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RESEARCH ARTICLE

Optimal design of series of pipes in sewer systems including pumping stations for flat 
terrains
Juan Saldarriaga a, Juana Herrána, Ana Acevedoa and Pedro L. Iglesias-Reyb

aDepartment of Civil and Environmental Engineering, Water Distribution and Sewerage Systems Research Center (CIACUA), Universidad de los Andes, 
Bogotá, Colombia; bDepartment of Hydraulic Engineering and Environment, Universitat Politècnica de València, Valencia, Spain

ABSTRACT
This paper proposes a methodology for the optimal design of series of sewer pipes including pumping 
stations. It employs a Shortest Path Algorithm to select the optimal combination of pipe diameters and 
invert elevations, as well as the optimal pumping features such as the number of pumps, location, and 
pumping head. The methodology is intended to be applied to the design of any sewer series. Although 
these are uncommon in real infrastructure, the study allows an analysis of the effect of pipe roughness, 
inflows, and pipe length on the total cost of the system and pumping features. The methodology was 
tested in theoretical series of 10 and 20 pipes as well as in a real series that is part of the sewer system of 
Bogotá, Colombia. The resulting designs suggested that using smooth pipes and reducing the pumping 
flow rate would decrease the cost of sewer systems in flat terrain.
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1. Introduction

Despite significant progress in recent years, universal access to 
sanitation is a persistent issue for humanity today. According to 
estimates from the United Nations, if current rates of progress 
continue, by 2030 an estimated 2.8 billion people will lack 
access to safe sanitation (UN 2022). One of the main contribut
ing factors to this problem is the lack of funding for the con
struction of adequate sewer systems.

In order to achieve Goal 6 of the Sustainable Development 
Goals, which aims to ensure access to water and sanitation for 
all, it is crucial to develop methodologies to minimize the cost 
of sewer system designs, which is the objective of the hydraulic 
design. The hydraulic design problem focuses on finding the 
lowest-cost combination of pipe diameters and invert eleva
tions that complies with all necessary hydraulic and commercial 
constraints for a given layout or a series of pipes.

In literature, many authors have proposed different 
approaches to solve the optimal hydraulic design problem. 
For example, multiple methodologies are based on mathe
matical programming (MP), such as linear programming 
(Safavi and Geranmehr 2016; Swamee and Sharma 2013), 
nonlinear programming (Alfaisal and Mays 2021; Swamee  
2001) and dynamic programming (Duque et al. 2020; 
Duque, Duque, and Saldarriaga 2016; Li and Matthew  
1990). Particularly, Duque et al’.s methodologies models 
pipes and manholes with graph theory and finds the opti
mal solution through a Shortest Path Algorithm. However, 
due to the high computational resources required for MP, 
various authors have employed metaheuristics such as ant 
colony optimization (M. H. Afshar 2010; Moeini and Afshar  

2012, 2017), particle swarm optimization (Ahmadi, 
Zolfagharipoor, and Nafisi 2018), simulated annealing and 
tabu search (Haghighi and Bakhshipour 2015; Steele et al.  
2016; Yeh, Chang, and Lin 2013), cellular automata 
(M. H. Afshar, Zaheri, and Kim 2016; Zaheri, Ghanbari, and 
Afshar 2019) and genetic algorithms (GA) (M. H. Afshar  
2012; M. Afshar et al. 2006; Haghighi and Bakhshipour  
2012; Palumbo et al. 2013). Thanks to the versatility of GA, 
multiple combinations with hydrologic and hydraulic mod
els (Cozzolino et al. 2015), heuristic programming (Hassan, 
Jassem, and Mohammed 2017) and quadratic programming 
(Pan and Kao 2009) have also been proposed.

However, when the sewer system is located in flat terrains, the 
hydraulic design becomes a more complex problem because 
pumping stations may be required to comply with hydraulic 
constraints and excavation limits. The reason for this is that gentle 
terrain slopes lead to high excavation depths, which can cause 
problems with low velocities and difficulty meeting the minimum 
shear stress in pipes. Nevertheless, the addition of pumping sta
tions to the sewer design significantly increases the cost of the 
system due to their construction and operation costs. Therefore, 
the location and pump head should be considered in the hydrau
lic design problem to minimize the total cost of the system.

In existing literature, different features of pumping stations 
in sewer systems have been studied. For example, Ibrahim et al. 
(2011) used a Multi-Criteria Decision Making technique, fuzzy 
theory and Geographical Information System to find the best 
location for pumping stations in a sewage system, Cabral et al. 
(2018) constructed a cost function with statistical analysis to 
estimate the construction cost of such structures, and 
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Wilcoxson and Crane (2013) proposed an operational control 
method for pumping stations that reduces energy demands.

Furthermore, some authors have studied the addition of 
pumping stations in sewer systems design. Li and Matthew 
(1990) solved the hydraulic design problem with discrete dif
ferential dynamic programming considering the effect of 
online pump stations and concluded that the optimal design 
resulted when a balance between excavation depth and the 
number of on-line pumping stations was achieved. Similarly, 
Zeferino et al. (2009) used the simulated annealing algorithm 
including pump stations to lift wastewater when it resulted 
unfeasible or uneconomic to drain it by gravity. The use of GA 
has also been present. Pan and Kao (2009) developed a model 
based on GA combined with quadratic programming where 
pumping station locations were included as decision variables, 
while Haghighi and Bakhshipour (2012) used an adaptative GA 
including sewer diameters, slopes, and pumping stations. 
Additionally, Rohani and Afshar (2014) proposed a hybrid 
model of the GA and the general hybrid cellular automata 
algorithm (GHCA) to optimally design a fixed layout, where 
the GA defines both pumping station locations and/or pump
ing heads and the GHCA determines the rest. Recently, Atiyah 
and Hassan (2021) also proposed the implementation of an 
adaptative GA for the design of a fixed layout solving for the 
optimal location of pump stations, pipe diameters, and slopes.

Although several studies have been developed on the incor
poration of pumping stations in hydraulic design, none of the 
proposed methodologies guarantees optimality of the designs 
cost. Hence, the present study aims to propose a methodology 
for the optimized design of pipe series, including pumping 
stations, which is especially relevant in flat terrain to minimize 
excessive excavation. To this end, the proposed methodology is 
based on the approach of Duque et al. (2016) for the design of 
pipe series, in which a Shortest Path Algorithm is used to 
identify the optimal combination of diameters and invert 
elevations.

In addition to optimize the diameters and invert elevations, 
the current paper seeks to find the optimal number of pumping 
stations, their location, and their pumping flow rate and head. 
Moreover, a cost equation is proposed to model the cost of 
pumping stations, which includes the cost of construction and 
operation. The current work also includes a sensitivity analysis 
to determine the influence of material roughness, inflow per 

manhole, and pipe length on the total cost of the series and 
their pumping features.

As mentioned above, the current study focuses on the 
design of series of pipes, which are sets of pipes located one 
behind the other that do not require a layout selection since 
they do not have a tree-like structure. The optimal design of 
series of pipes is relevant specially in large cities where the 
sewer network principally consists of main sewer lines. 
Furthermore, this design approach is applicable when it is 
required to extend an existing sewer system. The present 
study serves as a tool for optimizing these applications, speci
fically in flat terrains.

2. Methods

2.1. Optimal design of series of pipes

The methodology here proposed is based on the work of 
Duque et al. (2016). In their approach, the known data for the 
problem are the inflow to each manhole, the spatial location 
and ground elevation of the manholes and the outfall, and the 
order of the manholes from upstream to downstream; that is, 
the order of the pipes in the series is defined.

Considering the known information, the hydraulic design is 
modelled as a directed graph composed of nodes and arcs. The 
nodes represent all possible combinations of available dia
meters and discrete invert elevations at each manhole. This 
means that every manhole has as many nodes as possible 
combinations of diameters and invert elevations. As for the 
arcs, they represent the diameter and invert elevation of 
a particular pipe by connecting two nodes from the upstream 
and downstream manhole of the pipe. Each arc has an asso
ciated cost that depends on the invert elevations of the nodes 
that joins, and the diameter of the downstream node.

Figure 1 shows an example of the nodes and arcs in the 
hydraulic design model. The circles represent the nodes, each 
of them with its respective diameter and invert elevation. The 
different sizes of the circles represent the available diameters 
for pipes. In this example, there are only four possible dia
meters, but in the model any number of diameters could be 
used. The grey horizontal rectangles represent the discrete 
invert elevations; the figure presents only four invert elevations, 
but in the actual model could be more. Finally, the grey arrows 

Figure 1. Example of nodes and arcs in hydraulic design model.

616 J. SALDARRIAGA ET AL.



represent the feasible arcs, and the black nodes and arc are 
those selected as optimal by the Shortest Path Algorithm.

Note that in Figure 1 the end nodes of the arcs have the 
same or a greater diameter that the start nodes; this is a usual 
constraint in sewer systems. The same applies to the invert 
elevations, the end nodes have the same or a deeper invert 
elevation than its start nodes. These constraints allow for 
a feasible sewer design and avoids blockages in pipes.

The hydraulic design problem defines the diameter and 
invert elevation of the sewer pipes. In order to find the optimal 
combination of these features, the Bellman-Ford algorithm is 
used. This is a Shortest Path Algorithm, which evaluates the arcs 
of the hydraulic design graph that represent the feasible com
binations of diameters and invert elevations and selects the 
path of arcs with the lowest cost. This corresponds to the 
minimum cost design.

The Bellman-Ford algorithm finds the shortest path 
between a source node and all other nodes in the 
graph. It is a label-correcting algorithm, which means 
that it modifies the cumulative cost of nodes as the algo
rithm progresses. This algorithm starts by setting the 
cumulative cost at the source node to zero and at all 
other nodes to infinity. Subsequently, the algorithm eval
uates all outgoing arcs i; jð Þ from each node as follows: if 
the cumulative cost of j Vj

� �
is greater than the sum of the 

cumulative cost at i Við Þ and the cost of the arc between i 
and cij

� �
, then Vj is set to the value of Vi þ cij. After 

repeating this process with all the outgoing arcs from 
each node in the graph, the path of arcs that represent 
the lowest cost design is obtained.

Using a Shortest Path Algorithm to find the optimal 
design is very valuable considering the size of the pro
blem solution space. Taking into account that the spatial 
location of the manholes and the outfall is given, if each 
pipe is considered to have D possible diameters and 
S possible slopes, the number of alternatives for designing 
a series of pipes is expressed in Equation (1), where n is 
the number of pipes in the series. Following this equation, 
if, for example, there are 10 diameters, 10 slopes in 
a series of 10 pipes, the possible alternatives would 
be 10 � 10ð Þ

10
¼ 1 � 1020. 

2.2. Methodology adapted for flat terrains

In flat terrains, sewer system designs tend to require important 
excavation depths, which increases its construction cost. As 
a result, with this type of topography, it is critical to include 
pumping stations to raise the water level so it can flow by 
gravity without requiring excessive excavation depths.

Pumping stations have a single inlet from which water is 
collected and transferred to a pump. The pump raises the water 
to an outlet that is at a higher level than the inlet. The water 
discharged from the station is then routed to a downstream 
manhole. Figure 2 depicts a pump station with the above- 
mentioned components.

To include pumping stations in the methodology for the 
optimal design of series of pipes, the present work proposes 
the addition of a new type of arc in the directed graph of the 
hydraulic design model. This new type of arc has a vertical 
direction and connects two nodes located in the same man
hole. This means that any manhole of the series could be 
a pumping station if the Shortest Path Algorithm decides so. 
Also, for the type of arcs that represent the pumping stations, 
the upstream node must have a deeper invert elevation than 
the downstream node to represent the pumping of water. In 
this way, the length of the arc represents the pumping head.

By incorporating arcs that represent the pumping stations 
into the directed graph of the hydraulic design, the Shortest 
Path Algorithm includes these new arcs into its path selection 
process. Consequently, the algorithm considers the potential 
inclusion of pumping stations in the sewer design, leading to 
an increase in the number of arcs evaluated compared to the 
methodology that do not include pumping stations.

If we consider the possibility that each manhole can be as 
either a pumping station or not, the original solution space 
Equation (1) would multiply by 2nþ1, where nþ 1 represents 
the number of manholes in the series. In addition, each pump
ing station has multiple possible pumping heights that 
depends on the elevation at which the inlet pipe enters the 
pump, further increasing the solution space.

Figure 2. Structure of a pumping station.
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In order to reduce the requirement for computational 
resources, the arcs that model the pumping stations were 
created every 0.2 m in the invert elevation. This way the algo
rithm will not have to exhaustively evaluate all the possible 
pumping heads that could exist in each manhole but will 
instead evaluate the pumping heads every 0.2 m, which is 
considered an adequate precision for construction while also 
reducing the number of arcs that the algorithm must evaluate.

Figure 3 presents an example of how pumping stations are 
modelled in a manhole. In the figure, the inner rectangles 
represent the possible invert elevations. The difference 
between each elevation is equal to 0.2 m, as mentioned 
above. Note that the number of possible elevations depends 
on the minimum and maximum head allowed for pumping 
stations. The circles represent the nodes; in this case, only one 
diameter is illustrated to simplify the figure, but in the model, 
there could be as many diameters as desired. Finally, the arrows 
represent the possible pumping heads.

To summarize, with the proposed methodology, the hydrau
lic design problem is modelled as a directed graph composed 
of nodes and two types of arcs. The first type of arcs represents 
pipes, while the second type represents pumping stations. Each 
arch has an assigned weight that corresponds to the cost of the 
structure it represents. The Shortest Path Algorithm evaluates 
all the combinations of arcs and selects the path of arcs with 
the lowest cost, which is the solution of the hydraulic design. 
This solution includes information of the pipe diameters, 
upstream and downstream invert elevations of the pipe, the 

number and location of pumping stations, and the head and 
flow rate of the water being pumped by the stations.

To illustrate the described methodology, Figure 4 presents 
an example of the arcs selected by the Shortest Path Algorithm 
in a series of pipes. As in Figure 1, the circles in the manholes 
represent the nodes with its respective diameters and invert 
elevations, the black circles are the selected nodes, and the 
black arrows indicate the path generated by the optimal com
bination of diameters and elevation of the pipes. Additionally, 
manhole 2 represents a pumping station with its respective 
vertical arc that illustrates the pumping head.

It is important to note that, as the arcs that represent the 
pumping stations are different from the arcs that represent 
pipes, the costs associated with these two types of arcs are 
different. While the cost of the original arcs depends on the 
diameter and average excavation depth of the pipe, the cost of 
the new arcs represents the cost of installing a pumping sta
tion, which involves the construction and operational costs.

To calculate the construction cost of pumping stations, 
Equation (2) was used, which is the one presented by Cabral 
et al. (2018) multiplied by 1000 €/k€ and 1.1 USD/€ to convert 
cost units from k€ to USD. In the equation, Cc represents the 
building cost [USD], and P represents the power [kW]. 

Equation (3) is proposed for the operational cost of pumping 
stations, where Co is the operational cost [USD], η is the pump 

Figure 3. Example of arcs that represent pumping stations in a manhole with its respective invert elevations.

Figure 4. Example of the optimal path in a series of pipes with pumping stations.
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efficiency [-], Ce is the energy cost [USD/kW*h], t is the time of 
operation [h], fo is the fraction of the day that the pump is in 
operation [-], and P is the power [kW]. 

The values used for parameters η, Ce, t, and fo are 0.8, 15.3 USD 
$/kW*h 35,040 h, and 0.8, respectively.

Regarding the cost of the pipes, the cost function proposed 
by Maurer, Wolfram, and Anja (2010) shown in Equation (4) was 
used, where C is the cost of the pipe [USD], d is the diameter of 
the pipe [m], h is the average excavation depth of the pipe [m], 
L is the length of the pipe [m], and mα, mβ, nα, and nβ are 
constants equal to 110 USD/m3, 1200 USD/m2, 127 USD/m2, 
and −35 USD/m, respectively. 

The cost functions do not affect the methodology, that is, any 
cost function that represent the cost of pipes, and pumping 
stations could be used.

The methodology was tested in series of 10 and 20 pipes 
varying the material, the inflow per manhole and the length of 
pipes. Each variable was held constant in each series, i.e. in 
a series, all pipes were the same length and material, and each 
manhole had the same inflow. This was done to evaluate the 
impact of changes in these variables on the system’s cost and 
pumping requirements. In the 10-pipe series, three materials, 
four lengths, and ten inflows were tested; while in the 20-pipe 
series, three materials, four lengths, and one inflow were tested. 
Taking everything into account, a total of 120 designs of 10- 
pipe series and 12 designs of 20-pipe series were completed.

The materials used are: smooth material that produces hydrau
lically smooth turbulent flow (roughness is null), rough material 
(roughness = 3 � 10� 4m), and very rough material (roughness  
= 3 � 10� 3m). The lengths of pipes that we used are: 50, 100, 
150, and 200 [m]. Finally, the inflows we used in the 10-pipe series 
are: 0.01, 0.02, 0.035, 0.05, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3 [m3/s]. In the 
20-pipe series, only an inflow of 0.2 m3/s was used.

Additionally, the ground elevation is the same throughout 
the series to represent a flat terrain, except for the two man
holes closest to the outfall. The later have an additional 2 
metres of elevation, which simulates a high-water level at the 
final pipe which could be a wastewater treatment plant or 
a receiving water body.

Furthermore, to test the proposed methodology in a real- 
world context, a series of pipes that is part of the real sewer 
system in Bogotá, Colombia, was designed with the three 
materials mentioned. The series is part of the sewer network 

Chicó that was first used as a case study by Duque et al. (2020). 
It is composed of 28 pipes of different lengths. To simulate the 
increment in population, the original inflows of the series were 
duplicated, achieving a total flow rate of 0.754 m3/s. 
Additionally, to promote the requirement of pumps, the 
ground elevation of the last manhole and the outfall were 
raised 4 meters. An illustration of the series, as well as the 
lengths of pipes and inflows per manhole, can be found in 
the supplementary material.

To guarantee an adequate operation of the series of pipes, 
hydraulic constraints must be complied. Table 1 presents the 
constraints used for the pipes, which are proposed by Li and 
Matthew (1990).

As for the pumping constraints, the minimum and maxi
mum pumping head was 2.5 m and 15 m, and the invert eleva
tion increment was 0.2 m. Regarding the excavation 
constraints, the minimum depth allowed was 1.2 m, and the 
maximum depth allowed was 5 m for the 10-pipe series, 6 m for 
the 20-pipe series, and 5.8 m for the series of Bogotá. These 
excavation constraints are evaluated in the downstream end of 
each pipe. In addition, the list of diameters used was the 
following: {0.2, 0.25, 0.3, 0.35, 0.38, 0.4, 0.45, 0.5, 0.53, 0.6, 0.7, 
0.8, 0.9, 1.0, 1.05,1.20, 1.35, 1.4, 1.5, 1.6, 1.8, 2.0,2.2, 2.4} [m].

3. Results and discussion

3.1. Results of the 10-pipe series

Figure 5 summarizes the results achieved for the 10-pipe series. 
The figure is divided into four graphs, each representing the 
costs obtained with the different pipe lengths. Note that the 
materials are represented by their initials in the legend of the 
figures: S for smooth, R for rough, and VR for very rough.

Longer lengths and higher roughness in pipes imply higher 
energy losses, resulting in the need for larger diameters or more 
pumping (more pumping head or more pumping stations) to 
comply with hydraulic and commercial constraints. 
Consequently, the costs of the series are greater when the length 
or roughness increases, as shown in Figure 5. This figure also 
shows that the cost of the series increases as the inflow per man
hole does, which is probably due to the requirement of greater 
diameters in pipes and the increase in the pumping flow rate.

Considering that the cost of pumping stations corresponds 
between 20% and 95% of the total cost of the series in the results 
obtained, it is relevant to analyse the pumping in the designs. To 
this end, Figure 6 illustrates the number of pumping stations in 
the designs. Recall that the pipe materials are represented as: 
S for smooth, R for rough, and VR for very rough.

Table 1. Hydraulic constraints for pipes.

Constraint Value Condition

Minimum diameter 0.2 m Always
Maximum filling ratio 0.6 d� 0.3 m

0.7 0.35 m � d � 0.45 m
0.75 0.5 m � d � 0.9 m
0.8 d � 1 m

Minimum velocity 0.7 m/s d � 0.5 m and Flow rate > 0.015 m3/s
0.8 m/s d > 0.5 m and Flow rate > 0.015 m3/s

Maximum velocity 5 m/s Always
Minimum gradient 0.003 Flow rate < 0.015 m3/s
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Figure 6 shows that the requirement for pumps increases 
with pipe length and roughness. As mentioned in Figure 5, the 
increment in pipe length and roughness is related to higher 
costs. The above implies that the increase in the cost of the 
series is due to the need for pumping stations in the design. On 

the other hand, Figure 6 demonstrates that the number of 
pumps in the designs is not very sensitive to the inflow per 
manhole.

To continue with the analysis of pumping in the design, 
Figure 7 was done. This figure depicts both the power and 

Figure 5. Total cost of the 10-pipe series.
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the flow rate of the pumping stations. Note that the columns 
with diagonal stripes correspond to the power of the pump in 
kW, and this information should be interpreted with the left 
axis. Also, the columns filled with a solid colour correspond to 
the pumping flow rate in m3/s, which should be interpretated 

with the right axis. In cases where there is more than one pump 
in the design, the power and pumping flow rate correspond to 
the sum of these parameters in the pumps of the design.
Figure 7 shows a positive correlation between pumping 
rate and power as expected, since the pumping rate is 

Figure 6. Number of pumps in the 10-pipe series.

Figure 7. Pumping power and flow rate in the 10-pipe series.
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calculated with Equation (5), where P is the power in kW; 
Q the pumping flow rate in m3/s; ρ and g are constants 
and equal to 1000 kg/m3, and 9.81 m/s2, respectively; and 
h is the pumping head in m, which in 97% of the pumps 
obtained was equal to 2.6 m, that corresponds to the 
minimum pumping allowed, according to the minimum 
pumping head (2.5 m) and the invert elevation increment 
(0.2 m). 

Figure 7 also indicates that although there are pumping sta
tions with low inflows per manhole, the power and pumping 
flow rate of these are very low; therefore, they do not signifi
cantly increase the total cost of the series. On the other hand, 
with larger inflows per manhole, more power is required, which 
increases the cost of these series, as shown in Figure 5.

The above suggests that what increases the most the total 
cost in series with pumping is not the number of pumps but 
rather their power requirement. For this reason, the optimal 
designs obtained do not place the pumping at the end of the 
series, as is normally done in practise, but place it upstream in 
order to reduce the pumping flow rate, thereby reducing both 
the power consumption and the total cost of the series.

3.2. Results of the 20-pipe series

To test the methodology in longer series, 20-pipe series were 
designed varying their pipe length and material. The inflow per 
manhole was fixed at 0.2 m3/s in order not to have a very large 
number of designs. However, any inflow can be used in the 
methodology.

Additionally, when performing the designs, it was observed 
that in some cases, there was no feasible designs that met all 
the constraints for these series. Therefore, it was decided to 
relax the maximum excavation depth constraint, allowing exca
vations of up to 6 m in the 20-pipe designs.

The results of the 20-pipe series are summarized in 
Figure 8. This figure illustrates the total cost of the series, 
the number of pumping stations per series, the power and 
pumping flow rate in the pumping stations, and the 
pumping head.

Figure 8 shows that the cost of the 20-pipe series, like 
the 10-pipe series, increases as the length and roughness 
of the pipes increase. Furthermore, the longer and 
rougher the series, the more likely they are to require 
pumping stations, though in this case, no design required 
more than one pumping station due to the relaxation of 
the maximum excavation depth constraint. The aforemen
tioned implies that the cost of increasing excavation 
depth is less than the cost of adding a pumping station.

In terms of pumping characteristics, Figure 8 illustrates 
the correlation between the power and pumping flow 
rate, as shown in the 10-pipe series. In addition, Figure 8 
shows that as the power and pumping flow rate increases, 
so does the cost of this series, but this is not the case 
between pumping head and the cost of the series. This is 
also supported by the correlation coefficients between 
these variables, which are 0.99 between power and cost, 
and 0.72 between pumping head and cost. Recall that 
a correlation coefficient closer to 1 means a higher linear 
correlation between the two variables.

Finally, to illustrate the results achieved in the series 
with 10 and 20 pipes, Figure 9 shows the designs 
obtained in the series with 100 m of pipe length and 0.2  

Figure 8. Results of the 20-pipe series designs.
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m3/s of inflow per manhole. The figure illustrates the 
ground elevation; the upper and lower limits, according 
to the hydraulic constraints; and the invert and crown 
elevations of the pipes. Note that the difference between 
the invert and crown elevation corresponds to the dia
meter of the pipe. Additionally, pumping stations are 
represented as a vertical line in the series of pipes.

Figure 9 shows that the Shortest Path Algorithm places pump
ing stations further downstream as the material becomes rougher. 
If the pumping station is located further upstream in rough mate
rial, it is likely that another pumping station will be required to 
respect the lower limit allowed in the excavation depth. The above 
is due to the larger diameters or excavation depths that are 
required to comply with the hydraulic constraints in high 
roughness.

3.3. Results of the series in the real sewer system of 
Bogotá

Three designs were executed for the series of the real 
sewer system of Bogotá, each with one of the three 
materials used in this study. Table 2 presents the cost, 
the pumping features, the maximum diameter, and the 
maximum excavation depth of each design. Additionally, 
the complete designs can be found in the supplementary 
material.

The results in Table 2 show that the same trends seen in the 
10 and 20 pipe series can be observed in a real-world context. 
For example, as pipe roughness increases, so does the number 
of pumps and pumping head, resulting in an increment in the 
total cost of the system.

Figure 9. Designs of the series with the three materials, inflow per manhole of 0.2 m3/s, and pipe length of 100 m.
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4. Conclusions

The present work introduces a methodology for the design of 
sewer series with on-line pumping stations that ensures opti
mal design. The methodology includes the optimal decision of 
diameters and upstream and downstream excavation depth of 
pipes, as well as the optimal location, pumping head, and 
number of pumping stations. The methodology was tested in 
series of 10 and 20 pipes.

Furthermore, a sensitivity analysis was conducted to study 
the effect of hydraulic characteristics in the pumping features 
and the overall cost of the series. This involved varying the pipe 
material, pipe length, and inflow per manhole (the last para
meter was only varied in the series of 10 pipes).

Based on the findings, the following conclusions were 
reached:

● The pumping stations represent a significant portion of 
the total cost of the series (between 20% and 95%, 
according to the designs obtained in this work). For this 
reason, decisions about the location or number of pumps 
that should be installed have a significant impact on the 
cost of the series.

● Among the pumping variables, the power, and therefore 
the pumping flow rate, have the greatest impact on the 
series’ overall cost. These variables have a higher correla
tion with the total cost of the series than the number of 
required pumping stations and the pumping head.

● The Shortest Path Algorithm locates pump stations as far 
upstream as possible, trying to minimize the pumping 
flow rate because it has the greatest impact on the cost 
of the series.

● Fewer pumping stations are needed when the maximum 
excavation depth constraint is relaxed, suggesting that 
when excavation is not excessive, it is preferable to 
allow more excavation than to add a pump station.

● The proposed methodology allowed designing series of 
sewer pipes with on-line pumping stations, finding the 
minimum cost designs that comply with all the constraints 
that allow an adequate operation. The methodology 
worked satisfactorily for both the series of 10 and 20 pipes.

A great contribution of the methodology presented in this work 
is that the Shortest Path Algorithm guarantees optimality, which 
means that it provides the minimum cost design with pumping 
stations. The methodology was used in the study to design 
several theoretical series and one series of a real sewer system. 
From these designs it was possible to better understand the 
relationship between the pumping characteristics of a series, 
including cost, and factors such as inflow, pipe roughness and 
pipe length.

Because it has only been implemented in series so far, the 
current work is a first step in the development of 

a methodology for the optimal design of sewer networks with 
pumping stations. To apply the methodology to a full sewer 
network, a more complex graph model is required. This would 
be the second stage of the research, which is currently being 
developed.
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