant fluxes are doubled, assuming to be the conse-
quence of industrial cleaning. During the weekend, the indus-
trial flow and pollutant fluxes are considerably lower compared
to weekdays (60% decrease of the flux on Saturdays and 80%
decrease on Sundays).

� Yearly profile: Two holiday periods marked with lower waste-
water generation are modelled (Fig. 3b). Hence, the industrial
wastewater production is reduced by 70% during the summer
holidays and 80% during the Christmas period to simulate the
shutdown of industrial activities during these periods.

3.3. Stormwater (SW)

The stormwater (SW) sub-model is comprised of two different
elements: a rainfall generator block (rainfall), which characterizes
the intensity and duration of precipitation and a runoff contribu-
tion block (runoff), which generates the flow rate/pollution load
corresponding to the rain events.

3.3.1. Rainfall generator block (rainfall)
The rainfall block can be used in two different ways. Firstly,

rainfall data described as intensity (mm/h) can be used as a model
input. A second option is based on a stochastic rainfall generation
approach (Richardson, 1981). The latter approach is used in this
paper. The implementation in this study is inspired by the rainfall
generator proposed by Talebizadeh et al. (2016). The representation
of rainfall is described mathematically using a two state Markov
chain model. Two different states are defined representing dry
(DRY) and wet (WET) weather periods. The transition between
states is defined by a transition probability matrix (P) (see Equation
(1)), which is estimated fromhistoric data. In thematrix P, the value
Pdjw represents the probability for the next period to be wet given
that the current period is dry and vice-versa for Pwjd. The other
probability values can also be interpreted in a similar fashion. Each
period lasts for 15 min. These probabilities change on a monthly
basis to better describe the seasonal variation in precipitation. A
key property for the Markov chain is that it does not have any
memory. Therefore, the state of a system for the next time step
(tþ1) is determined solely by its state in the current time step (t).

P ¼
�
Pdjd Pdjw
Pwjd Pwjw

�
(1)

Finally, a gamma distribution (Equations (2) and (3)) (Buishand,
1978) determines the rainfall intensity for theWET periods that are
generated using the Markov chain. Parameters a and b, called the
shape and scale parameters, are determined by fitting the historic
rainfall data to a gamma distribution.

f ðxÞ ¼

�
x
b

�a�1

e�
x
b

bGðaÞ (2)

GðaÞ ¼
Z∞
0

e�tta�1dt (3)

Fig. 4 presents the (synthetic) yearly rainfall data generated
using the stochastic rainfall generator described above. The total
annual rainfall from data and model is 721 mm and 738 mm,
respectively. Simulation results show that the model produces
similar monthly variations and annual rainfall but there is room for
improvement when describing high intensity rainfall events. This is
due to the fact that such high rainfall events are very rare and hence
the probability of such an event being reproduced by the gamma
distribution is low. It is important to highlight that the approach
presented herein is an empirical one and is purely an engineering
attempt. A detailed analysis to validate the rainfall generator in
terms of its ability to reproduce the statistical properties of the
historic rainfall time series is not performed (Ward and Robinson,
2000). Only visual inspection is used to validate the model. Also,
the model has various limitations. Two of the main limitations are:
1) Transition between wet/dry states is only a function of the pre-
vious period (which can be less than a day). It does not consider the
effect of previous days; and, 2) Rainfall intensity during each period
is independent of the intensity in the previous periods. Owing to
these limitations, users are suggested to exercise caution while
using this model for their particular catchments. Nevertheless, we
believe that the tool is useful to simulate various rainfall patterns
for evaluating control strategies on an UWS scale. It can be easily
adapted to simulate high/low intensity and long/short duration
rainfalls by varying the transition probabilities and the parameters
of the gamma distribution.

3.3.2. Runoff contribution block (runoff)
The runoff block is used to convert the rainfall intensities (mm/

Fig. 3. Dynamics of industrial dry weather pollutant and flow rate generation with weekly (a) and yearly (b) variations. The yearly profile begins in the first week of July. (For
simplicity, we assume that the first day of july is a Monday).
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h) into surface runoff (m3/d). It also accounts for the (soluble/par-
ticulate) pollution contribution from each sub-catchment surface to
the sewer system.

� The flow rate runoff block uses a dimensionless rainfall runoff
coefficient (rrci) to represent various continuous losses taking
place within the sub-catchment. The impervious area (Aimp,i) is
determined by the parameter 4i representing the impervious
fraction of the sub-catchment surface. Rain falling on imper-
vious areas is multiplied by the rrci to generate the runoff which
is then passed through a linear reservoir model to simulate the
delay and attenuation typically observed in urban catchments. A
similar approach is used in the sewer system (see Section 4).

� The soluble pollution contribution (sol-poll runoff) (Fig. 5a) is
calculated assuming a constant pollutant concentration during
rain events. These values are also known as event mean con-
centrations (EMC) and may vary depending on the catchment
characteristics and the rain event. EMC values for soluble COD
(9 g/m3) and ammonium (0.56 g/m3) are based on Butler and
Davies (2011). EMC values for nitrate and phosphate are
assumed to be zero. These concentrations are thenmultiplied by
the flow rate (m3/d) obtained from the flow rate runoff block to
generate pollutant loads (kg/d). Due to this simplified approach
of assuming constant concentration for all rain events, the
model cannot simulate the influence of antecedent dry days/
rain on the soluble pollutant concentration.

� The last element is the particulate pollution contribution (part-
poll runoff). This model block is based on an accumulation and
washoff approach (Butler and Davies, 2011) (Fig. 5b). There is an
accumulation of particulate COD (CODpart) during dry weather
periods until a maximum threshold is reached. During rain

events, the accumulated pollutant is washed off depending on
the intensity of the rain event and the amount of pollutant
accumulated. Equation (4) describes the variation of the mass of
pollutant on the sub-catchment surface (Ms,i) (kg). The param-
eter (ai) (kg/ha d) defines the rate of accumulation of the
pollutant and (Ai) is the sub-catchment area. In order to avoid
pollutant mass reaching large values, a removal rate character-
ized by the parameter bi (decay rate constant (1/d)) is used.
Hence, during a long dry period, a maximum pollutant mass is
reached and no further accumulation takes place. During a rain
event, the pollutant is washed out at a rate determined by the
washoff constant (wi) (mm�1) and rainfall intensity (irain) (mm/
h) and the available mass on the catchment surface (Ms,i). A
conversion factor (24) is used to convert the resulting washoff
load from kg/h to kg/d. From Fig. 5b, it can be seen that the
parameters are aggressively tuned leading to consecutive
washoff of particulates during day 516. The results presented
correspond to the output of the accumulation and washoff
block. There are a series of reservoirs (sewer network) that
attenuate the peak values before the pollutant load reaches
CSOs/WWTP. In the absence of such tuning, the increase in
particulate load is not noticeable at CSOs/WWTP.

dMs;i

dt
¼ aiAi � biMs;i � 24wiirainMs;i (4)

3.4. Infiltration to sewers (INF)

The infiltration to sewers (INF) sub-model is comprised of two
main elements. Firstly, a groundwater block (groundwater) and

Fig. 4. Rainfall intensity time series from data (a) and the one generated using the model (b) for a period of 1 year. The time series begins in the first week of July.

Fig. 5. Effect of EMC during rainfall on soluble pollutant (CODsol) (a), and effect of the accumulation and washoff model on CODpart (b).
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secondly a soil block (soil) (Gernaey et al., 2011). The groundwater
block describes changes in the amount of infiltration attributed to
variations in the groundwater level over the year (Fig. 6). Seasonal
groundwater inflow is modelled as a sine wave with a yearly fre-
quency. The groundwater inflow to themodel is at its lowest during
the dry period and at its highest during the rainy period of the year.
Additional details can be found in Gernaey et al. (2011). The (total)
annual mean groundwater inflow (GWin) for the entire catchment
is 7,100 m3/d and the amplitude of variation (Infamp) is 25%. Based
on the area of each sub-catchment, a mean groundwater inflow is
defined as a fraction of the annual average for the entire catchment
(GWin,i).

The soil block is described using a variable volume tank model
for each sub-catchment. It is used to represent the assumed volume
of water stored in the soil (Vsoil,i). Parameters for the soil model are:
Asoil,i (the surface area of the variable volume tank) which is the
pervious area of the sub-catchment (4$Ai), hmax,i (the maximum
level in the tank), hinv,i (the invert level, i.e. the maximum water
level in the groundwater storage tank that will not cause infiltra-
tion, corresponding to the bottom level of the sewer pipes). RDIin,i
(rainfall dependent inflow) is the runoff generated due to rain from
pervious areas (see Section 3.3). Ksoil,i is defined as the soil
permeability. RDIin,i is limited by the permeability of the soil
(maximum RDIin,i equals Ksoil,i$Asoil,i). Any excess rainfall dependent
inflow reaches the sewer system. Infiltration to sewers (Qinf,i) from
the soil (soil) block is modelled by the parameter Kinf,i (a measure of
the quality of sewer pipes). Similarly, infiltration to groundwater
(QGW,i) is determined using the parameter Kdown,i (parameter to
adjust the flow rate to the downstream aquifers). Equation (5)
represents the volume balance for the soil model. Equation (6)
elaborates on the volume balance in the soil block based on the
relationship between various outflows and the storage height
(hsoil,i). In order to keep the model simple, the case where waste-
water from the sewer system reaches the groundwater (exfiltra-
tion) (Rutsch et al., 2006) is not considered here.

dVsoil;i

dt
¼ GWin;i þ RDIin;i � Qinf ;i � QGW;i (5)

Asoil;idhsoil;i
dt

¼ GWin;i þ RDIin;i � Kinf ;i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hsoil;i � hinv;i

q
� Kdown;ihsoil;i (6)

4. Sewer network model

The sewer model is comprised of three different elements: 1) a
transport sub-model (TRANSPORT) to describe the effect of the
sewer system on both flow rate and pollutants; 2) a first flush sub-
model (FIRST FLUSH) mimicking the sudden increase of particulates
at the beginning of rain events following a period of drought; and,
3) different types of storage tank sub-models (STORAGE) acting as
buffers to prevent discharge of rainwater into rivers during rain
events. These three sub-models are used repetitively at various
locations. Biological transformations within the sewer system
(Huisman, 2001; Snip et al., 2014) are not considered in the model.

4.1. Sewer transport (TRANSPORT)

Flow and pollution transport within the sewer system is
modelled using completely mixed tanks with varying volumes
(Viessman et al., 1989). Equation (7) represents the mass balance
for volume (Vr) (m3) of the reservoir where Qin,r and Qout,r are input
and output flow rates (m3/d), respectively, for each reservoir block.
The outflow is related to the volume based on a residence time
constant (Kr) (d).

dVr

dt
¼ Qin;r � Qout;r; Qout;r ¼ 1

Kr
Vr (7)

dMr

dt
¼ Xin;r � Xout;r; Xout;r ¼ 1

Kr
Mr (8)

Similarly, in Equation (8), Mr is the pollutant mass (kg). Xin,r,
Xout,r are the input and output loads (kg/d). Fig. 7 shows the effect of
the parameter Kr on the outflow. With longer residence time, a
larger sewer system is simulated. Longer sewer lengths can also be
simulated by connecting a number of such reservoirs in series. The
number of reservoirs in series (nr) depends on the length of the
sewer system. The larger the catchment, the higher is the number
of reservoirs in series. In this particular study, Kr and nr values are
estimated assuming a total sewer length of 1 km per 15 ha of
catchment area. These values are in the same range as some
Scandinavian cities (2 km per 15 ha) (VASYO, 2015a, b).

4.2. First flush of particulates (FIRST FLUSH)

The FIRST FLUSH sub-model mimics the sudden increase of
particulates that have been accumulated within the sewer during
dry weather periods. The model relies on the assumption that only
a part of the particulate material can settle in the sewer system
(FFfraction) and be accumulated until a flow rate threshold is
reached. The accumulated particulates are washed out during rain
events. The extent of washoff depends on the intensity of the flow
rate. Equation (9) describes the accumulation of particulates
(CODpart) (Mff) in the sewer as a function of the flux of solids
entering (Xin,ff) and leaving (Xout,ff) the system. Qin,ff represents the
influent flow rate (m3/d). Mmax,ff (kg) is the maximum amount of
particulates that can be stored in the sewer system. Qlim,ff (m3/d) is
the flow rate limit triggering the first flush effect. FF (d�1) and nff
(�) are adjustable parameters to tune the desired strength of the
first flush effect. The first term in the equation represents accu-
mulation of particulates. Particulates accumulate until a maximum
mass Mmax,ff is reached. The second term is a Hill function repre-
senting the washoff during rain events. At very lowQin,ff values (dry
weather flows), the washoff is negligible. As the inflow increases
and reaches Qlim,ff, the particulate washoff increases rapidly.

Fig. 6. Infiltration to sewers from SC1 depicting the annual variations and also rainfall
dependent variations.
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dMff
dt

¼ Xin;ff

 
1� Mff

Mmax;ff

!
�

Qnff
in;ff

Qnff
lim;ff þ Qnff

in;ff

MffFF (9)

Fig. 8 depicts the influence of the FIRST FLUSH model on the
particulate pollutant behaviour for the sewer system connected to
SC6. When the influent flow rate is higher than the triggering flow
rate (Qlim,ff ¼ 29,820 m3/d) and the sewer is full of sediments
(Mmax,ff¼ 2,490 kg) there is a sudden increase of CODpart load in the
influent to the WWTP (FF ¼ 2,500, nff ¼ 15 and FFfraction ¼ 0.25). A
similar over-tuning of parameters (as noticed in accumulation and
washoff model (section 3.3.2)) can be noticed in Fig. 8. Due to the
presence of the sewer network, the pollutant peaks get reduced
considerably before reaching the CSOs/WWTP. Over-tuning is
necessary to compensate for this behaviour.

4.3. Storage tanks (STORAGE)

Storage tanks (STs) are themain control elements to regulate the
incoming flow to the WWTP and sewer overflows to rivers. The
volume of each of these tanks is approximately 60 m3/ha of
catchment area. In Europe, storage volumes range from 30m3/ha to
200 m3/ha (Schütze et al., 2002). There are four different configu-
rations of the tanks which are mainly classified into on-line and off-
line modes (Fig. 9).

1. On-line tanks: These tanks are in-line with the sewer network
and the storage volume is in use during dry weather as well. The
entire dry weather flow passes through the tank and reaches the
WWTP. Valves can be used to limit the throttle flow. A valve

model with a linear relationship between valve opening and
flow rate variation is included.

2. Off-line tanks: These storage tanks are not directly in-line with
the sewer network. The sewer pipes have a maximum capacity
and any excess flow is directed to the storage tank. In the case of
off-line tanks, typically pumps are used to send the stored
wastewater back to the sewer system. Therefore, the outflow
from the tanks is governed by the pumping rate. Pump flow can
either be supplied as an input or as an actuator setting from a
controller.

In addition, pass-through and bypass configurations are
modelled for both on-line and off-line storage tanks.

1. Pass-through tanks: The overflowweir is located at the end of the
storage tank. All the inflow to the storage tank passes through
the tank before reaching the outlet or overflowing into the river.

2. Bypass tanks: These are tanks with overflow at the beginning of
the storage tank. This is advantageous especially in systemswith
high first flush effects. For on-line tanks, this highly polluted
stormwater reaches the WWTP. Similarly, for off-line tanks, the
stored stormwater can later be pumped back to the trunk sewer
and from there to the WWTP.

Only two of the four available configurations are used in the
current layout (Fig.1). ST1, ST2, ST3 and ST6 are on-line pass-through
tanks while ST4 is an off-line bypass tank.

Table 2 summarizes themass balance and equations used for the
previously described storage tanks. Vst is the volume of the tank

Fig. 7. Reservoir model used for the sewer network. Effect of different residencence time constants (Kr) for a given inflow (a). Variations in the outflow based on the number of such
reservoirs (nr) in series (b).

Fig. 8. Accumulation of CODpart in the sewer system (a), and the sewer particulate load (blue) (b). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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filled with water and Ast denotes the surface area of the tank. Qin,st
and Qout,st represent the inflow and outflow from the storage tanks.
In the case of on-line tanks, Qout,st represents the throttle flow from
the tank (Vallet, 2011). For off-line tanks, it is the pumping rate
Qpump,st. Overflows are denoted by Qovf,st (Hager, 2010). Mc,st de-
notes themass of each pollutant (c) and Xc,in,st and Xc,out,st represent
the corresponding inflow and outflow loads for each pollutant
respectively. Qmax,st is the maximum outflow for on-line tanks (m3/
d). ho,st is thewater level in the storage tank (m) when Q¼ Qmax,st/2.
hmin,st is the minimum water level in the tank (m). hst is the water
level in the tank (m). Cst is a constant for weir overflow. Lweir,st is the
length of the weir (m) and hovf,st is the height of the overflow weir
measured from the bottom of the tank (m).

Fig. 10 presents the behaviour of an on-line (ST6) (a) and an off-
line (ST4) (b) storage tank model. In the case of on-line tanks
(Fig.10a) simulations show that the outflow (Qout,st) varies based on
the tank volume (Vst). Another possibility is restricting the outflow
with valves. Fig. 10b shows the dynamics of an off-line tank. In this
particular case, Vst and Qovf,st are determined by Qpump,st. and Qin,st..
The pumps are modelled in such a way that they turn on only
during periods when there is no inflow to the off-line storage tank.

5. Evaluation criteria

The following evaluation criteria are used for studying the
behaviour of the system and the effects of various control strate-
gies/system modifications on its performance. The evaluation
considers various overflow locations in the sewer system and also
the overflow at theWWTP bypass. Subscript “i” denotes the criteria
for a specific overflow location.

1. Yearly overflow frequency (Novf,i) (events/year): The total number
of overflow events per year occurring at a given overflow loca-
tion. Two overflow events that are separated by less than one
hour duration are considered as a single event.

2. Yearly overflow duration (Tovf,i) (days/year): This criterion rep-
resents the cumulative sum of overflow duration for all overflow
events at one specific location (see Equation (10)). Assuming
that the simulation is run for y years, for n overflow events each
with a time t(n), the yearly overflow duration (Tovf,i) is:

Tovf ;i ¼
1
y

Xn
j¼1

tðjÞ (10)

3. Yearly overflow volume (Vovf,i) (m3/year): The total volume of
wastewater discharged into receiving waters from a particular
overflow location (see Equation (11)). Assuming that the simu-
lation is run for y years, for n overflow events each with a
duration t(n) (starting at time to(n) and ending at time te(n)) and
flow rate Q(t), the total overflow volume (m3) (Vovf,i) is:

Vovf ;i ¼
1
y

Xn
j¼1

ZteðjÞ
t0ðjÞ

QðtÞdt (11)

4. Yearly overflow pollutant load (Xovf(c),i) (kg/year): This represents
the total load in the overflow for a given pollutant Xc(t) at any
given overflow location (see Equation (12)). Assuming that the
simulation is run for y years, for n overflow events each with a
duration t(n) (starting at time to(n) and ending at time te(n)).

XovfðcÞ;i ¼
1
y

Xn
j¼1

ZteðjÞ
t0ðjÞ

XcðtÞdt (12)

5. Overflow quality index (OQIi) (kg pollution units/day): It is an
aggregated pollution index representing the daily total pollution
arising from an overflow during a determined period of time (t).
OQI gives an indication of the overall daily pollutant load by
assigning weights to individual pollutant loads (see Equation
(13)). It is defined in a similar fashion as the effluent quality
index (EQI) for BSM WWTPs. The influent fractionation pro-
posed by Gernaey et al. (2011) converts the pollution load into
ASM state variables in order to further calculate the different
types of analytical variables (BOD, COD, TSS, TKN, NO3

� and
PO4

3�). The weights for these compounds are wBOD, wCOD, wTSS,
wTKN, wNO3 andwPO4 respectively. The values for the weights are

Table 2
Summary of modelling details for various storage tank models used in the system-wide BSM (Note that X stands for pollutant load).

On-line Off-line

Pass-through Bypass Pass-through Bypass

Vst
dVst
dt ¼ 1

Ast
ðQin;st � Qout;st � Qovf ;stÞ dVst

dt ¼ 1
Ast

ðQin;st � Qout;st � Qovf ;stÞ dVst
dt ¼ 1

Ast
ðQin;st � Qout;st � Qovf ;stÞ dVst

dt ¼ 1
Ast

ðQin;st � Qout;st � Qovf ;stÞ
Mc,st

dMc;st

dt ¼ Xc;in;st � Mc;st
Vst

ðQout;st þ Qovf ;stÞ dMc;st

dt ¼ Xc;in;st � Mc;st
Vst

Qout;st � Xc;in
Qovf ;st
Qin;st

dMc;st

dt ¼ Xc;in;st � Mc;st
Vst

ðQout;st þ Qovf ;stÞ dMc;st

dt ¼ Xc;in;st � Mc;st
Vst

Qout;st � Xc;in
Qovf ;st
Qin;st

Qout,st
Qmax;stðhst�hmin;stÞnst
hnst
o;st þ ðhst�hmin;stÞnst

Qmax;stðhst�hmin;stÞnst
hnst
o;st þ ðhst�hmin;stÞnst Qpump;st Qpump;st

Xc,out,st Mc;st
Qout;st
Vst

Mc;st
Qout;st
Vst

Mc;st
Qout;st
Vst

Mc;st
Qout;st
Vst

Qovf,st CstLweir;stðhst � hovf ;stÞ1:5 CstLweir;stðhst � hovf ;stÞ1:5 CstLweir;stðhst � hovf ;stÞ1:5 CstLweir;stðhst � hovf ;stÞ1:5

Xc,ovf,st Mc;st
Qovf ;st
Vst

Xc;in;st
Qovf ;st
Qin;st

Mc;st
Qovf ;st
Vst

Xc;in;st
Qovf ;st
Qin;st

Fig. 9. Different configurations of storage tanks: a) on-line pass-through tank; b) on-
line bypass tank; c) off-line pass-through tank; d) off-line bypass tank. Pumps and
valves are used as flow control elements in off-line and on-line tanks, respectively.
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similar to those used in BSM2. Identical weights are used in
order to be able to compare the effect of WWTP effluent dis-
charges and CSOs.

OQIi ¼
1
t

Zt
0

h
wBODXovfðBODÞ;iðtÞ þwCODXovfðCODÞ;iðtÞ

þwTSSXovfðTSSÞ;iðtÞ þwTKNXovfðTKNÞ;iðtÞ
þwNO3

XovfðNO3Þ;iðtÞ þwPO4
Xovf ;ðPO4Þ;iðtÞ

i
dt (13)

6. Yearly exceedance duration (Texc(c),i): It is the total duration per
year for which a certain pollutant concentration exceeds a
specified concentration threshold (Cth). Therefore, for a partic-
ular overflow event n, with concentration of a particular
pollutant C(t), the exceedance duration for the event n and the
pollutant c (texe(c,n)) and for all the events occurring in y years at
an overflow location, (Texc(c),i) is defined as stated in Equations
(14) and (15). The threshold concentrations (at various overflow
locations) for TSS, TKN and PO4 used in this study are 30 g/m3,
5 g/m3 and 0.5 g/m3, respectively. It should be noted that these
values are similar to the effluent discharge limits for BSM
WWTPs. PO4 is included although it is not toxic. It is due to the
fact that the excess PO4 can lead to eutrophication (especially in
rivers with phosphorus limitation) and therefore depletion in
oxygen concentration.

texc;iðc;nÞ ¼
X

fðt þ 1Þ � tg when CðtÞ>Cth (14)

TexcðcÞ;i ¼
1
y

Xn
j¼1

texc;iðc; jÞ (15)

7. Hourly maximum concentration (Cmax(c),i): Maximum exceedance
values for a certain concentration are defined for a specific time
interval. In this study, 1-h maximum exceedance is used. It is the
highest concentration that is continuously discharged for a
period of at least 1 h. Similarly, maximum concentrations for 2-
h, 6-h time periods etc. can be defined.

The above criteria can be classified in two different ways based
on: 1) location; and, 2) impact. In terms of location, the criteria can
be defined on a: 1) local level (for each overflow location i); and, 2)
global level (taking into account all the overflows and the bypass at
the WWTP). From an impact perspective, the criteria are divided
into those describing: 1) cumulative effects (Novf, Tovf,, Vovf, Xovf and

OQI); and, 2) acute effects (Texc(c) and Cmax(c)) on the receiving
waters. These criteria are only an indirect representation of the
effect of overflow discharges on receiving waters. They draw
inspiration from similar criteria used in assessment of river water
quality (Schütze et al., 2002; FWR, 1998). To consider pollutant
quality in the sewer system evaluation, we used these additional
criteria even though they are not commonly encountered in CSO
evaluation literature. In this paper, the evaluation criteria Texc(c) and
Cmax(c) are applied only to TKN in order to limit the number of
evaluation criteria.

6. Case studies

This section presents simulation results from implementing
different scenarios using the catchment and sewer network model
(see Table 3). The evaluated control alternatives employ storage
tanks as control handles. The control actuators are generally valves/
gates/pumps that regulate the outflow from these storage tanks.
Examples of the evaluation of both local and global (sewer &
catchment system) control strategies are presented here. The
strategies are:

� Reducing the bypass at the WWTP (C1);
� Reducing the total overflows from the system (C2).

Apart from evaluation of control strategies, the presentedmodel
can also be used to study the influence of structural modifications
of the sewer network/catchment. To demonstrate this, two possi-
bilities are implemented and their effects are analysed:

� Modification of SC5 from a separate sewer system to a combined
sewer system (S1);

� Inclusion of an additional storage tank at the WWTP influent
(S2).

Fig. 10. Effect of different configurations of the storage tanks on throttle (to the sewer) and overflow: 1) On-line (a); and, 2) Off-line (b).

Table 3
Summary of the global evaluation criteria for the different scenarios. No control
(NC); C1 and C2 are the control strategies. S1 and S2 are the scenarios with structural
modifications.

Criteria NC C1 C2 S1 S2

Cumulative effects
Novf (events/year) 137 142 141 82 137
Tovf (days/year) 71 71 71 21 71
Vovf (m3/year) 830,192 654,724 642,846 722,650 678,055
OQI (kg pollutant units/day) 3,110 2,118 2,068 2,937 2,076
Acute effects
Texc(TKN) (days/year) 49.0 50.7 50.6 20.3 47.6
Cmax(TKN) (g/m3) 51.1 51.1 51.1 48.8 51.1
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The following section describes the effects of each of these
evaluated alternatives from a global and local perspective with the
set of criteria defined in Section 5.

6.1. Reducing the bypass at the WWTP (C1)

The existing configuration of the BSM2 layout includes a bypass
at the inlet of the WWTP which redirects any excess inflow
reaching the plant (inflow > 60,000 m3/d) to the effluent section
where it is mixed with the treated wastewater (Gernaey et al.,
2014). Storage tank 6 (ST6) is located upstream of the WWTP. A
rule based strategy (control algorithm) is developed to better utilize
the available storage volume in ST6. The sensor inputs (measured
variable) to the control strategy are: 1) flow rate at ST6 influent;
and, 2) level measurement from ST6 (max. level is 5 m). When the
inflow to ST6 exceeds 60,000 m3/d and there is storage capacity
available (level < 4 m), the outflow from the tank is restricted using
a valve (control variable). The valve opening is reduced to 65% under
these conditions. In other situations, the valve is fully open. The
reduced valve opening will lead to more storage and hence a better
utilization of the tank capacity. As the tank is reaching its maximum
capacity (h > 4 m), the valve is fully opened so that the control will
not lead to excess overflow at ST6 while trying to reduce the bypass
at the WWTP.

Table 4 compares the evaluation criteria at ST6 (overflow) and
bypass (BP). Results show that the yearly overflow frequency (Novf,

SC6) at ST6 increased while it reduced at the bypass (Novf, bp). Yearly
overflow duration shows an increase at both the locations (Tovf,SC6,
Tovf,bp). The major outcome from the control is an improvement in
both yearly overflow volume (Vovf,bp) (39%) and overflow quality in-
dex (OQIbp) (50%) at the bypass. The improvements at the bypass led
to a drop in performance at ST6. Thus, yearly overflow volume
increased by 54% (Vovf,SC6) and the overflow quality index (OQISC6)
increased significantly by 110% at ST6. The above criteria describing
the cumulative effects indicate an improvement at the bypass at the
cost of decreased performance at ST6. Additionally, the effect of the
control strategy is also analysed using criteria that describe acute
effects. Yearly exceedance duration for TKN (Texc(TKN),bp, Texc(TKN),ST6)
at both locations increased due to the control strategy. Hourly
maximum concentration for TKN remains almost similar at the
bypass (Cmax(TKN),bp) while increasing at ST6 (Cmax(TKN),ST6). From a
global point of view, Table 3 reveals that C1 has led to a decrease in
the yearly overflow volume (Vovf) discharged into the receiving
water by 21%. Also, the overflow quality index (OQI) was reduced by
32%. The control strategy did not have any major impact on the
acute effects (Texc(TKN), Cmax(TKN)). Summarizing, it can be said that
C1 successfully decreased the cumulative pollutant load to the
receiving water but was not effective in handling critical situations.

6.2. Reducing the total overflows from the system (C2)

In order to utilize the available storage capacity in a better way,

several local control strategies similar to the one employed in
Section 6.1 (C1) are implemented at all storage locations with
overflow structures (see Fig. 1). For ST2, ST3 and ST6, the measured
variables are water levels from the respective tanks. If the level is
less than 4 m (max level ¼ 5 m), the valve opening is reduced to
65%. It is otherwise fully opened (control algorithm). For ST4, which
is an off-line tank, the throttle flow to the main sewer (wastewater
with flow rate in excess of this is directed to ST4) is controlled based
on the water level measurement (control variable). If the level in ST4
is less than 4 m, the throttle flow is 40,000 m3/d, which means that
any flow in excess of 40,000 m3/d reaches the storage tank. When
the tank is filled above a level of 4 m, the throttle flow is increased
to 55,000m3/d to allow passingmorewastewater through themain
sewer. Hence, the algorithm tries to send more water downstream
than in the no control case (45,000 m3/d). This is an example of
various non-interacting local control strategies developed with an
overall aim to reduce the cumulative overflow volume/load.

The implementation of C2 has led to mixed results (Fig. 11) at
local level. The performance at ST2, ST3, ST4 and ST6 dropped for all
evaluation criteria. The only location that showed improvement is
the bypass (BP). At the bypass, criteria that showed major im-
provements are yearly overflow volume (46%) (Vovf,bp) and the OQIbp
(57%). The acute effects at the bypass did not change much due to
the control. Looking at the entire system (see Table 3), with an
improved utilization of the available storage (C2), a drop in the
yearly overflow volume (23%) (Vovf) and overflow quality index (34%)
(OQI) is observedwhile there is nomajor change in the acute effects
(Cmax,TKN, Texc,TKN). Although, the control led to lower overall quality
in comparison to the default situation at many overflow locations, it
had a net positive effect on the entire system. The results obtained
from the global control strategy are very similar to those obtained
from the control strategy described in 6.1 (C1). This is due to the fact
that overflow at ST6 and the bypass are the major contributors to
the total overflow from the system. In fact, it can be said that the
improvement observed at the bypass lead to an overall improve-
ment of the system performance even though the other overflow
locations underperformed in comparison to the default case. Also, it
should be noted that there are a large number of variables that are
chosen by trial and error for this control strategy (e.g. valve opening
for ST2, ST3, ST4 and ST6, throttle flow for ST4 etc.). A more so-
phisticated optimization procedure can potentially lead to better
results.

6.3. Modification of SC5 from a separate sewer system to a
combined sewer system (S1)

During the evaluation of C1 and C2, it was noticed that due to
the existence of a separate sewer system at SC5, any stormwater in
SC5 eventually reaches the river. This means that all rain events lead
to an overflow at ST5 as they cannot be redirected to the WWTP as
in the case of a combined sewer system. A possible modification to
the system is to convert SC5 to a combined sewer systemwhichwill
lead to reduction in the overflow volume/load from SC5 and hence
potentially improve the overall system behaviour. It is assumed that
the volume of the storage tank remains unchanged.

Table 5 shows that at ST5, the improvements are very clearly
visible. The change, as expected, led to orders of magnitude dif-
ference in all the evaluation criteria at the local level. Given that
there are only two overflow events after the systemmodification is
done, the overflow quality index (OQIST5) has also dropped signifi-
cantly from 864 kg pollutant units/day to only 2 kg pollutant units/
day. Also, as can be noticed, the acute effects improved significantly.
The yearly exceedance duration (Texc(TKN),ST5) and hourly maximum
concentration (Cmax(TKN),ST5) declined considerably (100% and 94%
respectively). The results when looked at from a system-wide

Table 4
Summary of the local evaluation criteria at ST6 and bypass for the scenario C1.

Criteria ST6 Bypass

NC C1 NC C1

Cumulative effects
Novf (events/year) 5 8 79 75
Tovf (days/year) 0.6 0.9 18 21
Vovf (m3/year) 21,379 32,870 473,341 286,381
OQI (kg pollutant units/day) 32 67 2,072 1,045
Acute effects
Texc(TKN) (days/year) 0.3 0.7 17.2 18.8
Cmax(TKN) (g/m3) 8.2 12.2 47.8 47.5
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perspective show the influence of ST5 on the overall performance
(see Table 3). As expected, it led to a significant drop in the yearly
overflow frequency (Novf) (41%) and yearly overflow duration (Tovf)
(71%). This is expected as the separate sewer system (that dis-
charges into the river for all rain events) is now modified into a
combined sewerage where the discharges happen only if the stor-
age capacity in ST5 is exceeded (2 events/year in this case).
Although, there is a drop in yearly overflow volume (Vovf) (13%), the
discharges at ST5 and downstream are now more polluted due to
mixing with the domestic wastewater from SC5. A significant drop
in OQI is observed at ST5, but this does not lead to overall
improvement in OQI. This is due to the fact that the discharges are
now happening elsewhere (at ST6 and the bypass). Hence, the
overflow quality index (OQI) has only improved by 6%. The changes
also caused major improvements to the acute criteria. Yearly ex-
ceedance duration and hourly maximum concentration for TKN
(Texc(TKN), Cmax(TKN)) improved by 59% and 5% respectively. Hence,
the system modification can be analysed at various levels. In terms
of its impact on the local overflow performance, the improvement
is phenomenal. From an overall point of view, the changes did lead
to major improvements but the improvements at SC5 due to the
change are masked by the overall system performance. Also it
should be noted that such a change can be detrimental to the
WWTP performance, especially if the WWTP is operating at its
maximum capacity or the area is prone to heavy rainfall events.

6.4. Inclusion of an additional storage tank at the WWTP influent
(S2)

The last evaluated scenario studies the impact of including an
additional storage tank at the BSM2 WWTP influent. Hence, the
system configuration is modified by including an on-line pass-
through tank with pump at the WWTP inlet. The volume of the
storage tank is 8000 m3. The additional storage tank is aimed at
reducing the bypass at the WWTP.

Again, the storage tank has resulted in considerable improve-
ments in all the evaluation criteria at the local level (see Table 6). At

the bypass location, the effect of additional storage is clearly visible
on the criteria for cumulative effects. Drops in yearly overflow fre-
quency (56%) and yearly overflow duration (46%) are observed
(Novf,bp, Tovf,bp). The yearly overflow volume (Vovf,bp) and the overflow
quality index (OQIbp) are reduced by 32% and 50%, respectively. The
storage tank addition was also successful in decreasing the acute
effects described by yearly exceedance duration and hourly
maximum concentration for TKN (Texc(TKN),bp, Cmax(TKN),bp) as the
tank helps in equalizing the incoming pollutant load and hence
reduces the high concentration peaks. While comparing the
changes in the performance of the entire system (see Table 3), the
storage tank has not made any major changes to the yearly overflow
frequency (Novf) and yearly overflow duration (Tovf) as it is not the
location with the highest duration and frequency in the default
case. An 18% drop in the overall yearly overflow volume (Vovf) and a
33% decrease in system-wide overflow quality index (OQI) are
noticed. The modification also marginally decreases the yearly ex-
ceedance duration for TKN (Texc(TKN)) by 3% indicating that the
bypass location was one of the main contributors to the high con-
centration loads. In terms of hourly maximum concentration
(Cmax(TKN)), no changes are observed as the maximum concentra-
tion events are not occurring at the bypass. Finally, it can be said
that the storage tank was useful in equalizing the incoming pol-
lutants and acts as a buffer to store additional wastewater during
rain events. In spite of the high costs involved in addition of a
storage tank at the WWTP influent, the overall performance
improvement from such a system modification is similar to that
from the control modifications. This is due to the fact that the effect
of C1, C2 and S2 is similar. They all lead to reduced overflows from
the bypass. While the control strategies achieve this by modifying
the operation of upstream storage tanks, the structural modifica-
tion S2 does this by including additional storage. Also, C1, C2 and S2
were not successful in reducing the overall overflow frequency and
duration (Novf, Tovf). As SC5 is the major reason for high Novf and Tovf
(as this is a separate sewer system and all rain events will lead to an
overflow), only S1 is successful in reducing Novf and Tovf whereas
other strategies could reduce Vovf and OQI as they try to reduce the

Fig. 11. Evaluation of various performance criteria comparing the default case (NC) with the global control strategy (C2). The percentage difference in performance between NC and
C2 is shown, evaluated for the criteria: a) Novf,i and Tovf,i; b) Vovf,i and OQIi; and, c) Texc(TKN),i and Cmax(TKN),i in various storage tanks (ST2, ST3, ST4, ST6) and the bypass (BP).

Table 5
Summary of the local evaluation criteria at ST5 for scenario S1.

Criteria NC S1

Cumulative effects
Novf (events/year) 134 2
Tovf (days/year) 71 0
Vovf (m3/year) 268,821 2,132
OQI (kg pollutant units/day) 864 2
Acute effects
Texc(TKN) (days/year) 40.7 0.0
Cmax(TKN) (g/m3) 51.1 2.9

Table 6
Summary of the local evaluation criteria at the bypass for scenario S2.

Criteria NC S2

Cumulative effects
Novf (events/year) 79 35
Tovf (days/year) 18 10
Vovf (m3/year) 473,341 321,204
OQI (kg pollutant units/day) 2,072 1,037
Acute effects
Texc(TKN) (days/year) 17.2 8.2
Cmax(TKN) (g/m3) 47.8 31.7
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total overflow volumes.

7. Discussion

The catchment and sewer extension to the BSM WWTP model
has been described in detail in this paper. The model has success-
fully described the dynamics of wastewater generation from
various sources (domestic, industrial) during dry weather and rain
periods. Additionally, infiltration to the sewers is also included. A
sewer network model that can simulate the transport of the
generated wastewater has been implemented. The model can also
describe the first flush of the particulate (sewer) pollutants during
rain events. Models for different storage tank configurations
together with control actuators, such as valves and pumps, are
described. Overflow based evaluation criteria have been defined
and are used to evaluate the performance of control strategies and
structural modifications. Finally, the suitability of the catchment
and sewer extension to describe the dynamics of wastewater
generation and transport as well as objective evaluation of control
strategies has been successfully demonstrated. These case studies
are only illustrative and do not represent any possible strategies
that can be replicated in real catchments. The focus has been on
demonstrating the capabilities of the model.

In general, benchmarking tools are developed for the evaluation
of control strategies for a defined system layout. In the case of
WWTP benchmarkmodels, thesemodels are employed not only for
control strategy evaluation but are also extensively used for other
purposes like model development, diagnosis, monitoring etc.
(Gernaey et al., 2014). In a similar fashion, the spatial extension of
the benchmark system can also be employed to develop and eval-
uate control strategies and structural modifications as illustrated by
the case studies. Additional scenarios like adapting the bench-
marking tool to a particular catchment and evaluating scenarios
specific to any individual urban catchment are also possible.

7.1. Benchmark system layout

The system layout presented here is an upscaled version of the
ATV case study and very similar to the layout used in the studies
carried out in Schütze et al. (2002). Through various discussions at
different stages of the development of this model, it has been clear
that the sewer system layouts vary considerably across different
urban catchments and in different countries. It is unlikely that any
proposed sewer layoutwill closely resemble amajority of the sewer
system layouts. Hence, the focus in this work has therefore been on
choosing a reasonable system layout, with the purpose of providing
a framework for the evaluation of control strategies. Although, the
variation in layout will influence the performance of control stra-
tegies, the control schemes identified using the benchmark model
can potentially be transferred to other layouts. Nevertheless, we
plan to work in different directions to address this issue in the
future: 1) Presenting more than one benchmark layout; and, 2)
Comparing the performance of control strategies on the benchmark
layout with that on actual catchment layouts. This will provide us
with additional insight on the extent to which knowledge derived
from the extended BSM layout can be used to address issues in
other urban catchments.

7.2. Adaptation to other catchments

As in the case of BSM1 and BSM2, many users might be inter-
ested in adapting the extensions to their catchment layouts. It is for
this purpose that the model building is performed in a block-wise
manner making it easy for future users to adapt model blocks for
any specific system layout. The first step in the process will be

modifying the catchment layout. The major sections that will need
modification (apart from modifying the layout) are influent dy-
namics, sewer reservoirs and storage tank characteristics. A list of
key parameters required to be adapted are available in Appendix 1.
Although users have the choice of using commercial softwares for
this purpose, themain advantages of these extensions are that it is a
complete toolbox (comprising of a system layout, underlying
models and evaluation criteria) that is: 1) flexible for adaptations;
2) freely distributed; and, 3) open source (which means users can
look into the code and even modify it, if required).

7.3. Model limitations

However, owing to the conceptual approach used for modelling
the sewer network and other hydraulic elements, the model has
some limitations. It is not suitable to evaluate scenarios where
phenomena like pressurized flow, backwater effects and surface
flooding are prominent. Also, biological reactions within the sewer
system are not yet considered (Huisman, 2001). The transport and
accumulation of particulate pollutants is dealt with in a simplified
way. Additionally, the rainfall generator model is also limited in its
ability to reproduce extreme rain events. Hence, the rainfall
generator is more suitable for evaluating control applications rather
than performing studies that are more specific to high intensity
rainfall.

7.4. Future directions

The current paper mainly deals with sewer overflows. It is well
established that any integrated evaluation of the urbanwastewater
systems should be focused on improving the receiving water
quality. Although the current evaluation criteria give an indirect
indication on the impact of sewer overflows on river water quality,
a direct river quality based evaluation will be a more preferable
approach. For such an analysis, the benchmark system extension
discussed here should be combined with a river water quality
model (RWQM1) (Reichert et al., 2001) and also be integrated with
the BSM family of WWTP models. River quality based evaluation
criteria should be developed. This paper is the first attempt at
developing spatial extensions to the BSM platform, and more work
is in progress in the direction of integrating the model with a
WWTP and river system.

With respect to the control strategies and system modifications
presented as case studies, it is essential to highlight the fact that the
results also depend to a great extent on parameters like valve
opening for on-line tanks, throttle flow for off-line tanks and the
level and flow rate values that act as inputs to these rule-based
control strategies. Mathematical optimization procedures can play
amajor rule in identifying themost suitable set points in such cases
(Fu et al., 2008). Other options that are not evaluated in this case
study are changes to the catchment characteristics. For example: 1)
restricting industries not to have peak loads on Fridays; and, 2)
addition of a seventh sub-catchment to the system etc. The effect of
such changes on wastewater generation and its subsequent impact
on sewer dynamics can be analysed.

Last but not least is the interfacing between water quality
models for different sub systems. Since, the catchment and the
sewer models use the same variables, there is no need for inter-
facing between them. The interface between sewer and WWTP is
performed using the elemental balancing approach proposed by
Volcke et al. (2006) and Grau et al. (2007). As the elemental
composition based approach was originally proposed in the
RWQM1, future interfaces between sewer/river and WWTP/river
will also use the same approach.
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8. Conclusions

The presented model will enable practitioners/researchers to
evaluate integrated control strategies/structural modifications
(within catchment and sewer system) using overflow based eval-
uation criteria. The key findings of the presented study can be
summarized in the following points:

1) The catchment model is capable of generating (dry/wet
weather) flow rate and pollution loads (soluble/particulate)
through the combination of four different sub-models (DOM,
IND, INF, SW). These sub-models contribute to the total waste-
water profile with different types of dynamics.

2) The sewer model can mimic wastewater transport and storage
using three different sub-models (TRANSPORT, FIRST FLUSH and
STORAGE). These models account for sewer length, a sudden
increase of particulates at the start of a rain event and waste-
water storage to avoid combined sewer overflows.

3) A set of evaluation criteria are proposed to assess the (cumu-
lative/acute) effects of different control strategies on both local
and global level for different overflow locations. The cumulative
effects are evaluated in terms of overflow frequency, duration,
volume and loads. The acute effects are indicated using the
criteria of exceedance duration and hourly maximum concen-
tration for TKN.

4) Case studies highlighting the potential applications of the
framework by implementing control strategies (local and
global) and structural modifications (in both the catchment and
sewer network) are presented. Varying levels of performance
improvement are observed in these scenarios.

The model is an important contribution to the wastewater en-
gineering field, especially in the direction of developing systematic
procedures to evaluate “outside the fence” control strategies and
potentially to be combinedwith existing and successful wastewater
treatment plant evaluation models. Work is in progress to extend
this model further to include a river system as well. This will in the
future result in a complete system-wide UWS benchmark simula-
tion model for analysis of integrated control strategies.
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Supplementary Information 
Paper title: Catchment & sewer network simulation model to benchmark control strategies within 
urban wastewater systems 

Authors: Saagi, R., Flores-Alsina, X., Fu, G., Butler, D., Gernaey, K.V. and Jeppsson, U. 
 

Table 1.1: Main parameters for the catchment & sewer system extensions. 

Model section Parameter Value Units Remarks 

Domestic QperPE 0.15 m3/PE.d Domestic wastewater flow rate per 
population equivalent 

PEc 80,000 PE Population equivalents 
domestic_avg 19.31, 115.08,  

5.85, 0, 1.5 
g poll/PE.d Average daily pollutant loads per PE for 

CODsol, CODpart, NH4, NO3, PO4 
Industrial Qind 2,500 m3/d Daily average wastewater flow rate from 

industry on normal week days (Monday to 
Thursday) 

industry_avg 386.24, 2301.8,  
52.06, 0, 0 

kg poll/d Average daily pollutant loads for CODsol, 
CODpart, NH4, NO3, PO4 

Rainfall runoff rrc 0.7  Rainfall runoff coefficient to account for the 
continuing losses 

imp_frac 0.75  Impervious area as a fraction of total area 
Rainfall generator 
(values for 
January  
provided here) 

P [0.995,0.005;  
0.134,0.866] 

 Markov transition matrix for dry/wet periods 

α 0.88  Gamma distribution parameter 
β 3.08  Gamma distribution parameter 

Pollutant 
accumulation  
and washoff 

a 5 kg/m2.s Surface accumulation rate 
b 0.2 1/s Decay rate constant for the pollutant 

accumulation model 
w 0.3 1/mm Washoff constant 
EMCcodsol 9 g/m3 EMC for CODsol 
EMCNH4 0.56 g/m3 EMC for NH4 

Groundwater 
(SC1 values  
provided here) 
 

gwbias 7100 m3/d Mean yearly infiltration. Values for each SC 
are a fraction of gwbias. 

amp 25 % Amplitude of the sine wave  
freq 2π/365 rad/d Frequency of the sine wave (1 year) 
phase 15π/24 rad Phase shift  

Soil 
(SC1 values  
provided here) 
 

hmax 2.8 m Maximum level of the tank 
hinv 0.8 m Invert level of the tank 
Asoil 24.75×104 m2 Area of the tank 
Ksoil 0.4 m/d Soil permeability 
Kinf 2.98×104  Gain for infiltration to sewer 
Kdown 298.2  Gain for infiltration to groundwater 

Sewer nr   Number of sewer reservoirs in series.  
This is done as a model modification and  
not as a parameter change. 

Kr 0.0104 d Time constant for each sewer tank 
First-flush 
(SC1 values 
 provided here) 
 

FFfraction 0.25  Fraction of TSS that can settle in the sewer 
system 

Qlim,ff 19104 m3/d Limit flow rate triggering a first flush effect 
nff 15  Exponent for Hill function 
Mmax,ff 990 kg Maximum sediment mass stored in sewer 

system 
FF 5000 1/d Gain for first flush effect 

Storage tanks 
(ST2 values  
provided here) 
 

Ast 294 m2 Area of storage tank.  
Cst 1.53×105  Constant for weir overflow 
Qmax,st 7.25×103 m3/d Maximum throttle flow 
ho,st 2.5 m Height at which Q=Qmax/2 
hovf,st 5 m Height above which overflow occurs 
Lweir,st 3 m Length of overflow weir 
Qthrottle,st 4.56×104 m3/d Throttle flow (offline tanks only) (ST4) 
Qpump,st 1000 m3/d Pumping flow rate (offline tanks only) (ST4) 
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a b s t r a c t

This paper presents a freely distributed, open-source toolbox to predict the behaviour of urban waste-
water systems (UWS). The proposed library is used to develop a system-wide Benchmark Simulation
Model (BSM-UWS) for evaluating (local/global) control strategies in urban wastewater systems (UWS).
The set of models describe the dynamics of flow rates and major pollutants (COD, TSS, N and P) within
the catchment (CT), sewer network (SN), wastewater treatment plant (WWTP) and river water system
(RW) for a hypothetical, though realistic, UWS. Evaluation criteria are developed to allow for direct
assessment of the river water quality instead of the traditional emission based metrics (for sewer
overflows and WWTP discharge). Three case studies are included to illustrate the applicability of the
proposed toolbox and also demonstrate the potential benefits of implementing integrated control in the
BSM-UWS platform. Simulation results show that the integrated control strategy developed to maximize
the utilization of the WWTP's capacity represents a balanced choice in comparison to other options. It
also improves the river water quality criteria for unionized ammonia and dissolved oxygen by 62% and
6%, respectively.

© 2017 Elsevier Ltd. All rights reserved.

Software availability

Name of the software:
BSM-UWS.
Developers:
R. Saagi, X. Flores-Alsina, S. Kroll, K.V. Gernaey, U. Jeppsson.
Programming language:
Matlab 13.0.
Software availability: The source code for the system-wide

BSM can be obtained for free. Contact Dr Ulf Jeppsson, division of
Industrial Electrical Engineering and Automation (IEA), Lund Uni-
versity, Box 118, SE-221 00 Lund, Sweden (ulf.jeppsson@iea.lth.se).
The software is documented and interested readers will be able to
reproduce the results summarized in this article, and then modify
the software for their own purposes as well.

1. Introduction

The main objective of integrated modelling is to link various
sections of the urban wastewater system (UWS) (catchment (CT),
sewer network (SN), wastewater treatment plant (WWTP) and
receiving water system (RW)) together to provide a unified plat-
form for design and analysis of wastewater infrastructures in urban
areas (Benedetti et al., 2013). Such a tool enables direct evaluation
of UWS dynamic performance (or of individual sections) based on
river water quality instead of relying on traditional emission based
evaluation. Significant progress has been made in the field of in-
tegrated modelling ever since it was first proposed by Beck (1976)
(e.g. Fronteau et al., 1997; Rauch et al., 2002; Muschalla et al., 2009;
Benedetti et al., 2013; Bach et al., 2014). It is now well established
that optimization of sub-system performance (SN or WWTP) does
not necessarily lead to improvements in river quality (Rauch and
Harremo€es, 1999) and a more holistic approach is required
(Lijklema et al., 1993). Although research has highlighted the need
of integrated modelling for a long time, a strong incentive for
receiving water quality based evaluation of UWS performance has
been provided by the EU Water Framework Directive, which calls
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for achieving “good ecological and chemical status in all rivers” (EU,
2000). Today, tools for integrating sub-system models running on
different platforms exist (Gregersen et al., 2007) and case studies
illustrating their usage are available in the literature (Reubner et al.,
2008; Van Assel et al., 2010). Commonly used commercial simu-
lation software packages (e.g. SIMBA (ifak, Germany), WEST (DHI,
Denmark)) provide libraries that allow users to develop system-
wide models on a single platform. Additionally, several modelling
libraries are developed by various researchers (e.g. Schütze, 1998;
Achleitner et al., 2007; Mannina, 2005; Freni et al., 2010b;
Willems and Berlamont, 2002).

Design and evaluation of (local/global) control strategies are two
of the major areas where integrated models showed their full po-
tential (e.g. Schütze et al., 2002; Meirlaen et al., 2002; Langeveld
et al., 2013; Seggelke et al., 2005). Some of the studies were
extremely successful, provided a lot of scientific inspiration for
further control development and clearly demonstrated the benefits
of using integrated approaches. Nevertheless, the evaluation/
comparison of these control strategies, either real or model-based,
is difficult. This is due to a number of reasons, including: i) variation
in the characteristics of the UWS (catchment layout, sewer and
WWTP design, river water quality etc.); ii) differences in the un-
derlying models for describing the hydraulic, biological and

physico-chemical processes in the UWS; and iii) the lack of a
common evaluation method to compare the results. Hence, the
objective comparison of the reported strategies has been a
challenge.

A similar problem in the WWTP modelling community is
addressed by using Benchmark Simulations Models (BSMs). Several
researchers working under the umbrella of the International Water
Association (IWA) benchmarking task group developed different
benchmarks (BSM1, BSM1_LT, BSM2) to facilitate an unbiased
comparison of control strategies in WWTPs (Copp, 2002; Rosen
et al., 2004; Nopens et al., 2010). These BSMs consist of pre-
defined layouts, process models, sensor/actuator models, influent
characteristics and evaluation criteria (Gernaey et al., 2014). They
have seen huge success (500 þ publications) and are widely
accepted in the research/practice community (Jeppsson et al.,
2013). Similar efforts in the urban drainage community have been
made where pre-defined sewer system layouts are used for
comparing various real time control strategies and static design
options (Bors�anyi et al., 2008; Schütze et al., 2015). Besides the
original objective of comparing control strategies (Stare et al., 2007;
Flores-Alsina et al., 2008; Sweetapple et al., 2014), the different
tools developed by the BSM group are also used to develop better
solvers (Rosen et al., 2008; Flores-Alsina et al., 2015), model

Nomenclature

(P)eff,WWTP Pollutant (P) total load at WWTP effluent (kg)
(P ¼BOD5, COD, TSS, TKN, Porg and Pinorg)

(P)EMC Pollutant (P) EMC (g/m3)
(P)in,WWTP Pollutant (P) total load at WWTP inlet (kg)
(P)ovf Pollutant (P) total load in overflow (kg)
AER1 Aerobic reactor 1
AER2 Aerobic reactor 2
AER3 Aerobic reactor 3
ANAER1 Anaerobic reactor 1
ANAER2 Anaerobic reactor 2
ANOX1 Anoxic reactor 1
ANOX2 Anoxic reactor 2
BOD5 5-day biological oxygen demand
BP1 Bypass 1 (before primary clarifier)
BP2 Bypass 2 (after primary clarifier)
Cmax,NH3 Hourly maximum concentration for unionized

ammonia (g N/m3)
Cmin,DO Hourly minimum concentration for dissolved oxygen

(g/m3)
COD Chemical oxygen demand
CODpart Particulate COD
CODsol Soluble COD
DO Dissolved oxygen
EMC Event mean concentration (g/m3)
EQI Effluent quality index (kg pollution units/d)
hSTi Height of storage tank i
IQI Influent quality index (kg pollution units/d)
KLaAER(i) Oxygen transfer coefficient for aerobic reactor i (d�1)
MLSS Mixed liquor suspended solids
NH3 Unionized ammonia
NH4

þ Ammonia
NO3

� Nitrate
Novf Yearly overflow frequency (events/year)
OVF(i) Overflow at location no. i
OQI Overflow quality index (kg pollution units/d)

PC Primary clarifier
Pinorg Inorganic phosphorus
PO4

3 Phosphate
Porg Organic phosphorus
Qintr Internal recirculation rate (m3/d)
Qin,WWTP Inflow to WWTP (m3/d)
Qmax,BP1 Maximum flow at bypass 1 (m3/d)
Qmax,BP2 Maximum flow at bypass 2 (m3/d)
Qmax,ST2 Maximum throttle flow for ST2 (m3/d)
Qmax,ST5 Maximum throttle flow for ST5 (m3/d)
Qmax,ST6 Maximum throttle flow for ST6 (m3/d)
Qpump,ST1 Pumping rate at ST1 (m3/d)
Qpump,ST4 Pumping rate at ST4 (m3/d)
Qr Sludge recycle rate (m3/d)
Qthrottle,ST4 Maximum throttle flow for off-line tank ST4 (m3/d)
Qw Sludge wastage rate (m3/d)
RST Rainwater storage tank
RW(i) River water stretch i
SC(i) Sub-catchment i
Sec.C Secondary clarifier
SNH4,RW16Sensor measurement for ammonia (NH4

þ) at river
stretch 16 (g N/m3)

SO2,AER2 Sensor measurement for oxygen concentration at
aerobic reactor 2 (AER2) (g/m3)

ST(i) Storage tank i
STSS,eff Sensor measurement for total suspended solids (TSS)

at WWTP effluent (g N/m3)
Texc,DO Yearly exceedance duration for dissolved oxygen in

river (h)
Texc,NH3 Yearly exceedance duration for unionized ammonia in

river (h)
TKN Total Kjeldahl nitrogen
Tovf Yearly overflow duration (days/year)
TSS Total suspended solids
Vovf Yearly overflow volume (m3)
WWTPeff Wastewater treatment plant effluent discharge into

the river system
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development/comparison (Daelman et al., 2014; Solon et al., 2015)
or full-scale optimization (Flores-Alsina et al., 2014; Lindblom et al.,
2016; Kazadi Mbamba et al., 2016) using the model library as a
software tool.

Hence, the idea of benchmarking is now extended to the UWS.
The objective of this manuscript is to present the Benchmark
Simulation Model (BSM-UWS) toolbox describing flow rate and
pollution dynamics within the UWS. The toolbox considers the
interactions between several sub-sections (CT, SN, WWTP and RW)
and is developed on a single platform (Matlab). The BSM-UWS is a
freely distributed and open-source toolbox and is intended to be
used: i) as a software for developing integrated models for different
UWSs; and ii) for unbiased evaluation of local/global control stra-
tegies using the presented system layout. The paper details the
development of the new BSM platform, the simulation procedure
and the evaluation criteria. In addition, a set of case studies are
presented to illustrate the use of BSM-UWS for evaluation of con-
trol strategies. These case studies investigate the effect of: i) aera-
tion control; ii) variation in bypass limits; and iii) optimal
utilization of storage tank volumes on sewer overflows, perfor-
mance of WWTP and river water quality. A discussion on various
applications of the toolbox (both as a model library and as a BSM
platform) is included.

In order to develop the toolbox: i) a hypothetical UWS layout
comprising all the sub-systems is defined; ii) well-established
process models such as the IWA BSM2 influent generator
(Gernaey et al., 2011), the Activated Sludge Model no. 2 (ASM2d)
(Henze et al., 2000) and the River Water Quality Model no. 1
(RWQM1) (Reichert et al., 2001) are used as the basis for the
description of the catchment, WWTP and river water system,
respectively. A conceptual modelling approach is used to describe
the transport of wastewater in the sewer system (Viessman et al.,
1989); and finally iii) a set of criteria to perform both emission/
river quality based evaluations are described.

The paper contributes to the field of integrated modelling by
enhancing various aspects of model development within the
benchmark framework such as: i) improved catchment model with
the ability to describe various sources of wastewater generation at
different time scales; ii) storage tank models in different possible
configurations; iii) pumping station model that can be used to
describe rising mains as well as storage tanks with pumps; iv) in-
terfaces between all the sub-sections ensuring conservation of
elemental mass balances (for COD, carbon, nitrogen and phos-
phorus); and v) a concise list of evaluation criteria describing the
performance of all the sub-sections. Additionally, it also contributes
to the field of wastewater engineering by providing a freely
distributed, ready-to-use UWS model that can be valuable for ac-
ademics/practitioners to evaluate novel control/operational stra-
tegies and systemmodifications either on the pre-defined layout or
any specific UWS model developed using the provided library.

2. Methods

2.1. Model description

2.1.1. Catchment (CT)
The catchment model has largely been derived from the BSM2

dynamic influent pollutant disturbance scenario generator
(DIPDSG) (Gernaey et al., 2011). A detailed description of all model
blocks used in the catchment model is available in Saagi et al.
(2016). Flow rate (Q in m3/d) and five pollutant variables (CODsol,
CODpart, NH4

þ, NO3
� and PO4

3-) (kg/d) are described in all the sub-
models. The model facilitates simulation of wastewater genera-
tion from various sources using four sub-models, each for a specific
source of wastewater generation.

� Domestic (DOM) sub-model simulates the generation of do-
mestic wastewater and pollutant loads. Three user defined
profiles for daily, weekly and yearly variations in flow rate and
pollutant loads are included in the model as source files. All
three source profiles are combined to generate a dynamic time
series and further multiplied with the flow rate/pollutant load
per population equivalent and the number of population
equivalents at each sub-catchment to produce a dynamic
wastewater profile from each sub-catchment. Additionally,
zero-mean white noise can be added to the source profiles in
order to avoid exactly similar values during different days.

� Industrial (IND) sub-model is used to represent the generation
of industrial wastewater with daily, weekly and yearly variations
in flow rate and pollutant loads. These variations can be due to:
fluctuations in production times, holiday periods and mainte-
nance periods. Similar to the DOMmodel, industrial wastewater
generation is modelled by combining the source profiles for
daily, weekly and yearly variations and multiplying it with the
mean daily pollutant load/flow rate. DOM and IND models have
different daily, weekly and yearly profiles. The mean pollutant
loads as well as COD/N ratios are also different for the DOM and
IND models. Similar to DOM source profiles, zero-mean white
noise can also be added to the IND profiles.

� Stormwater (SW) is modelled using a simplified rainfall runoff
model. It takes into account impervious areas and rainfall runoff
coefficients for each sub-catchment to determine the amount of
runoff from the surface of the sub-catchment to the sewer
system (RUNOFF). The rainfall (RAIN) on the pervious area
reaches the groundwater system and serves as an input for the
SOIL module. Additionally, pollution generation from storm
events is accounted for using two different approaches for sol-
uble and particulate pollutants (Butler and Davies, 2011). Event
mean concentrations (EMC) are used for soluble pollutants
(CODsol,EMC, NH4

þ
EMC). This assumes constant pollutant concen-

trations for the entire rain duration. An accumulation and
washoff model is used to describe the generation of particulate
pollutants (CODpart) during rain events. It considers the accu-
mulation of particulate pollutants on the sub-catchment surface
during dry periods and subsequent washoff of the accumulated
particulates during rain events as a function of the rainfall in-
tensity. Additionally, a Markov-chain-based stochastic rainfall
generator that can generate rainfall time series with similar
properties to a user specified historic rainfall data series is also
included (Richardson, 1981; Talebizadeh et al., 2016).

� Infiltration to sewers (INF) sub-model considers a hypothetical
storage tank (SOIL) with inputs from the annual variation in
groundwater (GW) levels and the percolation of surface runoff
during rain events to the soil. The output from the tank is the
infiltration to the sewer system determined by a non-linear
relationship between tank level and infiltration flow rate
(Gernaey et al., 2011). In the existing implementation, no
pollutant loads are considered to reach the sewer from the
infiltration model. However, this is something that can be
modified by the model user, if required.

2.1.2. Sewer network (SN)
The sewer model simulates the transport of the wastewater

generated in the catchment to the WWTP and also to the river
system as overflows during rain events. A brief overview of the
model blocks is provided here. (see Saagi et al. (2016) for more
details). The model consists mainly of:

� Pollution/flow rate transport (TRANSPORT) sub-model that
simulates the sewer network used for the transport of
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wastewater. It is formulated as a series of linear reservoirs with
varying volumes (Viessman et al., 1989) connecting different
sub-catchments and the WWTP. The number of such reservoirs
for each sub-catchment is determined by the catchment area
and the sewer flow that has to be conveyed through the
network.

� Storage tanks (STORAGE) sub-models used to represent the
storage tanks at various locations in the sewer system. The
storage tanks are modelled in various possible configurations
(on-line and off-line, pass-through and bypass) (Schütze et al.,
2002; ATV, 1992). Outflow from the upstream sewer model or
catchment determines the input to the storage tank while the
throttle flow and overflow are calculated based on Vallet (2011)
and Hager (2010), respectively. In case of storage tanks where
the throttle flow is regulated by pumps, a pumping model
(PUMPING) (Kroll et al., 2015) is used. The pumping model in-
cludes features for frequency control and the possibility to ac-
count for multiple pumps with different capacities at each
storage tank. Hence, the throttle flows and pumping rates from
the storage tanks limit the maximum possible flow through the
pipes while there is no direct implementation of the maximum
pipe capacity in the model. The storage tank models are also key
control handles (throttle valves and pumps act as flow regula-
tors) for implementing sewer-based control strategies in the
system-wide model.

� Particulate first flush (FIRST FLUSH) sub-model used to
describe the washoff of particulates that are accumulated in the
sewer system during dry weather periods. It mimics the sudden
increase in particulate pollutants at the beginning of rain events.
This model assumes that a fraction of the particulate load during
dry events is accumulated in the sewer system. During rain
events, the accumulated particulates are washed off as a func-
tion of the flow rate (Gernaey et al., 2011).

2.1.3. Wastewater treatment plant (WWTP)
Major sub-model blocks of the WWTP model are the primary

clarifier, biological reactors and secondary clarifier. The primary
clarifier model is an empirical model with settling fractions for
various soluble and particulate state variables (Otterpohl and
Freund, 1992). The biological reactors are described using ASM2d
(Henze et al., 2000). The ASM2d considers organic matter degra-
dation, nitrification/denitrification and also phosphorus accumu-
lation dynamics. The secondary clarifier is modelled using the
Bürger-Diehl settling model (Bürger et al., 2011, 2012; 2013). This
model considers convection (includes bulk flux and hindered
settling), compression (above a critical concentration) and disper-
sion (due to mixing, particularly at the feed inlet) to describe the
concentration of sludge at various layers in the settling tank. A 10-
layer non-reactive settler model approach is used in this study
(Arnell, 2015). Also, the WWTP layout has a rainwater storage tank
that is modelled as an on-line storage tank.

2.1.4. River water system (RW)
The river water systemmodel is based on a simplified version of

the IWA River Water Quality Model (Reichert et al., 2001). Main
processes included are growth of bacteria and algae using organic
substrate, nutrients, oxygen and sunlight. The formula described in
Owens et al. (1964) is used to calculate the reaeration coefficient
based on the velocity and water depth at each river stretch. The
default values for kinetic and stoichiometric coefficients from the
RWQM1 Technical Report (Reichert et al., 2001) are used. The
conceptual river system model consists of a series of varying vol-
ume tanks (RW1…RWn), each representing a stretch of the river.
Other parameters like solar irradiance, temperature, river

characteristics (river length/tank, bottomwidth, bed slope, pH) can
be defined. The model does not include higher organism dynamics
and the effect of a sediment layer.

2.1.5. Interfaces
In order to link different sub-system models, three different

interfaces have been developed: i) SEWER-WWTP interface; ii)
WWTPeRIVER interface; and iii) SEWER-RIVER interface. In all
cases, mass balances are verified and COD/elemental continuity is
ensured according to the principles stated by Vanrolleghem et al.
(2005b), Volcke et al. (2006), Nopens et al. (2009) and Flores-
Alsina et al. (2016).

2.2. Evaluation criteria

Evaluation criteria are defined to assess the performance of
different control/operational strategies implemented in the BSM-
UWS. While the sewer and WWTP performance criteria represent
the performance of the sub-systems, criteria for the river system
can be used for a holistic evaluation of the integrated UWS per-
formance considering that one of the main objectives of an UWS is
to ensure good river water quality (EU, 2000). It should be noted
that the threshold concentrations and weightings for individual
pollutant loads can easily be changed by the users, for example to
suit local regulations.

2.2.1. Sewer network (SN)
Major evaluation criteria for the sewer system are: overflow

duration (Tovf, h); ii) overflow frequency (Novf, events/year); iii)
overflow volume (Vovf, m3); and iv) overflow quality index (OQI, kg
pollutant units/day). All the above criteria are calculated for the
entire sewer system as well as for individual overflow locations.
Overflow quality index (OQI) is an aggregated criterion to represent
the pollutant load reaching the river system from the sewer
network. Overflow pollutant loads BOD5,ovf, CODovf, TSSovf, TKNovf,
NO3

�
ovf, Porg,ovf and Pinorg,ovf are calculated and individual weights

are used for each of the pollutants to calculate an overall pollution
index. Additional criteria to represent acute conditions are the
hourly maximum concentration and exceedance duration for BOD5,
TKN and PO4

3- from overflows. Also, all the above criteria can be
computed for each overflow location. Further details of these
criteria can be found in Saagi et al. (2016).

2.2.2. Wastewater treatment plant (WWTP)
Traditional WWTP evaluation criteria for BSMs (Jeppsson et al.,

2007) that are mainly used in this study are the influent quality
index (IQI, kg pollutant units/day) and the effluent quality index
(EQI, kg pollutant units/day). Both indices are calculated in a similar
fashion and represent the pollution load for the influent and
effluent of the WWTP. Total pollution load for key pollutants (for
IQI: BOD5,in,WWTP, CODin,WWTP, TSSin,WWTP, TKNin,WWTP, NO3

�
in,WWTP,

Porg,in,WWTP, Pinorg,in,WWTP; for EQI: BOD5,eff,WWTP, CODeff,WWTP,
TSSeff,WWTP, TKNeff,WWTP, NO3

�
eff,WWTP, Porg,eff,WWTP, Pinorg,eff,WWTP) is

multiplied with the respective weights to calculate the total
pollution index. The weights used in IQI, EQI and also for the OQI
calculation for sewer overflows are identical.

2.2.3. River water system (RW)
Evaluation criteria for the river are based mainly on two major

pollutants (dissolved oxygen (DO) and unionized ammonia (NH3))
that are commonly used to assess river water quality. The four
major river quality criteria used in this study are: i) exceedance
duration for NH3 (Texc,NH3, h); ii) exceedance duration for DO
(Texc,DO, h); iii) maximum hourly unionized ammonia concentration
(Cmax,NH3, g/m3); and iv) minimum hourly DO concentration
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(Cmin,DO, g/m3). Texc,NH3 (h) represents the total time for which the
ammonia concentration in any river stretch exceeds a threshold
concentration (0.018 g/m3). Texc,DO (h) denotes the total time for
which the DO concentration is below a threshold value (6 g/m3) at
any river stretch. While Texc,NH3 and Texc,DO are the building blocks
for Fundamental Intermittent Standards specified in the UPM
manual (FWR, 2012), Cmin,DO and Cmax,NH3 are used as additional
complimentary criteria inspired by Schütze et al. (2002). The
threshold values for Texc,NH3 and Texc,DO are chosen from the limit
values prescribed in the UPM manual for salmonid species (FWR,
2012).

2.3. BSM-UWS layout and characteristics

The urban wastewater system layout used for the BSM-UWS is
presented in Fig. 1. It consists of an urban catchment that generates
sewage as well as stormwater. A sewer network collects and
transports the wastewater to a WWTP. Treated effluent from the
WWTP is discharged into the river. Additionally, during rain events,
any excess flow beyond the capacity of the sewer system and
storage tanks reaches the river system. The layouts for urban
catchment and sewer system are hypothetical and inspired by ATV
A 128 case study (ATV,1992) and Schütze (1998). TheWWTP layout
is similar to that used in BSM1-ASM2d (Flores-Alsina et al., 2012).
The river section is also hypothetical and assumed to be a shallow
river stretching across the urban catchment.

2.3.1. Catchment (CT)
The catchment layout consists of six sub-catchments (SC1…SC6)

connected to the WWTP through a sewer network. The catchment
has a total area of 540 hawith 80,000 population equivalents. Mean
dry weather wastewater generation is 19,000 m3/d (domestic
flow ¼ 12,000 m3/d, industrial flow ¼ 2,500 m3/d and
infiltration ¼ 4,500 m3/d). While SC2 has both an industrial and

domestic section, the remaining sub-catchments are assumed to
only generate domestic wastewater. An impervious area ratio of
75% is assumed for all sub-catchments. Table 1 contains the area,
population equivalents and dry weather flow information for all
sub-catchments.

2.3.2. Sewer network (SN)
Five of the six sub-catchments (SC1…SC4, SC6) are connected to

a combined sewer system whereas SC5 is connected to a separate
sewer network (see Fig. 1). Five storage tanks (ST1, ST2, ST4, ST5 and
ST6) with overflows (OVF1, OVF2, OVF4, OVF5 and OVF6) are available
in SC1, SC2, SC4, SC5 and SC6, respectively. The total available storage
volume is 22,100 m3 (approx. 40 m3/ha of catchment area). Indi-
vidual storage volume for each tank (connected to a sub-
catchment) is detailed in Table 1. The storage volumes for individ-
ual tanks vary from 15 m3/ha to 50 m3/ha of the connected up-
stream catchment area. This uneven distribution of storage
volumes can be exploited for implementing various control stra-
tegies. Four of the storage tanks (ST1, ST2, ST5 and ST6) are on-line
pass-through tanks while ST4 is an off-line bypass tank. Any
excess flow above Qthrottle,ST4 is diverted to ST4 while the rest is sent
to the downstream sewers. The storedwastewater in ST4 is pumped
(Qpump,ST4) back to the main sewer line after the rain event. The
throttle flow from ST1 is regulated by pumps (Qpump,ST1) while the
rest are regulated by throttle valves (ST2, ST5 and ST6).

2.3.3. Wastewater treatment plant (WWTP)
The WWTP is designed for an average influent flow rate of

20,500 m3/d. A rainwater storage tank (RST) (8,000 m3) at the
beginning of theWWTP, two bypass facilities (BP1, BP2) (before and
after the primary clarifier) and a primary clarifier (PC) (900 m3) are
added to the original configuration. BP1 has a threshold (Qmax,BP1) of
90,000 m3/d (any flow excess of the threshold is bypassed and
reaches the river system) while BP2 has a threshold (Qmax,BP2) of

Fig. 1. BSM-UWS layout indicating various sub-catchments (①, ②, ③, ④, ⑤, ⑥ represent SC1, SC2, SC3, SC4, SC5 and SC6, respectively), storage tanks (ST1, ST2, ST4, ST5 and ST6) and
control elements (throttle valves and pumps). The WWTP includes primary clarifier (PC), anaerobic (ANAER), anoxic (ANOX) and aerobic (AER) tanks followed by a secondary
clarifier (Sec.C). Sewer overflows (OVF1, OVF2, OVF4, OVF5 and OVF6) and WWTP effluent (WWTPeff) are discharged into the river system (RW1…RW30).
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70,000m3/d. The two bypass facilities are used so that a higher flow
rate can be sent to the PC resulting in partial treatment (removal of
particulates to some extent) and a lower bypass level can be used
before the biological reactors to avoid significant loss of biomass
and treatment capacity. It will also provide more control handles
for the layout. Other components of the WWTP include biological
reactors (two anaerobic tanks (ANAER1, ANAER2) (2 � 1,000 m3),
two anoxic tanks (ANOX1, ANOX2) (2� 1,500m3) and three aerobic
tanks (AER1, AER2, AER3) (3 � 3,000 m3) followed by a secondary
clarifier (Sec.C) (area ¼ 2,500 m2). The sludge line (Solon et al.,
2017) is not included in the current layout.

2.3.4. River water system (RW)
The river system stretches across the length of the catchment

and extends even after the WWTP. The river system in the urban
catchment is 30 km long with a bottom width of 7 m. The mean
annual base flow rate of the river during dry weather conditions is
72,500 m3/d (diltution ratio of 4 when compared to daily average
dry weather flow). The chosen dilution ratio is similar to that in
Schütze (1998) and higher than those used in Langeveld et al.
(2013) and Vanrolleghem et al. (2005a). Increasing the dilution
ratio further will lead to a less polluted river thereby reducing the
potential for any further improvements using control strategies.
Additional runoff from an upstream catchment (area ¼ 500 ha)
reaches the river during rain events. Reaeration coefficients ob-
tained are in the range of 7e12 d�1. These values are similar to
those reported in Borchardt and Reichert (2001) while some other
literature sources show higher values (Mannina and Viviani, 2010).
The difference in values can be due to the different kinds of rivers
and also due to the choice of modelling approach. The upstream
pollutant concentrations are assumed to be constant and identical
for both wet and dry weather conditions. 30 varying volume tanks
(RW1…RW30) are used to represent the river system, each tank
representing a 1 km stretch of the river. WWTP and various over-
flow locations in the urban catchment discharge into the river
system (OVF1-RW1, OVF2-RW4, OVF4-RW7 OVF5-RW8, OVF6-RW11
andWWTPeff-RW16). It is necessary to include the long river stretch
(14 km) after the WWTP so as to completely capture the effect of
organic matter discharge on the dissolved oxygen (DO) levels in the
river. Depending on the flow conditions and pollutant loads, the
lowest DO concentration can occur very far from the point of
discharge.

2.4. Simulation methodology

Model development and simulation is carried out in Matlab
(version 2014b). Firstly, a steady state simulation for 100 days of dry
weather conditions is performed to generate the initial states for
model blocks in WWTP and river system (RW). The steady state
values obtained are used as initial states for all further simulations.
For the catchment (CT) and sewer network (SN) sub-sections, initial

states are assumed. One year simulation is carried out for the open
loop as well as control case studies. A three-step simulation
approach similar to other BSM models is followed: i) all the model
parameters and input files are loaded using an initialization script;
ii) the model is then simulated using “ode45” (an explicit Runge-
Kutta solver); and iii) on completion of the simulation, an evalua-
tion script computes the performance criteria based on the dy-
namic outputs from various model blocks.

2.5. Control strategies

The control strategies used in the study are summarized in
Table 2. It is important to highlight that the aim here is not to find
the best control strategy (optimal) but to demonstrate the versa-
tility of the tool to evaluate various control strategies. Sensor and
actuator models from BSM2 are used (Jeppsson et al., 2007). These
models consider noise and time delays for sensor measurements
and actuator responses. No fault models for sensors and actuators
are included (Ros�en et al., 2008).

There is no active control strategy in the OL case. Pumping rates
(Qpump,ST1, Qpump,ST4) are only influenced by the storage tank level.
Maximum throttle flows (Qthrottle,ST4) and throttle valve positions
(indirectly influencing Qmax,ST2, Qmax,ST5, Qmax,ST6) are constant. In
the WWTP, the sludge recirculation rate (Qr), sludge wastage rate
(Qw) and internal recirculation rate (Qintr) are fixed. The aeration is
supplied at a constant rate (KLaAER1 ¼ 120 d�1, KLaAER2 ¼ 120 d�1,
KLaAER3 ¼ 60 d�1 to AER1, AER2 and AER3, respectively).

2.5.1. Control strategy 1 (CL1)
CL1 is a local control strategy at the WWTP aimed at main-

taining the required dissolved oxygen concentration in the aeration
tanks (AER). The dissolved oxygen level in AER2 (SO2,AER2)
(measured variable) is sent to a feedback controller (PI) (control
action) that determines the required oxygen transfer coefficient
(KLaAER2) (control variable) (KLa is used as a surrogate for air flow
rate) to maintain a predetermined dissolved oxygen level (set
point ¼ 2 g/m3) in AER2. For aeration tanks AER1 and AER3, the KLa
values are adjustedwith a correction factor (KLaAER3¼1.5� KLaAER2,
KLaAER3 ¼ 0.5 � KLaAER2 for AER1 and AER3, respectively). In this
way, a single control loop is used to provide precise control of ox-
ygen level in AER2 and also a less accurate control for the oxygen
levels in AER1 and AER3. Further information can be found in
Gernaey et al. (2014).

2.5.2. Control strategy 2 (CL2)
CL2 is a rule-based integrated control strategy that uses infor-

mation from the river system tomodify the operation of theWWTP
(Vanrolleghem et al., 2005a). The principle behind this control
strategy is to maximize the utilization of the biological treatment
capacity available in the WWTP. Control strategy CL2 includes CL1
as well. Ammonia measurements in river stretch 16 (at the point of

Table 1
System characteristics for the catchment, sewer network and storage tanks.

Sub-catchment (SC) Total area (ha) PE DWF (m3/d) Storage volume (m3)

DOM IND

1 99 15,920 2,390 5,000
2 21 3,920 590 2,500 1,000
3 29 2,960 440
4 71 9,600 1,440 4,400
5 71 7,840 1,180 3,600
6 249 39,760 5,960 8,100
Total 540 80,000 12,000 2,500 22,100

PE: Population equivalents; DOM: Domestic; IND: Industrial.
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WWTP effluent discharge) (SNH4,RW16) are used to manipulate the
bypass limits (Qmax,BP1 and Qmax,BP2) at the WWTP inlet. If the
ammonia concentration (SNH4,RW16) in the river stretch exceeds
0.4 g/m3, Qmax,BP1 and Qmax,BP2 are increased by 20% thereby
sending more wastewater to the biological treatment. Also, an
additional condition (effluent TSS (STSS,eff) < 60 g/m3) is used to
ensure that there is no significant loss of solids/nitrification ca-
pacity from the secondary settler/biological reactors due to
increased flow to the activated sludge section.

2.5.3. Control strategy 3 (CL3)
The last alternative also consists of a rule-based integrated

control strategy that modifies the behaviour of the storage tanks
(throttle valve opening (Qmax,ST2, Qthrottle,ST4, Qmax,ST6) and pumping
rate (Qpump,ST1)) in the sewer system based on the information from
the WWTP. The control strategy is inspired from Weyand (2002)
and Kroll et al. (2015). In scenario CL3, CL1 is also active. The con-
trol strategy aims to utilize the storage capacity available in the
sewer network to reduce hydraulic shocks to the WWTP. The flow
rate at the inlet to the WWTP (Qin,WWTP) (measured variable) is
used by the rule-based controllers at storage tanks ST1, ST2, ST4 and
ST6 to reduce the throttle flow to the downstream sewer network
when storage capacity is available. If the inflow (Qin,WWTP) to the
WWTP is higher than 80,000 m3/d and there is still capacity
available in the storage tank (hST < 4m): i) only one pump is used in
the pumping station at ST1 (i.e., the pumping capacity (Qpump,ST1) is
reduced to 63% of the maximum capacity); ii) at ST2 and ST6, the
valve openings (Qmax,ST2, Qmax,ST6) are reduced by 50% and 30%,
respectively; and iii) at ST4, the throttle flow (Qthrottle,ST4) is reduced
by 50%.

3. Results

3.1. Open loop dynamics

3.1.1. Catchment (CT)
The catchment model is capable of simulating the dynamic

profiles for wastewater generation during dry weather as well as
rain events (Fig. 2a, 2b & 2c). Flow rate and pollutant loads follow a
daily, weekly and yearly variation based on the profiles used in the
catchment model (Gernaey et al., 2011; Saagi et al., 2016). Fig. 2a
depicts the total wastewater generation from all the sub-
catchments (the data collected is the total sum of flow rates to
the sewer system from each sub-catchment) with peak flows dur-
ing rain events. Fig. 2b and c represent the variation in CODsol and
CODpart generation from the entire catchment. Fig. 3a highlights the
contribution of different sub-models to the wastewater flow rate
generation from the catchment. Rain events (e.g. days 78, 81, 84)

lead to a prolonged increase in the infiltration to sewers (INF) due
to an increase in groundwater levels during rains. Dry weather flow
(DRY) represents the contribution from domestic (DOM) and in-
dustrial (IND) sub-models with diurnal as well as weekly and yearly
changes. A substantially high wastewater contribution comes from
the stormwater (SW) model during rain events. The contributions
from DRY (DOM þ IND sub-models) and SW sub-models to the
CODpart generation are shown in Fig. 3b. While the dry weather
generation is based on the dynamic profiles and themean pollutant
loads, the SW sub-model (accumulation and washoff model for
CODpart) leads to an increased particulate load due to washoff of
particulate organic matter from the catchment surface during rain
events.

3.1.2. Sewer network (SN)
Fig. 2d shows the total overflow from all the locations in the

sewer network. Higher overflow volumes are observed during the
first part of the evaluation period (evaluation starts in the first week
of July) as there is heavy rainfall during summer and autumn. Fig. 3c
shows the attenuation and delay in flow rate due to the sewer
network (TRANSPORT & STORAGE sub-models). The STORAGE sub-
model describes various storage tank configurations and also sim-
ulates the overflow generation from the sewer network. The stor-
age volumes considered here are only for the storage tanks and do
not consider the storage capacity in the sewers. The extent of
overflows depends on the available volume in the storage tanks and
the operation of throttle valves and pumps. Fig. 3d shows the
functioning of pumps at different storage tanks. ST1 is an on-line
tank (where all wastewater passes through the tank) and hence
the pump is in operation during the entire period. ST4 is an off-line
tank where flow reaches the tank only when it crosses the
maximum permitted throttle flow to downstream
(Qthrottle,ST4 ¼ 83,000 m3/d in open loop). The stored water in ST4 is
emptied after the end of a rain event and hence the ST4 pump is
operational only during certain periods. Additionally, the FIRST
FLUSH model in the sewer system simulates the storage of partic-
ulate pollutants in the sewer during dry periods and subsequent
washoff of the stored particulates during rain events. A more
detailed analysis of the catchment and sewer network models is
presented in Saagi et al. (2016).

3.1.3. Wastewater treatment plant (WWTP)
The WWTP model has been well established and used in

numerous other studies (Jeppsson et al., 2007). An average sludge
retention time of 17 days ismaintained in the biological system. The
functioning of the WWTP is depicted through Fig. 2e and f. The
dissolved oxygen (DO) profile in AER3 indicates that the aeration
system is highly inefficient (insufficient during daytime and

Table 2
Details of various control strategies evaluated using the system-wide BSM model.

No. Sub
systems

Measured variable Control variable Manipulated variable Control strategy

CL1 WWTP SO2,AER2
(Oxygen conc. at aerobic
reactor 2)

SO2,AER1, SO2,AER2
and SO2,AER3
(Oxygen conc. at aerobic reactors 1, 2 and 3)

KLaAER1, KLaAER2 and KLaAER3
(Oxygen transfer coefficient at aerobic reactors 1, 2
and 3)

Feedback
control (PI)

CL2 WWTP-
River

SNH4,RW16

(Ammonia conc. at river
stretch 16)

Qmax,BP1 and Qmax,BP2

(Threshold for bypass flow before and after the
primary clarifier)

Qmax,BP1 and Qmax,BP2

(Threshold for bypass flow before and after the
primary clarifier)

Rule-based
control

CL3 Sewer-
WWTP

Qin,WWTP

(Flow rate at WWTP inlet)
Throttle flow from ST1, ST2, ST4 and ST6 to
downstream sewer

Qmax,ST2, Qthrottle,ST4, Qmax,ST6, Qpump,ST1

(Throttle valve opening for ST2, ST4, ST6
Pumping rate for ST1)

Rule-based
control

Open loop (OL).
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excessive at nights). The settler model has been able to describe TSS
washoff during rain events.

3.1.4. River water system (RW)
During dry weather, the river water quality is mainly affected by

the effluent discharge from the WWTP. There are no significant
variations in the river pollution from the upstream stretch until the
WWTP (Fig. 4a & 4b). For the river stretch upstream of the WWTP
effluent discharge point (RW1...RW16), a slight increase in DO con-
centration along the stretch is observed. This is due to river rea-
eration and lack of organic pollutants that demand oxygen for
degradation. Downstream of the WWTP discharge, a major drop in

river quality in terms of NH4
þ and DO is observed (see Fig. 2g and h).

The additional NH4
þ load from the WWTP effluent leads to an

increased NH4
þ concentration in the river. A drop in the DO con-

centration in the river is observed mainly due to the degradation of
organic matter (from the WWTP effluent) by (suspended) aerobic
heterotrophic bacteria in the river. The DO concentration has
dropped at some of the discharge locations (e.g. RW7) andmainly at
the WWTP discharge location (RW16) (Fig. 4a) due to an increase in
the organic load to the river. The DO concentration values even-
tually recover as the organic matter is degraded and river reaera-
tion leads to increase in the DO levels. Fig. 4b represents the NH4

þ

dynamics at different river stretches for a specific time period.

Fig. 2. Yearly dynamic profiles for the OL case, describing: a) total sum of all flow rates originating from each sub-catchment; b) CODsol pollutant load generated from the entire
catchment (grey-unfiltered; black-filtered); c) CODpart pollutant load generated from the entire catchment (grey-unfiltered; black-filtered); d) total overflow from the sewer system
to the river; e) DO concentration in the AER3; f) effluent TSS concentration from the secondary settler; g) NH4

þ concentration at river stretch 16 (after WWTP effluent discharge); and
h) DO concentration at river stretch 16. The profiles start in the first week of July (¼ day 0).
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During rain events, at some overflow locations (OVF5), there is a
dilution in NH4

þ concentration in the river (e.g. RW10) as the over-
flow NH4

þ concentration is less than that in the river. A big increase
in NH4

þ concentration is observed at theWWTP effluent (RW16) and
attenuates as we move further downstream. It can be concluded
that the WWTP is the major source of river pollution for this
catchment. Additionally, the sewer overflows aggravate the

problem that is caused by the WWTP.

3.2. Control strategies

3.2.1. CL1: DO control at WWTP
Simulation results show that the first control action is successful

in maintaining the desired DO set point in AER2 (Fig. 5a). The

Fig. 3. a) Contribution from the infiltration (INF), dry weather (domestic þ industrial) (DRY) and rainfall runoff from storm events (SW) to the catchment flow rate generation. b)
Generation of CODpart from different sub-models: DRY (DOM & IND sub-models) and SW (stormwater sub-model using the accumulation and washoff model). c) Comparison
between the inflow and outflow from the sewer system describing the effect of sewer network on flow rate. d) Pump outflow from different storage tanks e ST1 (on-line tank), ST4
(off-line tank). All results are for the OL case.

Fig. 4. a) DO and b) NH4
þ mesh plots depicting the concentration changes as functions of time and river stretches. WWTP discharges into the river at stretch 16 (RW16).
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control strategy (CL1) increases the efficiency of the aeration system,
leading to improved nitrification and thereby enhances effluent qual-
ity. The increase in nitrification capacity is visible in the peak
shavings in NH4

þ concentration due to the effect of CL1. This is
indicated by the NH4

þ profile at the WWTP effluent (Fig. 5b) and
also by a decrease in effluent quality index (EQI) (5%) in comparison
to OL (Table 3). For the river system, CL1 reduces the exceedance
duration for NH3 (Texc,NH3) by 256 h (66%) due to lower NH4

þ con-
centrations in the WWTP effluent. In contrast, it increases the ex-
ceedance duration for DO (Texc,DO) by 21 h (7%). This can be
attributed to the fact that aeration control leads to a marginally
higher mixed liquor suspended solids (MLSS) concentration (mean
MLSS values in reactor 7 are 3675 g/m3 and 3710 g/m3 for OL and
CL1, respectively) in the biological treatment system (higher
biomass growth due to improved oxygen supply). Although, the
increase is not significant, this causes a higher TSS washoff from the
settler during rain events, which is increasing the severity of the DO
concentration drop in the river (see results in Table 3).

3.2.2. CL2: integrated control of bypass to WWTP based on river
ammonia concentration þ CL1

Fig. 6a shows that CL2 reduces the bypass volume and sends
more wastewater to the biological treatment line in comparison to
OL and CL1 during a rain event. Compared to OL and CL1, a drop of
45% is observed in the volume of wastewater bypassed from the
WWTP. The control strategy has also led to a decrease in EQI by 3%
and 1% in comparison to OL and CL1, respectively (Table 3). The
changes in river quality are considerable when compared to OL
(62% (256 h) decrease in Texc,NH3 and 6% (21 h) decrease in Texc,DO).
The same can be noticed in Fig. 6b indicating a drop in NH4

þ con-
centration at river stretch 16 after theWWTP discharge point when
compared to OL. However, when compared to CL1, Texc,NH3
increased by 10% (13 h) and Texc,DO decreased by 12% (38 h). The
increase in Texc,NH3 is due to higher NH4

þ loads fromWWTP effluent
although EQI is lower. The drop in Texc,DO is due to the reduction in
bypass volume which has higher organic load than the treated
effluent. To summarize, it can be said that CL2 does not improve
both Texc,DO and Texc,NH3 simultaneously when compared to CL1. CL2
can be chosen over CL1, when improving oxygen concentration in the
river is prioritized over lowering ammonia concentrations.

3.2.3. CL3: integrated control of sewer system based on inlet flow to
wastewater treatment plant þ CL1

Fig. 7a shows that ST6 is utilized to store more water in CL3 than
in OL during a rain event. Fig. 7b shows a similar phenomenon for
ST4 throttle flow. With CL3, the maximum permissible flow
(Qthrottle,ST4 e constant value in OL) is reduced under certain con-
ditions as defined in the rule-based control strategy thereby
sending less flow to the WWTP and instead directing the waste-
water to ST4. The overflow volume (Vovf) and OQI increased only
marginally (1%) in CL3 in comparison to OL (see Table 3). The
additional overflows occur as the control strategy tries to maximize
the utilization of storage volume in order to reduce peak flows to
the WWTP. The effect of the control strategy on the inflow to the
WWTP can be observed in Fig. 7c. CL3 reduces the peak inflow to
the WWTP as the storage tanks are able to absorb some of the peak
flows. For the WWTP, the drop in peak flow reduces the bypass
volume by 30% in comparison to CL1 and OL. While the control
strategy led to a drop in the inflow volume to the WWTP, it has
increased the IQI (2% higher than OL). The increase is mainly due to
better utilization of the storage tanks where highly polluted
wastewater is being sent to the WWTP instead of reaching the
overflows. This has also led to a marginal increase in EQI in com-
parison to CL1 although it is 4% lower than OL. Fig. 7d shows that
the DO concentration in the river is higher in CL3 than in OL. This is
due to reduced organic load to the river system. This has led to a
significant reduction in Texc,DO (11% lower than OL and 17% lower
than CL1). Although Texc,NH3 is 51% lower than OL, it is 41% higher
than CL1. The reason is the higher NH4

þ loads (compared to CL1)
discharged into the rivers during rain events. In conclusion, for a
system with emphasis on reducing Texc,DO, CL3 can be chosen over
the other controls but it should be remembered that this will lead
to higher Texc,NH3 in comparison to other control choices. Addi-
tionally, it should be noted that CL3 does not have any significant effect
on the performance of the sewer system (where the control is opera-
tional) but provides major changes to the river water quality. This
indicates that the interactions between the sub-systems are
important as well as complex in many cases and also puts a strong
emphasis on the need for integrated modelling and control.

Fig. 5. Effect of CL1 (red) on: (a) DO concentration in AER2; and (b) effluent NH4
þ from

the secondary settler. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Performance of various sub-systems (sewer, WWTP, river) applying different control
strategies (CL1, CL2, CL3) compared to the OL case.

OL CL1 CL2 CL3

Sewer

Vovf(m3) 203,393 203,393 203,393 207,733
OQI (kg poll units/day) 342,262 342,262 342,262 348,373

WWTP

IQI (kg poll units/day) 92,714 92,714 92,714 94,377
EQI (kg poll units/day) 6,778 6,466 6,409 6,505

River

Texc,NH3 (h) 389 133 148 187
Texc,DO (h) 308 329 291 274
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4. Discussions

4.1. BSM-UWS for benchmarking control strategies

Similar to other BSMmodels (BSM1, BSM2), BSM-UWS has been
primarily designed as a platform to perform objective evaluation of
control strategies on an UWS scale. Both local and global control
strategies at different sections of the UWS can be easily imple-
mented, simulated and evaluated with the proposed set of criteria
as demonstrated in this paper. One of the major challenges during
the model development is the defining of the catchment layout. It
has been understood that the complexity and variety in the design
of sewer systems, WWTP and variations in river structures cannot
be captured in one benchmark model. In fact, it is impossible to
have a single benchmark layout that is representative of the vast

number of possible UWS. Hence, it has been agreed to use a realistic
layout of the CT, SN, WWTP and RW. This is only one of the many
catchment layouts that exist in Europe and elsewhere. Hence, the
control strategies that are evaluated cannot be directly applied to
other catchments. However, given that a pre-defined layout already
exists, future users can directly develop various control strategies
without having to start from the model development from scratch.
All the control strategies evaluated using the layout can serve as a
repository that can be explored for ideas when implementing site-
specific alternatives. That is what the authors see as one of themain
valuable contributions of having such a simulation tool available.

4.2. BSM-UWS as a platform for other integrated modelling studies

Like other models from the BSM family, the BSM-UWS can be

Fig. 6. Comparison between OL (black) and CL2 (red) for: (a) bypass from the WWTP; and (b) river stretch 16 NH4
þ concentrations. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Variation in: (a) ST6 level; (b) maximum permissible throttle flow (Qmax,ST4) from ST4 to downstream sewer; (c) inflow to WWTP; and (d) DO concentration at river stretch 30
for OL (black) and CL3 (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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used for different purposes apart from the purpose of control
strategy development and evaluation. As a platform with pre-
defined UWS layout, i) it can be used to evaluate future scenarios
arising due to changes in the rainfall pattern, catchment layout and
characteristics etc. The impact of such changes on the sub-system
performance (sewer overflows and WWTP effluent quality) and
also on the river water quality can be studied (Astaraie-Imani et al.,
2012); ii) it can be linked with an optimization/control design
routine to determine best possible control/design parameters for
the given layout (Fu et al., 2008; Muschalla, 2008; Mauricio-Iglesias
et al., 2015; Mollerup et al., 2015, 2016; Vezzaro and Grum, 2014);
iii) various existing effluent permit standards (FWR, 2012) as well
as novel permitting approaches (e.g. Meng et al., 2016) can be easily
integrated and evaluated for compliance; and finally, iv) it can
provide a layout to include new model features (e.g. sewer bio-
logical modelling (Huisman, 2001), micropollutants transport and
treatment (Vezzaro et al., 2014; Snip et al., 2014), river sediment
model (Reichert et al., 2001)) and evaluate the effects of such
improvements.

4.3. Developing site-specific case studies using the BSM-UWS model
library

As a model library, the individual model blocks can be used to
develop site-specific UWS models (and also for the individual sub-
systems). The Matlab/Simulink toolbox is used as the graphical
interface for the model development. The first step in developing
an UWS model is to assemble various model blocks (sub-catch-
ments, sewer network, storage tanks, aeration tanks, clarifiers, river
stretches etc.) to build the specific UWS model. Various physical
characteristics for each sub-catchment (area, runoff coefficient,
EMC, dry weather pollution loads etc.), sewer system (residence
time, storage tank volumes, throttle flows from storage tank, pump
capacities etc.), WWTP design values (reactor volumes, wastage
rate, recycle rate, oxygen supply etc.) and river characteristics (base
flow, length, slope, reaeration rate etc.) can be easily defined/
modified using initialization scripts before the beginning of the
simulation. Initialization of the WWTP and river biochemical pro-
cesses can be made by running a dry weather simulation for a long
time period (e.g. 100 days). Rainfall time series and solar irradiance
data for the river system are given as inputs to themodel. Currently,
the model considers homogeneous rainfall across all the sub-
catchments although it is possible to include rainfall heterogene-
ity by supplying different input rainfall time series to the different
sub-catchments. The model is then ready to be run for the intended
simulation period. A performance script can be used to calculate the
evaluation criteria for all the sub-systems. Additionally, dynamic
time series data for all the state variables (e.g. flow rates, pollution
loads at each sub-catchment, storage tank overflows, biological
reactor effluent composition, river outputs) is also available in the
model workspace. Once the model is developed following the
above described steps, any of the above-mentioned applications for
the BSM layout can also be performed for the specific real UWS.

4.3.1. Choice of control strategies
The control strategies described in this paper are based on

commonly applied control actions on the UWS. DO control is the
most commonly applied control strategy in WWTPs and hence
included in the paper (Åmand et al., 2013; Olsson, 2012). Although
various integrated control strategies exist, the ones selected here
are inspired from the existing literature (e.g. Vanrolleghem et al.,
2005a; Weyand, 2002; Kroll et al., 2015). Only a limited set of
control handles are utilized in the case studies and other potentially
effective control options (e.g. control of RWT before WWTP, river
reaeration) can be explored by future users. When analysing the

control strategies, the set points and control thresholds are ob-
tained using a trial and error method, and hence there exists
further scope for optimization of the set points and threshold
limits. The choice of these strategies is mainly to demonstrate that
the tool can be used to evaluate control strategies of varying
complexities across different sub-systems. Hence, the authors
choose to present three control strategies that are implemented in:
i) WWTP (CL1); ii) Sewer network-River (CL2); and iii) Sewer
network-WWTP (CL3). The results of these selected strategies
illustrate that the final decision of choosing the best control is not
straightforward for the demonstrated control options on the BSM-
UWS layout due to the systems complexity. It has not been possible
to improve both the river water quality criteria (Texc,DO and Texc,NH3)
simultaneously and hence the choice of control strategy depends
on prioritizing one criterion over the other. In case Texc,NH3 is crit-
ical, CL1 is the best control strategy. CL3 can be chosen if reducing
Texc,DO is the most important objective. CL2 can be considered as a
good balance between CL1 and CL3 as it improves Texc,DO without
causing major decrease in Texc,NH3. The study also highlights the
multi-criteria approach that is typically needed when selecting
optimal control strategies for a given system (Flores-Alsina et al.,
2008). Finally, the comparison between CL2 and CL3 clearly dem-
onstrates that a complex control strategy (in this case CL3) does not
necessarily lead to superior system performance.

4.3.2. Assumptions & limitations
There are several model limitations that should be noted before

applying the model blocks to other catchments. Hydrological pro-
cesses in urban catchments like rainfall-runoff are currently
described in a simplistic manner. Various phenomena like evapo-
transpiration, depression losses etc. are not considered (Butler
and Davies, 2011). Also, only infiltration to sewers is included and
no exfiltration is considered (Rutsch et al., 2008). The catchment
model does not have the ability to simulate the effect of various
low-impact developments/best management practices (Freni et al.,
2010a). The sewer model does not include backwater effects (Wolfs
et al., 2013) and other detailed hydraulics (e.g. in-line storage in the
sewers, water levels etc.). Hence, it cannot be used to describe
complex flow phenomena and urban flooding. Due to the concep-
tual approach used for modelling the sewer system, a direct cali-
bration of the sewer parameters based on physical characteristics of
the sewer system (e.g. Solvi, 2007; van Daal-Rombouts et al., 2016)
is not possible. The description of particulate accumulation and
washoff in catchments and sewers is not yet fully understood and
hence, the model used may not be perfectly suitable for all catch-
ments. Also, biological conversions in the sewer are not included
(Huisman, 2001). In the WWTP, no sludge line is included yet (but
will soon be) and hence the effect of ammonia and phosphorus
recycle from the reject water line is not considered. Including the
sludge line substantially increases model complexity, in particular
when describing phosphorus and its close interlink with the
sulphur and iron cycles (Flores-Alsina et al., 2016; Kazadi Mbamba
et al., 2016; Solon et al., 2017). The sediment oxygen consumption is
not included in the river model (e.g. Reichert et al., 2001). Due to
lack of a sediment layer, the current model is only applicable to
shallow waters showing no significant effects of a sediment layer
on the chemical quality of the river. Also, any limitations present in
the underlying biochemical models (ASM2d, RWQM1) need to be
considered. In terms of the evaluation criteria, the operational costs
in the sewer system are currently not accounted for (only WWTP
operational costs are evaluated) but can easily be updated if in-
formation from the pumpmanufacturer data sheet is available. The
evaluation criteria also do not include other novel criteria like
greenhouse gas emissions fromWWTPs and sewers. Changes to the
ASM models in the WWTP and inclusion of biological
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transformations in the sewer are essential to evaluate GHG emis-
sions. Although the list seems exhaustive as all the model limita-
tions are clearly elaborated, many of these limitations are either
currently being addressed or will be addressed in the future.

5. Conclusions

The major contributions of the study are:

� A model library for integrated modelling of UWS (BSM-UWS)
which includes a pre-defined urban catchment layout (and the
underlying models) and objective performance evaluation
criteria is developed.

� The BSM-UWS is capable of simulating: i) dynamics of waste-
water generation from catchments during dry as well as rain
events (CT); ii) transport of wastewater to the WWTP and
discharge of excess stormwater to the river during rain events
(SN); iii) physical, chemical and biological aspects of treating the
transported wastewater (WWTP); and finally iv) the effect of
overflow discharges and WWTP effluent on biological and
chemical constituents of the river (RW).

� Using the BSM-UWS platform, several control strategies (local/
global) are implemented and their performance analysed using
the evaluation criteria defined for sewer, WWTP and river
systems.

� The control strategies highlight the complex relationships be-
tween the different sub-systems and hence strongly support the
need for integrated modelling and control of UWS.

� The described toolbox can be used to develop integrated models
for various urban catchments. The integrated model with the
pre-defined layout can be used for evaluating local/global con-
trol strategies in a holistic manner.

With the freely distributed ready-to-use integrated UWSmodel,
it is expected that the BSM-UWS will play a key role in dissemi-
nating the benefits of integrated control and analysis of the UWS to
a larger audience.
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Table 1.1: Sewer evaluation criteria at the individual overflow locations in the open loop (OL) case 

OL ST1 ST2 ST4 ST5 ST6 Total 

Novf  (events/year) 6 2 5 109 13 109 

Tovf  (h) 5 1 10 2,928 15 2,928 

Vovf  (m3) 2,581 111 7,381 163,044 30,277 203,393 

OQI (kg poll units/day) 2,604 165 5,045 304,008 30,440 342,262 

 
Table 1.2: Sewer evaluation criteria at the individual overflow locations for CL1 

CL1 ST1 ST2 ST4 ST5 ST6 Total 

Novf  (events/year) 6 2 5 109 13 109 

Tovf  (h) 5 1 10 2,928 15 2,928 

Vovf  (m3) 2,581 111 7,381 163,044 30,277 203,393 

OQI (kg poll. units/day) 2,604 165 5,045 304,008 30,440 342,262 

 
Table 1.3: Sewer evaluation criteria at the individual overflow locations for CL2 

CL2 ST1 ST2 ST4 ST5 ST6 Total 

Novf  (events/year) 6 2 5 109 13 109 

Tovf  (h) 5 1 10 2,928 15 2,928 

Vovf  (m3) 2,581 111 7,381 163,044 30,277 203,393 

OQI (kg poll. units/day) 2,604 165 5,045 304,008 30,440 342,262 

 
Table 1.4: Sewer evaluation criteria at the individual overflow locations for CL3 

CL3 ST1 ST2 ST4 ST5 ST6 Total 

Novf  (events/year) 6 4 9 109 13 109 

Tovf (h) 5 3 14 2,928 16 2,928 

Vovf (m3) 2,955 678 12,422 163,044 28,634 207,733 

OQI (kg poll. units/day) 3,097 1,133 9,809 304,008 30,327 348,373 

 
Table 1.5: WWTP evaluation criteria for the different case studies 

 
OL CL1 CL2 CL3 

IQI (kg poll. units/day) 92,714 92,714 92,714 94,377 

EQI (kg poll. units/day) 6,777 6,466 6,409 6,505 

        EQI_bio  
        (biological treatment) 

6,181 5,870 6,129 6,145 

       EQI_bp (bypass) 596 596 280 360 

 
Table 1.6: River evaluation criteria for the different case studies 

  OL CL1 CL2 CL3 

Cmax,NH3 (g/m3) 0.04 0.03 0.03 0.03 

Cmin,DO (g/m3) 2.2 2.1 1.9 1.8 

Texc,NH3 (h) 389 133 148 187 

Texc,DO (h) 308 329 291 274 
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1. INTRODUCTION 

Integrated modelling of urban wastewater systems (UWS) is increasingly being recognized as a valuable tool 

to understand and thereby improve the performance of urban wastewater infrastructure (Bach et al., 2014; 

Benedetti et al., 2013). Many authors (e.g. Harremoës et al., 1993; House et al., 1993; Beck, 1976) identified 

the interactions between different sub-systems (catchment, sewer network, wastewater treatment plant 

(WWTP) and receiving waters) in an UWS and stressed for the development of holistic approaches to 

improve the quality of receiving waters, instead of focusing on sewer system or WWTP performance 

individually. Various case studies demonstrating the potential of integrated modelling to optimize the 

performance of UWS are available in research literature (Weijers et al., 2012; Nielsen & Nielsen, 2005; 

Sharma et al., 2013; Seggelke et al., 2013; Kroll et al., 2016). Also, several theoretical studies highlight the 

great potential of integrated modelling tools to effectively improve river water quality by analysing the entire 

UWS as a single unit (Fu & Butler, 2012; Muschalla, 2008; Rauch & Harremoës, 1999; Vanrolleghem et al., 

2005).  

In order to provide a common platform for several researchers interested in developing control strategies and 

evaluating system modifications on an UWS scale, a benchmark simulation model (BSM-UWS) consisting 

of a model library for all the sub-systems (catchment, sewer system, WWTP and river water system) and a 

pre-defined UWS layout is developed (Saagi et al., 2016) . As such models are highly complex with a lot of 

interactions, it is difficult to determine the most influential control handles and design parameters that will 

lead to improvements in the river water quality. Hence, a global sensitivity analysis (GSA) is provided to 

identify the effects of various input factors (e.g. storage tank volumes, pumping rates) on the outputs (e.g. 

WWTP effluent quality, river water quality). The most common approaches for enhancing the performance 

of an UWS are: i) implementing control/operational strategies using the available capacity; and/or ii) 

upgrading the design capacity of the existing infrastructure. Therefore, the study focuses on identifying 

influential: i) operational/control handles; and ii) design parameters influencing river water quality as well as 

the sewer system and WWTP performance. 

Additionally, a survey of the existing literature on GSA for integrated models (focusing on control handles 

and design parameters) highlighted that such an analysis is rarely performed. Fu et al. (2009) and Astaraie-

Imani et al. (2012) employed GSA on a semi-hypothetical case study in the UK to determine the effects of 

urbanization, climate change and operational parameters on river water quality. Only a limited set of control 

handles are evaluated in these studies and a short term rainfall time series (six days) is used for the 

simulations. Langeveld et al. (2013) employed a more thorough GSA to determine different control handles 

that have influence on river ammonia and DO concentrations. Three different rain events (with different 

return periods) are used to study the response of the modelled river system with an 11 day evaluation period 

for each scenario. It can be noticed from the above examples that short term rainfall data is used as an 

alternative to long term simulations, mainly to reduce computational costs. However, such short term 

evaluation periods may lead to underestimating the importance of processes that have long time constants 
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(e.g. biological processes in WWTPs). Hence, an additional objective of this study is to assess the influence 

of evaluation period (short term vs long term) and rainfall intensity on the results of the GSA.  

The paper presents an overview of the BSM-UWS layout and the evaluation criteria used for the analysis. 

Morris screening is used as the GSA method of choice owing to its low computational foot print. Various 

control handles/design parameters in the sewer system and WWTP and their uncertainty ranges are described. 

GSA is performed separately to determine the influential control handles and design parameters using a long 

term rainfall evaluation period (100 days). Additionally, a comparison is made between the GSA results for 

control handles using i) three different short term rainfall time series (5 days) with varying intensities; and ii) 

the long term evaluation (100 days). The results from this study can provide valuable information to future 

BSM-UWS users interested in developing integrated control strategies and system modifications. The 

knowledge obtained can further strengthen our understanding of the interactions between the different sub-

systems and the need for holistic evaluation using river water quality criteria instead of focusing on 

optimizing the sub-systems. Additionally, implications of the choice of evaluation period on the sensitivity 

analysis results can be understood. 

2. METHODS 

2.1. Urban wastewater system layout 

The BSM-UWS layout consists of: i) an urban catchment (with different sub-catchments) that generate 

sewage as well as stormwater; ii) a sewer system transporting the generated wastewater from all the sub-

catchments to the treatment facility; iii) a WWTP where different physical and biological unit operations are 

used to remove the pollutants from wastewater; and finally iv) a river system into which sewer overflows and 

treated effluent from the WWTP are discharged. 

Table 1: Catchment characteristics and sewer storage volumes for the BSM-UWS layout. 

Sub-catchment Area (ha) PE DWF (m3.d-1) Storage (m3) 

   DOM IND  

1 99 15 920 2 390  5 000 

2 21 3 920 590 2 500 1 000 

3 29 2 960 440   

4 71 9 600 1 440  4 400 

5 71 7 840 1 180  3 600 

6 249 39 760 5 960  8 100 

Total 540 80 000 12 000 2 500 22 100 

DWF: Dry weather flow; DOM: Domestic; IND: Industrial 

The hypothetical urban catchment (adapted from ATV, 1992; Schütze et al., 2011) consists of six sub-

catchments (SC1…SC6) with a total area of 540 hectares and 80 000 population equivalents. The 

characteristics of the individual sub-catchments are described in Table 1. During dry weather, the daily 

average wastewater generation is 19 000 m3.d-1 with the contribution from domestic and industrial sources 
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being 12 000 m3.d-1 and 2 500 m3.d-1, respectively. Daily average infiltration to sewers is assumed to be 4 

500 m3.d-1. While all sub-catchments generate domestic wastewater, SC2 has an industrial source as well. 

The sewer network consists of a combination of combined as well as separate sewer systems. Five sub-

catchments (SC1, SC2, SC3, SC4 and SC6) are connected to a combined sewer system, whereas SC5 is 

connected to a separate sewer network. Five storage tanks are located in different sub-catchments (SC1, SC2, 

SC4, SC5 and SC6). Total storage volume available is 22 100 m3 (approx. 40 m3.ha-1 of catchment area). 

Online pass-through tanks are used at four locations (ST1, ST2, ST5 and ST6) whereas ST4 is an offline 

bypass tank. The outflow from online tanks is regulated by throttle valves/pumps and that from AN offline 

tank is regulated by a pump with fixed pumping capacity. Sewer overflows from all the storage tanks are 

discharged into the river. Individual storage volume for each tank is mentioned in Table 1. 

The WWTP consists of an extended BSM1-ASM2d plant layout (Flores-Alsina et al., 2012). The biological 

section includes: i) two anaerobic tanks (ANAER1, ANAER2) (2 x 1 000 m3) for biological phosphorus 

removal; ii) two anoxic tanks (ANOX1, ANOX2) (2 x 1 500 m3) that form the denitrification zone; and iii) 

three aerobic tanks (AER1, AER2, AER3) (3 x 3 000 m3) for nitrification and organic matter removal. A 

primary clarifier (PC) (900 m3) and a secondary clarifier (Sec.C) (area = 2 500 m2) are used for separation of 

sludge and particulates before and after the biological reactors, respectively. A rainwater storage tank (RST) 

(8 000 m3) before the primary clarifier helps balance peak loads and store excess rain water. In order to 

protect the WWTP from peak wet weather flows, two bypass facilities (BP1, BP2) (before and after the 

primary clarifier) are included. BP1 has a threshold of 90 000 m3.d-1 (any flow in excess of the threshold is 

bypassed) and BP2 has a threshold of 70 000 m3.d-1. 

A 30 km long shallow river runs across the urban catchment and receives sewer overflows (OVF1-RW1, 

OVF2-RW4, OVF4-RW7, OVF5-RW8, OVF6-RW11) and WWTP effluent (WWTPeff-RW16). The river has a 

mean annual base flow rate of 72 500 m3.d-1. Additional runoff from an upstream catchment (area = 500 ha) 

reaches the river during rain events. The river has a uniform bottom width of 7 m and is assumed to be 

trapezoidal in shape.  

2.2. Evaluation criteria 

Several evaluation criteria exist for different sub-systems of the UWS. In this case study, a selective list of 

two criteria each for sewer and WWTP performance and four criteria for river water quality are used. 

 Sewer system 

i. Total overflow volume (Vovf, m
3): This is the total overflow volume from all the overflows in 

the catchment. 

ii. Overflow quality index (OQI, kg poll. units.d-1): This is an aggregated pollution index that 

considers the total pollution load for five different pollutants (COD, BOD, NH4, NO3, PO4). 
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OQI is the weighted sum of the individual pollution loads. The weight for each pollutant is 

the same as that used in the BSM WWTP criteria described below. 

 WWTP 

iii. Influent quality index (IQI, kg poll. units.d-1): This is the weighted sum of all the major 

pollutants at the inlet of the WWTP. This represents the daily influent pollutant load to the 

WWTP. 

iv. Effluent quality index (EQI, kg poll units.d-1): It is calculated in the same manner as OQI 

and IQI. The EQI considers the pollutant load both from bypass and the effluent from the 

secondary clarifier. 

 River  

v. Exceedance duration for NH3 (Texc,NH3, hrs): This is the duration for which the un-ionized 

ammonia (NH3) concentration is above a particular threshold value (= 0.018 g N.m-3). 

vi. Exceedance duration for DO (Texc,DO, hrs): This is the duration for which the dissolved 

oxygen (DO) concentration is below a particular threshold value. (= 6 g.m-3). 

vii. Maximum concentration for NH3 (Cmax,NH3, g N.m-3): This is the maximum concentration of 

NH3 at any river stretch continuously for at least 1 hour. 

viii. Minimum concentration for DO (Cmin,DO, g.m-3): This is the minimum concentration of DO 

at any river stretch continuously for at least 1 hour. 

2.3. Global sensitivity analysis  

Morris screening 

Morris screening is a computationally efficient tool to perform GSA studies, especially for large input factor 

sets. It offers the advantage of a global analysis at a cost similar to local one-at-at-time sensitivity analysis. 

The method uses the concept of “elementary effects” to analyse the impact of various input factors on the 

outputs. Consider k input factors (X1….Xk) leading to an output Y. The elementary effect for input factor Xi at 

a point Xi0 in the input space is given by: 

୧ܧܧ 	ൌ
ሾܻሺ ଵܺ, ܺଶ, ୧ܺିଵ	, ୧ܺ  ∆ሻ െ ܻሺ ଵܺ …ܺ୩ሻሿ

∆
 

where Δ is the change in Xi between two different model runs. The input factor space for each input Xi is 

varied across p levels. Assuming that p is even, a value of ∆ൌ 2ሺ/ െ 1ሻguarantees uniform sampling 

across the input space. After r such repetitions, a distribution of elementary effects (EEi) for the input factor 

Xi is obtained by randomly sampling the input space for Xi. The mean (µ) and standard deviation (σ) of this 

distribution are the sensitivity measures for the given input Xi towards the output Y. A higher mean indicates 

that the parameter is important and a higher standard deviation shows that there are interactions and non-

linearities affecting the input factor. In general µ and σ are plotted against each other. A wedge is plotted on 

the graph for	ߤ ൌ 	േ2	ݎ√/ߪ. Any factor outside the wedge is considered to be influential. The factors inside 
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are considered non-influential. A modification of the measure is to use µ*, which is the mean of the 

distribution of absolute values for elementary effects. The advantages of using µ* are: i) parameters can now 

be ranked; ii) it will avoid type II errors which can be caused by two elementary effects of opposite signs 

cancelling each other and resulting in a small mean value. In general, a combination of µ vs σ and µ* values 

can provide insights into the ranking of the factors and also any non-linearites and interactions in the factors.  

Input factors and uncertainty framing 

Morris screening is performed for two different sets of input factors, namely: 

i. Control handles; 

ii. Design parameters. 

The list of input factors for both sets is presented in Table 2. It is assumed that the control handles have a 

high uncertainty (25 %) as it should be possible to operate them with a wide range of variation. Although 

even higher uncertainty range was used for control handles in the earlier studies (Astaraie-Imani et al., 2012; 

Langeveld et al., 2013), the variation is limited to 25 % to ensure that extreme and improbable values for the 

control handles are not considered. The uncertainty in design values is limited to 10 %. Similar range for 

design parameters is used in Sin et al. (2009). With 15 input factors (k) and 50 repetitions (r), a total of 800 

simulations (r× (k+1)) are performed for each set of input factors. Finally, only input factors with the µ* 

values higher than 0.1 are considered for evaluation of results. 

Table 2: List of input factors for the two (control handles and design parameters) GSA studies. 

CONTROL HANDLES (25 % variation) DESIGN PARAMETERS (10 % variation) 

Section  Input factor Description Section Input factor Description 

Sewer  Qpump,ST1 Max. pump capacity for ST1 (m
3.d-1) Sewer  VST1 ST1 volume (m3) 

 Qmax,ST2 Max. throttle flow rate for ST2 (m
3.d-1)  VST2 ST2 volume (m3) 

 Qpump,ST4 Max. pump capacity for ST4 (m
3.d-1)  VST4 ST4 volume (m3) 

 Qthrottle,ST4 Max. throttle flow rate for ST4 (m
3.d-1)  VST5 ST5 volume (m3) 

 Qmax,ST5 Max. throttle flow rate for ST5 (m
3.d-1)  VST6 ST6 volume (m3) 

 Qmax,ST6 Max. throttle flow rate for ST6 (m
3.d-1) WWTP VRST  Rain storage tank volume (m3) 

WWTP Qmax,RST Max. throttle flow rate for RST (m3.d-1)  VPC Primary clarifier volume (m3) 

 QBP1 Max. flow rate after BP1 (m
3.d-1)  ASC Secondary settler area (m2) 

 QBP2 Max. flow rate after BP2 (m
3.d-1)  VANAER1 Anaerobic reactor 1 volume (m3) 

 Qr Sludge recycle rate (m3.d-1)  VANAER2 Anaerobic reactor 2 volume (m3) 

 Qw Sludge wastage rate (m3.d-1)  VANOX1 Anoxic reactor 1 volume (m3) 

 Qintr Internal recirculation rate (m3.d-1)  VANOX2 Anoxic reactor 2 volume (m3) 

 KLa1 Oxygen transfer coefficient for AER1 (d
-1)  VAER1 Aerobic reactor 1 volume (m3) 

 KLa2 Oxygen transfer coefficient for AER2 (d
-1)  VAER2 Aerobic reactor 2 volume (m3) 

 KLa3 Oxygen transfer coefficient for AER3 (d
-1)  VAER3 Aerobic reactor 3 volume (m3) 
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Additionally, in order to compare the impact of evaluation period on the sensitivity analysis results, three 

different rainfall time series (5 days evaluation period) are chosen that consist of a single rain event each (4 

hour duration) with varying return periods (0.5 year, 2 years and 5 years) based on historic data from 

Copenhagen, Denmark (Figure 1a, 1b & 1c). GSA is performed for identifying the most influential control 

handles under each rainfall time series and the results are compared with the long term evaluation.  

 

Figure 1: Rainfall data for the three different return periods (0.5 year (a), 2 years (b) and 5 years (c)). 

3. RESULTS 

3.1. Control handles 

The influential control handles for both overflow volume (Vovf) and overflow quality index (OQI) are Qmax,ST6 

and Qthrottle,ST4. Also, the µ* values are similar for both cases (Figure 2) indicating a correlation between Vovf 

and OQI. Hence, it can be said that, for the chosen uncertainty range, the control handles available for 

manipulating sewer performance are limited (Figure 2a & 2b).  

 

Figure 2: Influential control handles for sewer and WWTP performance criteria – Vovf (a), OQI (b), EQI (c) and OCI (d). 

The WWTP criteria EQI and OCI are affected by different input factors (Figure 2c & 2d). While EQI is 

influenced by a wide number of WWTP control handles (Qw, QBP2, Qmax,RST, QBP1, KLa1 and Qr) and sewer 

control handles (Qmax,ST6 and Qthrottle,ST4), OCI is understandably mainly influenced by pumping (Qw and Qr) 

and oxygen supply (KLa1 and KLa2) in the WWTP. Also, the sewer control handle Qthrottle,ST4 influences OCI 

although no direct cost is calculated related to it. It is interesting to note that the influence of Qthrottle,ST4 is 

higher than that of aeration cost for the individual reactors (KLa1 and KLa2). 
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In terms of river water quality, Cmax,NH3 and Texc,NH3 have similar influential control handles but differ in their 

rankings (Figure 3a & 3b). These two criteria are strongly influenced by WWTP control handles with 

Qthrottle,ST4 being the only important sewer control handle. Control handles in the sewer system and WWTP 

impact river DO criteria (Cmin,DO and Texc,DO). Sewer control handles – Qmax,ST6 and Qthrottle,ST4 and WWTP 

control handles – Qw, QBP1, QBP2 and KLa1 impact both the criteria. Qpump,ST1 and Qmax,ST2 influence only 

Cmin,DO while Qmax,RST and KLa1 impact Texc,DO. (Figure 3c & 3d) Hence, while the river ammonia quality is 

mainly affected by WWTP control handles, the DO quality criteria are influenced both by the sewer system 

and WWTP controls. As the wet weather ammonia load from the catchment is limited (only constant EMC 

values are used), the major ammonia discharge to the river happens at the WWTP while the overflows as 

well as WWTP effluent (and bypass) contribute to the organic loads reaching the river and hence the 

difference in influencing control handles for the two criteria.  

 

Figure 3: Important control handles for river water quality in terms of NH3 (Cmax,NH3 (a) and Texc,NH3 (b)) 
and DO (Cmin,DO (c) and Texc,DO (d)). 

3.2. Design parameters 

The overflow volume (Vovf) and pollutant quality (OQI) are influenced by the three large storage tank 

volumes (VST6, VST4 and VST1) (Figure 4a & 4b). Although ST5 is similar in volume to ST4, it does not 

influence Vovf and OQI as it is a separate sewer system and all the flow from rain events will eventually lead 

to overflows.  

Most of the design parameters that are influential on EQI and OCI are the same although their ranking is 

different (Figure 4c & 4d). The only minor difference is that while VRST is influential for EQI, VAER3 is 
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influential for OCI. Only WWTP design parameters have a strong influence on both these WWTP 

performance criteria. Also, it should be noted that VSC contributes to a large part of the variation in EQI while 

there is no dominating input factor that contributes to the variation in OCI. All the sensitive input factors 

contribute similarly to the uncertainty in OCI. 

 

Figure 4: Influential design parameters affecting sewer (Vovf (a) and OQI (b)) and WWTP performance (EQI (c) and OCI (d)). 

In terms of river quality, Texc,NH3 and Cmax,NH3 are influenced by the volume of the aeration tanks (VAER1, VAER2 

and VAER3) and the primary clarifier (VPC). Additionally, Cmax,NH3 is also affected by the volume of the 

secondary clarifier (VSC) (Figure 5a & 5b). This indicates that the river ammonia quality is strongly impacted 

by the nitrification capacity in the WWTP and the influence of sewer overflows on river ammonia is limited 

for this particular UWS.  

 

Figure 5: Influential design parameters for river water quality criteria (Cmax,NH3 (a), Texc,NH3 (b), Cmin,DO (c) and Texc,DO (d)). 
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The important parameters affecting river DO are not always the same as those for NH3. VSC is the most 

influential parameter for both Cmin,DO and Texc,DO. Other important factors for these criteria are different 

(Figure 5c & 5d). For Cmin,DO, storage tank volumes (VST4, VST5 and VST6) are important design parameters 

from the sewer system. The volume of the primary clarifier (VPC) and that of the first aeration tank (VAER1) 

are important factors from the WWTP. In case of Texc,DO, while VPC, VAER1 and VST6 are also important, their 

ranking is different than that for Cmin,DO. Other important factors are VST1 and VRST. It can be seen that river 

NH3 quality is mainly influenced by WWTP design whereas DO quality is affected by both WWTP and 

sewer design.  Also, it can be clearly seen that the most important parameters for sewer performance, WWTP 

effluent quality and river water quality are different.  

3.3. Comparison between short term and long term evaluation 

For the sewer evaluation criteria, the cumulative list of influential control handles identified from using all 

the three rain events is identical to the active control handles determined using a long term simulation 

(Qmax,ST6 and Qthrottle,ST4) (Figure 6a & 6b). The ranking as well as the sensitivity (µ* value) are also similar. 

For the OQI, all three short rain events as well as the long term evaluation gave identical results in terms of 

the list of control handles and their ranking. Hence, the sewer evaluation criteria have identical influential 

control handles and they can be determined using a combination of different rain events instead of using a 

long term evaluation. 

 

Figure 6: Comparison of GSA results for sewer performance criteria (Vovf (a) and OQI (b)). The µ* 
values from three different short rainfall series are compared with one long term evaluation. 

For the WWTP performance criteria in terms of EQI, firstly, the results from the different rainfall events are 

not similar (Figure 7a). For the half year rain event only three influential control handles are determined 

(Qmax,ST6, QBP1 and QBP2) while the two years and five year rain events also list these three control handles as 

the most influential, but additional WWTP control handles are also determined to be influential (Qw, Qr, Qintr 

and  KLa1). Although, the list of control handles cumulatively from all rain events is similar to that from the 

long term evaluation, the ranking is different. Two additional control handles (Qmax,RST and Qthrottle,ST4) appear 

only in the long term evaluation. For OCI, while all single rain events identify the same set of control 

handles as well as identical ranking for the important control handles, they could not identify Qthrottle,ST6 as an 
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influential control handle when compared to the long term evaluation (Figure 7b). With the exception of 

Qthrottle,ST4, the list of control handles from the three single rain events and the long term evaluation is 

identical. Hence, for the WWTP performance, the short term rain events could only identify a limited set of 

influential control handles. 

 

Figure 7: The GSA results for WWTP performance (EQI (a) and OCI (b)) from long term evaluation 
compared with those from three short term rainfall series. 

For the river quality criteria Cmax,NH3, all three single rain events have identical influential control handles 

(with the exception of Qpump,ST1 for the half year rain event) although with differences in ranking (Figure 8a). 

However, there is a major difference in ranking as well as the list of handles when compared with the long 

term evaluation (only QBP1 is the common control handles between the short term evaluations and the 100 

day scenario). For Texc,NH3, there is a common set of control handles identified both by the short term as well 

as long term rain scenarios (QBP2, KLa1 and KLa2) (Figure 8b). Other influential control handles in the short 

term (Qmax,RST and Qmax,ST6) do not appear in the list from the 100 days case. As noticed in the earlier cases, 

the control handle Qthrottle,ST4 gains more importance during long term simulation. Other control handles 

identified only by the long term rainfall are Qw, Qr and KLa3. For Cmin,DO, all control handles identified by 

short term rain events also appear in the long term scenario. However, Qw is the most influential parameter in 

the long term and does not appear in the short term evaluation (Figure 8c). Other influential control handles 

missing from the short term evaluations are Qmax,ST2 and KLa1. For Texc,DO, the cumulative list of parameters 

from all short term events represents most of the control handles from the 100 day evaluation except for Qw (the 

most influential for long term) and KLa2 (Figure 8d). For the river system, the importance of WWTP control 
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handles has increased when long term evaluation is used while the short term scenarios over-estimate the sewer 

control handles influence.  

In conclusion, it should be stressed that a replacement of the long term scenario by a limited number of short 

term rainfall events does not always reflect the actual list of influential control handles that are identified 

using the long term evaluation. In the case of sewer system evaluation, this assumption seems to hold but 

does not in the case of the WWTP and especially the river system. 

 

Figure 8: GSA results comparison for river water quality criteria (Cmax,NH3 (a), Texc,NH3 (b), Cmin,DO (c) and Texc,DO (d)). 
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3.4. Convergence analysis 

In order to make sure that convergence (similar results with increasing number of repetitions) is achieved 

during the GSA runs, an evaluation of the model results, as described by Vanrolleghem et al. (2015) is 

performed for all the scenarios for design and control handles. All results converge (Figure 9a & 9b). The 

convergence is achieved after about 15-20 repetitions although higher repetition number is used in this study. 

The results differ from the conclusions in Vanrolleghem et al. (2015) regarding the convergence of Morris 

screening and are similar to those observed by Kroll et al. (2016). 

 

Figure 9: Total sensitivity (a) and the corresponding variability (b) for different evaluation criteria. 

4. CONCLUSIONS 

The major contributions of the study are: 

 The most influential control handles and design parameters influencing river water quality for the 

BSM-UWS layout are identified. 

 Input factors (control handles and design parameters) affecting the uncertainty in the performance of 

the sub-systems (sewer and WWTP) does not necessarily have the same influence on river water 

quality criteria. Hence, the most influential control handles and design parameters for sewer 

system/WWTP performance do not always have a similar impact on river water quality criteria. 

 A combination of different short term simulation events is sufficient to replace a long term 

simulation to perform GSA for the sewer system performance but does not produce similar results 

for the WWTP and river water quality criteria. 
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