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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 (Eg. 1) and maximizing DO (Eq. 2) are
defined as follows:

m
ZCODRemoval (i) ><Q(i)
1

leo-(i)

1)

OFCOD =

)

m

2. D044y *Qq)
OF,, = —
ZQ(i)
1

Where,
m represents the total number of pipes and Qg 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
Egs. 3 to 5 as follows:

Ceost = (erﬁlLiKp(di'Ei)) + (3)
(X1 Ka(he))

Where,

Kp and Ky are the cost functions for pipes and
manholes, respectively; L; is pipe length, d; is
pipe diameter, E; is the average pipe depth, hy is
manhole depth, m is the number of pipes, and n is
the number of manholes.

The WATS! 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®* for
optimization (Fig. 2). Achieving maximum DO

Kp = 10.93e3434di 4 0.012}311-53 + (4) ! Wastewater Aerobic/Anaerobic Transformations in Sewers
0.437E17d, , WWATS)

: 1 1 Gray Wolf Algorithm (GOA)
Kq = 41.46hy4 ®)

2
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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 (OFpg) 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

No. of iterations | 'me to reach the

: optimal result OFcost OFcop OFpo
of the algorithm (min)
20000 89 1.69E06 0.53 0

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

No. of iterations | 'me to reach the

of the algorithm optlr(r:ﬁ! nr)esult OFcosT OFcop OFpo
20000 86 1.84E06 14 0
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Table 3. General results of the scenario 3 for the (Li and Matthew, 1990) network

Time to reach the
optimal result
(min)

18000 68

No. of iterations

of the algorithm OFcost

OFcop OFpo

1.93E06 1.23 0

Setting the number of
wolves, and parameters,
the initial position of
the wolves, and
defining the initial
objective function

v
Evaluation of wolf
group and
selection of alpha,
beta and delta wolf

Checking
the stop
condition

t=t+1 Update A &

C

\ 4

\ 4

Evaluation of wolf group The end and
and update of alpha, beta the choice of
and delta wolf aloha wolf

A

Wolves location P
update -~

Fig. 2. Flowchart of how the GOA works

result of this research is the low dissolved oxygen
content in the network (OFDO function) in all

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

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.
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Table 1. Used percentages for different parts of COD
(Hvitved-Jacobsen et al., 2013)

Se Xs X4, COD paltrt
1931 30-60 2-7 Range(/.)
28 32 5 Selected value(7.)

(Almeida, 1999) Jus slo 2ol b 4l Jlaia =Y Jsiz
Table 2. Initial values for model parameters (Almeida, 1999)

Y (9COD/gCOD) H(du

K (d)

K, (gOo/m°) K (gCOD/M™)

0.54 7.8

1.9

0.05 10.9

Water and Wastewater

Vol. 36, No. 2, 2025

y}\.blégyi 0
VEF Jlo oY ol XF 0,00



dx.doi.org/10.22093/wwj.2025.503059.3477

DS (5 glanr 4t Sty poud slal 5 pleil> 4 Hib

QT).}S
WS ool dd e oo

4o XYY GU -0-Y

ui}mu@uwuéu VB A SYsleo 5l 2aag onl s
sl e 5 np ot wls ol ot sslic
oo sl el Lad sge sloml e 50 5 50l mSLs
Sl sacs aich o o 53 2255 s sete 5 Shay sl
(Moini, 2013)

OF .ot = (ZF:ll LiKp (di' El)) + (Zjn=1 Kq (hd)) (o‘)

Kp = 10.93¢>*3% + 0.012E{** + 0.437E{*"d;  (\*)
Kq = 41.46hy M)
LbOT B 45

I sb L o380 5 b Ky iy 3o B b OF g
ol Ky d g (UG Lo gze Gas B d ) L5
JS sl s 50 o smd Jsee Gos g J e S5l

s b se IS slams 5 by

S 58 i S0 5
2552 30 a0l 5l (g 1S S8 g slaang o, S
Sl sSI cnb 55 03,8, ¢l m 6 nSB LSS
it Ol S 5 il e b5 o5 S oS e
asles (g2l S, xS (Mirfalili_et_al., 2014)
s 53 Ol g il 5 O3 C e 45‘—%-“0,)3—{”

Sl n e 51 5 o Sl pmex GEgn slaez, S
2linal ((255) Shes G515 s > slib 13 LSS
So s i Jale S S5 e gsledng i 55 S
bl o SspscdpuesbSaul ol

! particle Swarm Optimization (PSO)
2 Ant Colony Optimization (ACO)

Water and Wastewater

Vol. 36, No. 2, 2025

s St o) S S St b 55 0 S5 sl

35

COD GJ> CBus @U—\—V—Y

Jlisl S 5o sl beple g3 am g LB w x5 b
2 S 5 2l g sl Sy bl (6l Zao 3 S
Al Lonlala ol s 5oy OB o552 50 I ol sa 0l
Jsb 53 I slge it oyl 3 cpl g5l dan 5 b2y o
COD Gi (g3l 8Slar Gus w5 3 5 o (s 2 s
(Heydarzadeh, 2019) s 54 oo s 5 V dslas & ) g0y

ZCODRemoval(i) ><Q(i)
OF.p =2 (v)

Zl:Q(i)

ol S
el 0 s QM) 5

Jbone 0301 Bt 5 —¥-F-Y
pas 5 NS s Jgdoms )5S il O e D) 50
Lol aslss Gl Lad g s g5l e sloanl b oame (2ol s
5 0lze sl b Y same a5 4 ot bzl 3l oLl
aile (o Sl ST anl g e W38l o5 o0 05550 i) s
AL sl | Ses s Ll 5 Ladd ) 55 (55,55 sl
33l sl b s (Al slyn Bl Slade ol gDl
Gl (b Em sl pln sceal S g5lse laanl
S 558 iy 23 (B w5 5055 5 bl g s 05 552
Stess ol 53 i Gl 4 el 65050 ol il
i eslial e 031 G ol ol ey A sl

(Heydarzadeh, 2019)

m
z Doout(i) *Qg)
OFpp=—"+t——— ()

leQ(i)

\Y

SN 5 of 0

VECF Jlo oY osles FF 69



ol g (2l Sgrus

A dx.doi.org/10.22093/ww;j.2025.503059.3477

ol 55 LaX 31 S o 4 5 0513 ok ol se 15 18 dslas

= Gt 3L 5 a3l b ) st (LT) Xy 0035 s
Pl b i 5 e 4 a3l ails Ol i Cai e
Combge o Ussdin 55,0 S S candsn  Jlste gla )l S5

MJA@L@&_)\?}@

$5 90 axdllas Y
5 b olenty S S0 1B s 50 S IS
o e 43 4SS oo (Liand Matthew, 1990) cul 5
e L 5 S5 5l e YE e cols
Gl YF 5 s OY L VA bt s il it Bl
el sl LB Y S35 K I b i gy IS
Ot ) ol e Js sl e b 3 pl s

Shace i 40 pae s ¥ g lew S 6l ol 4 e o S

33D0 §lis i 4 ey ¥ g2l 5 50 Gd> COD
el NS St b

S8 s s il il i B Sl eslizal b
Loty calons ol bis )50 S (5 5ledng (s 2uSB
N sl sl oad GLIT JSE 53 ) g5l s bl a
Slalllas s 38 (g dols sas 1 208 S 1.43E06 s s
03 i iy a5 e Bae s ol e l e 5 g 23S
B8 s ) 61 sl Sl ol s oS T Jpas
o 5n ol Sin Y Jsar s s 6l il 3 ol sanlts
i o953l s g S ol S5 4 05V .ol 169E06 s
St s oml sl oles 5 e i sy Sl
So L ) 2 OFpo Jlaie .ol 4338 gla tn s 3y o o 502
BYRN PREORUS T [ FO PV P SO W RO
3525 ool i sl g 81 5 ol OSG Jlis s J b
el e Bt s, 50 OWSL SLi s (s3lsm 0 slaanl
Ll 1l oles 5o J o ¢3St Dl i 7 dslas ol
(ool Jsl o) samn goslgn 31 50l BLT o 5eS) lais
oz (s oz 53) s O e J sl 500 e gl
i BL3) 5] e 31 (5Lis s g0) sad B a0y 5enS] o
alss el (it alls Slade s 5 i s (ol ST
ol i Jglon 0 50mS] Usle oS 0

Water and Wastewater

A_:;. br}.) J_>ab R 5\.&.”5(&)5‘)) C,.:.«_Qja R .J}.ZUA
.\J}-:J‘fﬁ ﬁ-":ﬁb&ﬁ‘u‘-}:ﬁ‘)xujubtr)ﬂ J”B‘)L‘)iﬂ’-'
VOUNVY OVslae &) st aenb s pols gl 2oL, OVslae

N g s A

X(t+1) =X, (t) - AxD(t) (\Y)
D(t) =|Cx X, (t) — X(t) (\¥)
A=a(2r, -1) (\Y)
C=2r, (\0)
bl 45 &

b g0 X(1) 5 oIt 1SS s (5,28 S8 b g0 X(Y)
,é_ol_?\’;\G_Eso)ragady.mr\tjlﬁp)&:
53 e sl g Sinn adanly () Ll ST sl b sy on 218
VL slpa s sho b plpteads oll (o] S5 550 & 1 glaz
bl O soasaSan ) 9= o ol el 51 Sl
g o a5
S g0 4y Cmd (20l g sty 5L s S il
Csndgo glon HICE S ga aml s ol 25 (X(D) LIS
SVolan 1355 g0 458 8 5 5 (sal sty Cgnd s ) WY

a4 B VF SV slen Oyt SIS Comge 4 b
Xl(t):Ta(t)—ilxﬁa(t),,ﬁa(t):‘Elxxj(t)—i(t)‘ (%)
Xz(t):x—ﬁ(t)—ﬁzxBﬁ(t),,Bﬁ(t):‘szﬁ(t)—i(t)‘ (V)
Xa(1) = X5(0) - As D0, Bo() =[CarXs(0- X0 (1A)

(X1 (t) + X2 (1) + X3(t))

X(t+1) = :

(\%)

y}hblé 9 %JT

Vol. 36, No. 2, 2025

VE® Lo Y osled XS 550



dx.doi.org/10.22093/wwj.2025.503059.3477 OS5 59T men Al (Ko yaum olal g poleil> aigy )b

\#

Fig. 2. Placement of pipes in the (Li and Matthew, 1990) network
(Li and Matthew, 1990) «Sis b Lo 0 4y 21 S-Y K8

Fig. 3. Placement of pipes in the (Li and Matthew, 1990) network in scenario 1
\ 5ol s (Liand Matthew, 1990) «Li s b)) oLl - K6
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Table 3. General results of scenario 1 for the (Li and Matthew, 1990) network

Time to reach the

No. of iterations optimal result

OFcost OFcop OFpo

of the algorithm (min)
20000 89 1.69E06 0.53 0
(Liand Matthew, 1990) i (51 ¥ 55l JS s =¥ J st
Table 4. General results of scenario 2 for the (Li and Matthew, 1990) network
. . Time to reach the
No. of iterations :
of the algorithm optimal result OFcost OFcop OFpo
(min)
20000 86 1.84E06 14 0
Table 5. General results of scenario 3 for the (Li and Matthew, 1990) network
. " Time to reach the
No. of iterations .
of the algorithm optimal result OFcost OFcop OFpo
(min)
18000 68 1.93E06 1.23 0
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Fig. 4. Placement of pipes in the (Li and Matthew, 1990) network in scenario 2
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Fig. 5. Placement of pipes in the (Li and Matthew, 1990) network in scenario 3
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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

COD-in COD-out Do-out COD-in COD-out Do-out

Pipe (mgll)  (mgll)  (mg/L) Pipe (mgl)  (mgll)  (mg/L)
1 660.00 658.45 0.01 41 659.28 658.31 -0.01
2 659.12 657.99 -0.19 42 660.00 658.88 0.27
3 660.00 658.62 0.06 43 660.00 658.97 0.34
4 651.11 649.82 -6.98 44 659.74 658.24 -0.08
5 651.79 650.61 -6.33 45 658.35 657.55 -0.62
6 660.00 658.97 0.34 46 657.83 656.87 -1.20
7 660.00 658.88 0.27 47 656.96 655.64 -2.22
8 660.00 659.21 0.17 48 660.00 658.16 -0.09
9 660.00 658.88 0.27 49 660.00 658.62 0.06
10 659.32 658.14 -0.16 50 657.81 656.50 -1.55
11 660.00 657.88 -0.31 51 659.02 657.20 -0.97
12 658.40 657.34 -0.84 52 660.00 658.45 0.01
13 652.86 651.51 -5.59 53 658.24 657.47 0.05
14 653.91 652.50 -4.79 54 660.00 658.79 0.19
15 660.00 658.88 0.27 55 657.47 656.58 0.03
16 660.00 658.88 0.27 56 637.22 635.03 -18.20
17 655.85 655.04 -2.71 57 660.00 658.88 0.27
18 660.00 659.07 0.42 58 635.03 633.30 -20.40
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Cont. Table 6. Qualitative design information leads to the best COD objective function

Pipe COD-in COD-out Do-out Pipe COD-in COD-out Do-out
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
19 655.44 653.80 -3.73 59 659.24 658.49 0.06
20 659.58 658.51 0.02 60 660.00 659.17 0.50
21 660.00 659.07 0.42 61 659.99 658.87 0.26
22 658.48 657.43 -0.66 62 659.41 658.49 0.13
23 660.00 658.70 0.13 63 658.64 657.48 -0.70
24 659.37 658.04 -0.24 64 644.94 643.60 -12.04
25 657.72 656.23 -1.66 65 660.00 658.79 0.19
26 650.17 649.06 -7.60 66 659.12 658.59 0.04
27 660.00 658.88 0.27 67 660.00 658.70 0.12
28 646.25 644.94 -10.95 68 643.60 642.11 -13.26
29 660.00 658.79 0.19 69 642.42 640.90 -14.24
30 658.79 657.61 -0.52 70 639.33 637.22 -17.22
31 649.10 647.65 -8.75 71 640.90 639.33 -15.51
32 660.00 659.17 0.50 72 660.00 658.88 0.27
33 647.15 646.18 -9.94 73 658.92 658.21 -0.00
34 647.96 646.69 -9.53 74 660.00 658.55 0.02
35 658.93 657.78 -0.53 75 658.66 658.04 -0.27
36 659.19 658.02 -0.24 76 659.63 658.41 0.06
37 660.00 658.55 0.02 77 660.00 658.62 0.06
38 656.28 655.48 -2.34 78 658.88 658.02 0.18
39 656.99 656.11 -1.82 79 634.15 632.96 -11.24
40 660.00 658.43 0.13
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