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Abstract: Agricultural lands usually carry a considerable amount of phosphorous and nitrogen. 
This is due to the routinely added chemical fertilizers. Phosphorous is identified as a non-point source 
pollutant that causes eutrophication in surface waters. Even though, phosphorous is less mobile than 
nitrogen, soil erosion in agricultural lands leads to increase the phosphorous levels in surface water. 
Therefore, it is always better to consider phosphorous concentration when considering the receiving 
water quality due to combined sewer overflows (CSOs). Rathnayake and Tanyimboh’s optimal 
control model for urban sewer systems is capable of assessing water quality in receiving water due to 
CSOs. However, it only includes the concentrations of total suspended solids (TSS), chemical oxygen 
demand (COD), nitrates and nitrites (NOX), five-day biochemical oxygen demand (BOD) and total 
Kjeldahl nitrogen (TKN). Therefore, there is a necessity to improve the water quality analysis in 
Rathnayake and Tanyimboh’s optimal model. This paper presents an enhanced water quality 
approach, including phosphorous concentrations, in control of urban sewer networks. The enhanced 
model is applied to a real world combined sewer network. Results show that the enhanced model 
produces better approach compared to the existing Rathnayake and Tanyimboh’s control model. 
 
Keywords: Combined sewer overflows, combined sewer systems, enhanced effluent quality 
index, multi-objective optimization, NSGA II, phosphate concentration 
 
 
1. Introduction 
 
Combined sewer overflows (CSOs) are present 
in many countries in the world. These CSOs 
are directly discharged to the nearby water 
bodies without treatment. Therefore, CSOs in 
stormflows are a major environmental concern. 
In addition, recent studies show that CSOs even 
supply wastewater micro-pollutants to the 
receiving waters (Philips et al., 2012).  
 
Agricultural lands usually carry a considerable 
amount of phosphorous and nitrogen. This is 
due to the routinely added chemical fertilizers.  
Phosphorus is non-metallic and an essential 
nutrient to plants. However, it is treated as a 
pollutant to the fresh water. Therefore, 
phosphorous is identified as a non-point source 
pollutant. Phosphorus enters the surface water 
in two methods. It can be attached to the 
sediment particles and then, enter the surface 
water when soils are disturbed (Mylavarapu, 
2014). In addition, free-floating phosphorus 
can enter the water during stormflows. Even 
though, phosphorous is less mobile than 
nitrogen, soil erosion in agricultural lands leads 

to increase the phosphorous levels in surface 
water. Phosphorus in surface water causes 
eutrophication. This can cause algal blooms 
and therefore, the presence of submerged 
aquatic vegetation in surface waters is low. 
Therefore, the water quality becomes poorer 
(Gervin and Brix, 2001).   
 
Therefore, there is a necessity to consider 
phosphorous concentrations when considering 
the receiving water quality due to CSOs. 
Rathnayake and Tanyimboh’s optimal control 
model for urban sewer systems is capable of 
assessing the water quality in receiving water 
due to CSOs. However, it only includes the 
concentrations of total suspended solids (TSS), 
chemical oxygen demand (COD), nitrates and 
nitrites (NOX), five-day biochemical oxygen 
demand (BOD) and total Kjeldahl nitrogen 
(TKN). Therefore, this paper presents an 
enhanced water quality approach, including 
phosphate concentrations, in control of urban 
sewer networks. The enhanced model is 
applied to a real world combined sewer 
network and results are compared against the 
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existing Rathnayake and Tanyimboh’s control 
model (2012c). 
 
 
2. Enhanced effluent quality index 
 
Rathnayake (2014) and Rathnayake and 
Tanyimboh (2014, 2012a,b,c) have successfully 
incorporated the water quality aspects in control 
of combined sewer systems. However, the 
considered water quality parameters were 
limited to total suspended solids (TSS), 
chemical oxygen demand (COD), bio-chemical 
oxygen demand (BOD), nitrates and nitrites 
(NOX) and total Kjeldahl nitrogen (TKN). 
Phosphors in surface water runoff, especially 
from agricultural lands, is a concerned topic. 
Benedetti et al. (2006) and Kim et al. (2009) 
have used an enhanced effluent quality index 
(EQI) incorporating total phosphate. Equation 1 
gives the enhanced EQI. 
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where Qe(t), tf, and t0 are the flow rate, final and 
initial time respectively. CTSS, CCOD, CNOX, CBOD, 

CTKN and CTP are the concentrations of total 
suspended solids, chemical oxygen demand, 
nitrates and nitrites, five-day biochemical 
oxygen demand, total Kjeldahl nitrogen and 
total phosphate, respectively. EQI without total 
phosphate (TP) was commonly used in the 
literature (Sobańtka et al., 2014; Alex et al., 
1999); however, the inclusion of TP in the 
equation provides more information to the water 
quality index (Kim et al., 2009). In other words, 
the EQI is now an integration of six important 
water quality parameters. 
 
 
3. Problem formulation 
 
Schematic diagram of an interceptor sewer 
system and a combined sewer chamber are 
presented in Figure 1. The following continuity 
equations (Equations 2, 3 & 4) can be drafted 
with reference to Figure 1. 
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where AC is the surface area of the CSO 
chamber. 

 

 
Figure 1: Schematics of interceptor sewer system 
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The first objective function (F1) was 
formulated to minimize the pollution load from 
CSOs to the receiving water (Equation 5). 
However, unlike in previous work by 
Rathnayake (2014) and Rathnayake and 
Tanyimboh (2012a,b,c) an enhanced Effluent 
quality index (EQI) including total phosphate 
was used to formulate this pollution load. The 
mathematical explanation of this enhanced 
EQI is given in Equation 1. 
 

1
0

n

i
i

Minimize F P
=

=∑  (5) 

 
where n and Pi are the number of interceptor 
nodes or CSO chambers and the pollution load 
to the receiving water from the ith CSO 
chamber respectively. Pi can be expressed as 
 

i iP Enhanced EQI=  (6) 
 
where Enhanced EQIi is the enhanced effluent 
quality index at node i. The second objective 
function was formulated to minimize the 
wastewater treatment cost at downstream 
wastewater treatment plant (Equation 7). 
 

2 TMinimize F C=  (7) 
 
where CT (€/year) is the treatment cost at 
treatment plant. This CT is expressed as a 
function of the wastewater volume flow rate to 
wastewater treatment plant. A detailed 
explanation on the derivation of the generic 
cost function is given in Rathnayake and 
Tanyimboh (2012a,b,c). Two objective 
functions given in Equations 5 and 7 are under 
the flow constraints given in the Equation 8. 
The flows inside the conduits are constrained 
to a maximum value.  
 

max,0 i iq q≤ ≤  (8) 
 
where qmax,i is the maximum flow rate at ith 
conduit. 
 
U.S. EPA SWMM 5.0 (Rossman, 2009) was 
used to model the combined sewer network. 
SWMM 5.0 is a powerful hydraulic and water 

quality simulation model, which is capable of 
simulating stormwater runoff and routing 
processes, including water quality routing. The 
hydraulic model was linked to NSGA II 
optimization module (Deb et al., 2002) using 
“C” programming language. NSGA II 
optimization module was used to solve the 
developed multi-objective optimization 
problem.   
 
Rectangular orifices in CSO chambers were 
used to control the wastewater flow from CSO 
chambers to the interceptor sewer. These 
orifices were placed at the bottom of the 
chambers. Therefore, the orifice openings are 
the decision variables of the developed multi-
objective optimization problem. Orifice 
openings were randomly generated in NSGA II 
and then, fed to the hydraulic model to 
carryout the full hydraulic simulations. These 
include the water quality modelling in 
combined sewer networks. The results 
obtained from the hydraulic simulations were 
called back to NSGA II to calculate the two 
objective functions (F1 and F2). Next, the 
solutions were obtained for the multi-objective 
optimization problem.     
 
The continuity equations given in equations 2, 
3 and 4 were satisfied in SWMM 5.0 hydraulic 
model. However, the constraints given in 
equation 8 were satisfied in NSGA II, using a 
binary tournament selection. More details of 
this constraint handling technique are found in 
Deb et al. (2002).  
 
 
4. Model application 
 
The developed multi-objective optimization 
problem was tested for a real world interceptor 
sewer network. The sewer network presented 
in Figure 2 was developed by Thomas (2000); 
however, it was modified by Rathnayake and 
Tanyimboh (2012a,c). More information, 
including the modifications are given in 
Rathnayake and Tanyimboh (2012a,c). T8 and 
T9 are two on-line storage tanks for T2 and T5 
CSO chambers, respectively. 
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Figure 2: Interceptor sewer system 

 
Average dry weather flow rates (DWF) and 
flow hydrographs from single storms were fed 
to the T1 – T7 CSO chambers. More details on 
these hydrographs can be found in Thomas 
(2000) and Rathnayake and Tanyimboh 
(2012b). DWF pollution concentration levels 
for TSS, COD, BOD, NOX and TKN were fed 
and they can be found in Rathnayake and 
Tanyimboh (2012b). However, three pollutant 
concentration levels of DWF for TP can be 
found in Tchobanoglous and Burton (1991). 
These three levels refer the weak, medium and 
strong pollution levels, respectively. However, 
a medium level of pollution concentration (7 
mg/L) of TP was used in this study. 
Pollutiographs developed by Rathnayake and 

Tanyimboh (2012b) for TSS, COD, BOD, 
NOX and TKN for single storm flow 
hydrograph were fed to the CSO chambers. 
However, new pollutographs were developed 
for the TP. These pollutographs were 
generated according to the corresponding 
catchment’s land-use.  
 
Duncan (1999) gives a detailed overview about 
the composition of the stormwater runoff for 
different land-uses. TP in different land-use 
was obtained from Duncan (1999). However, 
the shapes of TP were reviewed from the 
previous literature (Neumann et al., 2007; 
Coleman, 1995) and used to develop the TP 
pollutographs.   

 

 
a) For Rimrose catchment                                                b) For Millers Bridge 

Figure 3: Total Phosphate pollutographs 
 
Figures 3a and 3b show the developed 
pollutographs for total phosphate 
concentrations in residential and agricultural 
land-uses, respectively.  
 
NSGA II optimization module was run for the 
real-coded decision variables. The 
optimization process was done with a 
population of 100, 100 generations and 
crossover probability of 1. Many optimization 
runs with different mutation rates were 
conducted. This is to compare the performance 

of mutation probability for this optimization 
problem. Routing time-step in SWMM 5.0 was 
kept at 30 seconds, and the results were 
obtained after the two and half hours storm 
period. (The total duration of the storm is 2 hrs 
& 30 minutes) Then, the NSGA II optimization 
module was run using the obtained results. 
Each genetic algorithm run took about 37 to 39 
minutes on an Intel® Core™ i3 desktop 
personal computer with a 3.40 GHz processor 
and 4 GB of RAM.   
 

 4 



 

5. Results and discussion 
 
Figure 4 shows the Pareto optimal fronts 
archived for the optimization from the two and 
half hours of storm runoff period. As it was 
stated above, optimization runs were carried 

out under different mutation probabilities. 
These Pareto optimal fronts were obtained for 
the feasible solutions. It can be clearly seen 
herein that the mutation probability 0.4, over 
the entire population solutions, is better than 
any of other Pareto optimal fronts.  

 

 
Figure 4: Pareto optimal front for different mutation rates at 02:30:00 hours 

 
Several mutation probabilities including, 0.25, 
0.35, 0.45 and 0.55, which are not presented in 
Figure 4, were tested. However, the obtained 
Pareto optimal fronts were not presented. This 
is because they were not outperforming the 
mutation probability 0.4. In addition, it was 
done to keep the clarity of the Figure 4. The 

best obtained Pareto optimal front for 0.4 
mutation probability is shown in the following 
figure (Figure 5). Several optimal solutions (A 
to E) were chosen to carry out the hydraulic 
simulations. Solution A is the minimum 
pollution load solution; whereas solution E is 
the minimum treatment cost solution.  

 

 
Figure 5: The best Pareto optimal front at 02:30:00 hours 

 
Control settings of the combined sewer system 
(orifice openings) were obtained for the chosen 
optimal solutions (A to E). Orifice openings 
for the two extreme solutions (Solutions A and 
E) are presented in Figure 6. It can be clearly 
seen that the solution A has larger orifice 
openings compared to the solution E (note that 
the Y axis of the Figure 6 is plotted to 
logarithmic scale). This observation is 
consistent to the physical meaning of the each 

solution. Solution A corresponds to minimum 
pollution load to receiving water solution has 
larger orifice openings and therefore, CSO 
chambers allow more wastewater to flow into 
the interceptor sewer. Solution E has smaller 
orifice openings and therefore, CSO chambers 
store wastewater (instead of flowing into the 
interceptor sewer) and whatever more than the 
capacity of the corresponding CSO chamber 
are the CSOs.  
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Figure 6: Orifice openings from 00:00:00 to 02:30:00 hours 

 
The obtained orifice openings were used to 
carryout hydraulic analysis for further 
assessment. Figure 7 illustrates the flow rates 
in conduits of the interceptor sewer for the 
solution A. As it was stated in the preceding 
section, the flow rates inside the conduits were 
constrained. Flow rates in C1 to C3 conduits 
were constrained to 3.26 m3/s whereas they are 

for C4 to C7 to 7.72 m3/s. The red dashed line 
in Figure 7 shows the constrained flow rate for 
C1 to C3 conduits. However, the flow rates 
obtained from hydraulic analysis are lower 
than the constrained flow rates. This 
observation is the same for the C4 to C7 
conduits and for all other tested solutions 
(solutions B to E).  

 

 
Figure 7: Flow rates through conduits 

 
Table 1 presents the wastewater depths in 
CSO chambers and storage tanks for 
solution A. The last raw gives the 
geometric depths (in red) of the 
corresponding tanks. Wastewater depths 
highlighted in grey color are greater than 
the corresponding geometric depths of the 
tanks. These excess depths are the CSOs. 
T8 and T9, two on-line storage tanks have 
wastewater to the full capacity. However, 

they do not show any excess wastewater 
depths. In other words, no CSOs occur 
from T8 and T9 storage tanks. This 
observation justifies the role of on-line 
storage tanks in a combined sewer 
network system. In addition, these two 
storage tanks store wastewater in order to 
prevent or minimize the CSOs from 
corresponding T2 and T5 CSO chambers. 
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Table 1: Water depth in CSO chambers and storage tanks 
Water depth (m) 

Time T1 T2 T3 T4 T5 T6 T7 T8 T9 
0:15:00 5.75 6.28 8.3 8.36 8.54 3 5.47 2.67 8.18 
0:30:00 5.99 7.27 8.49 8.67 9.01 8.4 9.54 6.91 8.18 
0:45:00 6.13 7.25 8.46 9.04 9.18 8.71 9.56 6.91 8.18 
1:00:00 6.1 7.18 8.29 9.04 9.18 8.65 9.52 6.91 8.18 
1:15:00 5.86 7.09 8.14 9.02 9.18 8.37 9.41 6.91 8.18 
1:30:00 5.63 7.05 7.88 8.66 9.03 5.34 9.29 6.91 8.18 
1:45:00 5.6 7.05 7.66 8.35 8.86 3.41 9.29 6.91 8.18 
2:00:00 5.6 7.05 7.62 8.12 8.63 2.92 9.29 6.91 8.18 
2:15:00 5.6 7.05 7.61 8.12 8.63 2.81 9.29 6.91 8.18 
2:30:00 5.6 7.04 7.6 8.11 8.63 2.78 9.29 6.91 8.18 

Geometric depth 5.42 6.91 7.95 8.04 8.18 8.47 9.26 6.91 8.18 
 
Table 2 illustrates the comparison of two 
extreme solutions (minimum pollution load 
solution and minimum wastewater treatment 
cost solution) against the previous work by the 
author. In comparison with the results 
presented in Rathnayake (2014), the results 
obtained here show a higher pollution load in 
both minimum pollution load and minimum 
treatment cost solutions. This is acceptable, as 
the formulation for pollution load, now carries 
an important pollution constituent, i.e. total 
phosphate. For example, 3.34 kt/day (23.671-
20.331 = 3.34) and 4.631 kt/day (31.164-

26.533 = 4.631) pollution load differences can 
be seen for the solutions with and without total 
phosphate. However, the corresponding costs 
in both cases are comparable. For example, 
0.132 M.€/year cost difference (41.316-41.184 
= 0.132) in the minimum pollution load 
solutions for both with and without total 
phosphate. Furthermore, 0.005 M.€/year cost 
difference (0.123-0.118 = 0.005) in the 
minimum treatment cost solutions. Therefore, 
the Table 2 clearly shows the improvement of 
the enhanced water quality approach.   

 
Table 2: Comparison of solutions against Rathnayake (2014) 

With Total Phosphate Without Total Phosphate Solution 
Pollution load 

(kt/day) 
Corresponding cost 
(M.€/year) 

Pollution load 
(kt/day) 

Corresponding cost 
(M.€/year) 

Minimum 
Pollution load 23.671 41.184 20.331 41.316 

Minimum 
Treatment Cost 31.164 0.123 26.533 0.118 

 
 
5. Conclusions 
 
An optimal control model for combined sewer 
networks including water quality analysis was 
presented. The analysis of water quality was 
enhanced by introducing total phosphate to the 
EQI. Hydraulic simulation results show that 
the developed multi-objective optimization 
approach including the enhanced water quality 
parameters produces feasible solutions. The 
presented approach, therefore, clearly provides 
the considerable improvement in controlling 
combined sewer systems compared to the 
previous work by the same author. However, 

the dynamic optimal control model is being 
carried out to propose the model for real-time 
control. 
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