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Key Points: 
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 Simulations and optimizations are performed on a case study watershed for two design 

storms and for a period from 2006 to 2015  

 Integration of real-time control with green and grey infrastructure is the most cost-

effective option given performance uncertainty 

Abstract  

An innovative optimization-simulation framework is applied to a case study of the Province of 

Quebec, Canada, to optimize the spatial distribution of green infrastructure (GI), the capacity and 

location of grey infrastructure and the parameters specific to real-time control (RTC) operating 

rules of a sewer system for reducing combined sewer overflows (CSOs) frequency and volume. 

GI, grey infrastructure and RTC are applied either individually or in integration through eight 

optimization scenarios which are simulated over a nine-year period of historical rainfall data. 

Among all scenarios, spatial optimization of GI with RTC leads to maximal CSO volume 

reduction (98%) and is the most cost-effective option analyzed (70$/m3 of seasonal average CSO 

reduction compared to 140$/m3 for the scenario involving grey infrastructure alone). However, it 

requires a high GI implantation level and the CSO frequency under this scenario is sensitive to 

varying GI design parameters. The findings suggest that the best alternative for CSO control is 

the integration of the optimization of green and grey infrastructures with RTC as it still provides 

high CSO volume reduction (95%) and remains a cost-effective solution (90$/m3 of CSO 

reduction), while providing robustness under cost and design uncertainties.  

Plain Language Summary 

An innovative method is applied to a case study of the Province of Quebec, Canada, to optimize 

the spatial distribution of green infrastructure (GI), the volume and location of storage facilities 

and the operational rules of a smart control strategy of a sewer network for reducing the number 

and volume of overflows of untreated wastewater (CSO) during rainfall events. GI, storage 

facilities and smart control strategy are applied either individually or in different combinations 

through eight different scenarios. Spatial optimization of GI with smart control leads to maximal A
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CSO volume reduction (98%) at the lowest cost (70$/m3 of seasonal average CSO reduction 

compared to 140$/m3 for the scenario involving storage facilities alone) as compared to other 

options, but requires a high GI implantation level and the GI design parameters can considerably 

impact its performance. The results suggest that the best alternative for CSO control, providing 

robustness under cost and design uncertainty, is the integration of the optimization of GI and 

storage facilities with smart control as it still provides high CSO volume reduction (95%) and 

remains a cost-effective solution (90$/m3 of CSO reduction).  

1 Introduction   

Combined sewer networks are sewage systems that collect both wastewater and 

stormwater in the same pipe network. These systems were commonly constructed in many cities 

of the developed and developing world up to the mid-twentieth century (Burian et al., 1999). Due 

to the high variability in stormwater volume and flowrate that characterize urban areas, the 

wastewater treatment capacity and/or transport capacity of these networks were not designed to 

cope with the magnitude of most rainfall events, excepting the most frequent, smaller ones. This 

type of combined system thus permits overflows or spill of a mix of wastewater and stormwater 

to the environment; these are known as combined sewer overflows (CSOs). CSOs have been 

recognized as one of the major causes of degraded water quality in urban rivers (Bi et al., 2015; 

Passerat et al., 2011), contributing to the degradation of aquatic habitats, increasing drinking 

water treatment cost and reducing the attractiveness of aquatic recreational activities (Madoux-

Humery et al., 2015). The environmental, economic and social impacts of CSOs are associated 

with corresponding policies to limit CSO event frequency, volume and/or pollutant load 

(Tibbetts, 2005; Osseyrane, 2014). For instance, in the Province of Quebec (Canada), since 2014, 

all sewer extension projects must demonstrate compensatory actions to avoid increasing the 

seasonal frequency of CSO events (MELCC, 2014). In addition, the government plans to reduce 

CSO frequency down to a fixed limit determined for each receiving water body for the 2040s 

horizon. In this context, municipal actions are required to cope with CSO regulations in the most 

cost-efficient manner.  

Among the existing solutions available for controlling urban runoff and resulting CSO 

impacts to the environment, many researchers are promoting source control of stormwater, 

including Green Infrastructure (GI) practices in contrast with traditional grey infrastructure 

practices involving the construction of large-scale retention infrastructure (Alves et al., 2016; 

Tavakol-Davani et al., 2015; Joshi et al., 2021). A variety of terminologies are associated with 

source controls, including GI, low impact development (LID), Source control measures (SCM), 

Sustainable urban drainage systems (SUDs), etc., but all these terms generally mean that runoff 

is managed as close to the source as possible, with the goal of replicating predevelopment 

conditions (Fletcher et al., 2015). Common source control measures include bioretention cells, 

rain gardens, permeable pavement and green roofs which are implemented to capture and treat 

runoff from surrounding impervious surfaces or simply to reduce the area of impervious 

surfaces. These approaches are recognized for their numerous transversal benefits, such as 

improving the urban landscape aesthetic and natural water balance, providing some water 

treatment through natural processes and reducing the community’s vulnerability to climate 

change (Dagenais et al., 2014). In general, these infrastructure practices involve either 

infiltration, retention or a combination of both processes for accumulating runoff, before 

releasing it more gradually in the network or through infiltration and evaporation losses in the 

environment (Eckart, 2017).  
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Different studies assessed the potential of applying a large number of GI units at the 

watershed scale for reducing CSO impact. In particular, many studies demonstrated CSO volume 

reductions (Mailhot et al., 2014; Patwardhan et al., 2005; Radinja et al., 2018; McGarity et al., 

2017; Joshi et al., 2021, Torres et al., 2018), or both CSO volume and frequency reductions 

(Alves et al., 2016; Lucas and Sample, 2015). Moreover, CSO control can be improved under 

high implementation level of GIs (Autixier et al., 2014; Chaosakul et al., 2013; Smullen et al., 

2008; Stovin et al., 2013) or when grey infrastructures (i.e. storage tanks) are combined with GIs 

(Alves et al., 2016, Dong et al., 2017; Montalto et al., 2007; Liao et al., 2015, Fu et al., 2019; 

Tavakol-Davani et al., 2016). A few authors also applied various optimization techniques to 

quantify and locate GI practices at the lowest cost possible while mitigating either peak flows in 

combined sewer networks (Sebti et al., 2016) or CSO volumes (Fu et al., 2019;  Joshi et al., 

2021; Torres et al., 2018). In general, past studies found that GI leads to reductions in the 

investment costs for CSO control as compared to grey infrastructures (Joshi et al., 2021, Lia et 

al., 2015; Montalto et al., 2007). 

The use of real-time control (RTC) techniques with the aim of improving the use of 

existing sewer network capacity for CSO control have also been largely studied in the past 

(Schutze et al., 2004). RTC management involves dynamic control of the network infrastructure 

based on real-time measurements or predictions of process variables, such as rainfall intensity, 

water levels, and flowrates, amongst others. RTC strategies can be developed to meet either local 

or global performance objectives and can rely on various control algorithms such as rule-based 

derived methods (i.e. if-then-else rules) or more complex optimization-based approaches (i.e. 

model predictive control) (Lund et al., 2018; García et al., 2015). RTC can also be reactive if 

only real-time measurements of the current state of the system are considered as the input 

variables or predictive if rainfall forecasts are also included as an input of the decision rules 

(Shishegar et al., 2018). The scientific literature reports that RTC management is a cost-efficient 

solution for CSO volume and frequency reduction, both from the perspective of real-world 

applications (Entem et al., 1998; Fuchs et al., 2005; Pleau et al., 2005; Seggelke et al., 2013) and 

theoretical studies (Dirckx et al., 2011; Joseph-Duran et al., 2018; Kroll, 2019; Maiolo et al., 

2020; Nielsen et al., 2010).  

As suggested by Piro et al. (2019), RTC and GIs are the newest and most adequate 

techniques to alleviate urban drainage problems. Indeed, a few research works were conducted to 

evaluate the joined impact of applying RTC on the network and distributing GI over the 

watershed area; they showed improved CSO volume reductions (Frehmann et al., 2002, Altobelli 

et al., 2020) and improved cost effectiveness (Frey et al., 2013) under the joined solutions 

scenarios. More recently, it has been suggested that source control measures performance could 

largely benefit from RTC technologies for improving operational control on site (Xu et al., 2020; 

Brasil et al., 2021). More particularly, studies demonstrated greater CSO volume reductions 

(Lund et al., 2019; Oberascher et al., 2021), or both CSO volume and frequency reductions 

(Lewellyn, 2018; Lucas & Sample, 2015) when GI are dynamically controlled compared to 

passive GI design. 

Whereas previous studies highlighted the potential of optimizing the spatial distribution 

of GI for CSO abatement, and the added benefit of combining RTC and grey infrastructure 

within the network or RTC and GIs on site, only a few research works analyzed the combined 

impact of RTC of the network with GI. More importantly, none of them considered the impact of 

RTC of the network while optimizing the spatial distribution of GI.   



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

This research was conducted with an overarching goal of integrating the optimization of 

RTC, GI spatial distribution and grey infrastructure design volumes to reduce CSO frequency 

and volume, and simultaneously reduce costs. The hypothesis guiding this research work is, on 

one hand, the fact that RTC decisions are greatly influenced by the quantity, timing and spatial 

distribution of the runoff entering the combined sewer network and, on the other hand, that the 

impact of large-scale implementation of green and grey infrastructure could be maximized if 

they are located where excess runoff cannot be managed by RTC alone. More specifically, this 

paper aims at 1) describing how integrating rule-based RTC with green and grey infrastructure 

spatial optimization at the watershed scale has an impact on CSO frequency and volume 

reduction in comparison to their individual application, and 2) assessing how the cost necessary 

to reach specific CSO frequency targets could be reduced with the proposed RTC- green and 

grey infrastructure optimization framework. 

2 Methodology  

2.1 Case study and modeling tool  

This research was conducted for a sub-area of the combined sewer network of a medium-

sized municipality located in the Province of Quebec, Canada. The case study was modeled 

using PCSWMM (CHI, 2020). The sub-area totalizes 181 ha (divided in 44 sub-catchments), 

15.2 km of pipes (diameters varying from 0.2 m to 1.5 m) and 11 overflow structures with 

combined and pseudo-separated sewer sub-catchments (i.e. sub-catchments where only flat roofs 

are drained to the combined sewer pipes). The average imperviousness of the study area is 30%, 

with individual sub-catchment imperviousness varying from 12 to 100%. Some portions of the 

network have steep slopes (up to 8.5%), whereas the interceptor is generally flat (with slopes 

varying from 0.1 to 2%). Under current conditions, the network experiences severe and frequent 

overflows throughout the year. A description of the model calibration and validation process for 

the full network can be found in Jean et al. (2018). Even if the research was based on a sub-area 

of the entire municipality, inflows from the upstream part of the network were injected in the 

model upstream node to mimic the real catchment total inflows.  

Static regulators are currently located downstream of 10 of the 11 overflow structures (O-

01 to O-10 in Fig. 1) to restrict the flowrate reaching the interceptor toward the wastewater 

treatment facility. The interceptor is fully saturated with upstream inflows. Therefore, this 

research considered increasing the capacity of the interceptor and regulators to represent future 

upgrades of the system. This modified state of the network was considered as the base case 

situation to ensure that the performance of the tested solutions in the study area is not affected by 

uncontrolled upstream inflows. From the 11 overflow structures distributed across the network, 

six are associated with CSO problems and were further analyzed.  

In the Province of Quebec, CSO regulation is based on a maximal seasonal frequency 

from May to November. The provincial legislation for the 2040s horizon imposes a maximum of 

seven CSO spills per overflow structure and per season  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

 

Figure 1. Case study sub-area. Note: the six overflow structures O-01 to O-06 are 

exceeding their CSO frequency limit  

2.2 Rainfall data  

2.2.1 Historical rainfall data 

Continuous rainfall data recorded every 5 minutes over 9 years (2006-2009 and 2011-

2015) were available from the municipal rain gauge station located less than 1 km north of the 

case study area. Only the wet weather months from May to November were simulated for CSO 

control as those are the months for which CSO maximal frequency targets are applicable in 

Quebec. Rainfall events are frequent, with seasonal rainfall depth ranging between 730 to 960 

mm. Through the selected years, maximal rainfall intensity over 5 minutes varied from 60 to 130 

mm/h and the average rainfall intensity per event from 3.5 to 5.2 mm/h. More details on the 

historical rainfall data set are available in Jean et al. (2018).  

2.2.2 Design rainfall events 

The optimization routine was first deployed for various scenarios using design rainfall 

events. The aim was to apply rainfall events that would correspond to the target CSO frequency 
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(7 CSOs/season) as optimization design input. The different scenarios were afterwards submitted 

to continuous simulation of the available 9 seasons of rainfall data. Indeed, as demonstrated in 

Jean et al. (2018), it is not possible to determine one single rainfall event that would produce the 

same effect on all of the outfall structures in terms of CSO volume and frequency and, thus, 

continuous simulation is essential to refine the designs and validate their performance.  

Two design rainfall events were used in the optimization process. The first design rainfall 

event is based on the synthetic Chicago rainfall distribution for high frequency intensity-

duration-frequency (IDF) curves and a return period of 1/month (which is equivalent to the target 

frequency of 7 CSOs/season), as proposed in Jean et al. (2018). The second selected design 

rainfall event is a historical rainfall event that occurred on 30 July 2015. It was selected because 

it produced a CSO event volume approximately equal or above the maximum of the seventh 

largest annual CSO event volume among the nine years simulated for all the CSO outfalls, as 

determined from the continuous simulation of the base case scenario. Therefore, this historical 

event was considered to be representative of the target frequency of 7 CSO spills/season. The 

temporal distribution of the synthetic and historic rainfall events is shown in Fig. 2. It should be 

noted that the historical rainfall data are simulated using a 5 min interval, whereas the Chicago 

storm is based on 10 min interval. Both events have similar total duration (between 180 and 200 

min) and total rainfall depth (between 20 and 25 mm) but, as shown in Fig. 2, the Chicago storm 

has a much higher maximal intensity. 

 

 
 

Figure 2. Design rainfall events temporal distribution 

2.3 Optimization framework  

The methodology relied on an optimization tool, called “Integrated Planning and 

Optimization Program” (iPOP). This software combines SWMM 5.1 (Rossman, 2015) for 

hydrological/hydraulic simulations and Parallel Swarm Oriented-Particle Swarm Optimization 

(PSO-PSO) for the optimization of any SWMM input parameter (such as LID design values, 

volume of storage units and control rules variables).  

The workflow diagram of the optimization routine is shown in Fig. 3. Input data include 

the design rainfall event, described previously, and the penalty weights, cost functions and 
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optimization objectives which are presented in section 2.4. In terms of processes, the 

optimization routine was completed in two steps, followed by a validation step. The 1st 

optimization step was conducted with iPOP to optimize, either jointly or separately depending on 

the assessed scenarios: i) the number and location of bioretention cells (i.e. GIs), ii) the number, 

location and volume of off-line storage tanks (i.e. grey infrastructures), and iii) the if-then-else 

rule parameters for partial closure and opening of gate settings at each RTC control point (i.e. 

replacement of the actual regulators by RTC sluice gates).  

The 2nd optimization step included two iterative loops. The first loop consisted of a 

manual adjustment of the gate setting parameters to complete the formulation of the RTC rules. 

The rules final setting of the gate opening state was conducted manually because they should not 

overlap the iPOP optimized values for the gate-closing state. The second iterative loop permits to 

adjust manually the total number of bioretention cells required to meet the optimization 

objectives. The procedure consisted of verifying if any bioretention cell could be withdrawn 

without exceeding the downstream capacity of the network or causing CSO volume when taking 

into account the complete optimized RTC operating rules.  

Finally, as the optimization problem was solved for one of the two rainfall events, the 

solution was validated through continuous simulation of nine years (2006-2009 and 2011-2015) 

in SWMM (validation step). The RTC parameters optimized previously for a given scenario 

were kept unchanged during the validation step. For the scenarios involving grey infrastructure, a 

third iterative loop was conducted after validation to manually refine the total volume of the 

storage units to make sure that the CSO frequency target was achieved for each outfall with the 

lowest storage volume possible.  

In the case of the scenarios integrating green and grey infrastructure with RTC, all the 

aforementioned steps in Fig. 3 were conducted except those steps outlined in blue, which were 

bypassed for the scenarios involving static management. Similarly, the steps identified in grey 

were omitted when no storage tanks were being implemented, and the steps identified in green 

were bypassed for scenarios which did not involve GI. 
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Figure 3. Optimization routine for integrating rule-based RTC with green and grey infrastructure 

design. Note: The blue steps were omitted when the optimization routine was applied to the static 

management scenarios and the grey and/or green cells were omitted when the scenarios did not 

involve grey or green solutions respectively. 
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2.4 Optimization problem  

The optimization problem consisted of defining the values of the following variables:   

 Number of bioretention cells per sub-catchment (BIOSC ) 

 Volume of potential underground off-line storage units (VOLs) upstream of each 

problematic outfall (O-01 to O-06 in Fig. 1) 

 Rule-based RTC parameters for each of the potential nine control points (D1CP, D2CP,  
G1CP)  

The values of the optimization variables were defined to minimize the objective function 

presented below, while fulfilling the following constraints. The hydraulic constraints attached to 

the laws of conservation of mass and momentum are not detailed here as they are embedded in 

the SWMM model and can be found in Rossman (2015). 

Objective function: 
 

∑ 𝐵𝐼𝑂𝑆𝐶 x B𝐵𝐼𝑂 x  A𝐵𝐼𝑂

𝑛𝑆𝐶

𝑆𝐶=1

+ ∑ (A𝑆𝑇𝑂 + 𝑉𝑂𝐿𝑠 x B𝑆𝑇𝑂

𝑛𝑆𝑇𝑂

𝑠=1

) + ∑ 𝑊𝑖 x 𝑚𝑎𝑥(0, 𝐶𝑆𝑂𝑣𝑜𝑙𝑖

𝑛𝑜𝑢𝑡𝑓𝑎𝑙𝑙

𝑖=1

− 𝑇𝑎𝑟𝑔𝑒𝑡𝑖) + ∑ 𝑊𝐷 x max (0, 𝑆𝑢𝑟𝐷𝑒𝑝𝑡ℎ𝐷

𝑛𝑁𝑜𝑑𝑒

𝐷=1

− 𝑇𝑎𝑟𝑔𝑒𝑡𝐷) + 𝑊𝐹 x 𝑚𝑎𝑥(0, 𝑄𝑐𝑎𝑝

− 𝑇𝑎𝑟𝑔𝑒𝑡𝐹)  
(1) 

 

Constraints: 

0 ≤  𝐵𝐼𝑂𝑆𝐶  ≤ 𝐵𝐼𝑂𝑚𝑎𝑥𝑆𝐶   ∀   𝑙 = 1, 2, … , 𝑛𝑆𝐶 

(2) 

 

0 ≤  𝑉𝑂𝐿𝑆  ≤ 𝑉𝑂𝐿𝑚𝑎𝑥𝑆  ∀   𝑆 = 1, 2, … , 𝑛𝑆𝑇𝑂 

(3) 

 

0 ≤  𝐷1𝐶𝑃  ≤ 𝐷𝑖𝑎𝑚𝐶𝑃  ∀   𝐶𝑃 = 1, 2, … , 9 

(4) 

 

 

0 ≤  𝐷2𝐶𝑃  ≤ (𝐷1𝐶𝑃 − 0.1)  ∀   𝐶𝑃 = 1, 2, … , 9 

(5) 

 

𝐹𝑚𝑖𝑛 ≤  𝐺1𝐶𝑃  ≤ 1  ∀   𝐶𝑃 = 1, 2, … , 9 

(6) 

Where: 

𝑛𝑆𝐶  = Total number of combined sub-catchment (25 sub-catchments) 

𝐵𝐼𝑂𝑆𝐶  
= Number of bioretention cell units of 10 m2 for each sub-catchment 𝑆𝐶 

B𝐵𝐼𝑂 = Capital cost per unit area of bioretention cell (CAN $/m2) = 300 CAN $/m2 
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𝐴𝐵𝐼𝑂= Area occupied by one bioretention cell unit (m2) = 10 m2 

𝑛𝑆𝑇𝑂 = Total number of storage units (varies from 0 to 6) 

𝑉𝑂𝐿𝑠= Volume for each storage unit (m3) 

𝐴𝑆𝑇𝑂 = Minimal cost per storage unit (CAN $) (3,000,000 CAN $) 

B𝑆𝑇𝑂 = Supplementaty capital cost per unitary stored volume (CAN $/m3) (600 CAN $/m3) 

𝑛𝑜𝑢𝑡𝑓𝑎𝑙𝑙 = Total number of outfall structures 

𝑊𝑖 = Cost weight factor associated to a given outfall infrastructure 𝑖 for one unit of 𝐶𝑆𝑂𝑣𝑜𝑙𝑖 

above the 𝑇𝑎𝑟𝑔𝑒𝑡𝑖 (50,000,000 CAN $/m3) 

𝐶𝑆𝑂𝑣𝑜𝑙𝑖 = Simulated total CSO volume for a given outfall infrastructure 𝑖 as taken from the 

status report of SWMM (1,000 x m3);  

𝑇𝑎𝑟𝑔𝑒𝑡𝑖 = Target CSO volume associated with a given outfall structure 𝑖 (0 x 103 m3) 

𝑛𝑁𝑜𝑑𝑒 = Total number of selected nodes to estimate network surcharges located downstream of 

each outfall structure (8 nodes)  

𝑊𝐷 = Cost weight factor associated to a given selected node 𝐷 for one unit of 𝑆𝑢𝑟𝐷𝑒𝑝𝑡ℎ𝐷 above 

the 𝑇𝑎𝑟𝑔𝑒𝑡𝐷 (50,000,000 CAN $/m) 

𝑆𝑢𝑟𝐷𝑒𝑝𝑡ℎ𝐷 = Simulated maximal node depth value for a given selected node 𝐷 as taken from 

the status report of SWMM (m)  

𝑇𝑎𝑟𝑔𝑒𝑡𝐷 = Target node depth associated with a given selected node 𝐷 to avoid excessive 

surcharge (m) (generally 0.15 m above the downstream crown height) 

WF = Cost weighting factor associated to the downstream capacity of the network for one unit of 

𝑄𝑐𝑎𝑝 above the 𝑇𝑎𝑟𝑔𝑒𝑡𝐹 (500,000,000 CAN $ s/m3) 

𝑄𝑐𝑎𝑝 = Simulated maximum downstream flowrate as taken in the status report of SWMM (m3/s) 

𝑇𝑎𝑟𝑔𝑒𝑡𝐹 = Target maximum flow corresponding to the network downstream capacity (1 m3/s) 

𝐵𝐼𝑂𝑚𝑎𝑥𝑆𝐶  = Maximum number of bioretention cells of 10 m2 that can be implemented in each 

sub-catchment 𝑆𝐶 

𝑉𝑂𝐿𝑚𝑎𝑥𝑆 = Maximum volume of underground storage units 𝑆 (m3)𝐶𝑃 = Potential control points 

for RTC implementation 

𝐷1𝐶𝑃 = Depth at the downstream confluence with the interceptor that will trigger the 𝐶𝑃 gate 

partial closure 

𝐷2𝐶𝑃= Depth at the downstream confluence with the interceptor that will trigger the 𝐶𝑃 gate 

reopening 

𝐷𝑖𝑎𝑚𝐶𝑃 = Diameter of the pipe in which the water depth is measured in real-time for each 𝐶𝑃 

gate control 

𝐺1𝐶𝑃 = Fraction of opening at which the  𝐶𝑃 gate should be maintained when the gates are 

partially closed 

𝐹𝑚𝑖𝑛 = Minimum gate opening fraction during its closing state (a value of 0.1 is applied) 
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The objective function embedded in iPOP consisted of minimizing the sum of the total 

infrastructure costs for green and grey infrastructure and the system penalties associated with 

exceedance of three performance targets on i) CSO volume, ii) node surcharges, and iii) 

downstream network capacity. No RTC cost was directly applied through the optimization 

framework as an input parameter, because this cost was marginal compared to the other 

parameters. However, the calculated potential cost by each RTC control point was considered 

when evaluating the cost effectiveness of each scenario.  

In terms of constraints, the feasible implementation range for bioretention cells detailed 

in Eq. 2 varied from zero to a maximal value determined for each sub-catchment either from the 

site suitability criteria map or the maximal impervious area that can be treated (see section 2.4.1 

for more details). Regarding the storage volume bounds in Eq.3, the upper limit was set large 

enough to ensure the CSO control objective could be met. For rule-based RTC definition, the 

constraint defined by Eq. 4 aimed at avoiding network surcharges and/or exceeding the 

downstream capacity. The constraint represented by Eq. 5 ensures that the depth triggering the 

gate reopening is different enough from the depth triggering its closure so that the changes in 

gate states do not cause continuous oscillations  between its closed and open positions. The last 

constraint (Eq. 6) aimed at avoiding the gates full closure, which could be a risk for the network 

upstream in case of gate malfunction.  

More details about the variables, constraints, modeling choices and optimization 

algorithms are given in the following sections. 

2.4.1 Green infrastructure  

The spatial distribution of only one type of GI was optimized (i.e. bioretention cells) 

andto reduce the uncertainty associated with the selected GI scenarios, a sensitivity analysis of 

the bioretention cell costs and design input parameters was conducted.   

Specific land suitability criteria were applied to define the upper implementation level 

limit of bioretention cells for each combined sewer sub-catchment based on design 

recommendations from the literature (see Supplementary Material). Spatial analysis was 

conducted by the Geographic Information System (GIS) software ArcGIS and data from 

orthophoto pictures, land use shape files and soil characterization map. Based on this analysis, 

the maximal available area for bioretention cells implementation and the maximal impervious 

area that could be potentially treated by bioretention cells were determined.  

The loading ratio between the surface occupied by bioretention cells and the treated 

impervious surface was set equal to 1:10 (i.e. the bioretention cells can treat water from 

impervious areas totalizing 10 times their surface), which is a conservative value as 

recommended by CSA (2018) for the most contaminated runoff. Bioretention cells 

implementation was simulated on a per-unit basis using the LID control module of SWMM 

(Rossman et al., 2016). The parameters of the vertical layers constituting the bioretention cells 

design are specified in Table 1 and were primarily based on calibrated values from a previous 

monitoring study of GI implemented in the Province of Quebec (Bilodeau, 2018) and Canadian 

design guidelines for bioretention cells (CSA, 2018). The US EPA recommended values 

(Rossman et al., 2016) were applied for the remaining parameters (Table 1). Finally, the 

bioretention cells design values defined for the sensitivity analysis of the GI performance were 

based on the minimal and maximal design values reported in Table 1.  
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Table 1. Bioretention Cells Design Parameters for SWMM LID Control Module  
 

Layer Parameter 

Selected 

design 

value  

Canadian 

guidelines 

(CSA, 2018) a 

EPA SWMM guidelines 

(Rossman et al., 2016) b 

Min 

LID 

value c 

Max 

LID 

value c 

Surface 

Berm height (mm) 300 (300)  150-300 150 300 

Vegetation volume 

(fraction) 
0.1 - 0-0.2 0.2 0.1 

Surface roughness b 0.3 - 0.03-0.2 0.3 0.03 

Surface slope (%) 0.5 - 0.5-3 0.5 3 

Soil 

Thickness (mm) b 450 > 300 (450) 600-1200 450 600 

Porosity (fraction) 0.437 - 0.45-0.6 (0.52) 0.437 0.6 

Field capacity 

(fraction) b 
0.105 - 0.15-0.25 (0.15) 0.105 0.25 

Wilting point 

(fraction) b 
0.047 - 0.05-0.15 (0.08) 0.047 0.047d 

Conductivity (mm/h) 140 - 50-140 (120) 50 140 

Conductivity slope 

(%) 
30 - 30-55 (40) 30 55 

Suction head (mm) b 110 - 50-100 (50) 110 50 

Storage 

Thickness (mm) 600 >300 (600) 150-900 300 900 

Void ratio (fraction) b 0.5 - 0.2-0.4 0.2 0.5 

Seepage rate (mm/h) 5 - - 5 15 

Clogging factor 

(fraction) 
0 - - 400 0 

a The values in parentheses correspond to the recommended value if applicable. 

b Values slightly outside the EPA SWMM range guidelines were based on calibrated values (Bilodeau, 2018).  

c The minimal and maximal design values represent the values leading to a net decrease or increase in the LID 

CSO reduction performance, respectively. 

d The best CSO reduction performance is obtained for a greater difference between the wilting point and the 

field capacity fractions, which explains why only the field capacity fraction is increased for the Max LID value 

case. 

2.4.2 Real-time control implementation  

The rule-based RTC strategy was implemented for potentially nine control points 

(overflow infrastructure O-01 to O-09 on Fig. 1).The most upstream regulator (located beside the 

outfall O-10) was not included in the analysis as it drains only a small portion of the network. 

The optimization scheme also permitted optimizing the total number of RTC control points by 

evaluating if applying a dynamic control on all gates or only on some of them provides similar 

benefits. 

2.4.3 Cost evaluation  

The bioretention cells cost calculations embedded in the objective function was 

simplified as a linear function of the bioretention cells implementation area. The cost values 

applied were based on an estimation of the construction cost considering the bioretention vertical 

layers design recommendations of the literature presented in Table 1 and material and 
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construction costs encountered in the Province of Quebec. A cost estimation of 300 CAD $/m2 

was calculated, which corresponds with the mid-range value of various bioretention cells 

projects led in the Province of Quebec (costs varying from 150 to 400 CAD $/m2 reported by 

Bilodeau, 2018).  

Similarly, values applied for storage units cost evaluation were based on three previous 

construction projects realized in other sub-catchment areas of the case study. The reported 

projects correspond to concrete underground storage tanks of various sizes with gravitational 

outflow and self-cleaning mechanism (personal communication with Bilodeau, 2020). Based on 

this information, an initial investment of about 3,000,000 CAD$ was considered necessary for 

grey infrastructure implementation in addition to a per-volume cost of 600 CAD$/m3.  

Finally, the RTC implementation cost, which is the investment cost required to replace 

each static regulator with a moveable gate and RTC technology, was determined based on costs 

applicable to the Province of Quebec, which are approximately 1,150,000 CAD$ per site 

(personal communication with Lussier, 2021). 

More details on the cost data are presented in the Supplementary Material section.   

2.4.4 Optimization algorithm  

The optimization tool (iPOP) was applied to solve the optimization problem using the 

Parallel Swarm Oriented-Particle Swarm Optimization (PSO-PSO). The PSO-PSO algorithm is 

an evolutionary population-based search algorithm where a series of solution candidates (i.e. 

particles), are evolving at each iteration (i.e. generation). When applying PSO-PSO, the 

population is further divided in parallel sub-swarms, each grouping an equal number of particles. 

Therefore, the algorithm takes into account the sub-swarm best solution in addition to the 

particles and population best solutions (Gonsalves & Egashira, 2013). The equations of the PSO-

PSO algorithm are given in the Supplementary Material section. 

The number of particles per generation, the number of sub-swarms and the total number 

of generations are user-specific parameters of iPOP. For this research, four swarms of 50 

particles and 60 generations were simulated, for a total of 12 000 particles (1 particle = 1 design 

alternative) per scenario assessed. At each generation, iPOP modifies the input file of a SWMM 

reference scenario to produce different SWMM input files, each corresponding to one PSO 

particle. By applying the PSO-PSO algorithm, iPOP should converge toward an “optimal” or 

“near-optimal” SWMM input file which corresponds to a specific design alternative in terms of 

GI distribution and/or storage volume and/or RTC rule-based definition.  

2.4 Scenarios  

The scenarios compared can be differentiated according to the design rainfall event used 

in the optimization process and the three potential types of design outputs optimized: 1) the rules 

parameters for RTC gates, 2) the number and spatial distribution of GI, and 3) the spatial 

distribution and volume of grey infrastructure. Table 2 provides a summary of all scenarios 

compared when all permutations of these design parameters were considered.  

 

Table 2. Description of the Scenarios 
 

Scenario name Type of Green Grey Design 
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control infrastructure infrastructure rainfall event 

1. Base case Static  - - N/A 

2A. RTC- Chicago RTC - - Chicago 

2B. RTC- July RTC  - - 30 July 2015 

3. GreyDesign1 Static - X N/A 

4A. RTC-Grey- Chicago RTC - X Chicago 

4B. RTC-Grey-July RTC  - X 30th July 2015 

5A. GreyGreen- Chicago Static X X Chicago 

5B. GreyGreen-July Static X X 30 July 2015 

6A. RTC-GreyGreen- Chicago RTC X X Chicago 

6B. RTC-GreyGreen-July RTC  X X 30 July 2015 

7A. Green- Chicago Static X - Chicago 

7B. Green-July Static X - 30 July 2015 

8A. RTC-Green- Chicago RTC X - Chicago 

8B. RTC-Green-July RTC  X - 30 July 2015 

1 Scenario 3 only involves grey infrastructure whose final sizing was based on the continuous simulation, 

therefore the final optimal storage volume and tanks distribution over the catchment area were not impacted 

by the two design rainfall events. 

3 Results and discussion 

3.1 Scenarios performance  

Table 3 presents the optimization results for each scenario in terms of cost, infrastructure 

designs and CSO performance by indicating the number of outfalls for which the maximum 

allowable CSO frequency target of 7 CSO/season was exceeded. As shown, the CSO frequency 

objective cannot be achieved without the construction of grey infrastructure, but the integration 

of GI and RTC permit to significantly reduce the costs of the designed solutions. From all the 

scenarios studied, the scenario 6A, integrating green and grey infrastructures with RTC, is the 

one that achieves the objectives at the lowest cost. 

Indeed, whereas the scenarios involving RTC alone were the cheapest solutions, they 

could not reach the CSO frequency targets for 6 problematic outfalls. In contrast, the addition of 

grey infrastructure was an effective solution under both static and RTC management and 

required similar investment costs (between approximately 23 to 24 million CAD$). Also, the 

total design storage volume could be reduced considerably by RTC.  

Moreover, all the solution alternatives involving static control and grey infrastructure 

alone or in integration with GI (scenarios 3, 5A and 5B) reached the design objectives with 

similar investment costs (about 24 million CAD$), while static control combined with GI alone 

(7A and 7B) required half the investment costs, but failed to achieve CSO target goals at four 

outfalls. The upper limit on the maximum number of bioretention cells that could be 

implemented was reached for almost all the sub-catchments in scenario 7A, but it was not 

sufficient to reduce the CSO occurrence below an acceptable level. On the contrary, if the option 

of implementing RTC was applied in integration with GI or with a mix of green-grey 

infrastructure using the Chicago storm (scenarios 6A or 8A), the total solution cost remained 

among the lowest (12.5 to 15.2 million of CAD$, respectively) and still achieved the CSO 

frequency target or nearly so (in scenario 8A, only outfall O-06 exceeded its CSO frequency 

target, during one year). Interestingly, this means that the cost for upgrading the network to reach 
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its CSO frequency objective under static control remained approximately the same for scenarios 

involving grey infrastructure even if GI was integrated in the design process, because the 

statically controlled regulators have a fixed capacity, and any water in excess must be either 

captured upstream with GIs or off-line with grey infrastructure. In contrast, optimizing RTC and 

GI (with or without grey infrastructure) permits to control both the surface runoff and the 

flowrate within the network; providing the highest flexibility for CSO reduction and potential 

cost savings. Therefore, for the case study assessed, RTC benefits are mostly obtained when 

distributed GIs are integrated in the design solution, because this type of infrastructure can be 

implemented where RTC is less effective, and because this solution is cheaper to implement than 

centralized underground storage units.  

Differences in performance results between the solutions optimized with the synthetic 

event (scenarios A) and historical event (scenarios B) is often marginal but, in general, 

optimization with the synthetic event is slightly more effective in terms of maintaining the CSO 

target limits for all outfalls and all years. For instance, scenarios involving RTC and green and 

grey infrastructure optimized under the Chicago storm (6A) did respect the CSO frequency 

objective as opposed to the same scenario optimized under the historical event (6B), which 

exceeded the maximal CSO occurrence for two outfalls (see Table 3). The exceedance occurs 

only during one simulated year, and could be easily avoided by integrating more bioretention cell 

units (i.e. 2.25 ha such as optimized for the scenario 6A instead of 1.86 ha for the scenario 6B). 

Therefore, only the optimization results obtained with the synthetic rainfall event are further 

detailed here while the remaining results obtained with the historical event are presented in the 

Supplementary Material section.   
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Table 3. Optimized Solutions Costs, Infrastructure and Performance 

Scenarios  $ CAD 

Total 

storage 

volume  

(m3) 

Total 

bioretention 

area 

(ha) 

Number 

of RTC 

gates 

Number of 

outfalls with 

CSO frequency 

> target 

 

1. Base case 0 - - - 6 

2A. RTC- Chicago 1,150,000 - - 9 6 

2B. RTC- July 1,150,000 - - 9 6 

3. Grey-Design 23,940,000 9,900 - - 0 

4A. RTC-Grey- Chicago 23,075,000 7,500 - 5 0 

4B. RTC-Grey-July 22,530,000 6,400 - 6 0 

5A. GreyGreen- Chicago 24,075,000 6,300 1.77 - 0 

5B. GreyGreen-July 23,625,000 6,600 1.56 - 0 

6A. RTC-GreyGreen- Chicago 15,220,000 2,800 2.25 7 0 

6B. RTC-GreyGreen-July 13,820,000 2,200 1.86 8 2 

7A. Green- Chicago 12,060,000 - 4.02 - 4 

7B. Green-July 11,880,000 - 3.96 - 4 

8A. RTC-Green- Chicago 1 12,545,000 - 3.99 5 1 

8B. RTC-Green-July 11,855,000 - 3.76 5 2 

1 For scenario 8A, nine CSOs were simulated in 2011 for outfall O-06, but volumes of the two smallest CSO 

events exceeding the limit remained relatively small (< 11 and 5 m3 respectively). 

The total CSO volume simulated for the entire study area and the maximal seasonal CSO 

frequency reached for each problematic outfall during the nine simulated years are presented in 

Fig. 4 and Fig. 5, respectively.  

In general, scenarios in which RTC and/or GI are implemented improve CSO volume and 

frequency reduction such as expected according to previous literature reported in the 

introduction. More specifically, whereas the scenario involving RTC alone (2A) exceeds the 

maximal allowable CSO frequency limit, it can still reduce by 40% the total CSO volume 

compared to the base case scenario. GI can further reduce CSO volume by up to 98% when this 

green alternative is implemented with RTC (8A) or by about 95% when a mix of green and grey 

infrastructures are integrated with RTC (6A). Under static control of the network, the amount of 

CSO volume reduction is still considerable when GI is implemented, with a CSO reduction of 

about 89% for the scenario involving GI alone (7A) and about 93% in the case of the scenario 

mixing green and grey infrastructures (5A). However, Fig. 5 shows that for three outfalls, 

scenario 7A results in high CSO frequency as the maximal CSO frequency simulated at these 

locations is between 50 to 60 events per season. This poor performance is explained by the 

constraint on the maximal number of bioretention cells that can be implemented, according to the 

spatial analysis, and the restrictive flow rate that can pass through the static regulators. Stovin et 

al. (2013) also found that GI alone was not sufficient to cope with CSO problems in all the sub-

catchments analyzed. In contrast, the scenario integrating RTC and GI without grey 

infrastructure (8A) is able to maintain a frequency of seven spills per year for almost all outfalls 

as the RTC management offers more flexibility than the static regulators where GI space 

availability is more restrictive.   
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These results demonstrate that the scenarios involving a mix of green and grey infrastructures are 

generally more robust in maintaining the maximal allowable CSO frequency targets for similar 

CSO volume reduction and that their integration with RTC permits to further reduce the 

investment cost. Results obtained by Altobelli et al. (2020) for a combined sewer system 

submitted to similar climatic conditions in northern Italy suggested that RTC alone or in 

combination with either green or grey infrastructures can contribute to reducing CSO volume 

compared to scenarios involving only a static control of the system, and that grey infrastructure 

is still necessary for eliminating CSO occurrence. In the same vein, Lucas and Sample (2015) 

conducted a study for a small combined sewer catchment in Virginia, USA, and found that GI 

combined with RTC tend to reduce the CSO volume by a greater amount as compared to grey 

infrastructures, while the latter perform better in terms of reducing CSO frequency.  

 
 

Figure 4. Total CSO volume for all optimized scenarios 
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Figure 5. Maximal seasonal CSO frequency reached per outfall for all 9 simulated years. Note: 

The dashed line represents the seasonal CSO frequency limit of 7 CSOs/season 

3.2 Cost-benefit analysis 

The cost-benefit ratio of the mean CSO volume reduction (i.e. the total scenario cost 

divided by the difference in simulated mean seasonal CSO volume between the base case 

scenario and the assessed scenario) was calculated for each scenario optimized under the 

synthetic rainfall event and for which the maximal CSO target frequency was not exceeded, as 

well as for scenario 8A (one exceedance). Therefore, results for a total of five scenarios are 

presented in Fig. 6.  

The uncertainty attached to the estimated grey and green infrastructures cost is illustrated 

through error bars representative of a variation in the storage and bioretention cells costs of ± 

50%. A greater cost uncertainty is attached to scenarios having a greater total volume of grey 

infrastructure as this type of solution is, on average, more costly than GI. The scenario 

integrating RTC and GI (8A) remains the most cost-effective solution considering cost 

uncertainties (the cost of scenario 8A is about 70$/m3 of average seasonal CSO volume reduction 

compared to about 90-150 $/m3 for the remaining scenarios). This scenario, however, requires a 

high number of bioretention cells to reach the CSO frequency target, with the upper limit on the 

number of bioretention cells reached in almost all sub-catchments, as compared to the scenario 

integrating RTC with both green and grey infrastructure (6A), which requires about half the 

bioretention cells. As compared to scenario 8A, scenario 6A might be more readily applicable 

and practical due to its more modest implementation of bioretention cells; it is also one of the 

most cost-effective alternatives. Alves et al. (2016) also found that combining green and grey 

infrastructures was the most cost-effective solution for CSO abatement as centralized storage 

units can be implemented where space availability limits GI implementation.   

As a comparison, the analysis of Montalto et al. (2007) suggested that for high GI cost, 

storage tanks become a more cost-effective solution for CSO abatement, but as GI cost decrease, 
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the opposite effect is obtained. The study of Joshi et al. (2020) also suggests important cost 

reduction when GIs are implemented rather than grey infrastructures. In our case, the scenarios 

integrating RTC with GI, with or without storage units, are always more cost-effective than any 

other option that does not include GI, even considering a high cost variation. Similarly to what 

we obtained, Frey et al. (2013) suggested that a combination of RTC and green and grey 

infrastructures permits important cost savings. Other studies which did not include RTC in their 

analysis concluded that mixing green and grey infrastructures is the best option for balancing the 

network performance and cost (Dong et al., 2017; Liao et al., 2015; Tavakol-Davani et al., 2015).  

 

 
 

Figure 6. Cost-benefit ratio for selected scenarios: a) Cost-benefit ratio for storage price 

variation of ± 50%; b) Cost-benefit ratio for bioretention cells price variation of ± 50%. 
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3.3 Sensitivity analysis of GI design  

GI design parameters sensitivity was assessed for scenarios based on the Chicago rainfall 

event combining green and grey infrastructures with RTC (6A) and integrating RTC with GI 

(8A), as they present the best cost-benefit ratios. The two scenarios were simulated for the nine 

years of available continuous rainfall data for four different sets of LID input parameters in 

SWMM, without changing their optimized RTC rules, the bioretention cells spatial distribution 

nor their storage units volume (in the case of scenario 6A). More specifically, the LID design 

parameters were changed for the minimal and maximal design values listed in Table 1 (scenarios 

LID-MIN and LID-MAX respectively), and for a LID loading ratio increased to 1:15 and 1:20. 

As shown in Fig.7, the maximal CSO frequency reached over the continuous simulation 

period for each outfall was not necessarily increased or decreased by the changes in the LID 

input parameters, particularly in the case of scenario 6A. The storage units provided additional 

runoff capture when the bioretention cells became more rapidly saturated due to either decreased 

design performance or increased loading ratio. Scenarios are less sensitive to an increase in GI 

performance as bioretention cells are saturated only for a few larger rainfall events and those 

rainfall events are, for the most part, the same ones as those responsible for the CSOs occurring 

in the original scenario. Moreover, Fig. 7 indicates that a ratio of 1:20 is not sustainable for the 

two analyzed scenarios, but that a ratio of 1:15 or lower LID design values are still acceptable 

when grey infrastructure is integrated with GI and RTC, as opposed to the scenario involving 

only GI and RTC. Similarly, Lewellyn et al. (2018) found that GI performances were not 

impacted by back-to-back rainfall events if the native soil conductivity was sufficiently high. 

Indeed, under appropriate design and implementation site selection, GIs are likely to provide 

sufficient runoff capture under a variety of rainfall events.  

According to the presented results, integrating the optimization of green and grey 

infrastructures with RTC might present a safer option to achieve high CSO volume and CSO 

frequency reductions even under GI performance uncertainty.   
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Figure 7. GI design sensitivity on maximal annual CSO frequency per outfall: a) 6A. RTC-

GreyGreen-Chicago scenario; b) 8A. RTC-Green-Chicago scenario. Note: The dashed line 

represents the seasonal CSO frequency limit of 7 CSOs/season 

4 Conclusions  

CSO regulations are requiring municipal actions toward implementing cost-effective 

solutions for combined sewer network upgrades. This study aimed at orienting the design of 

those solutions through an innovative optimization framework. Results demonstrated that: 
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- Under static control of the network, the total cost to reach CSO frequency targets: 

o remains similar for solutions integrating grey infrastructure alone or in 

combination with GI;  

o is higher than the cost of solutions involving RTC. 

- Spatial optimization of GI with RTC leads to maximal CSO volume reduction at the 

lowest investment cost, as compared to static control or traditional combination of 

RTC and grey infrastructure, however, it: 

o requires a high number of GI everywhere in the catchment area; 

o results in a CSO frequency that is more sensitive to a variation in GI design 

parameters as compared to the scenario integrating RTC with green and grey 

infrastructure.   

- Integration of the optimization of a mix of green and grey infrastructure with RTC 

presents the safest option for CSO control, as it: 

o provides one of the most cost-effective solutions;  

o ensures robustness under varying GI design parameters and solution design 

costs.  

This study contributes to improve the development of CSO control solutions that are 

potentially more affordable, efficient, and adaptable to a variety of networks, rainfall conditions, 

and CSO control objectives. The applied methodology could easily be reproduced by adapting 

the optimization parameters according to any combined sewer context.  

Future research work should assess the impact of GI design for CSO abatement of more 

complex RTC schemes, such as model predictive control, to evaluate if additional benefits could 

be obtained from a more optimal control of network flowrates. Moreover, the impact of 

integrating both RTC applications (within the network and on distributed GIs on site) should be 

assessed in terms of CSO performance objectives. A better understanding of the impact of large-

scale implementation of GI on CSO frequency and volume could improve the design of such 

novel solutions for combined sewer networks. Finally, the optimization framework should be 

applied for various case studies and climatic data to evaluate the potential benefits and 

robustness of combining RTC with green and grey infrastructure under a variety of conditions.  
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