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Abstract 

Today, the design and implementation of wastewater collection, disposal and treatment 

networks is considered as one of the vital factors in preserving and protecting the 

environment and ensuring the public health of people in cities and villages. By reviewing 

past studies as well as the lack of optimized layout design, qualitative analysis of the 

sewerage network along with the design of the dimensions of the sewerage network 

becomes obvious. In this research, a method for the simultaneous design of layout and 

dimensions of the domestic sewage network has been used; with an optimal design, in 

addition to satisfying the required hydraulic conditions, can improve the quality of 

incoming wastewater treatment via COD and DO modeling. For this purpose, using the 

Loop-by-Loop cutting algorithm to generate network layout, the algorithm to determine 

the hydraulic dimensions of the sewer network, and the WATS model for qualitative 

modeling of wastewater in the network, employing the gray wolf algorithm for 

optimization, the desired network is established. To evaluate the presented method, a 

sample wastewater collection network was investigated. Based on the results obtained, the 

cost of scenarios 2 and 3 increased by 9 and 14 percent, respectively, compared to 

scenario 1, which is mainly due to the increase in the slope of the pipes and, as a result, the 

increase in the depth of the pipes. The COD objective function in scenarios 2 and 3 

improved by 164 and 132 percent, respectively. For example, in scenario 2, a 4.5 percent 

decrease in the COD value was observed along the studied network. The DO objective 

function is also zero in all three scenarios due to the depletion of DO along the wastewater 

transport path. However, in each scenario, the DO values in the pipes show a higher value 

than the previous scenario, which makes it necessary for that scenario to have less aeration 

than the previous one.
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1. Introduction 
A review of previous studies reveals a lack of 

optimized layout design and qualitative analysis 

in sewer networks, alongside the conventional 

focus on sizing and dimensioning. This research 

addresses this gap by presenting a method for the 

simultaneous design of both layout and 

dimensions of domestic sewage networks. The 

proposed approach aims not only to satisfy 

hydraulic requirements but also to enhance the 

quality of wastewater entering treatment facilities 

by modeling chemical oxygen demand and 

dissolved oxygen. In the absence of adequate DO 

and re-aeration, anaerobic processes occur within 

the pipes, producing gases such as methane and 

hydrogen sulfide. These gases can lead to pipe 

corrosion, network explosions, and lower organic 

matter removal compared to aerobic processes. 

Therefore, maintaining oxygen in the pipes must 

be considered during design, with an objective 

function capable of quantifying this effect. 

 

2. Methodology 
The objective functions for maximizing COD 

removal (Eq. 1) and maximizing DO (Eq. 2) are 

defined as follows: 
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Where, 
m represents the total number of pipes and Q(i) is 
the flow rate in each pipe. 

The cost objective function accounts for pipe 

purchase and excavation costs, as well as 

manhole construction, excluding pumping 

stations and overflow manholes. It is defined by 

Eqs. 3 to 5 as follows:
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Where, 
Kp and Kd are the cost functions for pipes and 
manholes, respectively; Li is pipe length, di is 
pipe diameter, Ei is the average pipe depth, hd is 
manhole depth, m is the number of pipes, and n is 
the number of manholes. 

The WATS
1
 model was employed to simulate 

aerobic processes of organic matter in sewers, 
tracking COD changes in both liquid and biofilm 
phases under aerobic and anaerobic conditions 
(Hvitved-Jacobsen et al., 2013). COD component 
percentages were adopted from (Hvitved-
Jacobsen et al., 2013). The parameters and 
coefficients of the kinetic equations were taken 
equal to the values suggested by (Almeida, 1999). 
Due to the complexity of the WATS model 
equations, numerical methods were required; 
specifically, the fourth-order Runge-Kutta 
method was applied (Heydarzadeh et al., 2019). 

To calculate the quality of the wastewater 
network, some of the network’s hydraulic 
information, such as hydraulic radius, flow 
velocity in the pipes, flow depth in the pipes, and 
Froude number were determined. By providing a 
sequential algorithm, the quality characteristics 
(COD concentration value) of the network at 
different points were calculated. 

Graph theory was used for designing the 
sewer network layout. A base cyclic graph, where 
all pipes (edges) and manholes (nodes) are 
interconnected, represents all possible layouts. A 
sub graph is then extracted to meet design 
requirements. Optimization is conducted to 
identify the best spanning tree by weighting edges 
according to the objective function. 

To design the layout of the sewage network, 
in this way, a base graph is initially formed. This 
graph is a cyclic graph in which all pipes (graph 
edges) and manholes (graph nodes) are connected 
to each other, and includes all possible states for 
the layout. A sub graph is then extracted from the 
base graph, and all the conditions required for 
designing the layout of the sewage network are 
taken into account. According to the graph 
theory, to achieve the best spanning tree, 
optimization methods must be used and the 
objective function must be followed by weighting 
the edges. 

To do this, from the Loop-by-Loop cutting 

algorithm to generate network layout (Fig. 1), the 

algorithm presented by (Bakhshipour, 2012) was 

used to determine the hydraulic dimensions of the 

sewer network from the WATS model for 

qualitative modeling of wastewater in the network 

and from the gray wolf algorithm
2
 for 

optimization (Fig. 2). Achieving maximum DO 

                                                 
1
 Wastewater Aerobic/Anaerobic Transformations in Sewers 

(WATS) 
2
 Gray Wolf Algorithm (GOA) 
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Fig. 1. Basic graph matrix formation 

(Haghighi, 2012)

and COD removal along the wastewater transfer 

route to the treatment plant is the objective 

function of this optimization algorithm. 
 

3. Results and discussion 
In this study, a large network includes 79 pipes, 

57 manholes and 23 rings was investigated to test 

the ability of the method presented in this study to 

design and optimize the wastewater network. 

Considering the discreteness of the objective 

functions used in this research, the design and 

optimization of each network was carried out in 

three different scenarios. The scenario 1 was to 

achieve the lowest network implementation cost, 

the scenario 2 was to achieve the highest COD 

objective function (the highest amount of COD 

removed) and the scenario 3 was to achieve the 

highest DO level along the wastewater network. 

The optimization results of the three scenarios are 

given in Tables 1 to 3.

Comparing the results of these scenarios 

demonstrates that the optimal placement and 

design can be selected according to the desired 

goal. Since the aim of this research is to improve 

the quality of wastewater entering the treatment 

plant, the scenarios 2 and 3, which are related to 

wastewater quality, receive more attention.

By comparing the results obtained for this 

network, it is observed that by placing scenario 2 

as the main goal of the problem (achieving the 

highest COD removal rate along the wastewater 

transition line), in the plan that is used as the best 

plan to achieve this objective function, the two 

objective functions of network implementation 

cost and the amount of DO in the pipes will also 

reach desirable numbers. As can be seen, 

scenarios 1 and 2 are in the same direction. That 

is, by reducing the slope of the pipes, the drilling 

costs and, consequently, the total cost of 

implementing the network are reduced. Also, the 

flow velocity in the pipes is reduced, which will 

lead to an increase in the retention time and 

greater COD removal along the path, but scenario 

3 will perform better by increasing the slope and 

the flow velocity in the pipes, which contradicts 

the previous two scenarios.

Another result of this research is the low 

amount of DO in the network (OFDO) in all 

scenarios, which reveals the need for aeration of 

the networks along the route. Therefore, scenario 

2 can be used to improve the quality of 

wastewater entering the treatment plant. By 

following this scenario, the cost of implementing 

the project will also be a desirable number, and 

by performing aeration along the way, scenario 3 

will also be met and the final goal will be 

achieved. 

 

 

Table 1. General results of the scenario 1 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 0.53 1.69E06 89 20000

 
 
 

Table 2. General results of the scenario 2 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 1.4 1.84E06 86 20000
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Table 3. General results of the scenario 3 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 1.23 1.93E06 68 18000

Fig. 2. Flowchart of how the GOA works 

4. Conclusions 
As observed, the first and second scenarios are in 

the same direction. That is, by reducing the slope 

of the pipes, excavation costs and, consequently, 

the total cost of network implementation will be 

reduced. Also, the flow velocity in the pipes will 

be reduced, which will lead to an increase in the 

residence time and greater COD removal along 

the route. However, the third scenario will have 

better performance by increasing the slope and 

increasing the flow velocity in the pipes. Another 

result of this research is the low dissolved oxygen 

content in the network (OFDO function) in all 

scenarios, revealing the need for aeration of the 

networks along the route. Therefore, in general, to 

improve the quality of wastewater entering the 

treatment plant, the second scenario can be used. 

By following this scenario, the cost of 

implementing the project will also be a desirable 

number, and by performing aeration along the 

way, the third scenario will also be met and the 

final goal will be achieved. 

Setting the number of 
wolves, and parameters, 

the initial position of 
the wolves, and 

defining the initial 
objective function 

 Evaluation of wolf 
group and 

selection of alpha, 
beta and delta wolf 

 t=t+1 

Checking 

the stop 

condition 

 Update A & 

C 

Evaluation of wolf group 

and update of alpha, beta 

and delta wolf 

No 

Wolves location 

update 

Yes 

The end and 

the choice of 
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عٌَاى يكي اس فاكتَرّاي حياتي در حفظ  ٍ   آٍري، دفع ٍ تصفيِ فاضلاب تِ ّاي جوع اهزٍسُ طزح ٍ اجزاي ضثكِ

ضَد.  سيست ٍ تضويي سلاهت ٍ تْداضت عوَهي هزدم در سطح ضْزّا ٍ رٍستاّا هحسَب هي حزاست هحيط

ب در كٌظار طزاحظي جاًوظايي ٍ اتعظاد     تا تزرسي هطالعات اًجام ضدُ در گذضتِ، خلأ تحليل كيفي ضثكِ فاضظلا 

ايي هٌظَر در ايي پژٍّص رٍضي تزاي طزاحي اتعاد ضثكِ فاضلاب خظاًيي   ضَد. تِ ضثكِ فاضلاب احساس هي

كار گزفتِ ضد كِ تا طزاحي تْيٌِ، علاٍُ تز جاًوايي هٌاسة ضظثكِ ٍ ارضظاي ضظزايط ّيظدرٍليكي هَردًيظاس       تِ

ًيظش   COD  ٍDOخاًِ اس طزيظ  هظدل كظزدى     فاضلاب ٍرٍدي تِ تصفيِضثكِ فاضلاب، تِ دًثال ارتقاي كيفيت 

ِ   . تزاي ايي كار اس اليَريتن تزش حلقِ تِ حلقِ تزاي تْيٌِاست هٌظظَر تعيظيي اتعظاد     ساسي جاًوايي ضظثكِ، تظ

ساسي كيفي فاضلاب هَجَد در ضثكِ ٍ اس اليَريتن گظز    تزاي هدل WATSّيدرٍليكي ضثكِ فاضلاب، اس هدل 

آٍري فاضلاب استفادُ ضد. سِ سٌاريَي كويٌِ كظزدى ّشيٌظِ اجظزاي     ساسي ضثكِ جوع خاكستزي تزاي تْيٌِ

در طظَل هسظيز اًتقظال فاضظلاب تظِ       DOحذف ضدُ ٍ تيطيٌِ كزدى هيظشاى   CODضثكِ، تيطيٌِ كزدى هقدار 

آٍري فاضظلاب   هٌظَر ارسياتي رٍش ارائِ ضدُ، يک ضثكِ ًوًَِ جوظع  گزفتِ ضد. در اداهِ تِخاًِ در ًظز  تصفيِ

درصظد   14ٍ  9تظِ تزتيظة    1ًسثت تِ سٌاريَ  3ٍ  2. تز اساس ًتايج تِ دست آهدُ ّشيٌِ سٌاريَ ضدتزرسي 

. هيشاى تاتع تَدّا ِ ّا ٍ درًتيجِ افشايص عو  كارگذاري لَل افشايص يافتِ كِ عودتاً تِ علت افشايص ضية لَلِ

 5/4هقظدار   2هثال در سظٌاريَ    عٌَاى درصد تْثَد يافت. تِ 132ٍ  164تزتية  تِ 3ٍ  2در سٌاريَ  CODّدف 

ًيش تِ علظت اتوظام    DOتاتع ّدف  هقداردر طَل ضثكِ هَردهطالعِ هطاّدُ ضد.  CODدرصد كاّص در هقدار 

ٍلي در ّز سٌاريَ ًسثت تظِ سظٌاريَ    تَد،ِ سٌاريَ صفز اكسيژى هحلَل در طَل هسيز اًتقال فاضلاب در ّز س

ضظد تظزاي آى    كظِ تاعظ     دادّا هقدار تيطتزي را ًسثت تِ سٌاريَّا ًطاى  قثلي، هقدار اكسيژى هحلَل در لَلِ

 سٌاريَ َّادّي كوتزي ًسثت تِ سٌاريَي قثلي لاسم تاضد.

طراحي بهينه، شبکه 

آوري فاضلاب،  جمع

الگوريتم گرگ خاکستري، 

، CODتحليل کيفي، 
DO 
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Fig. 2. Placement of pipes in the (Li and Matthew, 1990) network

)Li and Matthew, 1990(

Fig. 3. Placement of pipes in the (Li and Matthew, 1990) network in scenario 1

)Matthew, 1990Li and (
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)Li and Matthew, 1990( 

Table 3. General results of scenario 1 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 0.53 1.69E06 89 20000

)Li and Matthew, 1990( 

Table 4. General results of scenario 2 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 1.4 1.84E06 86 20000

 

)Li and Matthew, 1990( 

Table 5. General results of scenario 3 for the (Li and Matthew, 1990) network 

OFDO OFCODOFCOST

Time to reach the 
optimal result 

(min)

No. of iterations 
of the algorithm

0 1.23 1.93E06 68 18000
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Fig. 4. Placement of pipes in the (Li and Matthew, 1990) network in scenario 2

 )Li and Matthew, 1990( 

 

 
Fig. 5. Placement of pipes in the (Li and Matthew, 1990) network in scenario 3 

)Li and Matthew, 1990(
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Fig. 6. Comparison of 3 objective functions (Cost, COD and DO) in Scenarios 2 and 3 against Scenario 1 
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Table 6. Qualitative information leading to the best COD objective function 

Do-out 
(mg/L) 

COD-out 
(mg/L) 

COD-in 
(mg/L) Pipe

Do-out 
(mg/L) 

COD-out 
(mg/L) 

COD-in 
(mg/L) Pipe

-0.01 658.31 659.28 41 0.01 658.45 660.00 1 
0.27 658.88 660.00 42 -0.19 657.99 659.12 2 
0.34 658.97 660.00 43 0.06658.62 660.00 3 
-0.08 658.24 659.74 44 -6.98 649.82 651.11 4 
-0.62 657.55 658.35 45 -6.33 650.61 651.79 5 
-1.20 656.87 657.83 46 0.34 658.97 660.00 6 
-2.22 655.64 656.96 47 0.27 658.88 660.00 7 
-0.09 658.16 660.00 48 0.17 659.21 660.00 8 
0.06 658.62 660.00 49 0.27 658.88 660.00 9 
-1.55 656.50 657.81 50 -0.16 658.14 659.32 10 
-0.97 657.20 659.02 51 -0.31 657.88 660.00 11 
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0.03 656.58 657.47 55 0.27 658.88 660.00 15 

-18.20 635.03 637.22 56 0.27 658.88 660.00 16 
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COD 

Cont. Table 6. Qualitative design information leads to the best COD objective function 

Do-out 

(mg/L) 
COD-out 

(mg/L) 
COD-in 

(mg/L) 
Pipe

Do-out 

(mg/L) 
COD-out 

(mg/L) 
COD-in 

(mg/L) 
Pipe

0.06 658.49 659.24 59 -3.73 653.80 655.44 19 
0.50 659.17 660.00 60 0.02 658.51 659.58 20 
0.26 658.87 659.99 61 0.42 659.07 660.00 21 
0.13 658.49 659.41 62 -0.66 657.43 658.48 22 
-0.70 657.48 658.64 63 0.13 658.70 660.00 23 
-12.04 643.60 644.94 64 -0.24 658.04 659.37 24 
0.19 658.79 660.00 65 -1.66 656.23 657.72 25 
0.04 658.59 659.12 66 -7.60 649.06 650.17 26 
0.12 658.70 660.00 67 0.27 658.88 660.00 27 

-13.26 642.11 643.60 68 -10.95 644.94 646.25 28 
-14.24 640.90 642.42 69 0.19 658.79 660.00 29 
-17.22 637.22 639.33 70 -0.52 657.61 658.79 30 
-15.51 639.33 640.90 71 -8.75 647.65 649.10 31 
0.27 658.88 660.00 72 0.50 659.17 660.00 32 
-0.00 658.21 658.92 73 -9.94 646.18 647.15 33 
0.02 658.55 660.00 74 -9.53 646.69 647.96 34 
-0.27 658.04 658.66 75 -0.53 657.78 658.93 35 
0.06 658.41 659.63 76 -0.24 658.02 659.19 36 
0.06 658.62 660.00 77 0.02 658.55 660.00 37 
0.18 658.02 658.88 78 -2.34 655.48 656.28 38 

-11.24 632.96 634.15 79 -1.82 656.11 656.99 39 

    0.13 658.43 660.00 40 
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