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Abstract - Localizing background leakage in a large-scale Water Distribution Network (WDN) presents a significant difficulty
for water utilities. Leak localization has been the subject of several research projects; a comparison of the available methods
reveals that the model-based method is less expensive and uses mathematical models to simulate the operation of the WDN. Due
to this, they are better able to adjust to changes in the complexity of WDNs. The majority of model-based methods that have been
suggested in the literature are only appropriate for burst-type leaks. However, for undetected background leakage, applying an
appropriate hydraulic model permits the estimation of such leaks. Unfortunately, earlier studies in this direction did not consider
the daily variations in water consumption, making it impossible to examine background leakage effectively. Specifically, under
this, leak localization and analysis were considered for a single-period scenario. However, single-period monitoring of leak flow
may occasionally result in incorrect results due to variations in water pressure between peak and off-peak hours. The multi-
period analysis will, therefore, provide a more precise examination of the background leak estimate. In light of this, an improved
leak localization method to address this shortcoming is proposed. The study will focus on the detection and localization of
background leakage in WDNSs, considering multi-period analysis. The multi-period analysis examines water consumption from
0 to 24 hours. This allows the analysis of water losses during both peak and off-peak water demand periods. The analysis is
conducted on some water distribution networks adapted from real-life networks. The model is simulated, and leak flow and
pressure head are observed within 24 hours of simulation. The variations in leak flow and pressure during this period are
investigated.
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1. Introduction

Pipelines are a sort of urban facility used to distribute
water throughout cities. Efficient distribution across cities is
challenged by the frequent water loss through leaks brought
on by pipeline corrosion, cracks, and third-party interference

amount of water lost may approach 30% of the volume input.
Water loss levels as high as 60% of the entire input volume
may happen in extreme circumstances [9].

[1]. Water distribution networks eventually experience
frequent water loss, which seriously jeopardizes the systems'
ability to function. This has been a serious problem facing
utilities across the globe. The loss is closely related to, among
other things, the expenses of fixing leaking pipes and
environmental pollution [2, 3]. The latter has been a serious
concern for public health. A water pipe network operating
under low pressure may get infected by leaks [4-6]. The
financial loss brought on by leakage is also enormous and
varies greatly. For instance, McKenzie et al. [7] found that
37% of water loss in South Africa is attributable to leaks, with
an estimated monetary value of more than R7 billion per year.
The amount of water loss varies from one country to the next
and from one WDN to the next regarding the waste of valuable
natural resources. According to statistical research [8], the

Additionally, according to a World Bank estimate of
water losses, 48.6 billion m3/year of water is lost globally [10,
11]. Due to the effects of water losses, controlling water losses
through pipe leakage detection and localization is a top
priority for municipal water supply. Therefore, effective water
loss control is essential. Given the magnitude and significance
of WDNSs as infrastructure, making wise decisions regarding
leaks is crucial. To do this, an effective leak localization
approach is necessary.

There are two major types of water losses in WDNSs:
reported and unreported losses [12]. The former includes pipe
bursts and outflows from large openings, which are typically
reported by utility staff or members of the public. The
unreported loss is background loss, which is the outflow from
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small cracks, joints, or pipe fittings. The burst type can be
detected and localized [13, 14] by applying appropriate
leakage detection methodology. This is because an evident
pressure drop in the WDN characterizes them. Several
research studies on detecting pipe bursts can be found in the
literature. This ranges from the use of hardware-based
methods [15-17] to model-based approaches [13, 18, 19].
However, background leakages are not detected by these
approaches due to their diffuse nature.

Consequently, they contribute majorly to water loss
volume within the pipe network when they occur for a very
long time. Nevertheless, research studies have shown that
losses due to background leaks can be modelled and estimated
with the right hydraulic model. Unfortunately, studies on
background leakage detection are very limited. In addition, the
existing studies on background leakage detection do not
consider consumer variations in water demand.

Because daily changes in water demand were not
considered, we are optimistic that the existing studies in this
field do not analyze background leakage very efficiently.
Considering this, a research study to address this shortcoming
is suggested.

WDNs are prone to background leakage, which results in
water loss. Technically, practical WDNs cannot prevent a
limited quantity of water loss. So, it is critical to minimize
water losses to a manageable level. Indeed, studies on
background leakage estimates are available, focusing on
single-period analysis [20, 21].

However, consumer demand for water varies over time
(with peak and off-peak periods), causing a change in the
pressure at some nodes of the water networks. The pressure
changes thus influence the estimate of background leakage
due to leakage-to-pressure sensitivity. Hence, the background
leakage during the peak water demand period will differ from
that during the off-peak period.

Consequently, a single-period assessment may
underestimate the background leakage flow along the system.
Thus, to have a more realistic analysis of the background
leakage estimate across the pipes, this paper analyses and
discusses the leakage distribution over time. The background
leakage is modelled using a graph-based integrated hydraulic
model governed by the mass continuity and energy
conservation laws and the pressure-to-leakage sensitivity.

The multi-period analysis reveals water consumption
patterns from O to 24 hours, in contrast to conventional single-
period modeling and estimation for background leakage flows
in water distribution systems. This allows the analysis of water
losses during both peak and off-peak water demand periods.
The analysis was conducted on some water distribution
networks adapted from real-life networks.

2. Materials and Methods
2.1. WDN Formulation under Leak-Free Scenario

Assume there are n, pipes, n; junction nodes (nodes with
unknown heads), and n; fixed-head nodes in a WDN. The
nodes with unknown heads or pressure are referred to as
junction nodes, also known as load nodes, whereas nodes with
known heads or pressure are referred to as supply nodes, also
known as fixed-head nodes. Thus, the total nodes in the
network are expressed as

N, =Nn; +n; 1)

The flow through the network is guided by continuity
equation, energy conservation and head loss (pressure drop)
equations, respectively, described by Equation 2.

EQ—ASTH—AIHfzo} @

AQ+d=0

where Q € R"™1=[Qq, Qz, ......, Qnp] " is the vector of the
pipe flow rate, d € R = [dy,ds,......,dnj]" is the vector of the
base demand at the nodes with unknown heads/pressure, H =
[Hi,......, Hpn]" represents the wvector of the unknown
heads/pressure across the load/junction nodes. It is of
dimension (njx 1), Hi= [Hia, ....... , Hion] T is the vector of the
fixed head/pressure across the supply nodes. It is of dimension
(nsx 1). In Equation 2, Asrepresents the node-pipe connectivity
matrix, which deals with the pipes connected to the
junction/load nodes. It is of dimension (n; x ny), and As
represents the node-pipe connectivity matrix of dimension (ns
x np), which deals with the pipes connecting to the fixed
head/supply nodes.

Both Asand Arare obtained from the incidence matrix A as

As
SR

The element of A becomes -1 if the flow in pipe j is
moving in the direction of node i, +1 if the flow is moving
away from the node, and 0 otherwise. In Equation 2, E is a
diagonal matrix whose elements are the partial derivatives of
the flow within the pipe with respect to the pipe resistance, as
described in Equation 4.

-1
n|Q” e
a-1
. - r
E =d|ag(r|Q|a l)= 2|Q?|
’ ’ a-1
r”p an
(4)
where r = [ry, ...... , np]" represents the pipe resistance

vector, and o is an exponent whose value depends on the
headloss model used. The r is computed using either the
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Hazen-William or Darcy-Weisbach headloss model. The
expressions in Equation 2 may also be written as
E

;ST

0 |H
It should be noted that the based demand d in Equation 5
is fixed and single period. Nodal demand varies with time
depending on the type of consumer; thus, a more accurate
analysis is to use a multi-period scenario where the base
demand varies with time.

®)

2.2. Modeling Water Demand Variation

The estimations produced from monthly water meter
readings serve as the foundation for the node demand data
used in a WDN study. Static distribution parameters that differ
depending on the consumer type (residential, commercial, and
industrial regions) make up the nodal demand profiles. To
model demand variations with time, a set of demand
multipliers is employed as the driving inputs [22]. Thus, at a
given time t, the base demand is expressed as

d(t) =m(t)x d ®6)

where d(t) = [di(t),d2(t),.......dnj(t)]" is the vector of the
time-varying demand at the node, m(t) = (ma(t),ma(t),
mn(t)) is the set of demand multipliers at each time t and d
represents the base demand at the node already defined. Thus,
with the time-varying demand, Equation 5 may be rewritten as

EQ(t)—A!H(t)—AIHf(t)=o}
AQ(t)+d(t) =0

2.2. Inclusion of Pressure-Dependent Background Leakage
Model

In WDNSs, background leakage originates at nodes and
along pipes where there are minor cracks or damaged joints.
Studies [23-28] revealed that leak flow depends on pressure
and must be modelled as pressure-dependent. Following a
similar procedure by [21, 29], the pressure-dependent leakage
relationship is often defined within the vector of the nodal
leakage flow rate gm of dimension (n; x 1). Thus, by the
inclusion of the leakage model, Equation 7 may be rewritten
as

(7)

T T —
EQM)-A HM) - AtH( ()= 0} (8)

AQM) +{d(t) +a, (1)} =0

A common assumption in leakage modeling within
WNDN:s is that the end nodes of the pipe will account for half
of the leakage flow. Thus, at time t, the nodal leakage vector
(gni(t)) is related to the vector of leak flow along the pipe using
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1 Ql—leak (t)
G =5 v[Qea O]=5v| ©)
an—leak (t)
where,
v =|A (10)
In Equation 9, Qleak(t) = [Qlfleak(t), szleak(t),

...... ,Qnp-reak(t)]" is the vector of the background leakage flow
along the pipe at time t. Thus, background leakage flow along
the pipe at each time step t is expressed as

AH,®F i H;j®>0
Qleak (t) - {0 if H j (t) <0 (11)
where 5 is the background leakage discharge coefficient
along the pipe, L is the pipe length pipe, and ¢ represents the
leak-to-pressure exponent. Previous studies [30] have shown
that ¢ has a value of 1.18 for background leakage. Hj(t) is the
pressure head vector along the pipe at time t. This is computed
as the mean of the pressure head values at its end nodes.

The Hij(t) is computed as the mean of the pressure head
values at the two ends of the pipe. This may be computed using
the topological incidence matrix as

H; () :%WT H (12)

Therefore, the expressions in Equation 8 may be

conveniently written as
Q) ][Q(t) “ATH @

H(t)} [ H(t)Hd ©+0n ©

Applying the Newton-Raphson (NR) iterative method to
the expression f(x) = f(Q(t), H(t)) = 0, at every iteration “k”,
the estimate of the nodal pressure head and the flow rate
through the pipe for each time step is derived from Equations
14 and 15 as

E —-A
A, 0

f(x):f[ ]:o (13)

AQUI®) + (0 + o )+
Ny OHO© + AN O EOQW® - ATH, ()]
(14)

H®&D (1) = (B(1) + Ni (t)){

Q™D (1) =Q™M 1) - N ®)(EMQM (1) - ATH < 1))
+NR)ATH (1)
(15)

where B denotes the network admittance matrix defined as
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B(t)= AN (t)A! (16)

In Equations 14 and 15, N(t) is a (np X np) diagonal matrix
whose elements are the derivatives of the head loss component
at time t, and Ny(t) is a diagonal matrix of size (n; % n;) whose
elements are the derivatives of the nodal leakage vector gni(t)
at time t with respect to the pressure head along the pipe.
Therefore, at each time step t, the elements of the matrix N(t)
for the pipes may be obtained as

an Q@)™

N - QO -

oy Qe O]
(17)

Also, at each time step t, the element of matrix Ni(t) gives.

d
E Ql—leak (t)

Ny (t) :%l/{ﬁ Qleak (t)} =y LQ o (18)
dH j np—leak
where,
d - QBL(H -(t))5_1 if H;®)>0
Wj Qleak (t) - {0 ! if H j (t) <0 (19)

During the iterative process, the iteration is aborted when

[H D @©)-H® ()] <tolerance  (20)
or when
‘Q kD) 1y _Q®) (t)‘ < tolerance (21)

An error tolerance value of 10—5 was used as a stopping
criterion in the iterative process. The multi-period analysis
covers the period of 24 hours (from 0 to 24 hours). The model
is simulated, and leak flow and the pressure head are observed
within the 24-hour simulation time. The variations of the leak
flow and pressure are analyzed and discussed.

3. Simulation Results and Discussion
3.1. Case Study Network |

This network (see Figure 1) was adapted from [31]. As
shown in Figure 1, it has 12 pipes of the same length, 1 km
each. 9 nodes connect the pipes. An elevated reservoir serving
as the fixed-head node and having a total head of 100 m
provides water by gravity. The pipes range in diameter from
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100 mm to 250 mm. Base demand ranges between 62.5 I/s and
208.1 I/s at the various junction nodes. The Hazen-Williams
model is employed to estimate head loss. For all pipes
combined, the Hazen-Williams coefficient is 130. The
hydraulic information pertinent to this network is illustrated in
Tables 1 and 2 [31].

(3) key

Supply node
[5]

Load node

Pipe number

Node number
[1] 91

—— ipc

[12]

9) (8)

Fig. 1 The layout of the case study network |

Table 1. Pipe parameters for the case study network |

Pipe Start End Length Diameter
ID Node Node (m) (mm)
1 1 2 1000 250
2 2 3 1000 175
3 1 4 1000 250
4 2 5 1000 145
5 3 6 1000 115
6 4 5 1000 145
7 5 6 1000 100
8 4 7 1000 175
9 5 8 1000 100
10 6 9 1000 100
11 7 8 1000 115
12 8 9 1000 100

Table 2. Node parameters for the case study network |

Node ID Elevation (m) Demand (I/s)
1 100 208.1
2 30 20.8
3 30 20.8
4 30 20.8
5 30 20.8
6 30 20.8
7 30 20.8
8 30 20.8
9 30 62.5
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Figure 2 shows the variability of the pressure head at the
nodes during the 24-hour observation period. This analysis
was conducted for nodes 1 to 4 (Figure 2(a)) and nodes 5 to 9
(Figure 2(b)). As can be observed in Figure 2(a), the pressure
head at node 3 changes greatly between 25 m and 88 m, with
a wide difference of 63 m within 24 hours. The variations of
the pressure through nodes 2 and 4 are small compared to those
of node 3, while node 1 is observed to be the same throughout
the period. This is expected as node 1 represents the supply
node with a fixed head. Aside from the supply node, nodes 5
and 7 (Figure 2(b)) experienced the least pressure variation
during the 24-hour period. In Figure 2(a), node 3 experiences
the lowest pressure throughout the 24-hour observation period,
with the least occurring at 19 hours, while the maximum
pressure occurs between 1 and 3 a.m. This same trend is
observed for nodes 2 and 4. In Figure 2(b), the pressure head
profile through node 9 exhibits a similar trend to that of node
3. However, in most of the periods, node 9 becomes pressure
deficient. Aside from 1, 3, 4, and 5 hours, the rest of the period
indicates a pressure-deficient condition for node 9, as seen
with the negative pressure values. During this condition, the

110 T T T T

pressure becomes insufficient to supply the necessary demand
at this node. The flow at this node during these periods is
expected to be extremely low. As can be seen in Figure 3, this
node experiences the lowest leak flow during these periods.
Nodes 5 and 7 (Figure 2(b)) also had no pressure-deficient
conditions for the entire 24-hour observation period. For all
the nodes, the pressure is observed to be nearly constant
between 3 a.m. and 5 a.m. Figure 3 shows the leak flow
through the node during the 24-hour observation period for
case study network I. The flow variation with time through
node 1 is almost linear, while the flow rate through nodes 3, 2,
and 4 varies greatly with time. Similar to the results presented
in Figure 2, the time changes greatly affect the leak flow
through node 3. Nodes 2 and 4 have the highest leak flow, with
the least leak discharge occurring at 7 a.m. and 7 p.m. The
same is observed for nodes 3 and 1. In Figure 3(b), node 9 has
the least leak flow. Within 24 hours, the leak flow through
node 9 is zero during most of the observation period (about 18
hours), while it has maximum leak flow between 3 a.m. and 5
a.m. Node 5 has the highest leak flow, which occurs most of
the time.
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Fig. 3 Nodal leak flow for network | through (a) Nodes 1 to 4 and (b) Nodes 5 to 9
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Nevertheless, the occurrence of its minimum leak flow
was observed at 7a.m., 6 p.m., 7 p.m., and 8 p.m., respectively.
Among these nodes, node 5 is the most sensitive node, as the
leak flow variation with time through this node is the most
significant. It also had the highest leak flow during most of the
24-hour observation.

Figure 4 presents the leak flow through the pipe during
the 24-hour observation period for the case study network I. It
is observed that the leak flow through pipes 5, 7, 9, 10, 11 and
12 is greatly affected by the time variation. Even though pipes
1 and 3 have the highest leak flow rate, the leak flow rate
variations due to these pipes are the least sensitive to time
changes. Furthermore, some of the pipes had no leakage for a
brief period. For example, pipes 10 and 12 (Figure 4(d))
experience zero leakage during the majority of the 24-hour
observation period, while pipes 5 (Figure 4(b)) have zero

leakage for a short period. Figure 5 shows the profile of the
average pressure head through the pipe during the 24-hour
period for the case study network I.

Similar to the findings in Figure 4, average pressures in
pipes 1 and 3 (Figure 5(a)) are the least sensitive to time
variation, whereas average pressures in pipes 5, 7, 9, 10, 11,
and 12 are greatly affected by time variation. Also, pipes 1 and
3 have the highest pressure. This pressure is sufficient to
produce a higher leak flow rate in these pipes, as observed in
Figure 4(a). Only pipes 10 and 12 (Figure 5(d)) had the lowest
pressure during the 24-hour period. Some of these pipes, such
as pipe 5 (Figure 5(b)), pipes 7 and 9 (Figure 5(c)), and pipes
10, 11, and 12 (Figure 5(d)), had zero pressure within some
periods of observation. This accounts for the reason why the
leak flow through them is zero during these periods.
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Fig. 6 Case study water network Il used for the numerical examples
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3.2. Case Study Network 11

Figure 6 shows the topology of the water network Il used
for the investigation. The authors in [32] previously used this
network for state estimation in the WDNSs. It is a real WDN in
a particular zone in a small municipality in southern India. As
may be observed in Figure 6, the network has 46 nodes, out of
which 1 is a fixed-head node (represented by a reservoir) and
45 junction nodes. The fixed-head node (node 1) and the
junction nodes (which index from node 2 to node 46) are
interconnected by a series of pipes of varying lengths and
diameters between 25 m and 300 m and 80 mm and 300 mm,
respectively. The base demand at the junction nodes varies
between 0.19 I/s and 12.4 I/s. Hazen-William’s model is used
for the head loss estimation. The Hazen-William’s coefficient
for all the pipes is equal to 120. The water level in the reservoir
at node 1 (the fixed-head node) equals 14 m. The elevation at
all other nodes (that is, the junction nodes) is taken as zero.
The hydraulic data relevant to this network can be found in
[21, 32]. For this network, the leak flow and pressure through
the critical pipes and nodes reported in [21] are analyzed over
the 24-hour observation period. Figure 7 shows the leak flow
through the pipe during the 24-hour observation period for
case study network Il. It is observed that the leak flow through
pipes 13 and 40 (Figure 7(a)) and 57, 58, 60, and 71 (Figure
7(b)) is very sensitive to time variation, changing significantly
over 24 hours, whereas the leak flow through pipe 53 is the
least sensitive to this variation. Also, the leak flow is almost
constant during some parts of the observation time. This is
observed between 1 a.m. and 5 a.m. for all the pipes. Figure
7(a) shows that the leak flow through pipe 13 is relatively
higher than that of pipes 51 and 53 for some periods (between
1 am. and 5 a.m.), while it is relatively lower for the rest of
the period. The leak flow through the pipes analyzed in Figure
7(b) exhibits a somewhat similar trend. Figure 8 presents the
profile of the average pressure head through the pipe during
the 24-hour observation period for the case study network Il.
Similarly to the results shown in Figure 7, the pressure in pipes
13 and 40 (Figure 8(a)) is very sensitive to time variation,
changing significantly over a 24-hour period, whereas the
pressure through the pipes in Figure 8(b) is less sensitive to
this variation.

Also, the pressure is almost constant during some parts of
the observation time between 1 a.m. and 5 a.m. for all the
pipes. Pipes 57, 58, 60, and 71 (Figure 8(b)) are also observed
to have higher pressure than some of the pipes in Figure 8(a).
Also, the pressure through the pipes exhibits a similar trend
throughout the observation period. Figure 9 shows the
variability of the pressure head at the nodes during 24 hours
for the case study network Il. This analysis was conducted for
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4. Conclusion

Water loss from leaking pipes in water piping systems is
a major issue for water utilities globally. The problem
becomes more frustrating when a leak occurs at multiple
locations along a single pipe in the system. Nevertheless,
studies on leak detection due to background loss are available,
focusing on single-period situations where the base demand is
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approach to leak estimation due to background loss. The
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water distribution systems. This allows the analysis of water
losses during both peak and off-peak water demand periods.
The analysis was conducted on some WDNs adapted from
real-life networks. The model is simulated, and leak flow and
pressure head are observed within 24 hours of simulation. The
variations in leakage as well as pressure are investigated. The
results show that during the observation periods, some of the
flow and pressure in some of the pipes and nodes were very
sensitive to time changes, with a wide variation. The analysis
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