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RESEARCH ARTICLE

Key control handles in integrated urban wastewater systems for improving
receiving water quality
Ramesh Saagi a, Stefan Kroll b, Xavier Flores-Alsinac, Krist V. Gernaeyc and Ulf Jeppssona

aDivision of Industrial Electrical Engineering and Automation (IEA), Lund University, Lund, Sweden; bResearch Department, Aquafin NV, Aartselaar,
Belgium; cProcess and Systems Engineering Center (PROSYS), Department of Chemical and Biochemical Engineering, Technical University of
Denmark (DTU), Lyngby, Denmark

ABSTRACT
There is an increasing interest in modelling and control of integrated urban wastewater systems (UWS).
Nevertheless, given the multiple interactions between the sub-systems – catchment, sewer system,
wastewater treatment plant (WWTP) and receiving water system – the selection of effective control
handles for improving receiving water quality is a major challenge. In this paper, a systematic study to
identify the most important control handles in an UWS is presented. The Benchmark Simulation Model
for Urban Wastewater Systems (BSM-UWS) is selected as a virtual case-study. Morris screening is used to
perform global sensitivity analysis. Results indicate that, for the BSM-UWS layout, while river dissolved
oxygen quality (Texc,DO) is influenced by multiple control handles both in the sewer system and WWTP,
river un-ionized ammonia quality (Texc,NH3) is mainly influenced by WWTP control handles. The study
highlights the need to perform simulations for at least 1 year when determining key control handles for
UWS.
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1. Introduction

Integrated modelling of urban wastewater systems (UWS) is
increasingly being recognized as a valuable tool to under-
stand and thereby improve the performance of urban waste-
water 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 multiple interactions between dif-
ferent sub-systems (catchment, sewer network, wastewater
treatment plant (WWTP) and receiving waters) when study-
ing UWS. Indeed, it is advantageous to consider holistic
approaches to improve the quality of receiving waters,
instead of focusing on the sewer system or WWTP perfor-
mance individually. Various case studies demonstrating the
potential of integrated modelling and control to optimize the
performance of UWS are available in the literature (Weijers et
al. 2012; Nielsen and Nielsen 2005; Sharma et al. 2013;
Seggelke et al. 2013; Kroll et al. 2016). In addition, several
publications highlight the great potential of integrated mod-
elling tools to effectively improve receiving water quality by
analysing the entire UWS as a single unit (Muschalla 2008;
Rauch and Harremoës 1999; Vanrolleghem, Benedetti, and
Meirlaen 2005).

Recognizing the importance and growing interest in inte-
grated modelling and control, the Benchmark Simulation
Model for Urban Wastewater Systems (BSM-UWS) was devel-
oped (Saagi et al. 2017). It consists of a model library for all the
sub-systems (catchment, sewer system, WWTP and receiving
water system) and a pre-defined hypothetical UWS layout. This
enables interested users to study various control and

operational measures without having to build the UWS from
scratch. However, such models are highly complex with
numerous interactions making it difficult to determine the
most influential control handles and design parameters that
will lead to substantial improvements in the receiving water
quality. In this context, we propose the use of global sensitiv-
ity analysis (GSA) to identify influential operational/control
handles (to maximize performance using the existing infra-
structure) towards improving receiving water quality as well
as the sewer system and WWTP performance.

A survey of the existing literature on GSA for integrated
UWS models highlighted that such an analysis is rarely per-
formed. Fu, Butler, and Khu (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 receiving 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 thor-
ough 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. While global sensitiv-
ity analysis studies and modelling guidelines in the areas of
sewer system (Schütze et al. 2008) and wastewater treatment
plant modelling (Rieger et al. 2012) use long-term simulations,
it can be noticed from the above examples that short-term
rainfall data is used as an alternative to long-term simulations
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in various GSA studies related to UWS modelling, mainly to
reduce computational costs. However, such short-term evalua-
tion periods may lead to underestimating the importance of
processes that have long time constants (e.g. biological pro-
cesses in WWTPs). In order to overcome these limitations, this
study assesses the influence of evaluation period (15 days vs
1 year) and rainfall intensity on the results of the GSA speci-
fically for UWS models.

The paper presents an overview of the BSM-UWS layout
and the evaluation criteria used for the analysis. Morris screen-
ing (Morris 1991; Campolongo, Cariboni, and Saltelli 2007) is
used as the GSA method of choice owing to its low computa-
tional footprint. Various control handles in the sewer system
and WWTP and their uncertainty ranges are described. GSA is
performed to determine the influential control handles using a
1 year rainfall evaluation period. Additionally, a comparison is
made between the GSA results for control handles using: i)
three different short-term rainfall time series (15 days) with
varying intensities; and ii) the 1 year evaluation. The results
from this study provide valuable information to future BSM-
UWS users interested in developing integrated control strate-
gies and system modifications. The knowledge obtained can
further strengthen our understanding of the multiple interac-
tions between the different sub-systems (catchment, sewer,
WWTP and river water system). It again stresses the need to
consider holistic evaluation methods when river water quality
is to be improved (instead of focusing on optimizing the sub-
systems).

2. Methods

2.1. Urban wastewater system layout

The BSM-UWS layout (Figure 1) consists of: i) an urban catch-
ment (with different sub-catchments) that generates sewage
as well as stormwater; ii) a sewer system; iii) a WWTP; and

finally iv) a river system into which sewer overflows and
treated effluent from the WWTP are discharged.

The hypothetical urban catchment (adapted from ATV
(1992); Schütze, Butler, and Beck (2011)) consists of six sub-
catchments (SC1. . .SC6) with a total area of 540 hectares and a
load corresponding to 80 000 population equivalents. The
UWS layout broadly represents a mid-sized Scandinavian city.
However, potential users can easily modify the layout to suit
their specific needs. Table 1 describes the characteristics of
the individual sub-catchments. During dry weather, the daily
average wastewater generation is 19,000 m3.d−1 with the
contribution from domestic and industrial sources being
12,000 m3.d−1 and 2500 m3.d−1, respectively. Daily average
infiltration to sewers is assumed to be 4500 m3.d−1. While all
sub-catchments generate domestic wastewater, SC2 has an
industrial source releasing pre-treated effluent into the sewer
system.

The sewer network consists of a combination of combined
as well as separated sewer systems (individual pipes for storm
water and wastewater). Five sub-catchments (SC1, SC2, SC3,
SC4 and SC6) are connected to a combined sewer system,
whereas SC5 is connected to a separated 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). The storage
volume mentioned is only for the different storage tanks in
the network. In-pipe storage volume is not modelled explicitly.
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
from an offline tank is regulated by a pump with fixed pump-
ing capacity. However, there is no active control of pumping
rates and throttle valve levels in the default layout. Sewer
overflows from all the storage tanks are discharged into the
river. Individual storage volumes for each tank are given in
Table 1.
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Figure 1. BSM-UWS layout identifying different control strategies (in orange) used for the GSA study (modified from Saagi et al. (2017)). Note that the diagram for
the valve after the rainwater storage tank (just before the primary clarifier) represents two valves (throttle valve for the storage tank and the bypass valve) and DO
control includes three control handles (SPDO2, KLa1gain, KLa3gain).
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The WWTP consists of a modified BSM1-ASM2d plant layout
(Flores-Alsina et al. 2012). The biological section includes: i)
two anaerobic tanks (ANAER1, ANAER2) (2 x 1000 m3); ii) two
anoxic tanks (ANOX1, ANOX2) (2 x 1500 m3); and iii) three
aerobic tanks (AER1, AER2, AER3) (3 x 3000 m3). A primary
clarifier (PC) (900 m3) and a secondary clarifier (Sec.C)
(area = 2500 m2) are used for separation of sludge and parti-
culates before and after the biological reactors. A rainwater
storage tank (RST) (8000 m3) before the primary clarifier helps
balance peak loads and store excess rainwater. 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. The default control strategy is DO control –
proportional integral (PI) control for AER2 based on measure-
ments in AER2 (set point – 2 mg.l−1) and correspondingly
higher and lower oxygen transfer coefficient (KLa) values
(KLa1gain, KLa3gain) for reactors AER1 and AER3. The model
also incorporates changes in influent temperature due to
seasonal changes as well as precipitation events.

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 trapezoidal in shape.

2.2. Evaluation criteria

Several evaluation criteria exist for the different sub-systems of
the UWS. In this case-study, a selected list of two criteria each
for the sewer system, WWTP and receiving water quality per-
formance are used.

● Sewer system

(1) Total overflow volume (Vovf, m
3): This is the total over-

flow volume from all the overflows in the catchment.
(2) Overflow quality index (OQI, kg poll. units.d−1): This is

an aggregated pollution index that represents the pol-
lution load from sewer overflows. It considers seven
different pollutants (total suspended solids (TSS), che-
mical oxygen demand (COD), five-day biochemical oxy-
gen demand (BOD5), total Kjeldahl nitrogen (TKN),

nitrate (NO3), organic phosphorus (Porg) and inorganic
phosphorus (Pinorg). OQI is the weighted sum of the
individual pollution loads.

While other criteria for the sewer system exist (duration of
overflow, number of overflow events), these are not used
owing to the BSM-UWS layout. As the layout contains a sub-
catchment connected to a separate sewer system (SC5), all rain
events will lead to an overflow event in this sub-catchment.
Hence, control handles do not have any influence on the
number and duration of overflows as the two indicators are
dominated by the performance in SC5.

● WWTP

(1) Effluent quality index (EQI, kg poll units.d−1): This repre-
sents the pollutant load from the WWTP reaching the
river water system. It is calculated in the same manner
as OQI. The EQI considers the pollutant loads from the
bypass and the effluent from the secondary clarifier.

(2) Operational cost index (OCI, -): It represents a combina-
tion of all the potential costs involved in a wastewater
treatment facility – aeration, pumping, mixing, sludge
disposal and chemicals. A cumulative index is calcu-
lated by multiplying each of the above factors with a
pre-defined weight.

Exact weights for OQI, EQI and OCI calculations are pro-
vided in the Appendix.

● Receiving water

(1) Exceedance duration for NH3 (Texc,NH3, hrs): This is the
duration for which the un-ionized ammonia (NH3) con-
centration is above a particular threshold value
(= 0.018 g N.m−3).

(2) Exceedance duration for DO (Texc,DO, hrs): This is the
duration for which the dissolved oxygen (DO) concen-
tration is below a particular threshold value (= 6 g.m−3).

The threshold concentrations for DO and NH3 are based on
the fundamental intermittent standards for salmonid fishery
with a return period of 1 month as specified by the Urban
Pollution Management Manual (FWR 2012).

2.3. Global sensitivity analysis

2.3.1. Morris screening
Morris screening (Morris 1991; Campolongo, Cariboni, and
Saltelli 2007) 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-
a-time sensitivity analysis. The method uses the concept of
‘elementary effects’ to analyse the impact of various input
factors on the outputs. The measure µ*, which is the mean
of the distribution of absolute values for elementary effects, is
used to rank the different input factors. Other GSA methods
commonly employed are: i) variance decomposition (Sobol

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 2390 5000
2 21 3920 590 2500 1000
3 29 2960 440
4 71 9600 1440 4400
5 71 7840 1180 3600
6 249 39,760 5960 8100
Total 540 80,000 12,000 2500 22,100

DWF: Dry weather flow; DOM: Domestic; IND: Industrial
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2001); and ii) regression-based methods (Saltelli et al. 2008).
While these methods offer an additional ability to quantify the
influence of different input factors on the outputs, they have
higher computational costs when compared to Morris screen-
ing. Hence, Morris screening is an ideal choice for a prelimin-
ary screening study with less computational effort. Further
details about the method are provided in the Appendix.

2.3.2. Input factors and uncertainty framing
The list of input factors for the Morris screening is presented in
Table 2. It is assumed that the control handles have a high
uncertainty (±50%) as it should be possible to operate them
with a wide range of variation although an even higher
uncertainty range was used for control handles in the earlier
studies (Astaraie-Imani et al., 2012; Langeveld et al. 2013). A
uniform uncertainty range is used for all the input factors in
order to avoid any differences in the GSA results due to
variation in the input uncertainty ranges. Ideally, for a real
case-study, a more accurate uncertainty range for each input
factor can be chosen based on the constraints of the equip-
ment. With 15 control handles (k) and 50 repetitions (r), 800
simulations (r × (k + 1)) are performed for GSA. Finally, only
input factors with µ* values higher than 0.1 are considered as
influential. The value of 0.1 for µ* is defined heuristically in
order to limit the number of influential input factors to a

maximum of 10. In this way, only the most important factors
can be isolated and analysed. A high number of repetitions are
chosen to avoid any potential convergence issues
(Vanrolleghem et al. 2015). The framing is developed based
on the objective of this study, which is to determine important
control handles. Hence, the number and list of input factors
varies in comparison to other studies focusing on uncertainty
analysis of model parameters (Freni, Mannina, and Viviani
2009, 2011) or identification of locations for data collection
towards model calibration (Kleidorfer et al. 2009).

Additionally, in order to compare the impact of the dura-
tion of the evaluation period on the sensitivity analysis results,
three different rainfall time series (15 days evaluation period)
are chosen. GSA is performed for identifying the most influen-
tial control handles for each rainfall time series and the results
are compared with the 1 year evaluation. Each 15-day rainfall
time series consists of a synthetic single rain event (4 hour
duration on day 2) with varying total rainfall (20 mm, 31 mm
and 40 mm), which corresponds to 0.5, 1 and 5 year return
periods based on historic data from Copenhagen, Denmark.
Refer to Figure A2 in Appendix for a graphical representation
of the rainfall time series.

3. Results

3.1. Control handles

In the sewer system, the influential control handles (1-year
simulation period) for both overflow volume (Vovf) and overflow
quality index (OQI) are Qmax,ST6 and Qthrottle,ST4 (Figure 2(a,b).
Also, the µ* values are similar for both cases indicating a
correlation between Vovf and OQI. For the chosen uncertainty
range, the control handles available for manipulating sewer
performance are limited. Storage tanks located downstream
(closer to WWTP) have high influence on sewer system perfor-
mance for the chosen sewer system layout. Given that, pipes
connected to ST6 and ST4 receive the highest flow rates, their
high influence is expected. However, it is still possible that
these control handles provide significant improvements in
sewer system performance (Saagi et al. 2017).

The WWTP criteria EQI and OCI are affected by different sets
of input factors (Figure 2(c,d). EQI is influenced by a wide
number of WWTP control handles but only one sewer control
handle (Qmax,ST6). However, it is important to note that WWTP
control handles manipulating influent flow rate to the WWTP

Table 2. List of input factors (control handles) for the GSA study.

Section
Input
factor Description

Default
value

Sewer 1 Qpump,ST1 Max. pump capacity for ST1 (m
3.d−1) 25,000

2 Qmax,ST2 Max. throttle flow rate for ST2 (m
3.d−1) 20,500

3 Qpump,ST4 Max. pump capacity for ST4 (m
3.d−1) 5000

4 Qthrottle,ST4 Max. throttle flow rate for ST4 (m
3.d−1) 63,600

5 Qmax,ST5 Max. throttle flow rate for ST5 (m
3.d−1) 22,500

6 Qmax,ST6 Max. throttle flow rate for ST6 (m
3.d−1) 187,200

WWTP 7 Qmax,RST Max. throttle flow rate for RST (m3.d−1) 187,200
8 QBP1 Max. flow rate after BP1 (m

3.d−1) 90,000
9 QBP2 Max. flow rate after BP2 (m

3.d−1) 70,000
10 Qr Sludge recycle rate (m3.d−1) 20,600
11 Qw Sludge wastage rate (m3.d−1) 450
12 Qintr Internal recirculation rate (m3.d−1) 61,900
13 KLa1gain Gain for oxygen transfer coefficient

(AER1) (-)
1.5

14 SPDO2 Dissolved oxygen set point for AER2 (g.
m−3)

2

15 KLa3gain Gain for oxygen transfer coefficient
(AER3) (-)
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Figure 2. Influential control handles for sewer and WWTP performance criteria (1-year evaluation period) – Vovf (a), OQI (b), EQI (c) and OCI (d). Sewer control handles
in blue and WWTP control handles in green.
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(Qmax,RST, QBP1 and QBP2) are influential. This indicates that
control handles that can lead to variation in influent flow
rate, especially during wet weather conditions, either in the
sewer system or at the WWTP can have an influence on WWTP
effluent quality. Hence, a potential to improve effluent quality
by manipulating influent flow rate exists for this particular
layout. However, the analysis using µ* values does not indicate
the direction of change in influent flow rate for an improve-
ment in effluent quality. This has to be obtained from existing
process knowledge and/or further simulations. OCI is under-
standably mainly influenced by pumping (Qw and Qr) and
oxygen set point (SPDO2) in the WWTP. The pumping rates
are defined as fixed values for the entire simulation without
any active control. Hence, variations in sewer system control
handles do not lead to changes in pumping rates.

In terms of river water quality, Texc,NH3 (Figure 3(a)) is strongly
influenced by WWTP control handles (Qw, Qr, SPDO2, KLa3gain,
KLa1gain and Qintr). As WWTP effluent is the major input for
ammonia load to the river water system, WWTP control handles
(which influences effluent NH4 quality) are the most important
parameters for river NH3 quality. On the other hand, both sewer
control handles (Qmax,ST6 and Qthrottle,ST4) and WWTP control
handles (Qw, Qmax,RST, QBP1, KLa3gain, QBP2 and SPDO2) impact
the river DO criterion (Texc,DO) (Figure 3(b)). DO quality in the
river deteriorates mainly due to the organic load to the river.
During dry weather conditions, the organic load to the river
system is normally minimal for a well-operated WWTP. Hence,
sewer overflows and bypass flows at a WWTP (both occurring
during wet weather conditions) have a strong impact on river DO
quality. Therefore, while WWTP control handles mainly affect
river ammonia quality, both sewer system and WWTP control
handles influence the river DO quality. However, it can be said
that for the BSM-UWS layout, WWTP control handles exert a
stronger influence on receiving water quality (in terms of both
Texc,NH3 and Texc,DO) than sewer system control handles.

In summary, while the sewer system has limited influential
control handles (these control handles can still lead to signifi-
cant improvement in sewer system performance), there are
multiple opportunities to design control strategies towards
improving WWTP performance and receiving water quality. It
has been clearly demonstrated that important control handles
for the different sub-systems are not the same (Lau, Butler,
and Schütze 2002), indirectly emphasizing that optimizing

individual sub-systems does not necessarily lead to improved
river water quality. Efforts to improve receiving water quality
should take into consideration the possible improvements in
both sewer system and WWTP in order to reap the maximum
benefits from the existing infrastructure. These results also
make a strong case for the use of integrated modelling
approaches to optimize the UWS. Such models not only
make it possible to see the effect of one sub-system on the
other but also make it feasible to develop integrated control
strategies (e.g. controlling sewer system operation in order to
improve river water quality) as well as local control strategies
using the same modelling platform.

3.2. Comparison between 15-days and 1-year evaluation

In order to highlight the differences between the influential
control handles for short-term event-based simulations and
longer time series evaluations, a comparison is made between
GSA results for 15-days and 1-year evaluation periods. 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 1-
year simulation (Qmax,ST6 and Qthrottle,ST4) (Figure 4(a,b). While
there are marginal differences between the µ* values for the
different input factors, the order of magnitude of these values
is similar and the ranking of the input factors is identical for 1-
year and 15-days simulations. 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 1-year evaluation.

For the WWTP performance criteria in terms of EQI, firstly,
the results from the different 15-days simulations are very
similar (Figure 5(a)) in terms of ranking. However, when com-
pared to the results from 1-year simulations, the list of influen-
tial control handles cumulatively from all 15-days simulations is
similar to that from long-term simulations but the ranking is
significantly different. WWTP control handles Qw and Qr are very
important in the long-term (1-year) while the short-term (15-
days) results indicate that sewer control handle Qmax,ST6 and
bypass limits (QBP1 and QBP2) are critical. The effect of control
handles like Qw and Qr can only be seen in the 1-year simula-
tion due to their long time constants in comparison to sewer
system control handles. For OCI, the ranking and the most
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significant parameters are identical for all rainfall events and
also the 1-year simulation (only exception is SPDO2 – which is
the third most influential parameter for 15-days rainfall events
as well but is not represented in the figures as the sensitivity
index is less than 0.1) (Figure 5(b)). Since there are no active
control strategies that affect Qw and Qr based on incoming
wastewater flow rate/load to the WWTP, their sensitivities do
not change due to variations in rainfall and simulation periods.

For the river quality criteria, the difference between sensitiv-
ity rankings for 15-days and 1-year simulations is very clear with
multiple parameters identified as important only in one of them
(15-days or 1-year) and completely missing in the other. For
Texc,NH3, only two parameters (Qr and SPDO2) are identified both
by 15-days and 1-year simulations (Figure 6(a)). Even for these
two parameters, the ranking is entirely different. While the 15-

days simulations indicate that bypass volumes (QBP1 and QBP2)
and storage tank throttle flow rates (Qmax,ST6 and Qmax,RST)
mainly affect Texc,NH3, 1-year simulations emphasize the dom-
inance of WWTP control handles (Qw, Qr, SPDO2, KLa3gain,
KLa1gain and Qintr). As the determined WWTP control handles
are known to have a strong effect of nitrification, their presence
in the list of key parameters in 1-year simulations is expected. In
the case of Texc,DO, the variation is more limited although a
similar trend is observed (Figure 6(b)). 15-days simulations
identify five of the eight influential parameters that are deter-
mined from 1-year evaluations in spite of the rankings being
different. While the 15-days simulations emphasize the impor-
tance of throttle flow rates (Qthrottle,ST4, Qmax,ST6 and Qmax,RST) and
bypass limits (QBP1 and QBP2), 1-year simulations also indicate
the strong influence of wastage rates (Qw) and aeration control
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handles (KLa3gain and SPDO2). For the river system, the impor-
tance of WWTP control handles has increased when 1-year
evaluation is used while the 15-days scenarios over-estimate
the influence of the sewer control handles.

In conclusion, it should be stressed that replacement of the
1-year scenario by a limited number of short-term (15-days)
rainfall events does not always reflect the list of influential
control handles identified using the 1-year evaluation. This is
the case because a few short rain events do not represent the
characteristics of a longer rainfall time series for the entire year.
In the case of sewer system evaluation, this assumption seems
to hold but does not in the case of the WWTP and especially
the receiving water system. Hence, any integrated modelling
and control study should consider at least 1-year simulations in
order to determine optimal control strategies/operational mod-
ifications aimed at enhancing the receiving water quality.

Determining the control handles without any further optimi-
zation does not lead to any benefits to the receiving water
quality. Hence, influential control handles determined from the
study will form the starting point for future development of
integrated control strategies for the BSM-UWS layout. Finally,
while the results from the study can be directly used by future
BSM-UWS users, the detailedmethodology can be used for other
layouts developed using the BSM-UWS platform or any other
modelling tool (Mannina, Cosenza, and Viviani 2017; Schütze et
al. 2018).The use of Morris screening has resulted in performing a
global sensitivity analysis with reduced computational effort. The
method can also be applied to other system aspects (e.g. identi-
fying the most important sections for future expansion of the
UWS – should the sewer storage volume orWWTP aeration basin
volume be increased to improve the river water quality?).

4. Conclusions

The key findings of the presented study are summarized
below:

● Dissolved oxygen quality in the river (Texc,DO) is influ-
enced by control handles both in the sewer system and
WWTP while un-ionized ammonia quality (Texc,NH3) is
primarily influenced by control handles in the WWTP.

● For the BSM-UWS layout, multiple effective control
handles are available for influencing river water quality
(Texc,DO, Texc,NH3) and WWTP performance (EQI, OCI).
However, control handles for the sewer system (Vovf,
OQI) are limited.

● A combination of different short-term (15 days) simula-
tion events is not sufficient to replace a longer simulation
period (1 year) for evaluating integrated urban waste-
water systems.

● Sub-system optimization based on identification of key
control handles to improve sewer system (Vovf, OQI) and
WWTP performance (EQI, OCI) will not necessarily
improve river water quality (Texc,DO, Texc,NH3).
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Appendix

1. Evaluation criteria

2. Morris screening

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:

EEi ¼ Y X1; X2; Xi�1; Xi þ Δð Þ � Y X1 . . . Xkð Þ½ �
Δ

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 Δ ¼ p=2 p� 1ð Þ guarantees uniform sampling across the input space. After r such repetitions (which require r×(k + 1) simulations), 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 μ ¼ �2 σ=

p
r. Any factor outside the wedge is influential. The factors inside the wedge are 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 out 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
any non-linearities and interactions in the factors.

Table A1. Weights used for the calculation of criteria OQI, EQI and OCI.

OQI/EQI – pollutant (kg.d−1) Weight OCI – component Weight

TSS 2 Aeration (kg O2.d
−1) 1

COD 1 Mixing (kWh.d−1) 1
BOD5 2 Pumping (recycle) (m3.d−1) 0.008
TKN 30 Pumping (wastage) (m3.d−1) 0.05
NO3 10 Pumping (internal recirculation) (m3.d−1) 0.004
Porg 100 Sludge handling (kg TSS.d−1) 5
Pinorg 100 Chemicals (carbon) (kg.d−1) 3

Figure A1. An example wedge plot using the µ and σ values obtained from Morris screening.
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3. Short-term rainfall data
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Figure A2. Rainfall data for the three different return periods (0.5 year (a), 2 years (b) and 5 years (c)).

Table A2. Complete list of sensitivity indices for all the input factors using 1-year evaluation period. Influential control handles in bold text.

S.No Control handle

Sensitivity index (µ*) for evaluation criteria

Vovf OQI EQI OCI Texc,NH3 Texc,DO
1 Qpump,ST1 0.042 0.037 0.009 0.003 0.004 0.042
2 Qmax,ST2 0.023 0.022 0.007 0.001 0.004 0.015
3 Qpump,ST4 0.008 0.004 0.002 0.001 0.001 0.007
4 Qthrottle,ST4 0.228 0.201 0.038 0.012 0.008 0.195
5 Qmax,ST5 0.002 0.001 0.000 0.000 0.000 0.038
6 Qmax,ST6 0.882 0.826 0.173 0.031 0.041 0.208
7 Qmax,RST 0 0 0.104 0.031 0.035 0.283
8 QBP1 0 0 0.104 0.034 0.028 0.213
9 QBP2 0 0 0.139 0.075 0.056 0.186
10 Qr 0 0 0.310 0.239 0.498 0.034
11 Qw 0 0 0.658 0.850 0.550 0.482
12 Qintr 0 0 0.143 0.029 0.139 0.030
13 KLa1gain 0 0 0.134 0.080 0.185 0.048
14 SPDO2 0 0 0.225 0.102 0.397 0.169
15 KLa3gain 0 0 0.149 0.026 0.197 0.202

4. Complete list of sensitivity indices

Table A3. Complete list of sensitivity indices for all the input factors using a 5-year return period rainfall event. Influential control handles in bold text.

S.No Control handle

Sensitivity index (µ*) for evaluation criteria

Vovf OQI EQI OCI Texc,NH3 Texc,DO
1 Qpump,ST1 0.037 0.019 0.022 0 0.069 0.096
2 Qmax,ST2 0.034 0.032 0.021 0.001 0.017 0.087
3 Qpump,ST4 0.006 0.004 0.018 0.001 0.030 0.023
4 Qthrottle,ST4 0.119 0.153 0.089 0.004 0.050 0.085
5 Qmax,ST5 0.031 0.042 0 0 0.004 0.031
6 Qmax,ST6 0.974 0.959 0.579 0.006 0.120 0.252
7 Qmax,RST 0 0 0.088 0.002 0.190 0.140
8 QBP1 0 0 0.269 0.006 0.215 0.143
9 QBP2 0 0 0.450 0.018 0.585 0.506
10 Qr 0 0 0.216 0.219 0.131 0.028
11 Qw 0 0 0.194 0.982 0.022 0.008
12 Qintr 0 0 0.192 0.019 0.020 0.002
13 KLa1gain 0 0 0.098 0.049 0.067 0.018
14 SPDO2 0 0 0.226 0.086 0.126 0.068
15 KLa3gain 0 0 0.140 0.023 0.058 0.021
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Table A4. Complete list of sensitivity indices for all the input factors using a 2-year return period rainfall event. Influential control handles in bold text.

S.No Control handle

Sensitivity index (µ*) for evaluation criteria

Vovf OQI EQI OCI Texc,NH3 Texc,DO
1 Qpump,ST1 0.023 0.037 0.024 0 0.06 0.094
2 Qmax,ST2 0.034 0.01 0.019 0.001 0.017 0.079
3 Qpump,ST4 0.005 0.003 0.018 0.001 0.029 0.029
4 Qthrottle,ST4 0.103 0.205 0.095 0.004 0.051 0.164
5 Qmax,ST5 0.024 0.022 0 0 0.004 0.045
6 Qmax,ST6 0.992 0.972 0.592 0.005 0.123 0.323
7 Qmax,RST 0 0 0.087 0.002 0.195 0.147
8 QBP1 0 0 0.282 0.006 0.228 0.145
9 QBP2 0 0 0.444 0.017 0.603 0.471
10 Qr 0 0 0.216 0.218 0.120 0.024
11 Qw 0 0 0.196 0.982 0.020 0.005
12 Qintr 0 0 0.198 0.02 0.021 0.002
13 KLa1gain 0 0 0.101 0.049 0.061 0.007
14 SPDO2 0 0 0.227 0.087 0.116 0.054
15 KLa3gain 0 0 0.141 0.023 0.059 0.058

Table A5. Complete list of sensitivity indices for all the input factors using a 0.5-year return period rainfall event. Influential control handles in bold text.

S.No Control handle

Sensitivity index (µ*) for evaluation criteria

Vovf OQI EQI OCI Texc,NH3 Texc,DO
1 Qpump,ST1 0.056 0.036 0.031 0.001 0.038 0.076
2 Qmax,ST2 0.034 0.046 0.015 0.001 0.008 0.038
3 Qpump,ST4 0.007 0.005 0.019 0.001 0.023 0.034
4 Qthrottle,ST4 0.191 0.152 0.095 0.003 0.072 0.138
5 Qmax,ST5 0.010 0.010 0 0 0.003 0.052
6 Qmax,ST6 0.922 0.950 0.618 0.004 0.114 0.461
7 Qmax,RST 0 0 0.111 0.002 0.176 0.172
8 QBP1 0 0 0.342 0.008 0.240 0.189
9 QBP2 0 0 0.442 0.018 0.627 0.486
10 Qr 0 0 0.196 0.217 0.088 0.015
11 Qw 0 0 0.178 0.982 0.015 0
12 Qintr 0 0 0.187 0.020 0.017 0.004
13 KLa1gain 0 0 0.094 0.050 0.063 0.013
14 SPDO2 0 0 0.208 0.087 0.092 0.048
15 KLa3gain 0 0 0.129 0.023 0.046 0.039
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