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Abstract: With the continuous progress of society and sustained economic development,
the demand for water is increasing in most areas, and the efficient operation of urban
water supply networks has become a vital basis for safeguarding daily life and production.
Tanks are an essential component of water distribution systems because they are needed to
balance the demand during water use peaks, reduce system pressure, and thus improve
stability and service quality. Tanks must, therefore, be well designed to perform effectively.
This study selected two typical distribution networks in Sharjah and Dubai and employed
behaviour simulation (BS) to evaluate the performance of their associated tanks for various
system configurations. Performance was characterized via time-based reliability (Rt) and
volume-based reliability (Rv). Vulnerability analysis was also introduced to deeply analyze
the data to reduce the risk of decision-making due to bias. The results show that tank
design significantly affects network water supply, with system reliability influenced by
tank capacity (Ka) and inflow. In addition, BS-based iso-reliability plots were developed
to visually represent the impact of different reliability levels on required tank capacity.
These curves provide a useful query tool for network designers and operators to evaluate
configuration options and generate alternative scenarios.

Keywords: water distribution; tank; behaviour simulation; time-based reliability; volume-
based reliability; vulnerability; solutions generation

1. Introduction
Economic growth and social development have promoted the growth of urban water

demand. While water demand has declined in some Eastern European countries over the
past 30 years, water consumption continues to rise steadily across the globe, especially in
rapidly industrializing and urbanizing regions. As one of the indispensable core compo-
nents of lifelines, the water distribution system (WDS) undertakes the important task of
guaranteeing the stability of residents’ daily lives; therefore, its analysis has always been
one of the research hotspots. As one of the most central and indispensable components
of WDS, tanks not only play a crucial role in the daily regulation of water supply but also
assume multiple functions of balancing differences in supply and demand [1], relieving
the pressure of the network [2]. In addition, a reasonably designed tank can achieve timely
water renewal, avoiding long-term water stagnation and thus guaranteeing water quality
safety [3]. Therefore, the design of water tanks has become one of the critical tasks that can-
not be ignored in modern urban water distribution networks, and its scientific rationality
directly affects the operational efficiency and long-term economy of the entire network [4].
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The primary role of water tanks is to provide water storage for the network to meet
customers’ demand during peak hours and to store water during low-demand hours to
cope with subsequent peaks and some unexpected events [5]. However, as demand and
supply vary over time, it is challenging to determine the best capacity of a water tank to
ensure that the system can meet demands whilst reducing costs and operating efficiently.

In response to this problem, researchers began exploring more comprehensive methods
to model and analyze the operational state of WDSs globally, providing diverse solutions
and generating options for designers and operators to choose from by meeting the needs
of different scenarios. Various methods have been used, from traditional linear [6–8] and
nonlinear programming [9–11] to more innovative ones such as genetic algorithms [12–15],
ant colony optimization [16–18], and particle swarm optimization [19–21], as well as
behaviour simulation [22,23] and engineering empirical judgement [24]; each approach has
its unique advantages and disadvantages and shows different strengths and limitations in
practice. Among them, the behaviour simulation (BS) method, a tool that can simulate the
behaviours of WDSs under different operating conditions, has already achieved significant
results in water resources management analysis [25,26]. However, existing studies [22,27]
have applied this method to open water areas such as natural rivers and reservoirs, and it
has not been sufficiently applied to the design of closed tanks in urban water distribution
networks. Given the importance of tanks in WDSs, applying the BS method to tank analysis
not only comprehensively reflects the performance of tanks under different conditions but
also provides diverse pathway options for system design and operation to help decision-
makers achieve efficient and reliable operation of the WDS while meeting the specific
demands, which has important practical significance.

Against the above background, this study aims to propose a method for the design of
tanks in urban water distribution networks by using BS and reliability analysis indicators,
focusing on generating diverse design options through analysis to provide decision-makers
with a wider range of options. This work simulates the operational behaviour of tanks
under different configuration conditions within the network and obtains performance data.
This study also performs reliability analysis on different design scenarios to determine the
optional direction of the tank design and operation. This work simulates the system in
EPANET and obtains the hydraulic analysis results of the network within a 24 h period.
The results from the BS method and EPANET were compared to verify the effectiveness of
BS in designing the tank for WDSs.

The cases selected for this study are located in a tropical desert climate zone, and their
findings can provide a reference for regions with a similar climate. For regions with very
different climatic conditions, the BS method can be used as an effective reference tool in
water tank design analyses, providing theoretical support for the design of water systems
in different regions.

This study’s innovation lies in expanding BS from natural water resource management
to designing closed tanks for urban water distribution networks. This cross-field application
can provide new water tank planning and design methods and strong support for cost
control and efficiency improvement in urban water distribution networks. Through this
study, designers and operators will be able to find options for the design and operation of
water tanks based on more accurate analysis tools and improve the reliability and integrity
of the water distribution system.

2. Literature Review
2.1. Water Distribution System

A typical WDS comprises a network of pipes, pumps, storage facilities, valves for
different functions, fire hydrants, service connections, and other ancillary elements [28–33].
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These elements are properly assembled, and together, they form a complex and sophis-
ticated system. Within this system, design and operation must consider multiple key
objectives simultaneously to obtain overall efficiency and performance.

Different components play an important role in WDSs, and water tanks are the most
versatile. They can act as the place for disinfection reactions, providing time and space for
adequate contact between the disinfectant and the water body [34]. Their water storage
function ensures that the system meets high water demands, such as firefighting and
peak hours demand, and stores excess water during the night when demand is low. In
addition, tanks can regulate water pressure to prevent high or low pressure from affecting
the customer’s water supply experience [35,36].

Optimization has always been the core concern of the development of construction
projects. Mala-Jetmarova et al. [37] suggested that for a more comprehensive optimiza-
tion, the decision-making framework should integrate performance indicators such as
costs, water quality, reliability, and environmental aspects. Most research and practice
have focused on optimizing pipe diameter [6,38–40] or improving pump scheduling and
operation [41–44]. However, the water tank, a key component, has rarely been included in
the optimization models of WDSs as a decision variable for in-depth study and considera-
tion [4,45–47]. This research limitation has somewhat constrained the comprehensiveness
of WDS design and the full realization of the potential performance and reliability of
the system.

2.2. Tanks in Water Distribution Networks

As an important part of WDSs, the rationality of tank design directly impacts the
system’s reliability and efficiency. A key feature of a water tank is its hydraulic gradient
line (HGL), which represents the combined elevation head and pressure head, varying in
response to changes in water inflow and outflow [48–50]. Therefore, water tanks store and
regulate water volume and play a vital role in ensuring water supply safety and pressure
stability. Since the water tank needs to provide services for people for a long time, its
related design parameters should be carefully considered when planning so that it can
perform at its best during its service life.

Batchabani and Fuamba [4] provide a detailed description of the design factors that
must be considered in the tank design in practice. They determine the tank’s functionality
and directly affect the overall operating efficiency and reliability of the WDS. These design
factors include type (elevated tanks, standpipe, hydropneumatic tanks, ground tanks, and
buried tanks [51]), location [4,52], level [53] and volume. Volume is the key; if the volume is
too small, the tank will result in an unstable water supply, and if it is too large, the tank will
waste resources. In addition, over-designed tanks can prolong the water age, that is, the
residence time of water from the time it enters the network or tank to the time it is ultimately
used by the user, which has potential impacts on water quality and safety [54]. In a WDS,
disinfectants degrade over time. The higher the water age, the lower the disinfectant
concentration, increasing the risk of microbial growth. At the same time, by-products may
be generated during the disinfection process, and the higher the water age, the higher the
concentration of by-products, which affects water quality and safety. In addition, water
that has been stagnant for a long time is prone to bacterial growth, especially in areas of
high water age and low disinfectant concentration, which may lead to biofilm formation
and bacterial regrowth, further worsening water quality [55]. Traditionally, depending on
the management approach, the volume of water tanks should be determined according to
each region’s design standards or guidelines [56]. For example, in the region of the United
Arab Emirates (UAE), according to THE WATER DISTRIBUTION CODE [57] issued by
the government, the volume of the tank should be calculated based on the Average Daily
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Demand (ADD) and should include a firefighting reserve. Brière [58] used a curvilinear
method to determine the balancing reserve. He calculated the appropriate tank volume by
monitoring water consumption during peak demand days, constructing a corresponding
curve graph, and determining the balance reserve based on the perpendicular distance
between two tangent lines on the graph. Some other researchers [22,27] considered the
dynamics of supply-and-demand balance in capacity planning and emphasized the critical
role of reliability indicators in capacity determination.

Sayl et al. [59] stated that area–volume–elevation (AVE) curves play a vital role in
planning and design and can be used to determine the most appropriate depth, optimum
surface area, and maximum water storage capacity. Venkatesan et al. [60] and Dourado
et al. [61] mentioned the relationship between surface area and storage in their study. Liu
et al. [62] found a positive relationship between the water area and its storage. Variations
in water level and storage were also discussed by Li et al. [63] and Zhu et al. [64]; these
studies suggested that fluctuations in water level significantly affect the capacity of storage
and system reliability.

2.3. Optimization of Water Distribution Systems

WDS optimization is focused on two major areas: optimal design [65,66] and optimal
operation [67,68]. A comparative analysis of the effects of different factors on the operation
of a WDS can help managers choose better design solutions, improve the system’s stability,
and obtain more stable revenue.

The objectives for WDSs can be summarized into four types: economic, community,
environmental, and performance objectives [69,70]. Performance objectives focus on the
water supply system’s robustness, reflecting the system’s reliability, adaptability, and re-
silience under different operating conditions [69]. Specifically, this means that the WDS
can maintain stable operation for a long period of time. Moreover, when facing unex-
pected conditions or external pressures, it can still ensure that the water supply is not
interrupted and returns to normal operation in the shortest possible time. For example,
some scholars [22,23,27] have also discussed the performance goals of study subjects.

Different researchers have analyzed the study of reliability from many different per-
spectives. Wagner et al. [25] evaluated the system reliability under pipeline and pump
failure conditions through simulation, demonstrating the flexibility and effectiveness of
simulation as a complementary approach to network reliability analysis. Elsheikh et al. [71]
significantly improved the WDS’s water quantity and quality performance by calibrating
the hydraulic model. Some studies further combined reliability objectives with cost mini-
mization to achieve a balance between the two and improve the overall competitiveness of
the system [72,73].

Therefore, reliability analyses are essential for designing, operating, and maintaining
water supply systems [74]. If reliability analysis is neglected in the design, even if short-
term cost control is achieved, the system may fail due to functional failure, and the overall
design may fail. In other words, reliability directly reflects a water supply system’s ability
to satisfy user needs, a core element in guaranteeing the system’s basic functionality, and
an indispensable part of achieving long-term goals.

Performance can be assessed based on four key metrics: reliability, resilience, vulner-
ability, and sustainability [26,27,75]. Reliability refers to the ability of the system to meet
the design requirements. It can be measured in two dimensions: time and volume [22].
Resilience measures the ability of a reservoir to recover from a failed state to a normal
state [75]. Vulnerability describes the degree of impact on the system when the water
supply is inadequate [76]. Sustainability is evaluated by the composite index proposed
by Sandoval-Solis et al. [76]. The index provides a comprehensive measure of the over-
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all operational sustainability of a reservoir system by combining reliability, resilience,
and vulnerability.

Based on the definition of reliability proposed by Fujiwara and Tung [77], Adeloye
et al. [22] used simulation analysis to explore the hydraulic reliability of reservoirs in their
research on reservoir planning and operational evaluation. They applied two core metrics
in their analysis, namely time-based reliability (Rt) and volume-based reliability (Rv) [26,78].
These two indices quantify the reliability of the reservoir in different dimensions. Through
the combination of these two indicators, designers or operators can provide comprehensive
support and a scientific basis for decision-making on reservoir capacity. The specific details
and application of this model for reliability assessment will be elaborated in more detail in
the Section 3.

2.4. Behaviour Simulation (BS)

BS is a reservoir planning approach based on mass balance equations that accurately
represents the dynamic characteristics of a storage system by modelling inflow and outflow
processes. It takes into consideration water inputs and consumption, thus providing a
comprehensive picture of the operation and performance of the system. Based on this, BS
quantifies the reliability of the system by isolating occasions of inadequacy to meet the full
demand and the corresponding shortfall [22,26].

The study by Adeloye et al. [22] focused on reliability analysis, using the BS method
to evaluate the reliability index of reservoirs, providing a basis for calculating the required
reservoir capacity that meets the specified level of demand and specified reliability. The
main decision variable in the study is reservoir capacity, which is adjusted dynamically with
the demand and reliability targets for a given period of time to maximize the reservoir’s
reliability while minimizing deviations between volume-based reliability (Rv) and time-
based reliability (Rt). This approach leads to a more explicit representation of the reservoir
performance. These findings provide new insights into water resource management and
support decision-makers in making better decisions under water-scarce conditions, which
have important theoretical and practical implications. Examples of the use of the BS method
can also be found in [23].

2.5. Summary of the Literature Review

Most of the studies on WDSs in the existing literature focus on pipeline and pump
analyses, with relatively few studies on tank design and operation. In many studies,
water tanks are treated as fixed parameters of the system rather than adjustable decision
variables. This limitation results in the role and potential of the tanks not being fully utilized
in the design, thus limiting the overall potential of the system. In addition, although
cost and efficiency are common research topics, reliability is a major indicator of the
robustness of a WDS and is directly related to the performance of the system for long-term
operation. Therefore, more attention should be paid to the simulation and evaluation of
performance when analyzing water tanks so that decision-makers can make more scientific
and reasonable choices in terms of reliability and system adaptability.

3. Methodology
For any tank, the variation in its water volume is determined by both the inflow

and outflow. An effective tank design requires a balance between inflow and outflow to
ensure that the inflow can replenish the tank volume and the outflow can meet the user’s
demand without causing frequent water shortages. There are many methods that can
simulate the behaviour of water tanks; BS is an efficient and practical method. This method
provides data support for the reliability evaluation of the design scenario and helps to find
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the minimum tank capacity (Ka) required for the system to meet the supply needs of a
given customer.

To verify the applicability and effectiveness of BS in the analysis of tanks, two typical
water distribution networks in the UAE, located in Sharjah and Dubai, are selected as
case studies. In Sharjah, the study object is the Mughaidir Suburb community water
distribution network located in the central city. According to the design report [79], the
population served in this area is about 86,400, making it a smaller and more centralized
water distribution network. In Dubai, this study was conducted on the Silicon Oasis water
distribution network, which serves about 150,000 people [54] and is much larger and
more extensive.

The diversity of buildings results in significant differences in water demand at dif-
ferent times of day. To analyze these dynamics, the Mean Hourly Demand (MHD) of the
network is used as a benchmark, while the inflow coefficient and tank capacity (Ka) vary
systematically between 0.1 and 1.0 with an increment of 0.1. This grading method resulted
in 100 unique combinations of inflow and Ka scenarios. Conduct behaviour simulation for
each scenario and quantify system failure events and reliability indicators in the process.
These results allow designers to visually assess the feasibility and performance of various
scenarios, providing valuable insights and references for decision-makers when choosing
options for design and operation.

3.1. Behaviour Simulation

Behaviour simulation (BS) is a powerful and practical analytical tool for investigating
the main key indicators that describe reservoir performance (such as reliability). It is based
on the mass balance equation. As one of the most versatile and widely used methods, BS is
able to comprehensively consider the key factors affecting reservoir behaviour.

McMahon and Adeloye [26] and Adeloye et al. [22] also pointed out that BS shows
great flexibility and applicability when dealing with problems related to water storage.

This approach can be carried out in the early stages of the design to ensure that the
design planning scheme is reasonable. With reference to the calculation of reservoir capacity
in existing studies [22,23,26], the formula for calculating the capacity of a water tank can be
expressed as

St+1 = St + Qt − D′
t − Bt; 0 ≤ St+1 ≤ Ka (1)

where St and St+1, respectively, represent the storage state of the tank at the beginning
and end of the time period, t; Qt is the amount of water flowing into the tank during time
period t; Dt

′ is the amount of water released from the tank during time t; Bt is the backwater
generated when the tank is fully filled; and Ka is the capacity of the tank.

Theoretically, the design output of the tank, Dt, should be determined by the total
demand of the network while in operation. Depending on the operational scheduling of
the system and the availability of water in the system, there is often a discrepancy between
the real demand Dt and the released Dt

′, and at all times, the following relationship exists:

Dt ≥ D′
t (2)

Assuming that the amount of water entering the tank at the beginning of t is known,
the total water available in the system during t is

Wt = St + Qt (3)

According to the Standard Operating Policy (SOP) [75], the operation strategy of
the water tank is similar to that of the reservoir [22], and the following three scenarios
can occur:
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1. Insufficient water is available to the system, i.e., Wt < Dt;

At this point, the system’s current storage plus the inflow is still insufficient to meet
the target release. Therefore, as much water as there is in the system is discharged. The
tank is always empty.

D′
t = Wt (4)

2. Sufficient water is available, and the tank is not filled, i.e., Dt ≤ Wt < Dt + Ka.

At this point, the available water in the system is sufficient, and the demands of all
users are well met. Some water is stored in the tank, but it does not fill the tank.

D′
t = Dt (5)

3. Sufficient water is available, and the tank is full, i.e., Wt ≥ Dt + Ka.

At this point, the water available in the system is greater than the total demand,
and after the tank reaches the storage limit, the excess inflow will produce a back-
water phenomenon.

D′
t = Wt − Ka (6)

To ensure the water supply’s stability and meet the customers’ basic needs, there
should not be any water shortage in the network during the operation period; otherwise,
the design solution of the tank is considered to have failed. Based on the water supply
performance of the tanks, the BS approach allows for the calculation of two key metrics for
determining reliability, namely time-based reliability (Rt) and volume-based reliability (Rv).
Rt is the proportion of time that the system can satisfy the demand, whereas Rv is the ratio
of the system’s actual volume of water released to the demand. When the tank volume is
Ka, the reliability of the system can be expressed by the following formulas:

Rt = 1 − ∑N
t=1 ft

N
(7)

Rv = 1 − ∑N
t=1 ft

(
Dt − D′

t
)

∑N
t=1 Dt

(8)

ft =

{
1, D′

t < Dt

0, otherwise
(9)

In Equations (7) and (8), N represents the total number of time periods, 24 in our case,
and the rest of the symbols have been defined in the previous section.

In the process of tank design, since the Ka requirements may vary for different demand
scenarios, to determine the best solution, Ka is usually adjusted through the trial-and-error
method until the minimum capacity that can satisfy the given reliability target is found.
The process is summarized in Figure 1.

3.2. Vulnerability

Vulnerability can be used as an important index to measure the impact of water
shortage in reservoir planning. It is usually determined by the average of the highest water
deficits recorded during a simulation of water shortage sequences, thereby assessing the
performance of the system under conditions of insufficient water supply [27]. This idea can
also be extended to the field of tank design and analysis in urban pipe networks.

In tank design, vulnerability reflects the performance of the tank in response to
dynamic demand changes, representing the potential proportion of water shortage under
certain conditions. This indicator is critical for assessing the stability and resilience of
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water supply systems during adverse conditions, making it essential in system design and
operation. To comprehensively evaluate the tank’s performance, this study introduced the
vulnerability indicator (Vul) to harmonize the deviation between Rt and Rv and further
validate the effect of different combinations of inflow and capacity. This approach facilitates
the selection of robust, cost-effective designs that improve the reliability and adaptability
of water distribution systems under dynamic demand conditions.
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Figure 1. Tank behaviour simulation flow chart.

First, BS and the corresponding Rv can initially obtain the tank capacity (Ka) that
satisfies a particular time-based reliability (Rt). When the value of Rt is not 1, the system is
bound to have a water shortage. Let ∆t represent the proportion of water deficiency at time
step t, and it has two situations:

∆t =

{
1 −

(
D′

t
D

)
0; Otherwise

; for D′
t < Dt (10)

The vulnerability of the system can be expressed by the following equation:

Vul =
∑N

t=1 max∆t

ft
(11)

As discussed in the previous section, Dt and Dt
′ denote real demand and actual

released demand, respectively. The statistics for the number of failures, ft, in Equation (11)
above are consistent with the method in Equation (9).

Combining the severity and frequency of water supply shortages to calculate vulnera-
bility makes it reflect not only the frequency of water supply shortages but also the depth
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of their impact. A smaller vulnerability factor indicates that the tank is more adaptable in
the face of an insufficient water supply. Especially when faced with scenarios with similar
values of Rt and Rv, the vulnerability index can effectively identify and help determine
the superior scenario. By making the value of Vul as small as possible, the robustness
of the system can be enhanced, thus improving the rationality of the design, making it
more consistent with the decision-maker’s comprehensive objectives, and ensuring that the
system remains reliable and adaptable under different constraints.

4. Case Study
This work selected two representative water distribution networks for in-depth analy-

sis to verify the application effectiveness of BS in the tank performance simulation. The
two subjects are the Sharjah Mughaidir Suburb and the Dubai Silicon Oasis. Their similari-
ties in geographical location, climatic characteristics, and water supply demand, as well as
their uniqueness, made them ideal cases for assessing BS methods.

4.1. Case Study #1: Sharjah Mughaidir Suburb

The first example is the Mughaidir Suburb, located in the central city of Sharjah, which
consists of six communities and is a typical cluster of communities. The altitude of the
study area ranges from 8 m to 25 m above sea level, and the climate is characterized by hot
and dry weather throughout the year, especially during the high summer temperatures
when the residents’ demand peaks. This long-term high temperature and drought climate
further increases the pressure on the water supply system, making the water tank play a
vital role in regulating the water supply and guaranteeing the safety of the water supply.

The water distribution network of Sharjah Mughaidir Suburb consists of 83 junctions,
106 pipes, a water pump, and a reservoir. The original design report assumed that water
would be supplied directly to the network from the reservoir. To optimize the construction
of the system and explore the impact of tank adjustment, this work regarded the reservoir
in the original design as a node with inflow, represented by J-36, and introduced a tank,
T-1, between this inflow node and the pump for analysis. The adjusted network is shown
in Figure 2.
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4.2. Case Study #2: Dubai Silicon Oasis

The second example is the Dubai Silicon Oasis, located in the Nadd Hessa commu-
nity in Dubai, one of Dubai’s key free trade zones. The network consists of 2550 nodes,
2750 pipes, a reservoir, and three pumps operating in parallel. The area contains a vari-
ety of building types, such as tower apartments, villa communities, commercial offices,
educational institutions, government agencies, hotels, and medical facilities, making the
water characteristics of each node complex and varied. Although the current residential
population of Dubai Silicon Oasis has not yet reached its expected maximum, the diverse
water demand and dynamic water pressure changes in the area provide rich research data
for tank design and operation of the water supply system due to its rapid development.

Similarly to the Sharjah Mughaidir Suburb network, the reservoir of the Dubai Silicon
Oasis network was considered a node with inflow characteristics, and a tank was set
up between the pumps and this node. The schematic of the adjusted network is shown
in Figure 3.
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4.3. Extended Period Simulation (EPS)

To simulate the operation of the water supply system more realistically in different
time periods, water supply network analysis software was used for in-depth modelling
analysis. EPANET [80] is a simple and powerful software. This software was created by
the United States Environmental Protection Agency (USEPA) and is available as an open
source. EPANET allows designers to operate and test their networks and scenarios well in
advance of their implementation at the site.

EPANET provides a comprehensive platform for network mapping, data entry, hy-
draulic simulation and water quality analysis. During simulation, it allows for the mon-
itoring of water flow through pipes, pressure at nodes, tank levels, and changes in con-
centrations of specific chemicals throughout the network [30,81], as well as analyzing the
outcomes in multiple formats such as coloured network maps, tables of data, time-series
graphs, and contour charts [30,80,82].

This study discussed the operation of a WDS under different tank capacities and
inflow scenarios in 24 h. The dynamic behaviour of the system over time is analyzed
using extended period simulation (EPS) with a time step of 1 h. The user demand for
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each time period varies within a given range, and the demand pattern for the Sharjah
Mughaidir Suburb network and Dubai Silicon Oasis network are shown in Figures 4 and 5
below, respectively.
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4.4. Modelling

The BS approach was designed to provide an intuitive understanding of changes in
Ka and inflow by simulating the system’s dynamic behaviour, helping to identify potential
water supply shortfalls or excess situations. On the other hand, the results generated using
EPANET could verify the accuracy and validity of the BS method analysis.

Taking the network of Sharjah Mughaidir Suburb as an example, according to building
types and demand patterns, the total demand of the system at each time period is counted,
as shown in Table 1.

In practice, the tank does not need to store all the water because there is an inflow
in the system, and water is constantly replenished and enters the network. The water
level in the tank continuously fluctuates due to the combined effects of inflow rate and
Ka. Therefore, to simulate the operation of the network more clearly to determine the
appropriate tank size, the specific steps of the experiment are designed as follows:

• Step 1: Network preparation:

The first step of the experiment is to build the water distribution model for the Sharjah
Mughaidir Suburb network, set up node demand and demand pattern, extract the total
demand of the entire system and calculate Mean Hourly Demand (MHD) and Mean Daily
Demand (MDD) to provide the basis for inflow and Ka grading.

• Step 2: Grading of inflow and Ka:
For a clearer comparison of the design options, the inflow and Ka are graded on a 10%
gradient. The specific grading is as follows:

• Inflow is defined as
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Inflow = factor 1 × MHD (12)

• Tank capacity (Ka) is defined as

Ka = factor 2 × MDD (13)

Table 1. Hourly demand statistics for Sharjah Mughaidir Suburb network.

Time (Hours) Flow (m3/h)

00:00 391.536
01:00 338.616
02:00 316.728
03:00 416.664
04:00 727.956
05:00 824.688
06:00 1557.792
07:00 1251.468
08:00 702.972
09:00 841.284
10:00 883.080
11:00 979.632
12:00 885.168
13:00 866.484
14:00 831.708
15:00 855.396
16:00 878.508
17:00 956.844
18:00 1192.968
19:00 1180.728
20:00 1182.708
21:00 1119.672
22:00 819.540
23:00 583.344

∑ 20,585.484
Average 857.729

Factors 1 and 2 both range from 0.1 to 1.0 in 0.1 increments. This gives a total of
100 different combinations of inflow and Ka scenarios. Tables 2 and 3 summarize the
corresponding inflow and tank capacities for each factor in the network.

Table 2. Inflow with different factors for Sharjah Mughaidir Suburb network.

Inflow/MHD Inflow (m3/h)

0.1 85.774
0.2 171.547
0.3 257.317
0.4 343.091
0.5 428.864
0.6 514.638
0.7 600.412
0.8 686.182
0.9 771.955
1 857.729

• Step 3: Implementation of BS:

It is assumed that the tank is full at the beginning of the day and set a fixed inflow;
for example, inflow = 0.1 * MHD. Then, the operating results of the system for each hour
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are sequentially calculated, and Ka is gradually increased from 0.1 MDD to 1.0 MDD. The
corresponding number of failures and water deficiency within 24 h periods are calcu-
lated and counted. The inflow is adjusted and this step is repeated until all scenarios
are completed.

Table 3. Tank volume with different factors for Sharjah Mughaidir Suburb network.

Ka/MDD Ka (m3)

0.1 2058.548
0.2 4117.097
0.3 6175.645
0.4 8234.194
0.5 10,292.742
0.6 12,351.29
0.7 14,409.839
0.8 16,468.387
0.9 18,526.936
1 20,585.484

• Step 4: Reliability calculations:

Based on the results obtained in step 3, the Rt and Rv of each scheme are further
calculated to quantify their performance against unstable demands and evaluate the water
supply safety and stability of the tank design.

• Step 5: Simulation in EPANET:

To ensure the accuracy and applicability of the BS, further validation is carried out in
EPANET. Assuming that the tank is cylindrical and has a height of 5 m, the diameter of the
tank is obtained based on the calculated Ka in Table 3. The calculation formula is

D =

√
4 × Ka

π× h
(14)

The tank size and inflow are entered into EPANET for EPS analysis to obtain detailed
operational reports for each combination scenario. The corresponding reliability of each
scheme, i.e., Rt, EPANET, is calculated.

• Step 6: Comparison and analysis of results

The results of BS and EPANET are compared to verify the accuracy and consistency of
the analysis. Combined with the Rt and Rv simulation results of each scenario, the system
stability is weighed against other key decision factors to provide a basis and guidance for
the development of scientific and reasonable scenarios.

Following the same procedures, the Dubai Silicon Oasis network data are systemati-
cally processed and calculated. The values of relevant parameters are shown in Tables 4–6.

Table 4. Hourly demand statistics for the Dubai Silicon Oasis network.

Time (Hours) Flow (m3/h)

00:00 1211.328
01:00 778.680
02:00 622.944
03:00 605.664
04:00 830.628
05:00 1436.292
06:00 3374.460
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Table 4. Cont.

Time (Hours) Flow (m3/h)

07:00 2457.324
08:00 1297.836
09:00 1626.696
10:00 1695.924
11:00 1730.484
12:00 1661.256
13:00 1574.748
14:00 1557.468
15:00 1643.976
16:00 1678.536
17:00 1903.500
18:00 2422.656
19:00 2457.324
20:00 2526.552
21:00 2388.096
22:00 1730.484
23:00 1211.328

∑ 40,424.184
Average 1684.341

Table 5. Inflow with different factors for Dubai Silicon Oasis network.

Inflow/MHD Inflow (m3/h)

0.1 168.433
0.2 336.870
0.3 505.303
0.4 673.736
0.5 842.170
0.6 1010.606
0.7 1179.040
0.8 1347.473
0.9 1515.906
1 1684.343

Table 6. Tank volume with different factors for Dubai Silicon Oasis network.

Ka/MDD Ka (m3)

0.1 4042.418
0.2 8084.837
0.3 12,127.255
0.4 16,169.674
0.5 20,212.092
0.6 24,254.510
0.7 28,296.929
0.8 32,339.347
0.9 36,381.766
1 40,424.184

5. Results and Discussion
5.1. Network Failure

A comprehensive analysis of 100 combination scenarios of inflow and capacity (Ka) for
the two networks was performed using Excel. The results showed that the two networks
exhibited a similar trend under the analysis of the BS method, indicating that the changes
in inflow and Ka have a direct and significant impact on the success of the water supply. To
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compare the data more visually, Figures 6 and 7 present the statistics of the two networks
in the form of bar charts.
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When the inflow is low (e.g., 0.1–0.3 MHD), the number of water supply failures is
generally high regardless of the Ka, and the maximum number of water shortages can
reach 19 times in a single day. This is because the system is unable to store sufficient water
during off-peak hours to cope with the water demand during peak hours. Even if the tanks
have a relatively large capacity, there is a lack of sufficient water to fill them, resulting in
a limitation of the regulating effect of the tanks. As the inflow increases, especially when
the inflow reaches 0.4 MHD and above, the number of system failures begins to decline,
and if the system is configured with a medium-capacity tank, the number of failures is
basically controlled within 10 times. A higher inflow volume can quickly replenish water
for the network, which helps to improve the success rate of the tank water supply, thereby
improving the reliability of the system.

On the other hand, larger-capacity tanks (e.g., 0.5 MDD and above) significantly re-
duced the number of failures. Even with the smallest inflow, the Sharjah Mughaidir Suburb
network only has 10 failures in 24 h, compared to 9 failures for the Dubai Silicon Oasis
network. When the inflow is stabilized at 0.6 MHD, for either network in the case study,
only a water tank with a capacity of 0.5 MDD is required to achieve a 100% success rate.

Larger tanks are better able to cope with peak demand and short-term fluctuations
in water supply. However, the high success rate is accompanied by a significant increase
in tank size. This is not only economically problematic but also brings huge adjustments
in terms of land use, construction costs, operation and maintenance, and water quality.
Such large tanks run counter to the goal of “sustainable design”. In addition, excessive
tank capacity leads to slow water renewal in the WDS, which in turn can lead to poor
mixing and water ageing phenomena, affecting water quality and safety [3,5,83]. Exces-
sive retention time reduces the concentration of disinfectants (e.g., chlorine) and thus
weakens the inhibition of microbial growth [55]. This leads to bacterial growth and can
trigger temperature or chemical stratification within the tank, leading to uneven water
quality. Therefore, although pursuing a 100% success rate is theoretically feasible, it is often
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necessary to design the tank through reliability evaluation to balance performance with
practical requirements.

5.2. System Reliability

The network’s time-based reliability (Rt) can be calculated according to the number
of water supply failures in 24 h. At the same time, the network’s desired demand and
release demand provide a basis for calculating volume-based reliability (Rv). As they are
defined, Rt and Rv evaluate the performance of a water distribution network from different
perspectives. The former examines the proportion of the time the system can meet the
demand for water supply in a given period, focusing on the temporal dimension of water
supply, and is a purely temporal success assessment. On the other hand, the latter focuses
on the adequacy of the water supply and evaluates the proportion of actual water supply
to the demanded water supply in a given time period. It is an assessment that focuses
more on the adequacy and satisfaction of the volume of water supplied rather than just
considering whether the water supply was successful.

Based on the reliability results obtained using the BS method, the capacity–inflow–
reliability curves can be drawn, as shown in Figure 8a,b and Figure 9a,b. The contour lines
in the figures show the changing patterns of Sharjah Mughaidir Suburb and Dubai Silicon
Oasis networks at different reliability levels (0% to 100%), respectively.
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At small tank capacities (e.g., Ka = 0.1 MDD or 0.2 MDD), Rv improves significantly
faster than Rt as inflow increases. This indicates that in the case of small tank volume,
increasing the inflow has a greater effect on improving the overall performance of the WDS.
From the comparison of Rt and Rv, it can also be found that Rv is greater than or equal to
Rt in both Sharjah Mughaidir Suburb and Dubai Silicon Oasis networks. For example, in
the Dubai Silicon Oasis network, when Inflow is 0.5 MHD and Ka is 0.4 MDD, the values
of Rt and Rv are 0.792 and 0.875, respectively. The reason for the difference is that the
determination criteria of Rt are stricter. For Rv, as long as the total water supply of the
system can meet the requirements, even if the water supply is insufficient in individual
periods, it will not be regarded as a failure. With a low inflow, the tank can accumulate
enough water in certain periods to cope with subsequent high-demand phases. Rt, on the
other hand, requires that the demand be met every hour, and even if the water supply
exceeds the demand in a certain period, it does not compensate for the failure in a previous
period. Therefore, this “compensation effect” is ineffective, which explains why Rv tends
to be greater than Rt.

In addition, changes in the spacing of neighbouring contour lines directly reflect
the system’s sensitivity and responsiveness to demand fluctuations. At both ends of
the contour lines, i.e., the region where inflow/MHD and Ka/MDD are close to 1, the
neighbouring contour lines are closer together. This suggests that the reliability can quickly
jump to another level if the design parameters change slightly. In contrast, in the middle
region of the figure, the neighbouring contour lines are farther apart. This means the
design parameters are free to vary within a certain range without significantly changing
the reliability level of the system. This “tolerance zone” shows more design flexibility.
The configuration within this zone can be stabilized within the target reliability range
even when the system undergoes operational deviations. For example, in the Sharjah
Mughaidir Suburb network, if Ka is 0.5 MDD and the inflow is 0.6 MHD, the system’s Rv

can reach 100%; even though the inflow drops to 0.5 MHD, the system reliability can still
be maintained at approximately 95%, which is much more fault tolerant and thus more
applicable to deal with the uncertainty in future demands.

For any network, the core of reliability lies in the reasonable matching of capacity
and inflow. Once the reliability target is determined, the capacity–inflow–reliability curve
based on the BS method will help the decision-maker quickly identify a suitable combi-
nation of capacity and inflow. This serves as the basis for flexible planning of resource
allocation and adjustment of design options, ensuring that the system can meet the target
demand. Therefore, these figures not only reveal the relationship between reliability and
design parameters but generate a range of alternatives that can be selected by designers or
operators through the reliability contour lines, providing strong support for achieving a
balance between reliability and other objectives.

5.3. Vulnerability Assessment

The concept of vulnerability represents the performance of a system under extreme
conditions, such as high demand or low water supply. WDS vulnerability evaluation can
be used to analyze the system’s adaptability and coping ability under insufficient water
supply. This is one of the key indicators in determining the design effectiveness of the
system. The contour lines in Figures 10 and 11 show the corresponding vulnerability of
the Sharjah Mughaidir Suburb network and Dubai Silicon Oasis network under different
inflow and tank capacity (Ka) combinations.
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Figure 10. Vulnerability of Sharjah Mughaidir Suburb network.
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Figure 11. Vulnerability of Dubai Silicon Oasis network.

At lower inflows (e.g., inflow = 0.1 MHD), the vulnerability values are consistently
higher, indicating a more severe water supply shortage problem. For example, when
the tank volume of the Sharjah Mughaidir Suburb network is 0.1 MDD, the vulnerability
is 0.894, and when the capacity is increased to 0.5 MDD, the vulnerability only slightly
decreases to 0.855. The system’s vulnerability gradually decreases when the inflow is raised
to 0.4 MHD. For example, when the Ka is 0.1 MDD, the vulnerability is 0.603. When the
Ka is increased to 0.5 MDD, the vulnerability further decreases to 0.491. This suggests that
under the condition of low inflow, the increase in Ka has a limited effect on the vulnerability
improvement, and the insufficiency of inflow itself mainly limits the system’s water supply
capacity. However, under medium inflow, an appropriate increase in Ka has a better effect
on coping with moderate water supply–demand fluctuations and can significantly reduce
the system’s vulnerability.

Even among scenarios with similar or identical reliability, vulnerability may show
significant differences. For example, in the Dubai Silicon Oasis network, the combinations of
inflow and Ka at 0.4 MHD and 0.4 MDD, as well as 0.3 MHD and 0.5 MDD, although the Rv

are close (0.783 and 0.788, respectively), the corresponding vulnerabilities are significantly
different, with values of 0.570 and 0.668, respectively. Similarly, for the combinations
of inflow and Ka of 0.9 MHD and 0.2 MDD, 0.6 MHD and 0.4 MDD, and 0.1 MHD and
0.8 MDD, the vulnerability variations are significant at 0.203, 0.347, and 0.812, respectively,
even though they have equal Rt values (all 0.875).

Overall, with the increase in Ka, the vulnerability gradually decreases, indicating that
the higher the Ka, the more stable the system. Contour lines with higher vulnerability are
flatter, such as 80% or 90%. At this time, the system itself is already in a relatively poor
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state and is very prone to water supply deficiencies. Even increasing the capacity or inflow
will not significantly improve the system’s ability to supply water, so the contour lines
are sparsely distributed and flat. In practice, such options should be avoided as much
as possible. On the contrary, low-vulnerability areas are extremely sensitive to design
parameters, with dense and steep contours. When the vulnerability is close to 10% or 20%,
the design of the system is already close to “optimal”, and any small change may quickly
deplete the water supply margin, leading to a rapid deterioration of the vulnerability.

In the design of WDSs, it is difficult for a single reliability index to fully reflect the
real stability of the system, while the vulnerability index can provide a more detailed
analysis. The combination of reliability and vulnerability contour lines enables the accu-
rate regulation of parameters and the prediction of potential fluctuations to ensure that
the system has a certain degree of immunity and adaptability while meeting the high-
reliability requirements.

5.4. EPANET Modelling Result Comparison

This study used EPANET to conduct hydraulic simulation for all scenarios and obtain
detailed running reports under various combination conditions. These reports provided
comprehensive information on the operation status, failure time, and number of failures of
each scenario under different conditions. The operation reports for both networks show
that the time of the first occurrence of a water supply failure in the system is gradually
delayed as the inflow increases, and this trend also applies to the condition of increasing
tank volume, i.e., the water supply guarantee time of the system is extended accordingly as
the Ka increases.

Subsequently, based on the number of failures and overall performance of each sce-
nario in the simulation records, the two networks’ time-based reliability (Rt) based on the
operation results in EPANET is calculated and summarized separately and the correspond-
ing contour lines as shown in Figures 12 and 13.
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Figure 12. EPANET-derived capacity–inflow–reliability curves for Sharjah Mughaidir Suburb network.

Figures 8b, 9b, 12 and 13 show the variation in time-based reliability (Rt) with tank
capacity (Ka/MDD) and inflow (inflow/MHD) for the same distribution network analyzed
by the BS method and EPANET software (Version 2.2), respectively. The reliability contour
lines generated based on the BS method are steeper in the low-capacity and low-inflow
regions, suggesting that the BS method is more effective in capturing the subtle variations
in low-capacity and low-inflow conditions, allowing for a more accurate selection of design
parameters. The results of the two methods in the high-reliability region are similar,
indicating a consistent assessment. With the increase in Ka, the curve performance of
the two methods gradually draws closer to each other. When the tank volume reaches
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0.7 MDD or larger, the curves of the two methods almost coincide, and the Rt tends to
100% regardless of the inflow level, indicating that at this point, the tank’s storage capacity
has exceeded the system demand and is overdesigned.
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Figure 13. EPANET-derived capacity–inflow–reliability curves for Dubai Silicon Oasis network.

The results obtained using EPANET are more “optimistic” for small tanks. This
optimism is mainly manifested in fewer failures and higher reliability. However, it also
means that EPANET may overestimate the reliability of the WDS in some cases, especially
in scenarios with high flow fluctuations or high demand periods. In contrast, using the
BS approach in designing the tank and analyzing the operation of the WDS makes it
easier to capture the situation of insufficient water supply, thus providing a more reliable
design reference. The BS method is more suitable for evaluating the minimum acceptable
performance of a system because it does not use hydraulic delay or other mechanisms to
mask the system’s water supply.

5.5. Comparison with the Literature

In conjunction with similar studies in the references, this study shares some method-
ological similarities with the study by Adeloye et al. [22], both of which use BS as the core
analytical method for evaluating the reliability index of the system. This demonstrates
the wide applicability of the BS method in evaluating the performance of water resource
systems, enabling the construction of various operational scenarios for reservoir planning
and urban water tank design. By doing so, it helps decision-makers expand the horizon of
their analysis and provides them with more flexible and scientifically grounded choices.

The difference in research objects determines the focus of the research. Reservoir
design focuses on macroscopic hydrological challenges such as runoff fluctuations and
long-term storage demands, whereas urban tank design focuses more on stabilization of
water supply, pressure control, spatial utilization, and cost optimization under dynamic
water supply demand. Nevertheless, both studies systematically evaluated the reliability
indicators (time-based and volume-based) and enabled the results to provide strong support
for design and operation. For example, the study by Adeloye et al. [22] stated that reliability
in reservoir planning is strongly influenced by runoff variability (CV). Through graphs,
the study clearly demonstrated the relationship between demand, capacity and reliability
under different CV conditions. It introduced water shortage thresholds to coordinate the
differences between Rt and Rv, providing a scientific basis for the development of reservoirs
for water storage functions.

This study further extends the application of the behaviour simulation (BS) method.
By generating BS-derived capacity–inflow–reliability curves and combining them with
vulnerability indicators, tank configurations with the same or similar reliability are analyzed
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in detail, enabling engineers to visually assess the feasibility and performance of various
scenarios and providing decision-makers with a multi-dimensional selection space. This
analysis not only helps designers and managers to systematically compare the advantages
and disadvantages of various options but also expands the research perspectives on the
optimal design of closed storage tanks, providing a more flexible and scientific decision-
making basis for the optimal configuration of water systems. These research results deepen
the theoretical value and practical application potential of the BS method in various water
management scenarios and provide valuable references for future research and practical
engineering applications.

6. Conclusions and Future Work
This study focuses on the design of tanks in urban WDSs, aiming to explore the

reliability and stability of the water distribution network under different combinations of
tank volume and inflow to support better tank configuration decisions in practical projects.
During this study, a detailed simulation of the water distribution network of two typical
communities located in the UAE, the Sharjah Mughaidir Suburb community and the Dubai
Silicon Oasis community, was carried out by introducing the BS method. For the water
supply performance under different conditions, this study systematically examines the
impact of water tank design on the water supply success and time and capacity reliability
of the distribution network. BS’s applicability and analyzed differences in water tank
design were also verified in conjunction with EPANET software, which provides a targeted
reference for future water distribution network design.

The experimental results show that tank capacity (Ka) and inflow are two key factors
affecting the reliability of the water distribution network. To intuitively show the impact of
changes in design parameters on system reliability, the capacity–inflow–reliability curves,
which are drawn based on the BS analysis method, clearly reflect the reliability changes in
the network under different configurations. These curves provide designers with a conve-
nient tool that can help decision-makers quickly determine the appropriate configuration
to meet the target reliability, helping them to weigh the relationship between tank capacity,
matching supply and demand, and system reliability under different constraints.

In the process of analysis, the differences and reasons for time-based reliability (Rt) and
volume-based reliability (Rv) in reliability evaluation are also investigated, which provides
an important reference for decision-makers in data analysis so that they can make more
reasonable choices in decision-making. To further observe the responsiveness of the system,
the vulnerability index is used to analyze the water supply performance of the network
under different tank configurations. The results show that lower vulnerability values imply
that the system is able to maintain higher stability and reflect greater adaptability when the
water supply is insufficient.

The relevant data obtained from the WDS in Sharjah and Dubai showed that the BS
method is similar to the results of the EPANET simulation, verifying the accuracy and
applicability of the BS method in modelling the performance of water tanks. Moreover, BS
has stricter criteria and hence is able to underline the differences among different scenarios
with more precision. This not only provides a more intuitive reference for tank design
but also effectively supports decision-makers in developing more adaptive management
strategies in complex water supply environments, making it a quicker and easier tool
for engineers.

Although the BS method had been applied to the planning and assessment of open
waters in the past study by Adeloye et al. [22], this study introduced the BS method into
the design of tanks for WDSs and successfully verified its applicability to the analysis of
urban water distribution networks. The study explores the tank’s operation in various
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configurations through simulations in different scenarios to generate a range of alternatives
that the operator can select. This provides valuable experience for practical engineering
design and management of WDSs. It also has potential application value in increasing
management efficiency and safety for WDS improvement.

The cases selected for this study are all located in a tropical desert climate region, which
is dry and hot all year round and has low seasonal fluctuations in water demand. Therefore,
although this study validates the effectiveness of the BS method in tank design, the specific
conclusions of the analyses need to be adjusted accordingly to the climatic characteristics
and demand fluctuations of the regions where they are located. However, in regions with
variable climate, abundant precipitation, or strong seasonal fluctuations in water demand,
the generated BS-based iso-reliability plots can still provide a valuable reference for tank
design. In addition, this study only considered fixed demand patterns in the analysis and
failed to cover all cases of abnormal demand fluctuations and unexpected events. Future
research can incorporate geographical characteristics and operational uncertainty factors
to comprehensively evaluate the system’s stability under various extreme conditions to
further improve the scientific and applicability of options for tank design.
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