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The optimal location of tanks in
water distribution networks using
failure tolerance

Aaron Kalonji Kapata and Adesola Ilemobade*

School of Civil and Environmental Engineering, University of the Witwatersrand, Johannesburg, South

Africa

The location of tanks impacts the optimal design and reliability of water

distribution networks. However, contention exists in the literature regarding the

best location for tanks. The aim of this study was therefore to develop a tool

to compute failure tolerance when pipe failure occurs in a water distribution

network, and as a consequence, to determine the optimal location of a tank(s).

To achieve this, five optimal designs of the Anytown Network (ATN), which is

a benchmark water distribution network in the literature, were selected. These

designs, which recommended additional tanks at di�erent locations of the

network, were hydraulically simulated using pressure driven analysis in EPANET

2.2, and these results validated. To compute failure tolerance, a Microsoft Excel
®

tool was developed, validated and applied to the hydraulically simulated results

of the optimal ATN designs. The comparison of the failure tolerance values

generated revealed the influence of tank location on the ATN reliability during

pipe failure i.e., while each optimal ATN design generated a failure tolerance

> 0.68 (a less vulnerable network), the best location for an additional tank(s)

was downstream of the demand center. Incidentally, this design emerged as the

cheapest and therefore points to the fact that a higher network reliability need

not be a more expensive network.
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1 Introduction

The location of tanks is integral to the optimal design and reliability of water

distribution networks (WDNs) (Abunada et al., 2014; Curtin, 2024) and can significantly

impact capital and recurrent costs (Walski et al., 1987; Murphy et al., 1994; Marlim and

Kang, 2023). A large number of studies addressing the optimal design of WDNs have

however focused on pumps, valves, and the sizing of pipes and tanks (Siew et al., 2016).

Some of these studies include Saldarriaga et al. (2019), who considered the optimal design

ofWDNswhile focused on the location of valves; Singh andKekatos (2019) who considered

pump sizing and operation; Ilemobade and Stephenson (2006) and van Dijk et al. (2008)

who considered the optimal design of pipes; and van Zyl et al. (2008) who considered tank

sizing. The implication of the limited research and guidelines into the optimal location

of tanks within WDNs means that designers tend to rely on engineering judgement and

experience to select the best location for tanks (Ajitha and Viji, 2023; Torkomany et al.,

2020; Walski et al., 1987).

Research on tank design and location was pioneered by several researchers including

Walters et al. (1999); Farmani et al. (2005); Vamvakeridou-Lyroudia et al. (2007); Basile

et al. (2008); Prasad (2010); van Zyl (2014), and Mabrok et al. (2022). The below guidelines

ensued from these studies:
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a. Tank dimensioning is often specified by standards, with each

country specifying its own tank size requirements, which often

depend on the amount of water required for equalization, fire

protection and non-fire emergencies (van Zyl, 2014).

b. Tank locations can be selected manually. However, it should

be on higher ground in order to provide adequate pressure

to the network (van Zyl, 2014; Mabrok et al., 2022). This

guideline, however, leaves room for the ill-placement of tanks,

and according to Abunada et al. (2014), an ill-placed tank can

increase the total cost of a WDN while decreasing reliability.

c. Similar to (b), some studies recommend locating tanks

upstream of the demand center and at the WDN’s highest

elevation (Darweesh, 2021). This view is echoed in the studies

by Spedaletti et al. (2021) and Mabrok et al. (2022) who

argue that, in practice, the best location of tanks is usually

obvious and is well-known to be the highest elevation point

in the WDN.

d. Tanks can be located at the demand center, typically found

at the central section of a community (Singh and Kekatos,

2019). This is because the demand center, which represents

the major demand area, generally experiences the highest

demand for water. However, Seyoum et al. (2014) noted that

although this approach to selecting the tank location may be

conservative, it may lead to an infeasible solution since the

demand center may not always have the desired conditions

that will ensure minimum pressures are met throughout the

WDN. Similar studies in this respect (e.g., Murphy et al., 1994;

Vamvakeridou-Lyroudia et al., 2007; Basile et al., 2008) have

concurred with this view.

e. Tanks can be located upstream and/or downstream of the

demand center (Walters et al., 1999; Farmani et al., 2005;

Prasad, 2010; Siew et al., 2016). These researchers found that

the key benefit of placing tanks at these locations is that

it improves network reliability in the event of transmission

mains pipe breakdown.

Using the Anytown Network (ATN) as an example, Figure 1

shows the recommended locations of tanks by Murphy et al.

(1994) (M), Walters et al. (1999) (W), Farmani et al. (2005) (F),

Vamvakeridou-Lyroudia et al. (2007) (V), Basile et al. (2008) (B),

Prasad (2010) (P), Siew et al. (2016) Design 1 (S1), Siew et al. (2016)

Design 2 (S2), and Darweesh (2021) (D).

The above guidelines show that the optimal location for

tanks within WDNs is inconclusive. This study was therefore

aimed at developing a tool to compute hydraulic reliability and

failure tolerance of WDNs when a specific pipe fails, and as a

consequence, to determine the optimal location of tanks within

WDNs. The development and validation of this tool is explained

in detail below.

2 Methodology

To address the aim of this study, the below methodology,

consisting of four phases, was employed:

Phase (i) —the first phase of this study involved developing an

algorithm. After development, the algorithm was employed

to determine from literature, a benchmark WDN that has

several optimal designs with tanks at different locations within

the network.

Phase (ii) —The second phase involved employing EPANET

2.2 (Rossman, 2000) to hydraulically simulate the different

optimal designs for the benchmark WDN obtained in

phase (i) and comparing the simulated results with those

published in the literature. Phase (ii) is important because

hydraulic balancing of the selected benchmark WDN designs

is a pre-requisite for computing hydraulic reliability and

failure tolerance.

Phase (iii) —Using the reliability equations developed by

Tanyimboh (1993) and Cullinane et al. (1992), phase (iii)

involved developing a decision support tool (using Microsoft

Excel
R©
) for computing the hydraulic reliability and failure

tolerance of WDNs. This tool was validated by comparing the

values it generated for certain Simple Network, SN (Figure 2)

designs with the values generated by Tanyimboh and Setiadi

(2008) for the same SN designs.

Phase (iv) —After conclusion of phases (i), (ii) and (iii), phase

(iv) involved applying the developed Microsoft Excel
R©

tool

to compute the hydraulic reliability and failure tolerance of

the different optimal designs for the genericWDN obtained in

phase (i). The results obtained in this phase, addressed the aim

of this study i.e., to determine the optimal location of tanks

in WDNs.

2.1 Phase (i)

As mentioned, phase (i) involved the development of an

algorithm that determined from literature, a benchmarkWDN that

has several optimal designs with tanks at different locations within

the network.

The ATN (Figure 1) is a hypothetical WDN situated in the

Anytown community, USA and was selected as the benchmark

WDN to be employed in phases (i), (ii), and (iv). Its details were

retrieved fromWalski et al. (1987).

Several ATN designs exist in the literature (Siew et al., 2016).

The algorithm shown in Figure 3 was developed and employed

to determine ATN designs that were hydraulically balanced and

optimal, with tanks at different locations within the network.

“Hydraulically balanced” refers to designs that satisfied the

conservation of mass and energy, and met the minimum pressure

threshold for the loading conditions outlined in the Battle of the

Network Models: Epilog (Walski et al., 1987). “Optimal” refers to

designs that cost ≤ $11 million. The ceiling of $11 million was

selected because, while the least cost optimal ATN design published

inWalski et al. (1987) was> $11million, other optimal designs that

cost < $11m have since emerged in the literature.

Prior to the “Battle”, the ATN had 2 tanks—the 1st was located

at node 41 and the 2nd was located at node 42. These tanks were

inadequate for the anticipated growth in the Anytown community

and additional tanks were recommended during the “Battle” to

cater for future demands (Walski et al., 1987).

Some of the optimal ATN designs that satisfied the conditions

for hydraulic balance and cost ≤ $11 million were Walters et al.
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FIGURE 1

The ATN with tank locations from di�erent studies (adapted from Walski et al., 1987).

(1999) Design 1, Vamvakeridou-Lyroudia et al. (2007); Prasad

(2010) Case 2 Design, Siew et al. (2016) Design 1, and Siew et al.

(2016) Design 2. These designs, which were employed in phases

(ii) and (iv), are described in summary below and recommend

additional tanks at nodes shown on Figure 1.

• TheWalters et al. (1999) Design 1 (W) cost $10.91 million and

recommended 2 additional tanks—the 1st was located at node

5 and the 2nd was located at node 12.

• The Vamvakeridou-Lyroudia et al. (2007) Design (V) cost

$10.74 million and recommended 2 additional tanks—the 1st

was located at node 9 and the 2nd was located at node 16.

• The Prasad (2010) Case 2 Design (P) cost $10.59 million and

recommended 2 additional tanks—the 1st was located at node

9 and the 2nd was located at node 16.

• The Siew et al. (2016) Design 1 (S1) cost $10.31 million and

recommended 1 additional tank to be located at node 7.

• The Siew et al. (2016) Design 2 (S2) cost $10.41 million and

recommended 1 additional tank to be located at node 6.

2.2 Phase (ii) and phase (iii)

To undertake a reliability assessment of a WDN, that WDN

must first be hydraulically balanced. In phase (ii), EPANET 2.2

(Rossman, 2000) was employed to hydraulically simulate, using

pressure driven analysis, the five optimal ATN designs obtained in

phase (i). Validation of the simulation results obtained was achieved

when these results were compared with the results published in the

literature for each ATN design.

Simulation results generated by EPANET were then input into

the Microsoft Excel
R©

tool that was developed in phase (iii) to

generate hydraulic reliability and failure tolerance values based

on the methodology employed in Tanyimboh’s (1993) PRAAWDS

tool. PRAAWDS is abbreviation for: Programme for the Realistic

Analysis of the Availability of Water in Distribution Systems.

PRAAWDS was applied to the SN. Validation of the Microsoft

Excel
R©

tool was achieved by comparing the hydraulic reliability

and failure tolerance values calculated for designs 1, 3, and 12 of

the SN (Tanyimboh and Templeman, 2000; Tanyimboh and Setiadi,

2008) with the results obtained by the Microsoft Excel
R©

tool for

the same SN designs. The SN designs (1, 3, and 12) were selected

because their reliability values were sensitive to layout changes and

this was ideal for this study since any layout changes to a network

(i.e., different tank locations) should reflect the extent to which

reliability is affected.

Well-known techniques for assessing the reliability of WDNs

include robust techniques (Tanyimboh, 1993), surrogate techniques

(Tanyimboh and Templeman, 1995) and probabilistic techniques

(Wagner et al., 1988). Surrogate techniques are empirical equations

that can be used to assess the performance of WDNs. However,

they are not as sturdy as robust techniques, which are the

basis for pressure driven analysis (Tanyimboh and Templeman,
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FIGURE 2

The Simple Network with nodal demands (l/s) (Tanyimboh and

Templeman, 2000).

1995). Probabilistic techniques are generally more accurate than

surrogate and robust techniques since they account for the random

behavior of WDNs. However, they can be time-consuming since

they require historical data, which may not always be available.

In this study, robust techniques (specifically hydraulic reliability

equations) were employed.

According to Tanyimboh (1993), hydraulic reliability, R

(Equation 1) deals with the state of a system. For instance, a

system with more pipe loops, tanks or pumps would have a higher

hydraulic reliability (close to unity) than a system that does not

have these.

R =
1

T
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(1)

Similarly, failure tolerance, FT (Equation 2; Tanyimboh, 1993)

measures a system’s performance when one or more of the WDN’s

components (pipe loops, tanks or pumps) are unavailable or non-

functional. Thus, failure tolerance estimates the portion of total

demand that will be met when one or more system components are

unavailable. Networks with failure tolerance values between 0.60

and 1.00 are considered less vulnerable (Tanyimboh et al., 2016).

FT =
R−

p(0)T(0)
T

1− p(0)
(2)

Equations 3–6 (Tanyimboh, 1993) and Equation 7 (the mechanical

availability equation by Cullinane et al., 1992) are employed in the

computation of Equations 1 and 2:

p (0) =

M
∏

m=1

am = a1 × a2 × a3 × . . . (3)

um = 1− am (4)

p (m) = p (0) (
um

am
), for a single pipe failure (5)

p (m, n) = p (0)

(

um

am

)

× (
un

an
), for two pipes failure (6)

am =
0.21218 d1.462131

0.00074 d0.285 + 0.21218 d1.462131
(7)

where:

• R is hydraulic reliability with values between 0 and 1.

• M is number of links (pipes, pumps, and valves).

• p(0) is probability that all pipes are operational.

• am is the probability that pipe m is operational.

• p(m) is the probability that only pipe m is not operational.

• um is a probability that pipe m is not operational.

• P(m, n) is the probability that only pipes m and n

are not operational.

• T(0) is the total flow (l/s) supplied at adequate pressure when

all pipes are operational.

• T(m) is the total flow (l/s) supplied when only pipe m

is not operational.

• T(m, n) is the total flow (l/s) supplied when only pipes m and

n are not operational.

• T is the sum of the nodal demands in l/s.

• FT is failure tolerance with values between 0 and 1.

• d is pipe diameter (mm).

2.3 Phase (iv)

Phase (iv) involved computing the hydraulic reliabilities and

failure tolerances of the different optimal ATN designs obtained in

phase (i). As shown in Figure 1, there are three zones where tanks

may be located during WDN design i.e.,: upstream of the demand

center (the zone where the booster station is typically located), the

demand center and downstream of the demand center.

To simulate pipe failure, certain functional pipes were closed

during hydraulic simulation. The selection of pipe for failure was

based on the risk of failure, which was obtained using Equation 5.

Tanyimboh and Templeman (1995) recommended that several

scenarios, whichmay give rise to unreliability, should be considered

to accurately compare designs in terms of failure tolerance. In

phase (iv), three scenarios were compared i.e., failure of any pipe;

failure of the transmission mains pipe between the source node

and node 1 (see Figure 2); and failure of pipes with the smallest

diameters and therefore, the highest failure probabilities. The 3rd
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FIGURE 3

Algorithm for determining optimal ATN designs with tanks at di�erent locations.

scenario was the most realistic and therefore, the single pipes that

were closed during failure tolerance analysis were smaller diameter

pipes. It is uncommon in the operation of WDNs that two or

more pipes or components fail at the same time (Shuang et al.,

2014).

Hydraulic reliability and failure tolerance analysis were

conducted under steady-state conditions, which is best suited

for speedily analyzing networks under the worst-case operational

scenario (i.e., peak demand). This approach was similarly

employed in previous reliability assessment studies (Tanyimboh

and Templeman, 2000; Tanyimboh, 2003 and Tanyimboh and

Setiadi, 2008).

3 Results and discussion

3.1 Comparison of phase (ii) results for the
optimal ATN designs selected in phase (i)

Table 1 presents the results of the EPANET 2.2 hydraulic

simulation of the optimal ATN designs identified in phase (i),

alongside the results published by the various authors. The table

shows that the EPANET 2.2 results are identical to the published

results for each of the designs. Similar to the comparison of

node pressures in Table 1, the variation in tank water levels were

compared. For example, the extended period simulation of tank
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TABLE 1 Comparison of hydraulic simulated results for the optimal ATN designs.

Researcher Loading pattern Published results EPANET 2.2 results from this study

Pressure
(m)

Node
(number)

Outflow
(l/s)

Time to
empty
(h)

Pressure
(m)

Node
(number)

Outflow
(l/s)

Time to
empty
(h)

Walters et al. (1999) Instantaneous peak flow 28.54 11 – – 28.58 11 – –

Average day flow – – – – – –

Fire 1 (at node 9) 29.35 16 – – 29.37 16 – –

Fire 2 (at node 5, 6, 7) 26.44 6 – – 26.70 6 – –

Fire 3 (nodes 11, 17) 25.84 11 – – 25.84 11 – –

Vamvakeridou-

Lyroudia et al.

(2007)

Instantaneous peak flow – – – – – – –

Average day flow – – – – – – –

Fire 1 – 16 108.28 2.41 – 16 108.28 2.40

Fire 2 – 16 124.78 2.09 – 16 124.78 2.10

Fire 3 – 16 71.65 3.64 – 16 71.65 3.64

Prasad (2010) Instantaneous peak flow – – – – 28.51 5 – –

Average day flow – – – – 29.52 9 – –

Fire 1 – – – – 27.75 16 – –

Fire 2 – – – – 15.86 6 – –

Fire 3 – – – – 28.28 10 – –

Siew et al. (2016)

Design 1

Instantaneous peak flow 28.19 9 – – 28.19 9 – –

Average day flow 28.96 16 – – 28.95 16 – –

Fire 1 15.16 16 – – 15.20 16 – –

Fire 2 16.70 16 – – 16.74 16 – –

Fire 3 22.50 11 – – 22.58 11 – –

Siew et al. (2016)

Design 2

Instantaneous peak flow 29.91 9 – – 29.91 9 – –

Average day flow 28.29 16 – – 28.30 16 – –

Fire 1 17.10 16 – – 17.20 16 – –

Fire 2 16.61 7 – – 16.61 7 – –

Fire 3 21.66 9 – – 21.66 9 – –

water levels in the old tanks at nodes 41 and 42 of Figure 4B

(this study) correspond to water levels in the same tanks at

nodes 65 and 165 in Figure 4A (Vamvakeridou-Lyroudia et al.,

2007) respectively.

3.2 Validation of the Microsoft Excel
®
tool

developed in phase (iii)

Table 2 compares the hydraulic reliability (Equation 1) and

failure tolerance (Equation 2) results calculated by Tanyimboh and

Setiadi (2008) for the SNwith those calculated using theMS Excel
R©

tool developed in phase (iii).

As can be seen, there are insignificant differences (< ±1%)

between the hydraulic reliability and failure tolerance results

obtained by Tanyimboh and Setiadi (2008) and those obtained

in phase (iv). The differences are likely because the two studies

selected different pipes for closure during failure simulations—

Tanyimboh and Setiadi (2008) did not specify the pipes they

employed in their failure analysis and whether single or multiple

pipes were closed during analysis. The results for hydraulic

reliability and failure tolerance generated in phase (iv) were

therefore ∼99% similar to the results obtained by Tanyimboh

and Setiadi (2008) and therefore validate the developed Microsoft

Excel
R©

tool’s capability to calculate hydraulic reliability and

failure tolerance.

Frontiers inWater 06 frontiersin.org
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FIGURE 4

(A) Variation of tank water levels in the ATN (Vamvakeridou-Lyroudia et al., 2007). (B) Variation of tank water levels in the ATN (this study).

TABLE 2 Comparison of hydraulic reliability and failure tolerance results for the Simple Network.

Simple Network
designs

Hydraulic reliability Failure tolerance

Tanyimboh
and Setiadi

(2008)

This study % deviation
from

Tanyimboh
and Setiadi

(2008)

Tanyimboh
and Setiadi

(2008)

This study % deviation
from

Tanyimboh
and Setiadi

(2008)

1 0.9996800 0.9999922 0.0312300 0.9436000 0.9384100 −0.55002112

3 0.9996600 0.9999921 0.0332213 0.9334000 0.9316374 −0.18883651

12 0.9996400 0.9999911 0.0351226 0.9201000 0.9126285 −0.81867923

3.3 Calculation of hydraulic reliabilities and
failure tolerances for the optimal ATN
designs (phase iv)

Table 3 presents the hydraulic reliability and failure tolerance

results for the optimal ATN designs using the Microsoft Excel
R©

tool developed in phase (iii). All the optimal ATN designs obtained

hydraulic reliabilities close to 1.0—this result was expected since

each ATN design was optimal (Tanyimboh and Templeman,

1995).

The best location for the additional tank(s) that each optimal

ATN design proposed was thereafter assessed using failure

tolerance. The different locations of the tanks were expected to

influence each designs’ response to pipe failure and therefore,

generate different failure tolerance values. The highest failure

tolerance value represents the best location. The list below

summarizes results from this phase (see Table 3):

• All the optimal ATN designs generated a failure tolerance

value higher than 0.68. The implication of this is that in

the event of a distribution mains pipe failure, tanks in each

design would ensure uninterrupted supply to more than 68%

of consumers, at the specified design flows and pressures.

• The Walters et al. (1999) design, which recommended 2

additional tanks (the 1st was located downstream of the

demand center and the 2nd was located upstream of the

demand center) generated the least failure tolerance value of

0.6874 and was the most expensive of the designs.

• A failure tolerance of 0.7043 was calculated for the

Vamvakeridou-Lyroudia et al. (2007) design, which

recommended 2 additional tanks (the 1st was located

downstream of the demand center and the 2nd was located at

the demand center). When compared with the Walters et al.

(1999) design, failure tolerance was improved because the 2nd

tank was located at the demand center. The Prasad (2010)

design also recommended 2 additional tanks at the same

nodes as the Vamvakeridou-Lyroudia et al. (2007) design and

not surprisingly, generated a similar failure tolerance value.

• The Siew et al. (2016) Design 1 generated the highest

failure tolerance with one additional tank recommended for
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TABLE 3 Hydraulic reliability and failure tolerance results for the optimal ATN designs.

Researchers Hydraulic reliability Failure tolerance Cost ($), million Failure tolerance ranking

Walters et al. (1999) (W) 0.9999122 0.68739400 10.91 5

Vamvakeridou-Lyroudia et al. (2007) (V) 0.9986015 0.70434450 10.74 2

Prasad (2010) Case 2 (P) 0.9997693 0.70473491 10.59 3

Siew et al. (2016) Design 1 (S1) 0.9997746 0.70840701 10.31 1

Siew et al. (2016) Design 2 (S2) 0.9997710 0.70153444 10.41 4

downstream of the demand center. The Siew et al. (2016)

Design 1 was the cheapest design. This result therefore shows

that a more reliable design need not be the most expensive

design and that the best location for the additional tank(s) in

the ATN is downstream of the demand center.

• It is immaterial that the failure tolerance values were closely

clustered, ranging between 0.6874 and 0.7084, because the

designs were optimal. In practice however, similar or different

results may be obtained depending on the optimality of the

WDN design. In terms of the best location for tanks in the

WDN, what is material is identifying the design that produces

the highest failure tolerance.

4 Conclusion

This study developed a tool in Microsoft Excel
R©

to compute

failure tolerance when pipe failure occurs in a WDN, and as

a consequence, determines the optimal location of a tank(s).

The highest failure tolerance value among several designs of

the WDN, with tanks at different locations, produces the best

location. For the Anytown Network, the design with a tank

located downstream of the demand center proved to be the best

location. The incorporation of hydraulic reliability and failure

tolerance calculations into EPANET (as well as other hydraulic

simulation software) would certainly be beneficial for determining,

during design, the best location(s) for tanks within networks and

computationally, would be more efficient than was the case in

this study.
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Glossary

Failure tolerance A reliability index that represents the percentage of

demands that will be met in case of failure of a critical

water distribution system component

Hydraulic reliability A reliability index that indicates the likelihood that the

water distribution system will meet nodal demands at

adequate pressures. For newly designed systems,

hydraulic reliability is close to 1.0.

Pressure driven

analysis

A method of hydraulic simulation that computes

pressure deficiencies within a water network and relates

same to flows
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