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Abstract: Sectorization of a water distribution network (WDN) into district meter areas (DMAs) is
considered a key strategy for an efficient management of WDNSs. Typically, it involves a two-stage
procedure: a clustering stage, in which the division of the WDN into clusters is performed, and a
dividing stage, which involves the placement of valves and flow meters on the cluster’s boundary
pipes to define the DMAs. While recently published methods attempt to enhance both the clustering
and dividing stages, they fail to provide decision-making flexibility. They also neglect to consider the
presence of existing valves in the WDN, which can significantly affect the evaluated implementation
cost, often considered the primary decision-driving factor. This paper presents improvements to
the previously introduced DeNSE method for sectorization of WDNSs, aiming to address these
deficiencies. The methodology consists of a clustering stage, based on the network uniformity index,
and a dividing stage, in which the originally used heuristic procedure is replaced with Genetic
Algorithm (GA) optimization, minimizing implementation cost. Consideration of existing valves in
WDN and criteria for water supply security are also included in the dividing stage to offer a better
estimate of implementation costs and post-sectorized operational efficiency of the WDN. Finally,
GIS visualization is implemented, and a hydraulic model of the sectorized WDN (EPANET file)
is generated, providing practitioners with valuable insights and decision-making flexibility. The
methodology is tested on a part of the Amsterdam WDN in the Netherlands, serving as a pilot for
methodology evaluation. A range of feasible sectorization solutions is generated and compared based
on implementation cost and three performance indicators (PIs). The paper provides an in-depth
discussion on the selection of preferable sectorization solution. The reported results demonstrate the
method’s efficiency in optimizing sectorization solutions with minimum implementation cost whilst
preserving the WDN operational efficiency and meeting the local design criteria.

Keywords: sectorization; water distribution network (WDN); district meter areas (DMAs); partitioning;
uniformity; optimization

1. Introduction

Sectorization of a water distribution network (WDN) into district meter areas (DMAs)
is proven to be a key strategy for an efficient management of WDNSs. The concept, intro-
duced in the late 1980s in the United Kingdom, allows for (1) simplified leak and water-loss
detection, (2) more efficient management of network pressure, (3) better control of flows to
improve water balance, and (4) more efficient control of contaminant spread [1]. A DMA
is a distinct hydraulic area of the WDN, separated from the rest of the supply system by
isolation valves and one or more metered inlets and outlets [2]. Changes introduced in
the network topology by partitioning the WDN can yield a range of drawbacks regarding
reliability of the water supply and water quality. The closure of pipes reduces pipe redun-
dancy in the network, which negatively impacts network resilience, and the reduction of
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available flow-paths could negatively impact water quality [3]. However, most researchers
agree that the benefits gained with WDN sectorization outweigh the associated potential
drawbacks [1].

The complexity of the WDN implies that redesigning to include the DMAs will
pose a challenging task. Historically, sectorization of the WDN into DMAs has been
governed by general criteria of manageable-sized DMAs in terms of number of connections,
links, or network length. This set of criteria is provided by a series of guidelines offered
by the literature and different regulatory authorities [4-7]. Sectorization solutions are
commonly derived through a “trial and error” approach carried out by a local expert
knowledgeable about the specifics of the water distribution network. This approach
is illustrated in Grayman et al. [8], where two large case study networks underwent a
redesign to incorporate DMA designs as per guidelines outlined in Baker [9]. The need
for the analysis of alternative sectorization solutions, in order to reduce subjectivity in the
sectorization process, was recognized early [10]. Today, many algorithms for automated
sectorization of WDNSs are available that consider different sets of sectorization constraints
and objectives.

Sectorization is usually carried out as a two-stage procedure, as presented by most
authors in the literature [1,11-13]: (1) the clustering stage and (2) the dividing stage. The
clustering stage includes the division of the WDN into clusters based on the network
topology, minimizing the number of connecting links. The dividing stage involves the
placement of valves and flow meters on the cluster’s boundary pipes to define the DMAs.

Different methods for the clustering procedure are recognized in the literature: (1) graph
theory algorithms [10,13-17], (2) modularity metrics [12,18-21], (3) community structure met-
rics [11,18,22-25], (4) multilevel partitioning [26,27], and (5) graph spectral technique [11,28-30].
Bui et al. [3] gives a comprehensive review of the available clustering methods.

The dividing stage of the sectorization procedure involves optimization of device
placement (i.e., valves and flow meters) on the previously identified clusters’ boundary
links. Required sectorization interventions must not worsen the operational performance
of the WDN and reliability in terms of water supply; hence, many alternatives for the
device placement are not feasible. To search for an optimal solution, the sectorization
algorithm is usually coupled with some type of optimization method, including (1) single
objective optimization, (2) multi-objective optimization, or (3) the iterative approach [3].
Single objective optimization procedures are mostly based on the use of evolutionary
genetic algorithms (GAs) or simulated annealing (SA) employed to maximize the se-
lected objective function (OF). The list of OFs reported in the literature is extensive—
maximizing available power in the network [25,26,31], maximizing the system resilience as
described in Todini [14,24,32-34], minimizing the cost of interventions [35,36], etc. Multi-
objective optimization is introduced to accommodate additional sectorization goals and
compare trade-offs between different criteria. Widely used optimization algorithms in
multi-objective analysis are (1) NSGA-II [37-39], (2) multi-objective GA [19], and (3) swarm
optimization [40,41]. The iterative approach [22,28] is used to reduce the solution search
space and consequently the computational expense associated with optimization proce-
dures. It is based on a feasible initial guess used to generate a sequence of feasible solutions.

In recent years, many automated algorithms for WDN partitioning have been in-
troduced, with improvements made in both clustering and dividing stages. Clustering
procedures are tailored in various manners to accommodate the specific characteristics of
WDNSs, while different OFs and heuristic procedures in the dividing stage are explored
to enhance the reliability of DMA design. However, scope still exist for further improve-
ment in WDN sectorization procedures, particularly in terms of practical application and
usability for practitioners.

Some of the recognized shortcomings include (1) the clustering and dividing stages are
mainly unsupervised, i.e., practitioners lack control over the selection of the final solution;
(2) limited application to real life examples of WDNs is somewhat lacking, i.e., methodology
application is typically illustrated on highly skeletonized networks or benchmarks from
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the literature [8,15,16,22,23,28,42], which may not reflect varying case-specific local design
criteria and raise questions about its application to real life case studies; (3) the evaluated
solution cost, usually the main decision-driving factor, does not consider the presence of
existing valves in the network, which can skew the solution in the wrong direction.

This paper presents the upgraded DeNSE (Distribution Network SEctorization) sec-
torization method [42], in which the network clustering is achieved based on the network
uniformity index, which drives WDN decomposition into clusters that are not only within
predefined size limits but also uniform in size as much as possible. Engineering heuristics
were originally used in the dividing stage to place the valves and flow meters on clusters’
boundary links and define DMAs. In the research presented here, several improvements
are made to the original DeNSE method: (1) in the clustering stage, the user can opt to use
the number of connections or total demand as a measure of a cluster’s size, giving the user
more control in this process; (2) pure heuristics are replaced with GA optimization in the
dividing stage to determine the position of valves and flow meters and to ensure finding the
(sub)optimal sectorization solution within the broader spectrum of feasible sectorization
solutions; (3) GIS visualization is implemented to verify the practical feasibility of the
solution, addressing the non-measurable factors that influence decision making (e.g., ability
to access certain pipes). The novelty reported in this research includes (1) consideration of
already existing valves (if available) in the dividing stage, consequently allowing better es-
timation of implementation costs; (2) incorporation of a criterion for water supply security,
expressed as a required number of direct feed lines to DMA in respect to its size.

The methodology is tested on a part of the Amsterdam WDN with 45,000 connec-
tions, operated by the Waternet public utility company, serving as a pilot for methodology
evaluation. The minimum investment for field implementation while simultaneously main-
taining the same level of the WDN’s operational efficiency are adopted as the sectorization’s
main design criteria. Additional local design criteria, addressing the security of the water
supply specific for the Amsterdam WDN, have also been included. Three performance
indicators (PIs), related to pressure, resilience, and water age, are adopted to measure the
post-sectorization state of the WDN and validate preservation of its operational efficiency.
The generated range of feasible sectorization solutions and implemented GIS visualization
give decision makers the flexibility in selecting the preferable solution, which is illustrated
and supported by the results presented in the paper.

2. Methodology
2.1. Overview

The DeNSE method used in this research is based on the Graph Theory for identifica-
tion of Strong Connected Components (SCCs) and their aggregation into clusters based
on the network uniformity index [43]. The originally presented method [42] is signifi-
cantly improved in this research, particularly in the network dividing stage procedure
and practical usability for practitioners. These improvements include (1) the ability to
estimate implementation costs more accurately, (2) the addition of a criterion for ensuring
the security of the water supply, and (3) the integration of GIS visualization, enabling
better-informed decision making.

The method runs through 3 stages to identify the desired number of feasible sectoriza-
tion solutions, as shown in Figure 1. The first stage is a pre-processing stage in which all the
relevant network data are obtained from the WDN model and prepared for the following
run of the network clustering algorithm. WDN clustering is done in the second stage,
based on the uniformity index (U), which will yield a number of clustering solutions with
different values of the network uniformity index. At this point, the following user input is
required: (a) selection of the preferable clustering solution (e.g., the one with the highest
value of uniformity index—Upax) and (b) the number of desired alternate solutions (N)
for positioning of flow meters and valves on the clusters’ boundary links. In the third
stage, the selected clustering solution is subjected to the Genetic Algorithm (GA)-based
optimization procedure, employed to divide the WDN, i.e., to determine the (sub)optimal
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positioning of the valves and flow meters on the clusters’ boundary links. An integral part
of the third stage is the extended period of hydraulic analysis of the obtained solutions and
evaluation of the performance indicators (PIs) adopted for measuring the post-sectorization
state of the WDN, determining the quality of the solution. Bearing in mind that the GA
optimization is a stochastic procedure, it is advisable to run the GA multiple times, as
each run (stage 3) will yield a different positioning of flow meters and valves on clusters’
boundary links, thus giving a different connectivity of DMAs and implementation cost.
Therefore, the number of runs of the third stage is equal to the desired number of optimized
solutions to be compared (N). Ultimately, the user can rank and compare the optimized
solutions based on calculated values of PIs and various output data (e.g., connectivity plots,
pressure plots, GIS visualization, etc.), enabling a more informed selection of the preferable
feasible solution.

Input Data USER INPUT:
P  Selection of Prefered
Clustering Solution
Phase 1 S
. Find transmission § .“. ............................................ .,
o0 : main pipes & exclude : 5 B
= . H . 73 ’
é ot them from sectorisation : : Phase 1 \ 2 g H
§ S process : GA Optimization = B0
g % i Phase? * : CIOf the Selseczted % P o
: . ; : ustering Solution P
& 5 i | Run24-h MDD hydraulic | i : (mmg OF) 2 I E
R : simulation & obtain : . E : i Cé"
DIGRAPH Pl Phase2 v E %%
SN S E [ Runextendedperiod | B} E T
...................................... . : hydraulic simulation & « Pz
2" Phaset v ", calculate performance @]
: : : indicators (PIs) = :
Identify SCCs i &l i
- & create DAG :
k] : e
= :
% &t Phase 2 TR s s -
2w i Topolosical . ¢ : : v R
W opological sorting o Rank N optimized P a2
g é the identified DAG : : so!uatrilons baicid lo;i the 5 ;
4 ® M B et G
gL ¢ : : cost & adopted Pis -
D Phase 3 ¢ : : BN
. H 5 Lo
“ Uniformity index based : H v ige®
aggregation of the sorted $ i ;o E
. . E e e
DAG into clusters : : Select preferable solution : £ 3
; : )
%, K-

Output Files & Data

Figure 1. Flow chart of the DeNSE sectorization method.

It should be emphasized that the user is not constrained to the selection of only one
clustering solution from stage 2 to be subjected to optimization in stage 3. In other words,
multiple clustering solutions can be optimized in stage 3 to yield the desired number of
feasible solutions for comparison.

Each of the three stages will be explained in more detail in the following sections. For
a full description of the methodology and mathematical background the reader is referred
to the relevant publications [42,43].
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2.2. Input Data

The DeNSE sectorization method requires the following input data:

A calibrated WDN network model in the form of an EPANET input file, containing all
relevant data (topology, hydraulic characteristics, demand data, etc.).

The minimum (7™") and maximum (n7®) number of property connections per DMA,
along with the total number of connections in the network (n,), if the number of
connections per node is not available within the network model (which is usually the
case). Available guidelines for DMA definition typically suggest that the number of
connections should be in the range of 500-5000 [6,7].

The transmission main threshold diameter (Dy1a1n). Pipes with a diameter above this
value serve as the main supply paths in the network, and they are excluded from any
interventions in this method. The transmission main could also be selected manually.
The minimum required and maximum allowed pressures in the network, denoted as
pmiN and ppax.

The minimum required number of direct feed lines, (frrg), to the DMA, reflecting
security of water supply, defined according to the number of connections in the zone.
The unit cost of devices to be installed in order to divide the network (flow meters
and isolation valves). If not supplied by the user, default unit cost functions are taken
from [37].

The desired number of alternate solutions for the definition of DM As (N). This number
is the number of runs of the optimization algorithm (stage 3). Each run will yield a
different optimized solution, characterized by a different number of valves and flow
meters as well as their different positioning. Thus, the cost and other indicators will
vary between solutions. It is generally recommended to have at least 10 solutions
for a representative multi-criteria ranking, although users can opt for a larger set of
solutions for comparison.

It should be noted that the preferable DMA size (2), transmission main threshold di-

ameter (3), and the required number of direct feed lines (5) are network specific, influenced
by many factors and often defined by the local act of the utility company managing the
WDN. Therefore, these input data should be determined based on a thorough analysis of
the specific data relevant to the network under consideration.

2.3. Pre-Processing

The pre-processing stage (stage 1) has two phases:

In the first phase, transmission mains are defined, based on the Dy4jy value, and ex-
cluded from the sectorization process. For this purpose, the network is explored using
a slightly modified Breadth First Search (BFS) algorithm [44], simultaneously starting
from all main source nodes (reservoirs). The BFS algorithm is modified to prioritize
propagation through the links with diameters equal to or greater than Dyan.

In the second phase, a 24 h Maximum Day Demand (MDD) hydraulic simulation
of the analyzed WDN is performed to determine the orientation of pipes (based on
water flow directions obtained in the simulation). As a result, a directional graph
(DIGRAPH) is defined. Network links with changing flow directions are identified as
non-oriented (or links that can have both flow directions).

2.4. Network Clustering

In the second stage of the DeNSE method, partitioning of the WDN into clusters is

performed. This is done in three phases, which are outlined here but not described in detail.
For a full description, please refer to [42,43]. These phases are as follows:

1.

The first phase is the identification of Strongly Connected Components (SCCs) [45]
within the directed graph DIGRAPH, created previously in the pre-processing stage
(stage 1). An SCC is a directed cyclic component in which flow direction within that
component can reverse [46]. Therefore, SCCs are parts of the network where water is
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circulating during the simulation [47]. The resulting graph, made of SCCs connected
to the transmission main (Figure 2a), is called DAG—Directed Acyclic Graph.

2. The second phase is the topological sorting of the DAG identified in the previous
phase. DAG nodes, represented with SCCs, are sorted from the downstream end, and
this order will be used to drive aggregation of the DAG from the most peripheral SCCs.

3. The third phase is the aggregation of the sorted DAG into clusters, composed of
the SCCs connected between each other and connected to the transmission main.
Aggregation is conducted based on the network uniformity index (U) [42], defined
as follows:

U = Upet X Uy X Wage 1)

where 1, is the network uniformity in terms of cluster size, u, is the uniformity of
the cluster’s size vector, and wjg, is the relative weight of aggregated links.

Number of clusters [-]

a. b.

Figure 2. (a) Network clustering procedure—identified SCCs and DAG representation of the graph;
(b) aggregation of the sorted DAG and evolution of the network uniformity index (U).

Each cluster is characterized by its size (S;), which can be either the total demand

within the cluster (S; = Z;-V:"l gj) or the total number of connections within the cluster
S; = Z]I.\]:’lll néonn), where N/, is the number of nodes in i-th cluster, g; is nodal demand, and

1o is the number of connections in j-th node. In the input data, the user specifies which
characteristic will be used for measuring the size of the cluster. If the number of connections
for each node in the mathematic model is available, this should be used; otherwise, the
total demand should be used. Network uniformity (uy.¢) measures the average deviation
of cluster size from the preferred DMA size (S,), calculated as the average of minimum
and maximum cluster size (Sprf = 0.5(Syin + Smax)). The maximum value of e is 1 if all
clusters have a size equal to Sp,,f and in the range of [0, 1) otherwise. Maximizing the value
of .t implies sizing the clusters in the range of S,,;,— Syax and as close to Spn,f as possible.

The normalized cluster’s size vector is S" = {S”, 5, S5, .. .}, where S = ZNSC’I . and N

i=1
is the number of clusters. Uniformity of this vector (u,) is calculated as its Euclidian norm,
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and its maximum value is 1 if all clusters have a size equal to S, and in the range of [0, 1)
otherwise. Maximizing the value of u, implies equal/uniform sizing of the clusters. The
relative weight of aggregated links is calculated as the ratio of aggregated links” weight
and the total weight of links in the network, with the diameter being used as the link’s
weight. The minimum value of w,g, is 0 if no aggregation is performed and 1 if all SCCs
are aggregated into one cluster.

Aggregation of SCCs into clusters, based on the uniformity index metrics described
above, is conducted in a step-by-step manner, propagating upstream through the topologi-
cally sorted DAG made of SCCs and aggregating in each step the SCCs whose aggregation
will contribute the most to the network uniformity (Alps4x). All three measures contained
in equation (1), which defines the network uniformity index, take values in the range from
0 to 1; hence, the uniformity index (U) also takes a value in the same range. A higher value
of the network uniformity index indicates that better uniformity is achieved. Figure 2b
shows the evolution of the network uniformity index through the aggregation process of
the simple schematic example. The uniformity index (U) is plotted against the number
of clusters corresponding to each aggregation step. The highest uniformity index value
(Upmax) corresponds to the network sectorization into 3 clusters in this case. In the next
aggregation step, there is no positive gain to network uniformity (AUpax < 0), meaning
that a sub-optimal aggregation solution is reached in the previous step. The aggregation
procedure will continue until no further aggregation is possible. Clusters 1 and 3 are
aggregated next, yielding a sectorization solution with 2 clusters, having a slightly lower
uniformity value (Figure 2b). Finally, all SCCs will be aggregated into one cluster connected
to the transmission main, and the network uniformity index will drop to zero.

2.5. Network Division

After the second stage (i.e., network clustering), the user is required to select the
preferred clustering solution that will be optimized and analyzed further. After the selection
of the solution, stage 3 is evoked. To divide the WDN (i.e., convert clusters into DMAs),
flow meters and isolation valves must be positioned on clusters’ boundary edges. This is
achieved by using the optimization procedure based on the Genetic Algorithm (GA), aided
with engineering heuristics to narrow the solution search space, as explained below.

Following the simple example from Figure 2, in Figure 3, the cluster’s boundary edges
are labelled as L1 through L8. Flow orientations during the 24 h MDD hydraulic simulation,
obtained in Phase 1 of Stage 1, are indicated with arrows. Link L2 is a single pipe with
a changing flow direction, i.e., a non-oriented pipe. Non-oriented pipes are only those
connecting clusters with the transmission main, as identified clusters resulting from the
DAG analysis.

K - heuristically placed valves

L1 L3 L4 L5 L6 L7

coded
soluton x:  [0]1]0]0]1]0]
ldecoding
decoded (B8B83
. 5125|535
solutionx: [Q|8|3(2|8|]
O|lO|O|O0|O|O

Figure 3. Heuristically placed valves and pipes subjected to the GA optimization.
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Itis clear from Figure 3 that there are 8 links in total that should be equipped either with
valves or with flow meters in order to fully define the DMAs. Prior to GA optimization itself,
a two-step engineering heuristic procedure is employed in the DeNSE method to reduce
the number of pipes whose status should be determined (i.e., open meter or closed valve):

1. Non-oriented pipes are identified, and all such pipes in which the absolute difference
between the maximum and minimum flow rate is less than 0.2 L/s are marked for
closure, which is considered as a negligible flow rate (let us assume that the only
non-oriented link in example L2 does not satisfy this condition).

2. Boundary pipes that always return water from the clusters to the transmission main
are closed. These pipes are not on the supply paths and, as such, can be considered
redundant and closed without an effect on the system’s reliability (in this example, in
Figure 3, there is one such pipe—L38).

After applying this two-step heuristic procedure, the number of pipes whose status
should be determined in the GA optimization algorithm is reduced from 8 to 6. This
reduction in search space is even more emphasized in real-sized networks, where there
are several tens or hundreds of boundary pipes, and this heuristic procedure can result in
significantly lower computational times.

In the GA, solutions are coded into chromosomes represented with a string of bits
(Figure 3), with each representing a single gene. A string of 1 bit is sufficient for repre-
sentation of each gene, as there are only two possibilities for the status of the pipe (e.g.,
1—closed or 0—opened). Parameters that must be defined for the application of GA
optimization are population size (ps); crossover probability—usually 0.8-0.9; mutation
probability—usually <0.05; and number of generations to evolve (ng). The efficiency of
GA will depend on the adopted values for the previously listed parameters. These values
are case specific, since different OFs will require different sets of values for parameters to
achieve the same efficiency.

The objective function for the proposed implementation of the GA considers only the
economical aspect—the solution’s cost. The informal definition of GA could be that it is an
optimization method that searches for an optimum solution in discrete multidimensional
space without constraints. However, the network sectorization problem is constrained with
the request that any implemented interventions do not endanger the network’s operating
reliability, providing feasible a sectorization solution. In the DeNSE methodology, feasibility
of the solution is imposed through several penalty functions used within the OF, penalizing
each solution with a proportional penalty value (C;P;), with C; being the penalty unit cost
and P; the proportional penalty amount:

4
OF = Cost + Y_ CiP; 2)
i=1

Penalty types, their unit cost (C;), and calculation of the proportional penalty amount
(P;) are summarized in Table 1:

Table 1. Penalty functions used within the objective function (OF).

i Type of Penalty Description C; p;
1 Unfeasible If there are negative pressures in the network 107 EUR P=1
solution or the hydraulic model cannot be solved P
Number of DMA must have minimum number of feed lines W (pred _ o
5 P =ny+ S —f
2 feed lines defined according to the number of connections 5 x 10 EUR l A j§1 <f f] )

Pressure below
minimum allowed

If pressure in any node is below the
minimum allowed, that solution is penalized 5 x 10* EUR P; = n;
proportional to the number of such nodes
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Table 1. Cont.
i Type of Penalty Description C; p;
Lowered pressures If average pressures in the network are lowered A
: p compared to the original network state, that solutionis 1 x 10* EUR/m Pi=pre —pt
in the network i = Pav_min — Pav_min

penalized proportional to that lowering of the pressure

Notes: ng—number of clusters that have lower number of feeds than required; f;"1—requested number of feeds

for j-th cluster; f]-*—achieved number of feeds for j-th cluster; n,—number of junctions with minimum pressures

lower than minimum allowable in the network; pgg‘gmm—minimum average pressure during 24 h in the original

network; p» . —minimum average pressure during 24 h in the network with implemented interventions.

2.6. Sectorization Performance Indicators

After the network dividing stage (third stage), the solutions have been optimized and
the user can analyze and investigate all of the desired N solutions and decide which is the
preferred one. The decision should be made based on the solution’s cost and the following
three performance indicators (PIs) for ranking of the solutions, which measure the effects
of interventions made in the network to define the DMAs:

1.  Cost (EUR)—Cost of the solution is calculated based on the unit cost of devices
installed to create the DMAs (flow meters and isolation valves), supplied by the user
as an input data.

2. Apay (%)—Relative change in the average network pressure caused by the interven-
tions, calculated as follows:

APAV = = :t x 100 [0/0] (3)

where p! is the pressure in the i-th node at time ¢ in the original network, and
p;‘t is the pressure in that same node at the same time, but in the network with
implemented interventions.

3. ARes (%)—Relative change in the average network resilience index [32] after the
sectorization compared to the network’s original layout. The resilience index is
calculated as a mean value over the simulation period (T) and is represented as the
ratio of the residual amount of power in the network after the satisfaction of nodal
demands and the maximum amount of power that can be dissipated in the network
internally, while satisfying the nodal demands and minimal pressure constraints:

1
* qi(hi — )
Res = mean i=1 , 4)
T 1y " op g nj .
LQH+ ¥ 2+ L QH — ¥ gl
=1 k=1 =1 i=1

where n; is the number of junctions, 7, is the number of reservoirs, 1, is the number
of pumps, n; is the number of tanks, g; is the nodal demand at node i, /; is the nodal
head at node i, h;* is the minimum nodal head at node i, Q; is the discharge from the
reservoir j, H; is the head in reservoir j, Py is the amount of power introduced in the
network by pump k, v is the specific weight of the water, Q; is the demand of tank /,
and H; is the head in tank /.

4. AWA (%)—Relative change in the average water age in the network after the sector-
ization compared to the network’s original layout. Water age is defined as the time
spent by a parcel of water in the network, providing a simple measure of the overall
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quality of the delivered drinking water [48]. Water age (WA) is calculated over the last
24 h of the extended period simulation, as follows:
71]' T
Y WA!
=1t=T-24
24n j

WA =1 (5)

where WA/ is the result of the EPANET simulation and presents the water age in
junction i at time .

In addition to the cost and above-listed Pls, other parameters characterizing solutions
should also be considered, such as the connectivity between the clusters, the number
of flow meters and valves, and the location of the existing valves intended for closure,
as the methodology considers already existing valves in the network. These additional
parameters are automatically generated in tabular and graphical form at the end of the
optimization procedure (see Section 3.3), providing the user with flexibility in selection of
the preferable solution.

2.7. Visualization

After the user selects the preferable solution, a set of graphical and tabular results
are generated, detailing the characteristics of the adopted solution (see Section 3.4). The
following output files are produced at the end:

1.  Four Google Earth files (.kml files) showing the whole network and the position of
flow meters and valves. These files are convenient, as the network is displayed against
a satellite background and georeferenced.

2. An EPANET file (.inp file) in which all required interventions are implemented (i.e., all
pipes that should be equipped with valves are closed in this model). This enables the
user to produce additional results independently and further investigate the hydraulic
model of the solution.

2.8. Implementation

The implementation of the improved DeNSE methodology is carried out in a Matlab
programming environment [49], serving as the central processor, with some parts of the
methodology developed in different programing environments for computational efficiency.
The 2nd Stage of the algorithm (Network clustering algorithm) is written in C++ program-
ing language to ensure high computational efficiency. It is compiled as a dynamic link
library (DLL) that can be used externally to perform clustering. For hydraulic simulations
(in stages 1 and 3), EPANET 2 DLL is used [50], as it is a reference hydraulic solver and can
be easily invoked from Matlab.

3. Results and Discussion
3.1. Case Study

The DeNSE sectorization method, in the form presented in this paper, resulted from the
research conducted as part of the Horizon 2020 research project No. 778136, named “Wat-
Qual”. Research was conducted in cooperation with Waternet—the public utility company
operating the water distribution network of the city of Amsterdam. Waternet personnel
provided the necessary data for the development and testing of the proposed methodology
on a real-sized WDN. This paper presents the results obtained for the Amstelveen WDN,
which is a suburban part of the Amsterdam metropolitan area (Figure 4). The Amstelveen
part of the network was chosen as it can be easily hydraulically isolated from the rest of
the Amsterdam WDN and, with roughly 45,000 connections, is large enough to allow the
proper evaluation of the methodology. This network could serve as an example for potential
sectorization of other parts of Amsterdam’s WDN. The characteristics of Amstelveen WDN
are as follows: number of links—N_1 = 12,479; number of nodes—N_n = 11,729; number of
demand nodes—N_dn = 5510; number of reservoirs—N_r = 4 (not real, but established as
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source nodes on locations where the network connects to the rest of the WDN); number of
tanks—N_t = 0; number of pumps—N_p = 0; number of valves—IN_v = 2144; number of
connections—N_c = 44,429; total average demand in the network—Q = 521.3 m3/h. The
peak demand hour is 8:00 a.m., with the demand of 1008.0 m3/h, with another peak from
7:00 to 8:00 p.m., with the demand of 720.0 m3/h. The minimum demand hours are from
1:00 to 6:00 a.m., with the demand of 273.6 m3/h.

Amstelveen WDN Amsterdam WDN

—

v
[1.

Figure 4. Case study network.

The input data used for the sectorization of Amstelveen network are supplied by the
Waternet company. The data are primarily adopted through interpretation of the local act
document “Design Criteria for Drinking Water Distribution Networks” [51], containing
the local design criteria. The estimated total number of connections in the network is
ne = 44,429, calculated based on the average lot occupation of 2.1 person/connection, water
use per person of 134 L/person/day (adopted from [51]), and nodal demands taken from
the mathematical model. The input data includes the following;:

1.  The calibrated WDN network model in the form of the EPANET input file.

2. The minimum (n/"") and maximum (#**) number of property connections per DMA
are set equal to 7" = 2500 and 1™ = 8000. These slightly differ from the general
recommendations about the size of DM As provided in guidelines [6,7]. This is because
of the size of the Amstelveen network. It is more appropriate that sectorization of such
networks is done in phases. First, coarse sectorization should be implemented, and af-
ter that each large DMA, the network should be sectorized further. Given the adopted

values for n"" and n/", the preferred size of a DMA is nfref = 5250 connections,

which is adopted as an upper boundary for a DMA in many guidelines. Given the
total number of connections in the Amstelveen network, it Is expected that the optimal
sectorization derived with the DeNSE method will have 7 to 9 DMAs.

3. The Transmission main threshold diameter used in preprocessing to identify the main
pipeline is Dpjan = 250 mm.

4.  The adopted minimum required and maximum allowed pressures in the network are
pmiN = 1.8 bar and ppax = 6.0 bar. Local network design criteria define the minimum
pressure to be at least 2.0 bar; however, in the case of the Amstelveen network, the
absolute minimum pressure in the original network layout, which occurs during the
24 h simulation, is 20.15 m. Because this is very close to the 2.0 bar constraint, it was
decided to slightly relax the minimum pressure constraint and adopt a 1.8 bar value
instead. This is still well above the legal minimum of 1.5 bar, as mentioned in [51].
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5. The minimum required number of direct feed lines (frrg) to an area (DMA) is adopted
from the local act document [51] according to Table 2, defining the requests in normal
operating conditions:

Table 2. Required number of feeds for an area to secure water supply.

Number of Delivery Points freQ
Up to 200 connections 1 feed
200 to 2000 connections 2 feeds

More than 2000 connections 3 feeds

6.  The local unit cost of the equipment (i.e., valves and flow meters) is supplied directly
by the Waternet asset management department. Prices include all-in installation (i.e.,
includes purchase, transport, and labor costs). Prices are given in Table 3:

Table 3. Installation prices for valves and flow meters.

Diameter (mm) Valve Placement Cost Flow Meter Placement Cost
(All-In) (All-In)
75 EUR 1575 EUR 2093
90 EUR 1575 EUR 2421
100 EUR 2260 EUR 2690
110 EUR 1785 EUR 3412
150 EUR 2850 EUR 3587
160 EUR 2124 EUR 3635
200 EUR 3119 EUR 4200
315 EUR 3975 EUR 6899
400 EUR 4335 EUR 8761

7.  The desired number of alternate solutions for the definition of DMAs, which will be
ranked and analyzed, is N = 10.

8.  The parameters used in GA optimization are the number of generations ng = 35 and
population size ps = 30.

3.2. Network Clustering Results

Table 4 shows the evolution of the network uniformity index (U) and its three compo-
nents (Unet, Uy and Wygey during the last 15 steps of the aggregation procedure. Additionally,
this table shows the following characteristics for each sectorization solution: number of
clusters (n_cl), number of connecting links (n_c_links), number of clusters smaller than
n""(NS), and number of clusters larger than n*** (NL). The maximum uniformity index
value of Upax = 0.7818 is reached for the clustering solution with eight (8) clusters. Clus-
tering solutions corresponding to one aggregation step before (with 9 clusters) and one
aggregation step after (with 7 clusters) have a similar network uniformity index value.
Therefore, they can also be considered as candidates for the optimization procedure in the
following step. Table 4 is automatically generated after the clustering procedure is finished,
and the user can generate a network plot for any desired clustering solution.

The solution with seven clusters shown in Figure 5 is selected as the preferable cluster-
ing solution in this case, as it completely satisfies the predefined sizing range (n""—n!'x).
Although the network uniformity index value is slightly lower than Upax, the value of u,,
measuring the uniformity of the DMAs’ size vector, is the highest. There are 107 connecting
links in total subjected to the GA optimization procedure in the following step to determine
the positions of flow meters and valves and define the DMAs.
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Table 4. Evolution of the network uniformity index (U) during the aggregation process.
Agg. Step n_cl n_c_links u_net u_v w_agg u NL NS
6529 17 125 0.4649 0.9302 0.9735 0.4210 0 8
6530 16 124 0.4920 0.9383 0.9737 0.4495 0 7
6531 15 123 0.5224 0.9473 0.9738 0.4819 0 6
6532 14 122 0.5597 0.9519 0.9739 0.5189 0 5
6533 13 121 0.6028 0.9533 0.9740 0.5597 0 4
6534 12 120 0.6462 0.9654 0.9741 0.6077 0 3
6535 11 118 0.7037 0.9678 0.9743 0.6635 0 2
6536 10 117 0.7607 0.9820 0.9744 0.7278 0 1
6537 9 115 0.8039 0.9827 0.9746 0.7699 0 1
6538 8 114 0.8161 0.9827 0.9748 0.7818 0 1
6539 7 107 0.8065 0.9914 0.9755 0.7800 0 0
6540 6 97 0.6915 0.9673 0.9765 0.6532 1 0
6541 5 89 0.6670 0.8787 0.9772 0.5727 1 0
6542 4 85 0.5905 0.7875 0.9776 0.4546 1 0
6543 3 83 0.6035 0.5876 0.9778 0.3467 1 0
7 clusters; U=0.7800
-y -i------“--'~ ~
- ~
1
)
1
1
L)
1
1
1
1
C11:
— g
1
1
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Figure 5. Clustering solutions corresponding to sectorization into 7 clusters.
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3.3. Network Division

To divide the WDN, i.e., place devices on clusters’ boundary edges, the optimization
procedure was run 10 times on the selected clustering solution with seven clusters. Ten (10)
alternate dispositions of flow meters and valves are obtained. Figures 6 and 7 show the
values of cost and the three adopted PIs for ranking of the optimized solutions with the
implemented interventions in the network: (1) Cost, (2) relative change of average network
pressure (Apay), (3) change of resilience index (ARes), and (4) change of water age (AWA).
Values are given relative to the original network layout without interventions, and rankings
are shown with numbers at the bottom of the bar graph, where appropriate (i.e., 1—best,
10—worst). Additionally, Table 5 shows the absolute values of the adopted PIs together
with (1) the absolute minimum pressure (p%ég\’ ) occurring in demand nodes, (2) the total
number of flow meters to be installed (Ngys), (3) the number of new valves to be installed
(Nnv), and (4) the number of existing valves to be closed (Ngy), if possible. A comparison
of PIs (Figure 6), the characteristics of optimized solutions (Table 5), and DMAs’ schematic
connectivity plots for each optimized solution (Figure 8) are automatically generated and
displayed after the optimization procedure, to assist the user in the selection process.

x10° Implementation cost
18.92

12.43 238 146 14.8 14,52

ost [EUR]

O 0.8
0.6
0.4
0.2

8] |1 5| |3] 10 [4] [6] |9] |2] |7
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Figure 6. Values of ranking indicators for optimized solutions—Cost and Ap 4y,

The least expensive solution is SOL-2 (Table 5, Figure 6), with solutions SOL-9, SOL-4,
and SOL-6 having comparable prices while being slightly more expensive (by up to 2.58%).
The remaining solutions are noticeably more expensive than SOL-2. These differences
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are due to the number of expensive flow meters that must be installed, i.e., the more
expensive solutions have more pipes equipped with these. The positive effect of using
existing valves on cost estimation (implemented in this methodology) is highlighted here,
as for all solutions, the number of existing valves is significantly higher than the number of
new valves.

Change of Resilience Index

0.75
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0.5
o ~0.01 0.01
- -0.13
R-05 0.67
- .
o
e
<
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> 12.08
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SOL-1 SOL-2 SOL-3 SOL-4 SOL-5 SOL-6 SOL-7 SOL-8 SOL-9 SOL-10
Change of Water Age
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10
9.33 9.
8.85 9.00 g73 220
s 7.83 8.09 -
= ) 6.85
<
s 6
<
4
2
o 3| |6] [4] 10 |2 [7] |5 [9] |8] |1
SOL-1 SOL-2 SOL-3 SOL-4 SOL-5 SOL-6 SOL-7 SOL-8 SOL-9 SOL-10
Figure 7. Values of ranking indicators for optimized solutions—ARes and AWA.
Table 5. Characteristics of optimized solutions for definition of DMAs.
Cost p_av Res WA p%é@’ Nem Nnv Ny
(EUR) (m) ) (h) (m) ) ) ¢)
original network / 28.27 0.745 20.49 20.15 / / /
SOL-1 165,870 27.98 0.727 22.09 19.39 37 16 54
SOL-2 144,307 27.85 0.749 22.30 18.98 29 18 60
SOL-3 153,757 27.96 0.735 2213 19.49 33 17 57
SOL-4 146,037 27.75 0.745 2273 18.94 32 15 60
SOL-5 189,193 27.99 0.740 21.97 20.14 42 20 45
SOL-6 148,033 27.92 0.744 22.33 19.86 34 14 59
SOL-7 161,167 27.89 0.729 2227 18.90 38 14 55
SOL-8 166,581 27.73 0.735 22.40 18.66 34 21 52
SOL-9 145,196 27.94 0.750 22.38 19.48 32 17 58
SOL-10 162,293 28.03 0.745 21.89 19.56 36 16 55
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Figure 8. Schematic plot of DMA connectivity in solution SOL-2.

Based on the relative change of average network pressure (Figure 6, Apay), it is
concluded that the network pressure distribution due to sectorization is not significantly
affected by any solution. The minimum impact on pressure distribution is solution SOL-10,
in which the average pressure is reduced by 0.24 m (—0.85%). The greatest reduction of
average pressure occurs in solution SOL-8, where pressure is reduced by 0.55 m (—1.93%).
These reductions are considered negligible, and all solutions are feasible from this point
of view.

The relative change of resilience index (ARes), compared to the original network layout,
also reflects the negligible changes in pressure distribution in the network (Figure 7). The
resilience index value decreased the most in solution SOL-1, by 2.39%. An increase in
resilience index occurs in solutions SOL-2 and SOL-9, in which it is increased by 0.75%.

Water age, compared to the original layout of the network (AWA), is expectedly
increased with the implemented network interventions—from 6.85% for solution SOL-10
up to 10.97% for solution SOL-4 (Figure 6). These percentages may seem high at first, but
the absolute values of WA, given in Table 5, indicate that an increase in WA in the range of
1.40-2.25 h can be considered insignificant.

Comparison of the absolute minimum pressures (p’1Y) in the demand nodes before
and after sectorization shows that minimum pressures for all solutions are slightly de-
creased (Table 5). The lowest decrease of 0.01 m (0.05%) occurs in SOL-5, and the minimum
pressure is decreased the most in solution SOL-8, by 1.49 m (7.39%). The minimum pressure
for all solutions is still above the allowed minimum pressure used as input data, set to 18 m
(1.8 bar).

Based on the presented results, it can be concluded that all sectorization solutions are
hydraulically feasible and minimally affect the original state of the network, as expressed
through small changes in the three PIs measuring the network’s operational efficiency
(Apav, ARes and AWA). This leaves the cost of the solution as the main driving factor
in the selection of the preferred sectorization solution. In addition to cost, the DMAs’
schematic connectivity plots for each optimized solution could be investigated to make
a better-informed decision. The connectivity plot for the least expensive solution, SOL-2,
is shown in Figure 8, in which DMAs are represented as the points of different colors
connected to the main pipeline and between each other. Blue links with arrows indicate
the feed lines, while red links are links in which water flows in both directions during the
simulation. The thickness of the lines corresponds to their diameter, while diameters are
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also indicated in the middle of each link. All DMAs satisfy the requirement for the number
of feeds, i.e., the achieved number of feeds is equal to or larger than the requirement, with
most of them supplying water directly from the main distribution pipeline. Furthermore,
an investigation of connectivity plots for other solutions reveals that all of them satisfy the
feed requirement, but this is not reported here.

To gain full insight into DMA connectivity and layout, both connectivity plots (Figure 8)
and network plots, with the exact positions of flow meters and valves (Figure 9), should be
investigated. In Figure 9, flow meters are shown as (1) flow meters on direct feeds (marked
with dark blue square markers)—i.e., flow meters on pipes where water does not change its
flow direction during simulation—and (2) flow meters on other pipes (marked with light
blue square markers)—i.e., flow meters on pipes that do change flow direction. Two types
of valves are marked as (1) existing valves (marked with yellow triangle markers), i.e., a
valve already exists on the pipe marked for closure, so there is no need to install a new one,
and (2) new valves to be installed (marked with red triangle markers).

%J%m‘
b
a ]
N~
7

LEGEND

FLOW METERS - DIRECT FEEDS
FLOW METERS - OTHER
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Figure 9. Interventions layout in the network in SOL-2.

After investigating these plots for all solutions, solution SOL-2 is selected as the prefer-
able one in this case, as it has the best perceived DMA connectivity, based on discussion
with experts familiar with all network specifics, and, coincidentally, is the least expensive.
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< Google Earth Pro

3.4. Discussion on Seleected Solution

After the adoption of the sectorization solution SOL-2 as the preferred one, several
graphical and tabular outputs are automatically generated, showing detailed results for
each DMA. For the adopted solution, an EPANET model and several Google Earth files are
generated as well.

Figure 10 shows the generated Google Earth plot of the adopted sectorization solution.
One kml file is generated for each type of object of interest—(1) DMAs, (2) position of flow
meters, (3) position of new valves, and (4) position of existing valves. From the menu on the
left window, the user can select which object layer will be displayed. Object IDs displayed
in Google Earth files correspond to those in the generated EPANET model. This allows
the user to (1) investigate the real spatial positioning of devices and assess the possibility
for field implementation and (2) make modifications to the EPANET hydraulic model to
further investigate network hydraulics.

File Edit View Tools Add Help

¥ Search

¥ Places
¢S My Places

v B3 Temporary Places
» /B2 DMAs_expkml
» /B2 Flow_Meterskml
» ED New_Valves kml

Get Directions History
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Figure 10. Generated Google Earth files illustrating adopted sectorization solution.

Table 6 was automatically generated and shows the following characteristics of DMAs
in the adopted sectorization solution SOL-2: (1) number of connections (Nconn); (2) average
consumption (Q); (3) total length of pipeline (L); (4) average pressure before sectorization
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(pAVORIG),(pgglc); (5) average pressure after sectorization (pi"s/CT); (6) number of feed

lines (Nrgeps); (7) number of flow meters required for installation to set up DMA (Npu);
(8) number of new valves required for installation to set up DMA (Nyy); (9) number of
existing valves to set up DMA (Ngy); (10) cost of setting up each DMA (Cost). The DMAs
in Table 6 are sorted according to the recommended implementation phase, which is based
on the criterion that in each phase the least expensive DMA is implemented first. The total
pricing of setting up DMAs in the whole network for the adopted sectorization solution
SOL-2 is EUR 144,307 (see Table 5).

Table 6. Characteristics of DMAs in adopted sectorization solution.

Imp. Phase @DMA  Nconn Q L pIRIG pSECT Negeps Nem Nnv  Ngy Cost
) ¢) ¢ (L/s) (km) (m) (m) ) ¢ ¢ ) (EUR)
1 DMA 1 7922 25.85 54.16 27.95 27.55 4 4 0 9 14,444
2 DMA 4 5322 17.33 29.24 28.05 27.76 3 5 2 9 18,496
3 DMA 6 6486 21.14 45.52 29.04 28.48 3 5 5 11 21,766
4 DMA 5 4647 15.11 24.92 28.58 28.28 3 3 5 11 20,941
5 DMA 7 7400 24.13 55.19 28.22 27.39 3 3 8 17 16,252
6 DMA 3 6140 20.03 49.74 27.78 27.46 5 6 3 10 23,078
7 DMA 2 5835 19.00 31.89 28.24 28.04 6 9 4 11 29,330
z 144,307
Figure 11 shows a comparison of the average pressure in DMAs during the simulation,
before and after sectorization. The pressure is lowered in all DMAs as expected due to the
implemented interventions, but the pressure trend remains mainly unchanged. The highest
disruptions occur in peak-hour demands, between 6:00 and 8:00 a.m. The least impacted
DMA is DMA 2, in which the average pressure at 8:00 a.m. is lowered from 27.35 m to
26.84 m, or by 1.86%. The most impacted DMA is DMA 7 in which the average pressure at
8:00 a.m. is lowered from 27.04 m to 24.52 m, or by 9.32%. In all other DMAs, this reduction
is less than 5.0%. Bearing in mind the minimum network pressure from the local guideline
document of 20.0 m, it can be concluded that these reductions will not affect the water
supply in DMAs. However, if desired, the pressure in the worst-performing DMA, DMA 7,
could probably be increased by opening an additional connecting link from the main or
omitting one of the new valves.
Original network Sectorized network
30 ; w w T 301 . : ‘
2095077 v 4 29577777
29,
28.58
28¢
T 275 a8
z 27| z
Y Y
26,51 1
261
255
25¢
2451
24 : : : : 24 : : : :
0 4 8 12 16 0 8 12 16
Simulation Time [h] Simulation Time [h]

Figure 11. Average pressure in DMAs during the 24 h simulation, before and after sectorization.
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4. Conclusions

A number of different WDN sectorization methodologies have been presented to date,
introducing innovative approaches and improving either the clustering or dividing stage
of the sectorization procedure. This paper introduced the upgraded DeNSE method for the
sectorization of WDN, highlighting the improvements aimed at addressing the recognized
shortcomings of existing methodologies. The following conclusions are drawn:

1.  Incorporated improvements such as added criteria for water supply security and
consideration of existing valves in the network contribute to a better estimate of the
implementation costs and post-sectorized operational efficiency of the WDN.

2. The generated range of feasible sectorization solutions using GA optimization, the
implemented GIS visualization, and the generated EPANET model of the sectorized
network provide practitioners with valuable insights and flexibility in the decision-
making procedure.

3.  Tested on a segment of Amsterdam WDN used as a pilot network, the DeNSE method
demonstrated efficiency in optimizing sectorization solutions with minimum imple-
mentation cost, while preserving the WDN operational efficiency and meeting the
local design criteria.

4. The reported results prove that the DeNSE method can be used as a decision support
methodology, valuable to practicing engineers dealing with the implementation of
sectorization strategies in WDNSs.

Despite the upgrades presented in this research, there is still room for methodology
improvement. Future work should address the following:

1. Implementation of a pressure-driven approach (PDA) in hydraulic simulations, as
pressure deficient conditions in the network cannot be accurately represented with
the current implementation of the demand-driven approach (DDA).

2. Introduction of node elevation as a measure of uniformity in the clustering stage,
which could be appropriate for WDNs with high variations in terrain elevation.

3. Consideration of dynamic DMAs, self-adapting to abnormal conditions in the network,
which could provide better dynamic control of WDNs. The hierarchical characteri-
zation of the clustering algorithm implemented in the DeNSE methodology should
easily enable this.

4. Investigation of the influence of hydraulic model uncertainties on DMA design.

The case study analyzed in this paper, however, is not influenced by any of the
limitations listed above (due to network topology, low level of leakage, and uniform
terrain elevation).
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