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Abstract: Water distribution networks suffer from high levels of water losses due to leaks and
breaks, mainly due to high operating pressure. One of the most well-known methods to reduce
water losses is pressure management. However, when the operating pressure in a water distribution
network reduces, the time the water stays within the network (called water age) increases. Increased
water age means deteriorated water quality. In this paper, water pressure in relation to water age is
addressed in a water distribution network in Greece. Using simulation and optimization tools, the
optimum solution is found to reduce water age and operating pressure at the same time. In addition,
District Metered Areas are formed and water age is optimized.
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1. Introduction

The ultimate aim of a water distribution network (WDN) is to supply the consumers with safe
water of good quality at their taps, at an acceptable pressure level. However, to achieve this aim is a
challenging task, as WDNs are complex systems. WDNSs suffer from high levels of water losses due
to leaks or breaks. One of the main reasons for this high level of losses is high operating pressure.
Especially when the water utility does not apply any Non-Revenue Water (NRW) management
strategy, operating pressure is high. A minimum level of pressure is necessary for the WDN to
operate and for water to be supplied in all consumers’ taps. However, due to topological
characteristics (e.g., altitude variations within the cities), water operators maintain a high operating
pressure to satisfy water demand. One of the most known measures to reduce physical (real) losses
in a WDN is pressure management [1]. It is proven that reduced pressure has a positive impact on
the WDN's economic life, as water losses due to leaks and breaks are less and the equipment (pipes
etc.) are burdened less due to pressure variations within 24 h [2]. When water losses are reduced, the
water entering the network is also reduced, resulting in the sustainable use of water resources. A
WDN is better managed and inspected when it is divided in district metered areas (DMAs). Various
studies have shown that water volume entering the WDN may be reduced by as much as 30-40%
[2-5]. DMAs are smaller areas within the WDN which are usually hydraulically isolated, meaning
that there is one inlet point and one outlet point. Normally, when DMAs are formed, pressure
management takes place in WDNs, installing a pressure reduction valve (PRV) at the inlet point, to
control pressure. DMA formation is a challenging task taking into consideration various factors [6,7].

When pressure is reduced within a WDN, water age values increase. Water age is the retention
time of water within the WDN. The average water age in a network has been measured at 1.3 days,
while the maximum is 3.0 days, according to the results of a survey involving over 800 water supply
networks in the USA [3,8]. Increased water age values are connected to water quality problems such
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as formation of disinfection-by-products, nitrification, microbial re-growth, pathogens intrusion,
increased temperature, sediment deposition, etc. [8,9]. Studies mention that recently installed pipes
along with effective pressure control may also drive water to be stagnant in rural areas during the
night, as well as in industrial areas when the water demand is minimized during low production
periods [2]. Water age is considered as a water quality indicator in WDNs. Water quality deterioration
is caused due to reactions taking place between the pipes’ walls and water and due to several other
reactions taking place in water. Pipes’ material, water flow, and the materials deposited such as sand,
ferrum, etc. are factors affecting water quality deterioration. Water age values get higher when DMAs
are formed because more pipes lead to dead ends. Water age cannot be measured, but it can be
estimated using hydraulic mathematical models. There are not maximum or minimum values for
water age, as every WDN is unique, having its own characteristics. In general, water age values
should be low.

Hydraulic simulation models estimate the average water age, assuming that water age at the
joints is the average water age at the pipes. Based on the water demand, the average water age is
estimated. Water age depends on: (a) water demand, as increased water demand means lower water
age as water flow is increased; (b) the distance from the water reservoirs, as increased distance means
that the water travels for a long time and residual chlorine is reduced, resulting in increased microbial
growth risk; (c) the WDN design (radial or looped); and (d) the oversizing of the pipes in order to
meet the future water demand. Therefore, it is crucial to find the optimum point between water age
and water pressure.

2. Materials and Methods

To find the optimum water age and pressure in a WDN, several tools are used, starting from a
hydraulic simulation software to develop the hydraulic model of the WDN and to estimate the age
of the water in each node/pipe. In this specific study, the EPANET 2.0 solver was used. Then, the
combination of Matlab and EPANET software packages is used for optimization purposes. Eliades et
al. [10] reported that combining Matlab and EPANET software packages unfolds numerous
possibilities and takes the study of WDNs to another level of complexity, providing fast and well-
aimed solutions to optimization problems. In this study, the following software tools are used: (a)
EPANET, to control and inspect the case study network’s hydraulic model; and (b) Matlab, to develop
the optimization algorithm and its optimization toolbox/toolkit [3]. In this study, the EPANET-
Matlab-Toolkit based on Epanet 2.1 is used [10]. Using these tools, several solutions derived resulting
in the optimal segmentation of the case study WDN by closing isolation valves in water pipes. Genetic
algorithms (GAs) are used to solve both constrained and unconstrained optimization problems,
based on the natural selection principle, the process that drives biological evolution [5,11]. The use of
GA in optimization processes requires the formation of an objective function which describes the
optimal solution of the problem.

Several heuristic methods and artificial intelligence-based algorithms have been used to
optimize the operation of WDNs. GAs have been used for the optimization of cost, reliability, and
water quality [12] and for leakage optimization [13]. Other algorithms based on artificial intelligence
have been used to model and optimize WDNs’ operation [14-16]. Literature review revealed that
many optimization techniques (Genetic Algorithms; Hybrid Algorithms; Geometric Partitioning;
Gaussian Mixture Models; etc.) have been developed to assist in pressure management through the
optimal formation of DMAs and the minimization of the number of PRVs and isolation valves used
[2-5]. However, the combination of water pressure and water age is a subject not thoroughly studied.
Lately, there are some studies examining pressure regulation and water age [2] and the optimization
of DMA formation taking into consideration water age along with pressure, diving the WDN into
smaller areas using advance modeling techniques [4,5].

3. The Case Study

The case study is the WDN of Eani, a municipal district of Kozani municipality, in Greece.
Kozani municipality has a population of 71,388 people (2011 census) and Eani district’s population is
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3429 people. The district covers an area of 152.9 Km? and its altitude ranges from 432 m to 547 m. The
municipal water utility (DEYAK) supplies with water the municipal district. The WDN consists of
329 pipes of total length 28,846 m, made from PVC. The pipes’ diameters range from 63 mm to 225
mm. The people are supplied with water through 809 water meters. The total water supply entering
the network was 571,939 m? in 2014, coming from springs and boreholes (Figure 1).

The billed authorized consumption in 2014 was 104,486 m? and the Non-Revenue Water (NRW)
accounted for was 467,453 m? (81.7% of the water volume entering the network), of which 85,791 m?
were apparent losses and 370,223 m3 were real losses. The remaining 11,439 m? were unbilled
authorized consumption due to several uses, such as schools, public gardens watering, etc. It is
obvious that water losses account for a big volume of water in this municipal district. The reasons are
mainly that the water utility does not implement any NRW reduction measures, such as pressure
management, active leakage control, etc. Operating pressure is high as there are significant altitude
variations in the district.
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Figure 1. (a) Eani water supply and distribution network; (b) water age in water distribution network
(WDN).

3.1. Water Age and Water Pressure

The first step of the methodology followed in this study is the hydraulic simulation of the WDN
using mathematical models. The software tool used in this study is Epanet 2.0. The WDN’s model
has been developed taking into consideration all the data for the tanks, the pipes, and all the
equipment, together with topological data. Water demand and water losses data are also
incorporated in the model. Water demand patterns (residential and commercial) were considered
over a 24-h (daily) period using a hydraulic time step of 1 h. Hydraulic and water age analyses were
both performed for seven consecutive days of the network’s operation (simulated week). The
developed model has been verified and calibrated with real data. Water pressure and water age
values are shown in Figures 2 and 3. Average water pressure values range from 73.7 to 119 psi. Water
age increases and gets its maximum value of 22.46 h after about 153 h of simulation.
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Figure 2. Average water pressure (psi) per hour for Eani WDN.
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Figure 3. Average water age (h) per hour for Eani WDN.

The next step is to optimize the water age. Matlab was used together with Epanet 2.0. The
optimization was focused on the reduction of the retention time of water (water age) inside the WDN.
The objective function is:

N
2=, Avedlt) g
i=

where i is the network’s joint, t is the time step for the water quality analysis (h), Age is the water age
(h), and # is the maximum number of joints in the network. The constraint is that the pressure at
every joint should exceed 29 psi (200 KPa), according to the national legislation:

Pumin > 29 psi 2)

The optimization aim is to minimize the objective function z (Equation (1)) during a simulation
period of continuous network operation (one week). The first step of the optimization process setup
is to develop an algorithm that links EPANET and Matlab software tools, collects all the data needed,
and performs calculations. The algorithm should be able to simulate the hydraulic operation of the
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network and collect the values of nodal water demands and pressures. Considering the specific
boundary constraint of a minimum nodal pressure at 29 psi (200 KPa) (imposed by the national
legislation), the algorithm computes Equation (1). It is important to note that the tool only works if
the user defines the number of closed pipes (the number of pipes directly relevant to the position and
number of isolation valves). The results from the first 24 h (t =0 to t = 24) were excluded, as this is the
time the system needs to arrive to a balance. Thus, the remaining time (6 days or 25 <t < 168 h) was
the actual time frame for the model. Based on the objective function (Equation (1)) and the constraint
(Equation (2)), the network’s model is tested for various scenarios formed and studied regarding
water age reduction. The scenarios involved combinations of isolation valves that need to be closed
in pipes in the WDN. The scenarios included the installation of isolation valves in groups of 4 to 18
isolation valves in pipes, at a step of two pipes at a time.

From the analysis of the scenarios, the best combination of the closed pipes is found to determine
the lowest water age. Basic presupposition was the pressure not to drop below the threshold of 29
psi (200 KPa), according to the guidelines provided by the water utilities and the legislation. Based
on this, the scenarios with 16 and 18 pipes with closed valves are excluded from the analysis, as the
pressure was below the minimum threshold.

3.2. DMA Formation and Water Age

Based on the water pipes’ scenarios described above, the WDN is divided into DMAs. Four
DMAs are formed using the hydraulic simulation software (Figure 4). The following scenarios are
then examined: (a) base scenario where there are no DMAs and no PRVs; (b) scenario 1 where the
WDN is divided in four DMAs but operates without pressure reduction valves; and scenario 2 where
the WDN is divided in DMAs and pressure reduction valves are installed at the inlet points of each
DMA. Thus, at first, the network operates without any DMAs being formed and no PRVs installed.
Then, a minimum level of pressure management is performed by forming DMAs without any PRVs
being installed too. The ultimate level of pressure management takes place when PRVs are installed
in an optimal way, based also on the actual field restrictions. In every scenario, the water age and the
water pressure are being calculated. The use of PRVs reduces operating pressure in all DMAs but
water age is increased or remains the same. To check the scenarios described, the same objective
function (Equation (1)) and constraint (Equation (2)) are used.

Figure 4. Four DMAs formed in the WDN of Eani.

4. Results and Discussion

4.1. Water Age and Water Pressure

From the analysis above, the critical pipe with the highest water age is determined. In addition,
the critical joint having the lowest pressure value is determined. The critical pipe, the average and
maximum water age, and the critical joint and the minimum and average pressure values are
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presented in Table 1. The results show that the pipe with ID 69 is the critical pipe for three out of the
six scenarios studied with an average water age 42.056 h. For the other scenarios, the pipe with ID
number 255 is the critical pipe with an average water age of 50.242 when four pipes are closed; pipe
ID 203 is critical with an average water age of 35.040 h when 12 pipes are closed; and pipe with ID
289 is critical with an average water age of 47.357 h when 14 pipes are closed. In all cases, joint ID 59
is the critical one with an average pressure ranging from 8.132 to 8.270 psi and a minimum pressure
ranging from 4.64 to 4.93 psi.

Average (nodal) water age in the WDN has been estimated in all scenarios and at the initial
conditions. Water age value without any intervention is estimated to 13.59 h (Figure 5). Average
water age ranges from 13.18 (scenario 3) to 14.12 h (scenario 5). Average water age has high values in
scenarios 2 and 5 (Figure 5). The results show that the number of closed pipes does not directly affect
water age inside the network, which is also found in other studies [3]. Average water pressure has
been estimated for all scenarios and the initial conditions. Average pressure values range from 97.5
(scenario 3) to 99.1 psi (initial conditions without interventions) (Figure 5). The lowest water pressure
values are met in scenarios 3 and 4. From the results, scenario 3 shows the lowest water age value
(13.18 h) and the lowest water pressure value (97.5 psi) (Figure 5). In scenario 3, eight pipes are closed
(with ID 216,171,165,155,106,332,319,287), and the critical pipe is the one with ID69.

Table 1. Number of pipes closed, critical pipe, max and average water age; and critical joint, min and
average pressure.

. N.o of Critical Max Average Critical Min Average
Scenario Pipes Pipe ID Water Age Water Age (h)  Joint ID Pressure Pressure
Closed P (h) 8 (psi) (psi)
1 4 69 52.579 42.056 59 4.64 8.132
2 6 255 70.309 50.242 59 4.64 8.150
3 8 69 52.794 42.205 59 493 8.270
4 10 69 52.699 42.139 59 493 8.247
5 12 203 42.673 35.040 59 4.64 8.132
6 14 289 61.883 47.357 59 493 8.216
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Figure 5. Average water age and pressure for various scenarios.

4.2. DM As and Water Age

The results for the three scenarios show that, as pressure management is implemented, water
pressure is reduced, while water age is increased. When PRVs are installed in DMAs (scenario 3),
average water pressure reduces radically (Figure 6). Based on the results, the scenario with closed
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pipes (base scenario) provides the best solution for water age, while the scenario with DMAs and
PRVs (scenario 2) provides the best solution for water pressure. Water age gets its lower value (13.7
h) when the pipes are closed (base scenario) and water pressure gets its lower value (75.2 psi) when
DMAs are formed and PRVs are used (scenario 2).

The study of Chatzivasili et al. [4] combined the optimization (minimization) of water age and
the product of pressure x demand at nodes at the same time. A two-phase hybrid approach based on
mixture models has been used in the study. The network was divided using the Geometric
Partitioning method and then the SMM-EM algorithm was implemented [4]. The results showed that
the pressure x demand product is reduced by 43.69% and average water age was reduced by 7.3%,
compared to the initial state of the network. Additional benefits of this hybrid methodology are that
seven pipes are closed (compared to 8 with GAs), fewer PRVs are installed, and less computational
time is needed for the model to “run”.
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Figure 6. Average water age and pressure for the initial state, and the DMA formation with PRVs or
without PRVs.

5. Conclusions

In this paper, water age and water pressure are studied in the WDN of Eani. GAs are used
through EPANET and the Matlab software tool to provide the optimal water age-water pressure
relation, when isolation valves are used to close certain water pipes within the network. Six scenarios
are studied to determine the optimal number of closed pipes, meaning that, during this scenario, the
water age takes its lowest value while water pressure remains low as well. As each network has its
own characteristics, the optimum solutions differ from one WDN to the other. The methodology (use
of GAs through EPANET and Matlab) can be used universally. During this study, DMAs are formed
in the WDN and the scenarios of installing PRVs or not are also investigated. The results showed that
the use of PRVs reduces water pressure but increases water age. Thus, when forming DMAs,
optimization processes should be used in order to install PRVs and optimize both water age and
water pressure. Therefore, the criterion of water age should be included as one of the criteria for the
DMA formation in WDNSs. The use of residual chlorine can also be used as an additional criterion in
the optimization process. As water quality is extremely important for the consumers’” health, water
age and residual chlorine should not be underestimated in the design stage or when NRW reduction
strategies are studied.
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