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Abstract. This paper aims to explore the suitability of compact resilience metrics for
application to partitioned water distribution networks (WDNs). WDN partitioning represents
a different test from the usual reliability tests performed in the scientific literature, in which
the operation of the WDN is unperturbed, or marginally perturbed (e.g., by segment isolation
or demand amplification). The creation of permanent district metering areas (DMAs), which
is carried out through the simultaneous closure of numerous links, represents, instead, a larger
and permanent perturbation that deserves special attention. In this analysis, two metrics,
namely the Global Resilience Failure (GRF) and the energy efficiency indices, were compared
in pressure-driven approach with WDN performance indicators. The results in a real WDN,
which is partitioned in a growing number of DMAs, proved that both the GRF is more
sensitive to the weaknesses arisen in the partitioning processes.
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1 Introduction

In the last years, many studies have attempted to define mathematically the reliability
of water distribution networks, as their ability to keep suitable standards of service to
users in normal and critical operation scenarios.

As surrogates for reliability, the concepts of resilience and redundancy have been
presented. The former is related to the energy storage that the network has under
normal operating conditions, which can be used as a backup to tackle critical scenarios,
such as those related to component failures [1]. The latter, instead, is more related to
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the number of paths that connect the network source(s) to the generic demanding node;
in fact, the abundance of paths may be a precious resource for the network to tackle
critical scenarios [2].

In relation to water distribution networks, resilience is linked to the network geometry
(shape and dimension) and topology (node degree, loops, etc.), and to hydraulic
characteristic of network components (diameter, roughness, length, etc.). Because of
these multi-dependent factors, there is no single established approach or method to
assign and to quantify resilience.

Recently, some metrics have been proposed in the literature based on energy and
topological approaches [3,4,5,6,7]. Anyway, these metrics are not able to analyse
exhaustively all aspects of the complex behaviour of water distribution networks.
Furthermore, most works studied the effectiveness of reliability surrogate metrics on
networks perturbed by demand variations and random pipe failures [8]. Evidently,
these perturbations can be described as critical operational scenarios that occur
occasionally. The issue of how these metrics behave in the case of network partitioning
(that is the creation of permanent District Meter Areas DMAs), instead, has not been
thoroughly investigated. As is known, the division of a Water Distribution Network
(WDN) into N; DMAs or subsystems (clusters) simplifies and improves the following
management aspects: water loss reduction, pressure management, active leakage
control, maintenance of pipes and water quality, in terms of protection from intentional
or accidental contaminations [9].

To take these advantages, it is necessary divide physically the network by closing
many pipes and inserting flow meters in feeding pipes of DMAs. However, permanent
DMAs worsen the hydraulic performance of water network and change significantly
the original topological layout. Therefore, the water network partitioning represents a
complex challenge for engineers and Water Utilities. To this purpose, a definition of
resilience measure able to evaluate the effects of permanent DMAs coupled with
economic considerations [10] could be very useful in a decision support system to
compare easily different solutions of partitioning. Therefore, the responsiveness of
resilience metrics, available in the literature, to detect the perturbations imposed by
permanent DMAs deserves special attention in this paper.

2 Method

The metrics compared in this paper are based on considerations on power and energy
[11]. to assess the reliability of water distribution system and employ the total inlet
power or energy supplied by water sources or pumping station. To measure WDN
resilience, the WDN behaviour was carried out in PDA (pressure driven analysis) [12].
To this end, the most adequate resilience metrics found in the literature are:

a) Energy efficiency index proposed in [13]:
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where quser and d are the vectors of the water discharges delivered to the users and the
users’ demands, respectively. H, Ho and Hp are the vectors of total heads at
demanding nodes, water sources and pumps, respectively. Qo and Qp are the vectors
of supplied water discharges by water sources and pumps, respectively. Finally,
Haes=z+hges, where z and hges are the vectors of nodal ground elevations and nodal
haes, respectively.

The energy efficiency index (Eq. 1), represents the ratio of power supplied to the users
to the total power delivered by water sources and pumping stations. The GRF (Eq. 2)
combines two useful indices: resilience index and failure index. The former is the ratio
of the hydraulic power surplus that could be dissipated in case of failures to the
maximum power surplus available in a WDN; the latter is a measure of power deficit
computed as the ratio of the hydraulic power deficit to the minimum required power
at demand node.

The comparison of the two resilience metrics was carried out using topological and
hydraulic indices in order to understand the capacity of each resilience metric to catch
or highlight peculiar behaviour of the partitioned systems. To this aim, the loop
diameter uniformity coefficient C, [7] and the demand satisfaction rate /; [14] are
computed. The topological index C,, is an index of uniformity of pipes in WDN loops,
computed as follows:
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where, npwimioop 18 the number of pipes that belongs at least at one loop (pipes forming
branch structure are not take account in npwimioop), 1p 1s the total number of pipes in
network, C; is the ratio between the mean and maximum diameter of generic loop. The
hydraulic index /i, which is an indicator of the WDN performance, can be defined as
follows:

I :f—zlqi.l()() (6)
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where, ¢; and d; are respectively the water supplied to users, calculated on the basis of
a pressure-driven simulation, and the users’ demand at the i-th node. I; can be
calculated in both normal and critical operational scenarios.

3 Case study and results

The resilience metrics were applied to assess the hydraulic perturbation caused by
different scenarios of Water Network Partitioning (WNP), obtained through the
permanent closure of several pipes. The proposed metrics are tested for the real case
study of the water distribution network (WDN) of Parete, a small town in the South of
Italy with about 10,800 inhabitants. The WDN of Parete, reported in Figure 1, consists
of 282 pipes, 182 nodes and 2 sources.

The following failure scenarios are evaluated: original network layout (no closed
pipes) and nine partitioning layouts with a number of DMAs from 2 up to 10 and a
number of closed pipes up to 20. The WNPs of Parete are obtained following two
steps: step 1 - clustering, which provides the shape and dimension of clusters or
DMAs; step 2 — dividing, which identifies pipes in which insert isolation valves and
flow meters [15].

The clustering phase was performed by a Normalized Cut (NCut) algorithm [16]. NCut
algorithm exploits the property of the Normalized Laplacian Matrix defined as L,=Dy
L, where the Laplacian matrix L is the difference between the diagonal matrix D, with
the connectivity degrees of the nodes (D=diag(K) and K is the degree of a node), and
the adjacency matrix A (where elements a;=a;=1 indicate that there is a link between
nodes i and j and a;=a;=1 otherwise).

The goal of NCut algorithm is to divide a network into Ny clusters, in such a way as
that the number of boundary edges or boundary pipes is minimized.

The dividing phase consists in a heuristic optimal positioning of flow meters and gate
valves on pipes that connect different DMAs (defined as boundary pipes). This phase
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was accomplished by means of a Genetic Algorithm (GA) [17] to minimize the
following constrained objective function (OF):

FO:min(nfm)

coinstraint: / =100%

(7

where, 7, 1s the number of flow meters, and /s is the demand satisfaction rate (Eq. 6)
assessed in the typical day of operation. Thus, the dividing phase guarantees fulfilment
of users’ total demand while inserting a low number of flow meters. The hydraulic
simulations were carried out through the pressure driven approach (PDA) [12] during
the typical day of operation with average demand at the nodes. Inside PDA, the
important variables to set were /ui» and haes, which are the minimum pressure heads
for having an outflow to the users larger than 0 and for fully satisfying the users’
demand at the generic node, respectively. The PDA of the network was carried out
setting /min and hges to 0 m and 19 m, respectively in the formula proposed in [18]. In
Table 1, the number of flow meters (n5,) and gate valves (ng,) are reported for the
studied failure scenarios.

a) b)

normal pipes flow meters closed gate valves

Figure 1 Partitioning layout of Parete water distribution network: a) with a number of DM As
Ns=2; b) with with a number of DMAs N;=6.
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Table 1 Number of edge cut (N..), number of flow meters (n4,) and number of gate valves
(ngv) for each partitioning scenario

Ny Nee Hfin Hgy
2 4 - 4
3 10 1 9
4 16 2 14
5 21 3 18
6 23 5 18
7 26 7 19
8 29 8 21
9 29 9 20
10 31 11 20

As showed in Table 1, the number of flow meters to place in network on boundary
pipes is lower than or equal to the number of DMAs (except for N,=10, where the
former is slightly larger).

In Figure 2 and 3, the daily minimum, median and maximum values of energy
efficiency index and global resilience failure are reported as a function of N, for the
original network (Ns=1) and all proposed partitioning layouts, computed during a
typical operational day.

The minimum, eui,, and median, encs, of energy efficiency index for partitioning
scenarios are almost constant about equal to that of original network (en,»=0.31 and
emea=0.61), indeed it is not possible discern significant alterations. Proof of this is the
horizontal trend of ei» and enes as shown in Figure 2. This is due to the effectiveness
of the partitioning method, which is able to preserve well the energy delivery of the
original layout. On the contrary, the maximum values, exax, corresponding to the peak
hour of demand, are lower than the energy efficiency of original layout (€,4,=0.80,
Ngs=1) while a minimum value occurs in case of N/=2 (ema—=0.76).

As for energy efficiency index, as reported in the Figure 3, the minimum of global
resilience failure index, GRFwin, are almost constant and equal to the original network
(GRF#in=0.10). The median, GRFneq, shows a slight alteration of performance among
the proposed failure scenarios although it is not strongly noticeable. Conversely,
maximums of GRF (GFRu«) change considerably, indeed the index of original
network is about GFRu.x=0.50 and the lower values is GFR,.,,=0.38, that occurs for
Ni=2.

The comparison between energy efficient index and global resilience failure index,
reveals that GFR is more sensitive to the hydraulic alterations, caused by permanent
partitioning, evidently the presence of term /ses in Eq. 3 and 4, allows GFR to detect
better the hydraulic behavior of network in case of large perturbations.
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Figure 2 Minimum, median and maximum of energy efficient index
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Figure 3 Minimum, median and maximum of GRF index

In Figure 4 the loop diameter uniformity is reported; the values of C, are descending
until Ns=5, but for a higher number of DMAs the trend became similar to that remarked
for the maximum values of e and GRF’; thus the influence of C, could provide an
insight into why some partitioning layouts, with lower number of closed pipe (e.g.
Nq=6 and N,=8), feature lower values of energy efficient index and GRF than layouts
with high number of closed pipes (e.g. No=6 and N;=8).
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Figure 4 Trend of loop diameter uniformity
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Figure 5 Minimum, median and maximum demand satisfaction rate

Figure 5 shows the trend of the demand satisfaction rate, computed in critical scenarios
in which the WDN pipes are isolated one at a time. In these scenarios, the service
disruption is assumed to occur for the whole duration of the day. In this figure, it is
possible to remark that the minimum value of /i (represented by black dots in Figure
5) is always significantly lower than 100%, apart from Ns=1 (unpartitioned network).
This means that the demand is not fully satisfied when some pipes are isolated. An in-
depth analysis revealed that this is the case with the isolation of the feeding pipes
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connected to the network sources. The lowest value of I i, lies in correspondence to
Ng=2, for which service disruption in either feeding pipe puts a large part of the WDN
out of service. In fact, for N;=2, the two districts are hydraulically independent (each
one fed by a single source). This could be avoided if the water utility chose to open
one boundary pipe in the middle of the WDN, while inserting an extra flow meter
there. Interestingly, the compact resilience indices (see Figures 2 and 3), especially
GRF assessed under peak demand conditions, were able to spot in advance the
weaknesses of the partitioned layouts in terms of I yin.

4 Conclusions

The paper presents a comparison between two different ways to compute the resilience
of a partitioned water distribution network. The proposed indices were calculated for
the partitioning layouts in order to define the most suitable tool able to provide a
synthetic information about the behaviour of the entire network, in severe perturbation
conditions, even with a high number of closed pipes, up to 20 for the WSN of Parete.
Results show that the indices, especially the GRF assessed under peak demand
conditions, is able to spot flaws in the network layouts obtained with partitioning.
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