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analysis of a sub-network connected with a large existing pipe network
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aDepartment of Electrical Engineering, Indian Institute of Technology Madras, Chennai, India; bDepartment of Civil Engineering, Indian Institute of 
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ABSTRACT
An existing water distribution network (WDN) may need to be expanded by adding a sub-network for the 
newly developed areas. The size of the problem becomes larger when the stochastic nature of domestic 
demands, optimal design and layouts, control, and operation of various hydraulic components are 
considered. In this study, the single-port Thevenin theorem used in electrical circuits is applied to reduce 
a large WDN with its equivalent network consisting of a single source and a single pipe. The equivalent 
network is then attached to a sub-network for focused analysis. The accuracy and robustness of the 
proposed network reduction procedure are investigated on realistic WDNs for various sub-network 
demands using steady and extended period simulations. A simplified approach is also presented to 
achieve the same objective but constrained by the level of accuracy. Hydraulic engineers can use the 
proposed methodology as an efficient network reduction tool.
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Introduction

The urban population is reported to increase by 185% by 2030 
from circa 2000 (Seto, Güneralp, and Hutyra 2012) mainly due 
to migration. This increasing trend in population migration 
leads to the rapid expansion of cities all over the world. 
Providing water and maintaining water security in the expand-
ing cities are quite challenging and expensive tasks (Allan, 
Kenway, and Head 2018). It may be required to expand the 
existing water distribution network (WDN) to the newly devel-
oped areas to meet extra water demand. However, it is costly to 
replace a large part of the existing WDN with a new system to 
cater to the additional demand of the expanded city limits. 
Swamee and Sharma (1990) reported that WDNs are, in general, 
designed for a pre-decided time span called the design period 
(that varies from 20 to 40 years), but the working life of pipe-
lines can vary from 60 to 120 years. Swamee and Sharma (2008) 
suggested that reorganizing the existing WDN for the increased 
demand is an economical solution if the maximum size of the 
newly connected area is less than 20–25% of the existing WDN. 
Sometimes, depending upon the ground condition, reorgani-
zation might avoid modification of the existing WDN, but only 
involve the connection of a sub-network at a predetermined 
node of the existing pipe links. In this context, analysis of the 
sub-network for reliability and optimal design can become 
time-consuming, especially when the sub-network is con-
nected to a large existing WDN. Under this circumstance, 
a pipe network analysis tool that focuses primarily on the sub- 
network can be handy for hydraulic engineers without invest-
ing much computation time in the already designed main 
network.

Agrawal, Gupta, and Bhave (2007) proposed a method for 
the reliability-based strengthening and expansion of WDNs 

based on the marginal capacity factor ratio to the marginal 
increase in cost. Todini (2000) developed multi-objective 
based approaches to design expansion and rehabilitation of 
an existing WDN. Neelakantan et al. (2014) proposed 
a simulation-optimization model for cost-effective upgrade 
and expansion of existing WDNs. It should be noted that in 
the analysis of all the above WDN expansion related studies, the 
large existing networks along with the sub-network for the 
expanded area were repeatedly simulated using hydraulic 
models, resulting in a high computational burden. Moreover, 
the computation time will further increase if the sub-network 
were to be designed for stochastic demands in the expanded 
area.

In network design approaches, the total demand in a WDN is 
assumed to be deterministic, while in reality, the total demand 
at a location is variable in terms of both daily and seasonal 
fluctuations. Gargano et al. (2016) proposed the Overall Pulse 
(OP) model, which allows the overall domestic demand gen-
eration as displayed at the house water meter. Brentan et al. 
(2018) proposed different methods to generate synthetic time 
series of water demand from observed data. Nodal demand 
and pressure can also change due to deterioration of flow 
capacity caused by the aging of pipes (Piller and Brémond 
2002; Alcocer-Yamanaka, Tzatchkov, and Arreguin-Cortes 
2012). Babayan et al. (2005) argued that a network might not 
deliver dependable service if the design does not consider 
fluctuations in some or all of the design parameters (e.g. 
nodal demands, pipe roughness, etc.). Thus, the design pro-
blems become more stochastic (Yang et al. 1996; Ostfeld 2004) 
than deterministic in nature. When demands vary with time, 
extended period simulations need to be performed to under-
stand the system’s dynamic behaviour (Filion and Karney 2002; 

CONTACT Soumendra Nath Kuiry snkuiry@iitm.ac.in

URBAN WATER JOURNAL                                  
2021, VOL. 18, NO. 9, 681–698 
https://doi.org/10.1080/1573062X.2021.1925705

© 2021 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0001-6365-6849
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/1573062X.2021.1925705&domain=pdf&date_stamp=2021-11-26


Tabesh, Tanyimboh, and Burrows 2004). Once a stochastic 
model of daily water demand is presented (Alvisi, Franchini, 
and Marinelli 2003; Alcocer-Yamanaka, Tzatchkov, and 
Buchberger 2008), a multi-objective approach (Giustolisi, 
Laucelli, and Colombo 2009) is then required for designing 
the WDN considering both nodal demands and pipe diameters 
as uncertain variables. A technique for stochastic analysis of 
WDN was developed by Nel (1993) and was then improved by 
Haarhoff and Van Zyl (2002). The method was further improved 
by incorporating an extended period analysis technique in 
EPANET (Rossman 2000) hydraulic engine. However, the com-
putation time increases nonlinearly when the same network is 
solved repeatedly for stochastic demands, control and opera-
tion of various components and optimal design (Kapelan, Savic, 
and Walters 2005; Giustolisi, Laucelli, and Colombo 2009). It was 
reported (Deuerlein 2008; Broad, Maier, and Dandy 2010; 
Martínez-Alzamora, Ulanicki, and Salomons 2014) that the 
requirement of sufficient computation time was hindering the 
progress in developing optimization methods for a WDN. In this 
context, an efficient network reduction method can signifi-
cantly reduce the overall computation time without compro-
mising the network system’s actual hydraulics.

The network reduction methods can help in reducing the 
size of the prototype network by preserving the nonlinearity of 
the original network and approximating the operation accu-
rately under various conditions. Jung, Boulos, and Wood (2007) 
derived formulae for calculating equivalent diameter for series 
and parallel pipes based on the Hazen-Williams head loss equa-
tion. To overcome the limitations in Jung, Boulos, and Wood 
(2007), a parameter-fitting approach was proposed (Anderson 
and Al-Jamal 1995) using nonlinear programming. This 
approach generates multiple solutions – a simplified network 
can be arranged in many ways, even with only four or five 
nodes. The hydraulic solutions for the sub-network thus 
depend on the choice of the topology of the simplified net-
work. As a result, the solution is found to be not unique. Later, 
several network simplification methods were proposed, such as 
skeletonization (Walski et al. 2003; Saldarriaga et al. 2008), 
decomposition (Deuerlein 2008), ANN-based metamodels 
(Rao and Alvarruiz 2007; Broad, Maier, and Dandy 2010), and 
variables elimination (Ulanicki, Zehnpfund, and Martinez 1996). 
The application of skeletonization is limited because the 
method is focused only on pipe removal and hence suitable 
only for looped pipe networks. In recent years, ANN is used in 
WDNs for pressure management, leakage analysis, and water 
quality modeling (Mosetlhe et al. 2018). The ANN-based net-
work models (Rao and Alvarruiz 2007; Broad, Maier, and Dandy 
2010) are not suitable for network analysis, especially for net-
work optimization due to time-demanding training processes. 
In addition, a small change in the network demands repetition 
of the entire training process. Clustering is another network 
reduction process, which partitions a set of objects into subsets 
of similar properties. The simplified system graph through 
clustering provides better visualization, relatively easy analysis, 
and application of appropriate solution techniques (Perelman 
and Ostfeld 2011). Several graph-theoretic techniques were 
used recently to speed up the decomposition process. In the 
reformulated co-trees method (RCTM) (Elhay et al. 2014), the 
incidence matrix is manipulated into trapezoidal form, in which 

the lower triangular block at the top represents a spanning tree 
and the rectangular block below it represents the correspond-
ing co-tree. Whereas, in the forest-core partitioning algorithm 
(FCPA) (Simpson, Elhay, and Alexander 2014), the linear treed 
part of the network (the forest) from the nonlinear looped part 
(the core) is separated by inspecting the incidence matrix. The 
linear and nonlinear parts of the problem are solved separately 
by linear and nonlinear methods, respectively. Qiu et al. (2019) 
compared the performance of the above two methods with the 
most widely used global gradient algorithm (GGA) (Todini and 
Pilati 1988), which analyses a WDN using the nonlinear system 
of equations. However, this method involves several steps in 
the decomposition of the network to obtain a block graph and 
the re-modelling of the existing network cannot be avoided. 
Martínez-Alzamora, Ulanicki, and Salomons (2014) proposed 
a reduction method for large networks by linearizing the non-
linear model at an operating point and eliminating variables at 
some nodes from the linear system. An approximate nonlinear 
model is then recovered from the reduced linear model for 
computing the hydraulic variables. In this method, the demand 
at an eliminated node is redistributed among other nodes 
connected to the eliminated node, which may introduce 
some error. It is also impossible to eliminate certain non- 
demand junctions, which are connected to tanks, reservoirs, 
and pumps. In addition, this method requires several iterations 
to derive the reduced network and a separate matrix reduction 
algorithm to efficiently use the Gaussian elimination procedure.

All the network reduction methods described above consider 
the entire WDN even when an existing WDN is expanded by 
adding a sub-network with the size of 20–30% of the existing 
WDN. Ideally, the existing WDN should not add unnecessary 
computational burden while the focus is primarily on the optimal 
design of the sub-network. Under this circumstance, a network 
reduction method, which reduces the existing WDN without its 
operation may be useful for focused analysis of the sub-network. 
Such a network reduction method is quite popular in electrical 
circuits. However, the similarity between an electrical circuit and 
a pipe network has not been exploited so far. Circuit theories are 
frequently used in biology for modeling and analysing problems, 
such as a heart pump model based on a phenomenological 
characterization of hemodynamics using an electrical analog 
circuit (Mossa 2008). Oh et al. (2012) reviewed the application 
of electric circuit methods for the analysis of pressure-driven 
microfluidic networks with an emphasis on concentration- and 
flow-dependent systems. Liu and Hodges (2014) developed 
a software tool called Simulation Program for River Networks 
(SPRINT) using microprocessor analysis methods for studying 
Continental River Dynamics.

Only a few preliminary but notable studies are available on the 
application of circuit theories to analyse pipe network flow (McIlroy 
1950; Stephenson and Eaton 1954). Thevenin published a series of 
studies on electric networks (Thevenin 1883a, 1883b, 1883c, 
1883d, 1883e). The studies prove that any linear two-terminal 
network can be replaced with its equivalent having a single source 
and a single resistor. Today, Thevenin theorem (Johnson 2003) 
serves as a handy tool for the circuit designers to perform 
a focused analysis on a particular portion of a circuit by replacing 
the whole complicated network with a simple equivalent circuit 
consisting of only a single source connected with an equivalent 
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resistance (or impedance if reactive elements are present) 
(Alexander and Sadiku 2000). Hence, the Thevenin theorem can 
potentially be used to reduce a large, complicated pipe network 
with a source (i.e. a reservoir) and a resistor (i.e. an equivalent pipe 
friction) for focused analysis of a particular segment of a large 
WDN, for example, a sub-network for an expanded area.

In this study, the authors, for the first time, demonstrate the 
use of the Thevenin theorem to simplify sizable hydraulic pipe 
networks. The theorem is used to reduce a large pipe network 
to a simple system consisting of an equivalent pipe connected 
in series with a single supply source, i.e. a reservoir, and thus 
achieves significant computational efficiency. The adoption of 
the theory from an electrical circuit to a hydraulic pipe network 
is explained in detail. In the absence of an equivalent tool in the 
hydraulic domain, an electrical circuit simulator called LTspice 
(Brocard 2013) is also used for finding the Thevenin equivalent 
voltage and equivalent resistance of the analogous linear elec-
trical circuit corresponding to the original pipe network. The 
equivalent pipe with an equivalent reservoir head represents 
the reduced network of the existing WDN. The reduced net-
work is then attached to a sub-network planned for expansion 
through a single pipe, and the integral system is solved in 
EPANET (Rossman 2000) for various demand scenarios. The 
stochastic demands in the sub-network are accounted for 
through extended period simulations. The results obtained 
from the equivalent system are compared with the solutions 
of the original network. Inspired by the adoption of the 
Thevenin theorem to hydraulic networks, a simplified approach 
is also presented using the system curve so that one can avoid 
extra steps for obtaining the Thevenin equivalent network, 
albeit compromising the accuracy to some extent. It is 
expected that the proposed network reduction method can 
be a rapid assessment tool for hydraulic engineers.

Methodology

Concept of network equivalence

According to the electrical circuit theory (Van Valkenburg 1974), 
two networks are said to be equivalent if they produce the same 
sets of node potentials and branch currents in an arbitrary net-
work when connected independently. Here, the authors attempt 
to elaborate on this idea of equivalence in terms of pipe net-
works using Figure 1. Let A and B represent two different net-
works connected independently to an arbitrary test network 
C having p number of nodes and m number of pipes (Figure 1). 
Assume that QiA; i= 1, 2, . . ., m are the resulting flows through the 
pipes and HkA; k= 1, 2, . . ., p are the heads at the nodes in the 
arbitrary test network C, when it is connected to the network A, 
and similarly, QiB and HkB are the flows and heads in the network 
C, when it is connected to the network B, respectively. Then 
network A is said to be equivalent to network B, or these two 
networks are interchangeable, if and only if QiA = QiB and HkA  

= HkB for all i and k. It should be noted that though these 
equivalent networks (A and B) produce the same sets of heads 
and flows in the test network C, the networks A and B can have 
different topologies. Therefore, any network can have multiple 
equivalent networks.

Thevenin theorem and reduction of a pipe network

One can replace an arbitrarily complex but linear two-terminal 
electrical network using the Thevenin theorem (Alexander and 
Sadiku 2000) with an equivalent network consisting of a voltage 
source VTh (Thevenin voltage source) in series with a resistor RTh 

(Thevenin resistance). VTh is equal to the open-circuit voltage 
between the two terminals, and RTh is the equivalent resistance 
when all the independent sources in the network are turned off. 
RTh is equal to the ratio of VTh and short-circuit current (Isc) 
(Alexander and Sadiku 2000). VTh is the voltage measured across 
the open terminal of the circuit, and Isc is the current measured in 
between the terminals when they are short-circuited. Analogously, 
a complex pipe network with any number of hydraulic elements 
can be replaced by an equivalent source with the reservoir head 
Heq connected in series with an equivalent pipe of resistance Keq 

using the Thevenin theorem. The Heq is nothing but the piezo-
metric head at the connecting node between the two networks 
when the demand is made zero at that particular node. Similarly, 
Keq of the hydraulic network with respect to the connecting node 
can be obtained by keeping all independent sources like reser-
voirs, pumps, etc. and all nodal demands in the network inactive. 
In order to find Keq, one needs to estimate the maximum possible 
flow (Qsc) through the earmarked node (Nc) when it is open to the 
atmosphere, which is analogous to the short-circuit current Isc in 
the electrical circuit.

However, the application of the Thevenin theorem to the 
pipe network system is not straightforward since the 
hydraulic network is not a linear system. Unlike in the 

Figure 1. Elaboration of the concept of equivalence: (a) network A connected 
with arbitrary test network C; and (b) network B connected with arbitrary test 
network C.
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electrical circuits, where a linear relationship R= V/I 
(Alexander and Sadiku 2000) is valid, the hydraulic network 
follows a nonlinear relationship K= H/Qn, in which n depends 
on the adopted head loss formula with n> 1. Therefore, the 
application of the Thevenin theorem to hydraulic network 
systems demands linearization of the network with any 
existing linearization methods (e.g. Martínez-Alzamora, 
Ulanicki, and Salomons 2014). The proposed methodology 
is broadly divided into four steps as discussed below.

Step-1: Inspection of the main network to estimate the 
maximum allowable demand through a node earmarked 
as the connecting node for network expansion.
Step-2: Linearization of the main network and application 
of the Thevenin theorem for network simplification.
Step-3: Calculation of parameters for the Thevenin equiva-
lent hydraulic network.
Step-4: Replacement of the existing main network by the 
Thevenin equivalent hydraulic network and testing the 
sub-network for various demand patterns.

As discussed, a large pipe network can be reduced to 
a simple equivalent network consisting of a single reservoir 
with a head of Heq and an equivalent pipe with a resistance of 
Keq provided one can apply the Thevenin theorem appropri-
ately. Once this is done, the size of the hydraulic network is 
reduced significantly. A flowchart is provided in Figure 2 in 
order to explain the workflow of network simplification by the 
Thevenin theorem. A detailed description of the above four- 
steps is provided below.

Step-1: Inspection of the main network to estimate the 
maximum allowable demand through a node earmarked 
as the connecting node for a network expansion

The connecting node in the main network is first identified for 
expansion of the existing network to serve a new area through 
a sub-network. In general, the node near the sub-network and 
having a surplus head is selected as the connecting node. This 
choice does not limit the proposed WDN expansion strategy since 
this node can be variable and similar analysis can be performed for 
other nodes. The main network is simulated under varying 
demands (Qcn) through the chosen connecting node, and the 
head values at all the nodes of the main network are computed. 
Nodal head values are expected to reduce with increasing Qcn. In 
case any of the nodal heads reaches the minimum allowable head 
value (Hmin), the demand through the connecting node is noted 
and marked as the maximum possible demand (Qmax) for a sub- 
network to be connected through that connecting node. In the 
same way, a constraint on supply, pump capacities, and flow 
velocity through the pipes of the main network can be set for 
estimating the maximum allowable demand that can be met 
through the connecting node. Note that such a rigorous study 
needs to be carried out only once for each possible node that can 
be a potential connecting node between the main and the sub- 
networks. However, it is expected that WDN expansion in 
a particular area happens through a particular node of an existing 
main network. If the total demand of the upcoming sub-network 
is less than or equal to Qmax, it will be possible to expand the main 
network through the connecting node without affecting the 
allowable head at any node (or flow through any pipe or both 
heads and flows) in the main network. Thus, Qmax ensures that the 

operation of the main network will not be affected due to expan-
sion, and the main network needs no major reorganization for its 
hydraulic elements. Once this condition is met, one can go to 
step-2.

Step-2: Linearization of the main network and application 
of Thevenin theorem for network simplification

Prior to the application of the Thevenin theorem to an 
existing WDN, it has to undergo a linearization process. The 
linearization can be achieved using any standard approach 
(e.g. Martínez-Alzamora, Ulanicki, and Salomons 2014). In 
this study, a simple linearization method is adopted to 
demonstrate the proposed network simplification method. 
The main WDN is implemented in EPANET and simulated at 
a fixed operating point Qop. If the main network is linearized 
at Qop ¼ Qmax=2, the sub-network can be analysed for 
a wide range of demand variations without compromising 
the overall accuracy due to linearization. In this process, all 
the nodal heads Hi and pipe flows Qij (between the nodes 
i and j) in the main network are noted for the operating 
demand Qmax=2 through the connecting node. The equiva-
lent linear resistance of each pipe is obtained as 
Rij ¼ ðHi � HjÞ=Qij. However, the linearization of the main 
network can also be done for Qop = Qds, in which Qds is 
the estimated demand in the sub-network. Similar to the 
EPANET source file, an electrical circuit source file is gener-
ated using these equivalent resistors following the analogy 
between electrical and hydraulic networks (McIlroy 1950) to 
obtain the open-circuit potential VTh and short-circuit cur-
rent Isc flowing through the connecting node and the 
ground. For this purpose, an electrical circuit simulator 
LTspice (Brocard 2013) is used. It should be noted that 
LTspice is required at this stage because such a tool is not 
available in the domain of hydraulics. The future implemen-
tation of a similar tool in a hydraulic simulator can widen 
the scope of the application of circuit theories to solve 
hydraulic problems.

Step-3: Calculation of the parameters for the Thevenin 
equivalent hydraulic network

The parameters for the Thevenin equivalent hydraulic network 
are obtained in this step. Note that already VTh and Isc are available 
in step-2. Again, by using the analogy Heq = VTh, Keq of the equiva-
lent pipe is calculated as Keq ¼ VTh=½Isc � ðQopÞ

n� 1
�. The estima-

tion of equivalent head of the reservoir and equivalent resistance 
of the main network for network reduction is the important con-
tribution of this study. One can now easily calculate the diameter 
or length of the equivalent pipe of the Thevenin equivalent 
hydraulic network using the chosen head loss formula. For exam-
ple, the length of the equivalent pipe can be calculated as Leq = (Keq 

CHW
1.852 D4.87)/10.67 by assuming the value of the Hazen-William’s 

coefficient CHW for a given pipe diameter D (Larock, Jeppson, and 
Watters 1999).

Step-4: Replacement of the existing main network by the 
Thevenin equivalent hydraulic network and testing the sub- 
network for various demand patterns

Finally, the sub-network is connected with the Thevenin 
equivalent hydraulic network at the connecting node. The sub- 
network connected with the Thevenin network is now simulated 
in EPANET for various sub-network demand patterns. The sub- 
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network can also be tested for various pipe configurations or 
layouts as long as the total demand in the sub-network is within 
Qmax.

Results and discussion

The proposed network reduction method using the Thevenin 
theorem is examined by solving a small and a relatively large 
WDN when connected with a sub-network to analyse network 
expansion problem. It is important to note here that the same 

concept can be applied to analyse a large existing network for 
changes in demand, layout, pipe configuration, etc. in 
a particular portion, i.e. a sub-network. In the following applica-
tions, the WDNs are first tested for different demands using 
steady state solution method. Second, the WDNs are again 
tested using extended period simulations. The results of the 
reduced networks are compared with the solutions of the full 
networks. It may appear that the implementation of the pro-
posed methodology is not straightforward due to the use of 
hydraulic and circuit simulators. Under this circumstance, 

Figure 2. Flow chart for the proposed methodology.
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a simplified approach derived from understanding the 
Thevenin theorem can help hydraulic engineers solve similar 
problems, but the associated error needs to be examined. For 
this purpose, a system curve at the connecting node is pre-
pared by varying demands at the connecting node and obser-
ving the corresponding heads. In the first step, the head Hnd at 
the connecting node is obtained by simulating only the main 
network for zero sub-network demand. This calculation of head 
loss is originated from the idea of Thevenin equivalent head, 
which is Hnd in this case. Then, head loss HL in the main network 
for a total sub-network demand at a given instant is calculated 
by subtracting the computed head for that sub-network 
demand from the head Hnd calculated in the previous step. 
The system resistance is now calculated using the formula 
K = HL/Qds

n. For the extended period simulations, an equivalent 
system resistance (Keq) is calculated for the entire simulation 
period. If twenty-four different demands (each for every hour 
interval) are specified for a full day, we obtain twenty-four 
different K values. Subsequently, using the least square fit 
over the twenty-four different K values, we obtain the equiva-
lent resistance (Keq). If the diameter and Hazen-Williams coeffi-
cient of the equivalent pipe are fixed as Deq and CHW, then to 
satisfy Keq, the length of the equivalent pipe must be Leq. 
Therefore, an equivalent network for the main network can 
thus be obtained by setting Heq = Hnd (inspired by the 
Thevenin theorem) and using the equivalent parameters as 
calculated above. The equivalent network can now be con-
nected with the sub-network for focussed analysis. Although 
the simplified approach presented above can avoid the linear-
ization step outlined in Figure 2, it introduces relatively large 
errors compared to that obtained from the proposed network 
reduction method as discussed in the following application. 
However, such errors may be acceptable for analysis consider-
ing the associated uncertainties in the design steps of a WDN. 
The computation times for all the applications presented below 
are run for one thousand times and the average values are 
reported herein for comparison.

Application of the proposed network reduction method to 
a realistic WDN (step-by-step implementation)

To demonstrate the application of the circuit theory men-
tioned above to the hydraulic pipe network system, 
a particular zone of a WDN (Figure 3) in a small city in 
Southern India is considered here. The details of the network 
can be found in Kumar, Narasimhan, and Bhallamudi (2008). 
The hydraulic network consists of 71 pipes, one reservoir, and 
45 demand nodes. The length (L), diameter (D) and other 
details of the pipes are obtained from the cited reference. 
However, in the present study, the pipe P45 (represented by 
a thick dashed line in Figure 3) between the nodes N34 and 
N36 is removed to demonstrate the application of the single- 
port Thevenin theorem. The network is divided into main 
(dashed part) and sub-network (dotted part) as marked in 
Figure 3. The main upstream network has 63 pipes, one reser-
voir, and 40 demand nodes and the sub-network has 7 pipes 
and 5 demand nodes (Figure 3). After replacing the main 
network with its Thevenin equivalent hydraulic network, the 

original network shown in Figure 3 is reduced as shown in 
Figure 4. The freely available pipe flow simulator EPANET 
version 2.0 (Rossman 2000) and the circuit simulator LTspice 
(Brocard 2013) are used, respectively, for the hydraulic and 
circuit simulations.

Step-1: Inspection of the main network to estimate the 
maximum allowable demand through a node earmarked 
as the connecting node for network expansion

The node N15 of the main network is identified as the connect-
ing node between the main and sub-networks. The demand at this 
node is varied from 0 m3/s to 28 × 10−3 m3/s with the step size of 
4 × 10−3 m3/s. For all these demands, the heads at all the nodes of 
the main network are compared with the minimum required head; 
for example, in this case Hmin is set at 7 m to serve single-storey 
buildings (CPHEEO 1999). From Figure 5(a), it is evident that N14 is 
first going below 7 m. So, this is the most sensitive node in the 
main network for variations in the sub-network demand. For find-
ing the maximum possible sub-network demand (Qmax), the varia-
tion in head at N14 for increasing connecting node demand and 
Hmin line are plotted in Figure 5(b). The demand at which the Hmin 

line touches the head variation curve is marked as the Qmax and is 
found to be 26 × 10−3 m3/s. Therefore, the main network can meet 
an extra demand of 26 × 10−3 m3/s through the connecting node 
without affecting its operation.

Step-2: Linearization of the main network and application 
of the Thevenin theorem for network simplification

The operating demand for the sub-network is calculated as 
Qop ¼ Qmax=2 ¼ 13� 10� 3 m3/s. As described before, the linear-
ization process is implemented for the main upstream network by 
disconnecting the sub-network at node N15, where the total 
demand of the sub-network (Qop) is also assigned. The linear 
resistance values of the pipes are then calculated as shown in 
Table 1 from the EPANET simulations of the main network. 
Subsequently, by using the analogy between the electrical and 
hydraulic networks, an LTspice netlist is prepared as shown in 
Figure 6. This netlist is used for finding VTh and Isc at the node 
N15. The open circuit voltage is obtained by analyzing the circuit 
after opening the node N15, ensuring a zero-current flow, which is 
similar to zero sub-network demand. The short circuit current is 
obtained by simulating the netlist after adding the element R39 
(through which the connecting node N15 shorted to the ground). 
By simulating the netlist appropriately, the open circuit voltage 
and the short-circuit current are obtained as VTh = 11.67 V and Isc 

= 0.152 A, respectively.
Step-3: Calculation of the parameters for the Thevenin 
equivalent hydraulic network

For the operating sub-network demand Qop ¼ Qmax=2, the 
Thevenin equivalent reservoir head is calculated as Heq = VTh 

= 11.67 m. The Thevenin equivalent pipe resistance is calculated 
as Keq = 11.67/[0.152×(0.013)0.852] = 3105.61. Now, the main net-
work can be replaced with its Thevenin equivalent consisting of 
a single source reservoir with the equivalent head of 11.67 m 
connected in series with an equivalent pipe having Keq = 3105.61. 
For simulations in EPANET, Hazen-William’s coefficient CHW = 120 
and equivalent diameter Deq = 0.1 m are considered (Kumar, 
Narasimhan, and Bhallamudi 2008), and Leq = 27.84 m is calcu-
lated from the estimated Keq using the same head loss formula.
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Step-4: Replacement of the main network by the Thevenin 
equivalent hydraulic network and testing the sub-network 
for various demand patterns

The Thevenin equivalent network is now connected with 
the sub-network to analyze the sub-network under various 
possible demands (Figure 4). The variations in demand can 
be a set of deterministic demands over a typical period, 
such as a 24-hour day or daily average or peak demands 
or highly stochastic in domestic consumption (Alcocer- 
Yamanaka, Tzatchkov, and Arreguin-Cortes 2012). The con-
sideration of variations in demand is a more realistic 
approach for the design and reliability analysis of a water 
supply system. Therefore, the authors want to evaluate both 
the accuracy and efficiency of the reduced Thevenin pipe 
network (Figure 4) for various demands by comparing it 
with the reference solutions. The reference solutions are 
obtained by solving the original full network (Figure 3) 
using EPANET.

Evaluation of Thevenin equivalent hydraulic network for 
steady state simulations

The reduced network and the full network are now simulated 
in EPANET for all the base demands, as shown in Table 2. The 
base demand is the average or nominal demand by the main 
category of consumers at a junction. After simulating both 
the networks shown in Figures 3 and Figure 4, the discharges 
in different pipes of the sub-network are compared, and it is 
found that the flows in the pipes of the sub-network, when it 
is connected to the Thevenin equivalent network are the 
same ( ΔQj j ¼ 0 m3/s) with those, when it is connected to 
the main upstream network. The resulting percentage errors 
in the head values of the reduced network are shown in 
Figure 7. Since the upstream network is linearized at 
Qop ¼ Qmax=2, the results of the reduced network exactly 
match with the full network at this operating point of 
Qmax=2. The reduced network yields a high level of accuracy 

Figure 3. The original pipe networks.
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with an error less than 2.5% for the other demand factors. 
The worst-case error is 4.7%, which occurs for a zero demand 
in the sub-network. These errors are obviously introduced 
due to the simple linearization of the nonlinear upstream 
main network for a specified demand (Qop) in the sub- 
network.

From the above discussions, it is clear that the results 
obtained from the Thevenin equivalent hydraulic network 
depends on the demand at which the main network is linear-
ized. If it is required to have zero error, the linearization of the 
main network needs to be done for the known demand in the 
sub-network, i.e. Qop = Qds, in which Qds is the total estimated 
demand in the sub-network. Otherwise, for example, for the 
analysis of stochastic demand and reliability, linearization of 
the main network at Qop ¼ Qmax=2 is the best option. Overall, it 
is observed that the results from the reduced network are in 
excellent agreement with the reference solutions.

The computation times for these two network configura-
tions are also investigated. It is observed that the network 
configuration in Figure 4 can be simulated two times faster 
than the network configuration in Figure 3 using EPANET. Such 
a reduction in computation time can be useful for focused 
analysis of a sub-network under various constraints such as 
stochastic demands, different layouts, pipe sizes, optimal 
design, etc. as long as the total demand in the sub-network is 
within Qmax and the main network is linearized at Qop.

Evaluation of Thevenin equivalent hydraulic network for 
extended period simulations

In case of WDN analysis, it is important to predict how a system 
will behave when subjected to different operating states, such 
as variations in demand over a typical period. A set of determi-
nistic and stochastic demands over a typical period of 6, 12, 24, 
or 48 hours are considered to assess the adequacy of pressures, 
flows, and velocities in the WDN through extended period or 
dynamic simulations (Filion and Karney 2002). Moreover, 
dynamic models are often used to make key planning, design 

and operation decisions such as sizing of pipes, reservoirs, and 
pumps in a system, timing of operation of pumps and devel-
oping control strategies to maintain an acceptable level of 
service (Rao and Bree 1977; Bhave 1991).

In this application, the same networks in Figures 3 and 
Figure 4 are considered for extended period simulations. 
Three demand patterns are generated with the demand factors 
as given in Table 3 for a time period of 24 hours. The hydraulic 
time step is considered as 1 hour and the reporting time step is 
fixed at 15 minutes. To evaluate the reduced hydraulic network, 
five different cases (Table 2) are considered for extended period 
simulations. In each case the Pattern 3 is assigned to all the 
main network nodes as base demands. The base demands and 
patterns at each sub-network node for different cases are given 
in Table 2.

Both the reduced and the main networks are found to be giving 
the same flow patterns with the same magnitudes (i.e. ΔQj j ¼ 0 
m3/s) in the sub-network for all the considered cases. The sub- 
network node N34 is found to have the maximum variation in head 
values for the changes in the sub-network demands. Therefore, 
N34 is chosen for further comparisons. Figure 8 compares the head 
values at N34 of the sub-network at different time periods for all 
the cases. From this figure it is evident that both the reduced and 
the main networks are producing the same head patterns with the 
same magnitudes at the operating demand of 13 lps. When the 
sub-network demand is other than the operating demand, both 
the networks produce the same head patterns but with small 
differences in magnitudes. The maximum and average percentage 
errors in head values at different sub-network nodes for different 
demand patterns are given in Table 4. This Table 4 shows that the 
maximum error for all the cases at different nodes is less than 5%, 
and the average error is less than 3%. Therefore, it can be con-
cluded that the proposed network reduction method can produce 
similar level of accuracy even for extended period simulations, 
which can help in analyzing stochastic demands and reliability of 
a network. The computation times for these two network config-
urations are also investigated. The proposed network reduction 
method is observed to be 1.5 times faster than the traditional 
extended period simulation of the full network.

Figure 4. Equivalent pipe network for the original network shown in Figure 3.
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Comparison of results obtained using the Thevenin 
equivalent hydraulic network and the system curve 
approach
In the system curve approach, the total sub-network demands 
for Case 1 (Table 2) at different time intervals are calculated as 
given in Table 5. The head values corresponding to the sub- 
network demands are measured and noted in Table 5 using the 
system curve shown in Figure 9. The head at the connecting 
node for zero sub-network demand is computed as Hnd 

= 12.25 m. The system resistance at each time interval is now 
calculated using the formula K = HL/Qds

n. Applying the least 
square technique over the twenty-four different K values 
obtained from the hourly demands in a day, the equivalent 
system resistance for the entire simulation period is estimated 

as Keq = 6263.5. If the diameter and Hazen-Williams coefficients 
of the equivalent pipe are fixed as Deq = 0.1 m and CHW = 120, 
then to satisfy Keq, the length of the equivalent pipe must be 
Leq = 56.92 m. The above calculations are required beforehand 
to use the EPANET simulator.

To test this simplified methodology, the main network is 
replaced with its equivalent consisting of a reservoir with the 
head Heq = Hnd = 12.25 m and an equivalent pipe having 
parameters obtained from the system curve. The base demands 
and patterns given in Table 2 are assigned in the sub-network 
nodes for extended period simulations. The corresponding 
heads at N34 are noted in Table 6. In the same table, the results 
obtained from this method are compared with the reference 
solutions and the results obtained using the proposed 

Figure 5. Finding the maximum possible sub-network demand: (a) heads at all nodes of main network for various connecting node demands; and (b) heads at N14 of 
main network for various demands at the connecting node.
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Thevenin equivalent network. From this comparison, it is evi-
dent that the Thevenin equivalent network provides more 
accurate results than that obtained from the system curve 
method. The difference in accuracy originates from the equiva-
lent reservoir heads of the reduced networks. The equivalent 
head for the system curve approach is different because this is 
the head at the connecting node for zero sub-network demand 
obtained without linearizing the main network. It needs to be 
stressed here that the Thevenin method is more generalized 

and the parameters depend only on the demand at which the 
existing network is linearized. Although the system curve 
method can avoid the linearization step involved in the 
Thevenin network reduction method, the parameter 
K requires calculation each time with the change in demand 
pattern even within a given range. On the other hand, in case of 
the proposed Thevenin equivalent network, the linearization 
and parameter calculation processes need not be repeated as 
long as the main network remains unaltered.

; Reservoir - DC voltage source
;  ID  Node    Ref. Node   Value (V)
   V N1 0    20  
; Demand - DC current source
; ID  Node    Ref. Node   Value (A)
I2 N2 0 0.00133  
I3 N3 0 0.00373  
I4 N4 0 0.00385  
I5 N5 0 0.00316  
I6 N6 0 0.00107  
I7 N7 0 0.00189  
I8 N8 0 0.00133  
I9 N9 0 0.00215  
I10 N10 0 0.00278  
I11 N11 0 0.00177  
I12 N12 0 0.00133  
I13 N13 0 0.0012 
I14 N14 0 0.00253  
I15 N15 0 0.00284  
I16 N16 0 0.00126  
I17 N17 0 0.00101  
I18 N18 0 0.00082  
I19 N19 0 0.000505 
I20 N20 0 0.000758 
I21 N21 0 0.000632 
I22 N22 0 0.000378 
I23 N23 0 0.000883 
I24 N24 0 0.00126  
I25 N25 0 0.00107  
I26 N26 0 0.000632 
I27 N27 0 0.00297  
I28 N28 0 0.000315 
I29 N29 0 0.000442 
I30 N30 0 0.000378 
I36 N36 0 0.00101  
I37 N37 0 0.000883 
I38 N38 0 0.000568 
I39 N39 0 0.00164  
I40 N40 0 0.000632 
I41 N41 0 0.0124  
I42 N42 0 0.00208  
I43 N43 0 0.00493  
I44 N44 0 0.00019  
I45 N45 0 0.00619  
I46 N46 0 0.00366 
; Pipe - linear resistance
; ID      Node1   Node2        value (ohm)
 R1      N1      N2            3.72 
 R2      N2      N3            5.04 
 R3      N3      N4            3.52 
 R4 N4      N5            5.84 
 R5 N5      N6            38.87
 R6 N6      N7            153.54
 R7 N7      N8            115.01
 R8 N8      N9            132.48 
 R9 N9      N10           90.95 
 R10 N10     N11           86.38 

 R11 N11    N12        50.99 
 R12 N12    N13        106.17 
 R13 N13    N14        211.46 
 R14 N6     N15        38.47 
 R15 N15    N16        127.38 
 R16 N16    N17        110.89 
 R17 N17    N18        51.83
 R18 N15    N19        80.26
 R19 N19    N20        64.79
 R20 N20    N21        85.51
 R21 N21    N22        44.01
 R22 N16    N20        65.79
 R23 N17    N21        21.15
 R24 N18    N22        2.78 
 R25 N19    N23        46 
 R26 N23    N24        30.56
 R27 N24    N25        53.07
 R28 N25    N26        24.79 
 R29 N20    N24        57.95 
 R30 N21    N25        25.11 
 R31 N22    N26        10.33 
 R32 N23    N27        28.49
 R33 N27    N28        5.85 
 R34 N28    N29        18.94
 R35 N29    N30        26.37 
 R36 N24    N28        39.8 
 R37 N25    N29        10.37 
 R38 N26    N30        1.44 
 R46 N6     N37        34.01 
 R47 N37    N36        67.92 
 R48 N36    N38        37.52 
 R49 N38    N39        249.60 
 R50 N39    N40        47.47 
 R51 N39    N41        58.17 
 R52 N41    N42        14.42 
 R53 N41    N43        112.52 
 R54     N43    N44        124.25 
 R55 N44    N38        84.58 
 R56 N43    N2         22.05 
 R57 N4     N45        69.04
 R58 N45    N46        32.79 
 R59 N4     N5         18.13
 R60 N5     N6         120.67
 R61 N6     N7         153.53 
 R62 N7     N8         117.25 
 R63 N8     N9         132.48
 R64 N9     N10        90.94 
 R65 N10    N11        86.38 
 R66 N11    N12        50.99 
 R67 N12    N13        106.17 
 R69 N32    N33        93.47 
 R70 N4     N5         12.44 
 R71 N5     N6         82.83
;for calculating V oc,  R39 is  disconnected 
from the circuit
 R39 N15    0         0.0001 
 .op   ;analyzes the circuit for given 
operating conditions

Figure 6. LTspice netlist for finding Voc and Isc at node N15 of analogues linear electrical network of the main network shown in Figure 3.
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Figure 7. Evaluation of Thevenin equivalent hydraulic network: percentage error in heads at different nodes as obtained from the Thevenin network in comparison with 
the original network.

Figure 8. Comparison of head values at different sub-network nodes for different demand patterns in Table 3.

Figure 9. System head curve at connecting node (N15).
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Application of the proposed network reduction method to 
a large bench-mark WDN

To evaluate the applicability of the proposed network reduction 
method on a large WDN, a bench-mark network (Richmond 
water distribution network) is chosen from the ASCE library 
(Qiu et al. 2019). This network has 848 nodes, 8 reservoirs and 
934 pipes (Figure 10). The pipe and reservoir data, and other 

details of the network are obtained from the cited reference. The 
CHW value of all the pipes is fixed to 120. Node elevations are not 
considered while demonstrating the proposed method. 
A hypothetical sub-network with 40 nodes and 50 pipes is 
connected to the main network at node N713 as shown in 
Figure 10. In the sub-network, length, diameter and CHW of all 
the pipes are taken as 300 m, 50 mm and 120, respectively for 
the purpose of demonstration. Also, the demand at each node 
of the sub-network is assumed to be 0.1 × 10−3 m3/s.

The main network shown in Figure 10 is now simulated in 
EPANET considering all the above conditions after removing the 
sub-network and adding the total demand of the sub-network as 
Qop = Qd s = 4 × 10−3 m3/s (i.e. 10% of existing network demand) 
at N713. The resulting heads at each node and flow through each 
pipe are noted. By using this data, linear resistances of all the 
pipes in the main network are calculated following the lineariza-
tion methodology elaborated earlier. A netlist is prepared similar 
to EPANET input file for calculating VTh and Isc using LTspice. 
Corresponding values at the connecting node N713 are obtained 
as VTh = 236.19 V and Isc = 0.258 A. Finally, the nonlinear resistance 
of the equivalent pipe is calculated as Keq = 236.19/[0.258×(0.004) 
0.852] = 101085. Now the main network is replaced with its 
Thevenin equivalent consisting of a single source reservoir with 
the equivalent head of Heq = 236.19 m connected in series with an 
equivalent pipe having Keq = 101085. For the simulation in 
EPANET, CHW = 120 and Deq = 0.05 m are considered for the 
equivalent pipe, and Leq = 30.98 m is calculated from the already 
obtained Keq value. The Thevenin equivalent network is now 
connected with the sub-network (Figure 11) for analyzing the 
sub-network for various possible demand patterns.

Evaluation of Thevenin equivalent hydraulic network for 
steady state simulations

To examine the accuracy of the Thevenin equivalent hydraulic 
network shown in Figure 11, both the original and reduced net-
works are simulated in EPANET for different sub-network 
demands. The total demand in the sub-network is varied from 

Figure 10. Richmond water distribution network (dashed part) with a hypothetical sub-network (dotted part).

Table 1. Calculation of linear resistances for the pipes in the main network.

Pipe 
Number

Head 
loss 
(m)

Discharge 
(m3/s)

linear 
R 

(Ω)
Pipe 

Number

Head 
loss 
(m)

Discharge 
(m3/s)

linear 
R 

(Ω)

1 0.350 0.0915 3.83 33 0.001 0.0002 6.25
2 0.340 0.0658 5.16 34 0.010 0.0005 18.87
3 0.230 0.0621 3.70 35 0.010 0.0004 28.57
4 0.160 0.0270 5.92 36 0.030 0.0010 30.00
5 1.030 0.0253 40.79 37 0.001 0.0003 3.70
6 1.150 0.0075 153.54 38 0.001 0.0000 33.33
7 0.750 0.0066 114.50 46 0.001 0.0000 33.33
8 0.780 0.0059 132.65 47 0.080 0.0009 94.12
9 0.440 0.0048 91.67 48 0.080 0.0019 43.01
10 0.300 0.0034 87.98 49 0.570 0.0024 242.55
11 0.130 0.0025 51.38 50 0.030 0.0006 47.62
12 0.200 0.0019 107.53 51 0.001 0.0001 12.50
13 0.150 0.0007 205.48 52 0.030 0.0021 14.42
14 1.220 0.0292 41.85 53 1.630 0.0144 113.19
15 0.680 0.0053 127.34 54 0.640 0.0050 128.77
16 0.250 0.0023 111.11 55 0.420 0.0048 87.87
17 0.040 0.0008 51.95 56 0.540 0.0243 22.22
18 0.640 0.0080 80.30 57 0.680 0.0099 69.04
19 0.160 0.0025 64.78 58 0.120 0.0037 32.79
20 0.140 0.0016 85.37 59 0.160 0.0087 18.39
21 0.030 0.0007 44.12 60 1.030 0.0081 126.69
22 0.120 0.0018 65.93 61 1.150 0.0075 153.54
23 0.010 0.0005 21.28 62 0.750 0.0066 114.50
24 0.001 0.0001 20.00 63 0.780 0.0059 132.65
25 0.230 0.0050 46.00 64 0.440 0.0048 91.67
26 0.050 0.0013 38.17 65 0.300 0.0034 87.98
27 0.040 0.0009 42.55 66 0.130 0.0025 51.38
28 0.010 0.0004 25.00 67 0.200 0.0019 107.53
29 0.120 0.0019 63.16 69 0.150 0.0018 83.33
30 0.020 0.0008 25.00 70 0.160 0.0127 12.62
31 0.001 0.0003 3.85 71 1.030 0.0119 86.92
32 0.080 0.0028 28.47

Table 2. Base demands (B.D.) (lps) and demand patterns at the sub-network nodes for extended period simulation.

Node Case 1 Case 2 Case 3 Case 4 Case 5

B.D. Pattern B.D. Pattern B.D. Pattern B.D. Pattern B.D. Pattern
No. (lps) No. (lps) No. (lps) No. (lps) No. (lps) No.

31 5 1 3 1 1 1 5 1 5 2
32 3 2 3 2 1 2 3 2 3 1
33 3 1 3 1 1 1 3 1 3 2
34 1 2 1 2 1 2 2 2 2 1
35 1 1 1 1 1 1 2 1 2 1
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2 × 10−3 m3/s to 6 × 10−3 m3/s (i.e. 1.5 times of the operating 
demand) with a step size of 1 × 10−3 m3/s. In each case, the total 
sub-network demand is distributed equally among all the sub- 
network nodes for the demonstration purpose. The solutions of 
the full network (i.e. sub-network connected with the original 
main network) are considered as the reference solutions for eval-
uating the accuracy of the reduced network. The flow solutions of 
the reduced network are found to be exactly in agreement 
( ΔQj j ¼ 0 m3/s) with those of the reference solutions. The sub- 
network node N40 is found to have the maximum variation in 
head values for the changes in the sub-network demands. 
Therefore, N40 is chosen for further comparisons of the results. 
The resulting percentage errors in the head values for the reduced 
network are shown in Figure 12. Since the upstream network is 
linearized at Qop = 4 × 10−3 m3/s, the results of the reduced 

network exactly match with the original full network at this sub- 
network demand Qop. The maximum error is found to be less than 
1.5% for an extreme value of the sub-network demand, Qds 

= 6 × 10−3 m3/s. Overall, we found that the results from the 
reduced network are in excellent agreement with the reference 
solutions.

It is observed that the reduced network shown in Figure 11 
simulates four times faster than the original network of 
Figure 10. Hence, the proposed network reduction method 
can be very useful for rigorous analysis of a sub-network to 
be connected with even a large existing WDN.

Evaluation of Thevenin equivalent hydraulic network for 
extended period simulations

For the extended period simulations, three demand patterns 
are generated with the demand factors as shown in Table 3 for 
a time period of 24 hours. Here, the hydraulic time step is 
considered as 1 hour and the reporting time step is fixed at 
15 minutes. To evaluate the equivalent hydraulic network 
obtained using the Thevenin theorem, the total demand in 
the sub-network is varied from 2 × 10−3 m3/s to 6 × 10−3 m3/s 
with a step size of 1 × 10−3 m3/s (case 1 to case 6 in Table 2). In 
each case, the total sub-network demand is distributed equally 
among all the nodes of the sub-network. The demand Pattern 3 
in Table 3 is assigned to all the main network nodes as the base 
demands. In the sub-network, the odd numbered nodes are 
assigned with the demand Pattern 1 and the even numbered 
nodes are assigned with the Pattern 2 for demonstration 
purpose.

The solutions of the full network (i.e. sub-network con-
nected with the original main network) are considered as the 
reference solutions for evaluating the accuracy of the reduced 
network. The flow solutions of the reduced network are found 
to be exactly in agreement ( ΔQj j ¼ 0 m3/s) with those of the 
reference solutions for all the cases. The sub-network node N40 
is found to have the maximum variation in head values for the 
changes in the sub-network demands. Therefore, N40 is chosen 
for further comparison. Figure 13 compares the head values at 
N40 of the sub-network at different time periods for all the 
cases. From this figure, the reduced network is giving almost 
the same results to that of the reference solutions. The max-
imum percentage error in the head value in all the cases is less 
than 1%. The reduced network shown in Figure 11 simulates 
approximately ten times faster than the original network in 
Figure 10. Since the system curve approach is found to be 
less accurate than the Thevenin equivalent approach, the ana-
lysis by the system curve approach is avoided for this applica-
tion to limit the length of the paper.

Table 3. Different demand patterns for extended period simulations.

Time 1 2 3 4 5 6 7 8 9 10 11 12

Pattern 1 1 0.8 0.7 0.5 1 1 1 0.8 0.7 0.7 0.7 0.5
Pattern 2 0.2 0.3 0.5 0.6 0.8 1 1 1.2 1 1 0.8 0.9
Pattern 3 1 1 1 1 1 1 1 1 1 1 1 1
Time 13 14 15 16 17 18 19 20 21 22 23 24
Pattern 1 0.7 0.9 0.3 1.2 0.7 0.6 0.4 0.9 0.8 1 0.9 0.3
Pattern 2 1 0.6 0.6 0.5 0.5 0.9 1 1.1 0.9 0.8 0.5 0.3
Pattern 3 1 1 1 1 1 1 1 1 1 1 1 1

Table 4. Maximum and average % errors at different sub-network nodes for 
different cases.

Case 1 Case 2 Case 3 Case 4 Case 5

% Error Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg.

Node 31 2.4 0.5 2.6 0.8 3.7 2.5 2.1 0.3 2.1 0.3
Node 32 2.4 0.5 2.7 0.9 3.8 2.5 2.1 0.3 2.1 0.4
Node 33 2.4 0.5 2.7 0.9 3.7 2.5 2.2 0.4 2.2 0.5
Node 34 2.4 0.5 2.7 0.9 3.8 2.5 2.1 0.4 2.1 0.4
Node 35 2.4 0.5 2.7 0.8 3.8 2.5 2.2 0.3 1.2 0.3

Table 5. Calculation of system resistance at different time periods using system 
curve.

Time 
(Hrs)

Subnetwork 
demand (Qds) (lps)

Head at connecting 
node (m)

Head 
loss (HL) 

(m)
System resis-

tance (K)

1 9.8 11.11 1.14 5986.24
2 8.4 11.29 0.96 6706.66
3 8.3 11.30 0.95 6785.64
4 6.9 11.48 0.77 7743.59
5 12.0 10.78 1.47 5144.92
6 13.0 10.67 1.58 4916.25
7 13.0 10.67 1.58 4916.25
8 12.0 10.81 1.44 5196.59
9 10.3 11.04 1.21 5794.43
10 10.3 11.04 1.21 5794.43
11 9.5 11.15 1.10 6118.55
12 8.1 11.33 0.92 6875.01
13 10.3 11.04 1.21 5794.43
14 10.5 11.01 1.24 5730.32
15 5.1 11.70 0.55 9681.50
16 12.8 10.69 1.56 4995.42
17 8.3 11.30 0.95 6785.64
18 9.0 11.21 1.04 6394.05
19 7.6 11.39 0.86 7231.56
20 12.5 10.74 1.51 5052.42
21 10.8 10.97 1.28 5614.48
22 12.2 10.78 1.47 5144.92
23 10.1 11.07 1.18 5859.75
24 3.9 11.83 0.42 12150.60
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From the two examples presented above, one can conclude 
that the proposed network-reduction method using the 
Thevenin theorem for electrical circuits can be efficiently used 

to analyse an extended network connected to a large existing 
network system or a relatively smaller part of a large network 
system within a range of realistic demand factors. It is also found 
that as the size of the main network increases, the accuracy of 
the proposed method appears to improve and corresponding 
computational efficiency becomes more evident. The proposed 
network reduction method is unique compared to the conven-
tional network reduction methods and it is presented for the first 

time in this study. The significant advantage in computation 

time can be observed while analysing a small network con-

nected with a large network unlike the existing network reduc-

tion methods. Table 7 summarizes the possible reduction in 

computation time compared to some of the existing similar 

network reduction methods (Tao et al. 2009; Perelman and 

Ostfeld 2011; Jiang et al. 2013; Di Nardo et al. 2018) by consider-

ing only the number of nodes in the reduced network. Unlike 

other network reduction methods, the proposed method has 

only two elements in the reduced network irrespective of the 

size of the existing network; hence, a significant reduction in 

computation time is obvious. The computation overheads of the 

proposed method can also be minimized if a hydraulic engine is 

developed instead of using multiple packages such as EPANET 

and LTspice. Nevertheless, the proposed network reduction 

Table 6. Comaparision of heads at N34.

Time 
(Hrs)

Original 
(m)

Thevenin 
(m) System curve (m)

% Error

Thevenin System curve

1 8.40 8.37 8.35 0.36 0.60
2 9.15 9.09 9.21 0.66 0.66
3 9.03 8.96 9.10 0.78 0.78
4 9.70 9.59 9.85 1.13 1.55
5 6.05 6.06 5.73 0.17 5.29
6 5.13 5.14 4.70 0.19 8.38
7 5.13 5.14 4.70 0.19 8.38
8 5.62 5.62 5.33 0.00 5.16
9 7.17 7.15 7.07 0.28 1.39
10 7.17 7.15 7.07 0.28 1.39
11 7.97 7.93 7.95 0.50 0.25
12 8.72 8.65 8.80 0.80 0.92
13 7.17 7.15 7.07 0.28 1.39
14 7.54 7.52 7.42 0.27 1.59
15 10.56 10.36 10.76 1.89 1.89
16 5.98 5.98 5.58 0.00 6.69
17 9.03 8.96 9.10 0.78 0.78
18 8.17 8.12 8.19 0.61 0.24
19 8.90 8.81 9.01 1.01 1.24
20 5.38 5.39 5.02 0.19 6.69
21 6.96 6.95 6.80 0.14 2.30
22 6.05 6.06 5.73 0.17 5.29
23 7.92 7.89 7.84 0.38 1.01
24 11.24 10.97 11.44 2.40 1.78

Figure 11. Equivalent pipe network for the original network shown in Figure 10.
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method, therefore, opens up an excellent opportunity to effi-

ciently analyze a WDN for stochastic demands under various 

hydraulic and operating constraints.

Scope and limitations

The proposed network reduction method can be used for 
analyzing a small portion of a large network or when a large 

Figure 12. Analysis of sub-network with variable demands: percentage error in heads at the same node as obtained from the Thevenin network in comparison with the 
original nonlinear network.

Figure 13. Extended period analysis: comparison of heads at N40 of additional network.

Table 7. Comparison of the proposed method with different WDN simplification methods.

Reference Network reduction method

Case study: number of ele-
ments in

% Reduction in number of 
elements

Main 
network

Reduced 
network

Tao et al. (2009) Skeletonization 7378 1247 83
Martínez-Alzamora, Ulanicki, and 

Salomons (2014)
Gaussian elimination 3733 1477 60

Jiang et al. (2013) Branch collapsing, series and parallel pipe 
merging

48660 9901 79

Di Nardo et al. (2018) Identification of a primary Network 284 195 31
Present work Thevenin theorem 942 

(variable)
2 (fixed) 99
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network is extended by adding a sub-network. The proposed 
method requires only three simulations to derive the equiva-
lent parameters irrespective of the size of the network. One 
EPANET simulation for finding the head loss and flow values in 
each pipe. Then the network is linearized, and the netlist is 
created for LTspice simulation. Two electrical simulations are 
required to find open circuit voltage and short circuit current 
using the netlist. These simulations require less computation 
time, and also, this is a one-time operation. The significant 
reduction in computation time can be exploited to efficiently 
study the reliability and optimization of a network for con-
straints such as stochastic demands, different layout configura-
tions or for different properties of hydraulic elements. Though 
the accuracy and computational efficiency of the proposed 
network reduction method are demonstrated using the freely 
available pipe flow simulation software EPANET, the methodol-
ogy can be easily implemented in any other pipe flow simula-
tors. However, the proposed network reduction method suffers 
from limitations such as: (a) the analysis can only be focused on 
a particular portion of the network. If required, any changes in 
the remaining (upstream) part of the network cannot be 
directly addressed by the Thevenin equivalent network. In 
that case, a reorganization of that part of the network must 
be carried out separately before the application of the 
Thevenin theorem. Further research may solve this issue 
more efficiently; (b) the sub-network required to be con-
nected to the main network through only one pipe for 
applying the single-port Thevenin theorem as presented in 
this study. However, the authors are working on the applica-
tion of the multi-port Thevenin theorem (Corazza, Someda, 
and Longo 1969) to hydraulic networks and this can resolve 
such a limitation; (c) the linearization of the network is 
necessary for applying Thevenin theorem and (d) the circuit 
simulator LTspice is required to be used in the absence of 
a similar hydraulic simulator and scientific community can 
invest effort in this direction once the advantages of the 
Thevenin theorem for WDN analysis is realized. An indepen-
dent computer code based on the proposed concept can 
make different operations systematic and computational 
overheads can be eliminated. However, a simplified system 
curve-based approach derived from the understanding of the 
Thevenin theorem can also be an alternative solution pro-
vided the accuracy is acceptable.

Conclusions

For the first time, the application of the Thevenin theorem for 
electrical circuits is demonstrated to significantly reduce 
a hydraulic pipe network for the purpose of analyzing the expan-
sion of an existing network. Unlike many other network reduc-
tion methods, the proposed methodology can reduce a large 
pipe network into a simple network having a single source 
reservoir and an equivalent pipe. The reduced simple network 
can be directly connected to a sub-network and analysed for 
many possible sub-network demands. The simulation results 
from the reduced networks corresponding to two sizable 
hydraulic networks are highly accurate within a range of realistic 

demand variations in the connected sub-network. The applica-
tions are presented for both steady and extended period simula-
tions. The proposed network reduction methodology is shown to 
consume significantly less CPU time as the size of the main 
network increases. The proposed method is qualitatively com-
pared with other existing WDN reduction methods in terms of 
the number of nodes in the reduced network. A simplified sys-
tem curve-based approach requiring no network linearization is 
also demonstrated for extended period simulations. However, 
such a simplified method is comparatively less accurate but may 
provide some quick insight. Hence, this work is presented as an 
efficient network reduction tool for replacing a large pipe net-
work system with a simplified network without compromising 
the accuracy of the stated variables.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Soumendra Nath Kuiry http://orcid.org/0000-0001-6365-6849

References

Agrawal, M. L., R. Gupta, and P. R. Bhave. 2007. “Reliability-based 
Strengthening and Expansion of Water Distribution Networks.” Journal 
of Water Resources Planning and Management 133 (6): 531–541. 
doi:10.1061/(ASCE)0733-9496(2007)133:6(531).

Alcocer-Yamanaka, V. H., V. Tzatchkov, and S. Buchberger. 2008. 
“Instantaneous Water Demand Parameter Estimation from Coarse 
Meter Readings.” In Water Distribution Systems Analysis Symposium 
2006, 1–14. Cincinnati, OH.

Alcocer-Yamanaka, V. H., V. G. Tzatchkov, and F. I. Arreguin-Cortes. 2012. 
“Modeling of Drinking Water Distribution Networks Using Stochastic 
Demand.” Water Resources Management 26 (7): 1779–1792. 
doi:10.1007/s11269-012-9979-2.

Alexander, C. K., and M. N. O. Sadiku. 2000. Fundamentals of Electric Circuits. 
NY, USA: McGraw-Hill Education.

Allan, J. V., S. J. Kenway, and B. W. Head. 2018. “Urban Water Security-What 
Does It Mean?” Urban Water Journal 15 (9): 899–910. doi:10.1080/ 
1573062X.2019.1574843.

Alvisi, S., M. Franchini, and A. Marinelli. 2003. “A Stochastic Model for 
Representing Drinking Water Demand at Residential Level.” Water 
Resources Management 17 (3): 197–222. doi:10.1023/A:1024100518186.

Anderson, E. J., and K. H. Al-Jamal. 1995. “Hydraulic-network Simplification.” 
Journal of Water Resources Planning and Management 121 (3): 235–240. 
doi:10.1061/(ASCE)0733-9496(1995)121:3(235).

Babayan, A., Z. Kapelan, D. Savic, and G. Walters. 2005. “Least-cost Design of 
Water Distribution Networks under Demand Uncertainty.” Journal of 
Water Resources Planning and Management 131 (5): 375–382. 
doi:10.1061/(ASCE)0733-9496(2005)131:5(375).

Bhave, P. R. 1991. Analysis of Flow in Water Distribution Networks. Vol. 461. 
Lancaster, PA: Technomic Publishing.

Brentan, B. M., G. L. Meirelles, D. Manzi, and E. Luvizotto. 2018. “Water 
Demand Time Series Generation for Distribution Network Modeling 
and Water Demand Forecasting.” Urban Water Journal 15 (2): 150–158. 
doi:10.1080/1573062X.2018.1424211.

Broad, D. R., H. R. Maier, and G. C. Dandy. 2010. “Optimal Operation of 
Complex Water Distribution Systems Using Metamodels.” Journal of 
Water Resources Planning and Management 136 (4): 433–443. 
doi:10.1061/(ASCE)WR.1943-5452.0000052.

Brocard, G. 2013. The LTSpice IV Simulator: Manual, Methods and 
Applications. Waldenburg: Würth Elektronik.

696 R. BALIREDDY ET AL.

https://doi.org/10.1061/(ASCE)0733-9496(2007)133:6(531)
https://doi.org/10.1007/s11269-012-9979-2
https://doi.org/10.1080/1573062X.2019.1574843
https://doi.org/10.1080/1573062X.2019.1574843
https://doi.org/10.1023/A:1024100518186
https://doi.org/10.1061/(ASCE)0733-9496(1995)121:3(235)
https://doi.org/10.1061/(ASCE)0733-9496(2005)131:5(375)
https://doi.org/10.1080/1573062X.2018.1424211
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000052


Corazza, G., C. Someda, and G. Longo. 1969. “Generalized Thevenin’s 
Theorem for Linear N-port Networks.” IEEE Transactions on Circuit 
Theory 16 (4): 564–566. doi:10.1109/TCT.1969.1083021.

CPHEEO. 1999. Manual on Water Supply and Treatment. New Delhi, India: 
Central Public Health and Environmental Engineering.

Deuerlein, J. W. 2008. “Decomposition Model of a General Water Supply 
Network Graph.” Journal of Hydraulic Engineering 134 (6): 822–832. 
doi:10.1061/(ASCE)0733-9429(2008)134:6(822).

Di Nardo, A., M. Di Natale, C. Giudicianni, G. F. Santonastaso, and D. Savic. 
2018. “Simplified Approach to Water Distribution System Management 
via Identification of a Primary Network.” Journal of Water Resources 
Planning and Management 144 (2): 04017089. doi:10.1061/(ASCE) 
WR.1943-5452.0000885.

Elhay, S., A. R. Simpson, J. Deuerlein, B. Alexander, and W. H. A. Schilders. 
2014. “Reformulated Co-tree Flows Method Competitive with the Global 
Gradient Algorithm for Solving Water Distribution System Equations.” 
Journal of Water Resources Planning and Management 140 (12): 
04014040. doi:10.1061/(ASCE)WR.1943-5452.0000431.

Filion, Y. R., and B. W. Karney. 2002. “Extended-period Analysis with 
a Transient Model.” Journal of Hydraulic Engineering 128 (6): 616–624. 
doi:10.1061/(ASCE)0733-9429(2002)128:6(616).

Gargano, R., F. Di Palma, G. De Marinis, F. Granata, and R. Greco. 2016. 
“A Stochastic Approach for the Water Demand of Residential End Users.” 
Urban Water Journal 13 (6): 569–582. doi:10.1080/1573062X.2015.1011666.

Giustolisi, O., D. Laucelli, and A. F. Colombo. 2009. “Deterministic versus 
Stochastic Design of Water Distribution Networks.” Journal of Water 
Resources Planning and Management 135 (2): 117–127.

Haarhoff, J., and J. E. Van Zyl. 2002. Sizing of Bulk Water Supply Systems with 
a Probabilistic Method. Rep. No. 985/1/02. Pretoria: Water Research 
Commission.

Jiang, B., Y. Shi, J. Gao, and H. Zhao. 2013. “Study on the Simplification of the 
Large Water Distribution Network Model.” In ICPTT 2012: Better Pipeline 
Infrastructure for a Better Life, 441–452. Wuhan, China: International 
Conference on Pipelines and Trenchless Technology.

Johnson, D. H. 2003. “Origins of the Equivalent Circuit Concept: The 
Current-source Equivalent.” Proceedings of the IEEE 91 (5): 817–821. 
doi:10.1109/JPROC.2003.811795.

Jung, B. S., P. F. Boulos, and D. J. Wood. 2007. “Impacts of Skeletonization on 
Distribution System Hydraulic Transient Models.” In World Environmental 
and Water Resources Congress 2007: Restoring Our Natural Habitat, 1–10. 
American Society of Civil Engineers.

Kapelan, Z. S., D. A. Savic, and G. A. Walters. 2005. “Multiobjective Design of 
Water Distribution Systems under Uncertainty.” Water Resources 
Research 41 (11). doi:10.1029/2004WR003787.

Kumar, S. M., S. Narasimhan, and S. M. Bhallamudi. 2008. “State Estimation 
in Water Distribution Networks Using Graph-theoretic Reduction 
Strategy.” Journal of Water Resources Planning and Management 134 
(5): 395–403. doi:10.1061/(ASCE)0733-9496(2008)134:5(395).

Larock, B. E., R. W. Jeppson, and G. Z. Watters. 1999. Hydraulics of Pipeline 
Systems. USA: CRC Press.

Liu, F., and B. R. Hodges. 2014. “Applying Microprocessor Analysis Methods 
to River Network Modelling.” Environmental Modelling & Software 52: 
234–252. doi:10.1016/j.envsoft.2013.09.013.

Martínez-Alzamora, F., B. Ulanicki, and E. Salomons. 2014. “Fast and Practical 
Method for Model Reduction of Large-scale Water-distribution 
Networks.” Journal of Water Resources Planning and Management 140 
(4): 444–456. doi:10.1061/(ASCE)WR.1943-5452.0000333.

McIlroy, M. S. 1950. “Direct-reading Electric Analyzer for Pipeline Networks.” 
Journal (American Water Works Association) 42 (4): 347–366. doi:10.1002/ 
j.1551-8833.1950.tb18864.x.

Mosetlhe, T., Y. Hamam, S. Du, and Y. Alayli. 2018. “Artificial Neural Networks 
in Water Distribution Systems: A Literature Synopsis.” In 2018 
International Conference on Intelligent and Innovative Computing 
Applications (ICONIC), 1–5. Mon Tresor, Mauritius: IEEE.

Mossa, H. A. L. 2008. “Engineering Modeling of Human Cardiovascular 
System.” Al-Nahrain Journal for Engineering Sciences 11 (2): 307–314.

Neelakantan, T. R., D. Rammurthy, S. T. Smith, and C. R. Suribabu. 2014. 
“Expansion and Upgradation of Intermittent Water Supply System.” Asian 
Journal of Applied Sciences 7 (6): 470–485. doi:10.3923/ajaps.2014.470.485.

Nel, D. T. 1993. “Bepaling van die optimale stoorkapasiteit van twee 
Johannesburgse munisipale diensreservoirs.” PhD diss., University of 
Johannesburg.

Oh, K. W., K. Lee, B. Ahn, and E. P. Furlani. 2012. “Design of Pressure-driven 
Microfluidic Networks Using Electric Circuit Analogy.” Lab on a Chip 12 
(3): 515–545. doi:10.1039/C2LC20799K.

Ostfeld, A. 2004. “Reliability Analysis of Water Distribution Systems.” Journal 
of Hydroinformatics 6 (4): 281–294. doi:10.2166/hydro.2004.0021.

Perelman, L., and A. Ostfeld. 2011. “Topological Clustering for Water 
Distribution Systems Analysis.” Environmental Modelling & Software 26 
(7): 969–972. doi:10.1016/j.envsoft.2011.01.006.

Piller, O., and B. Brémond. 2002. “A Stochastic Model for Peak Period 
Analysis of Pipe Networks.” ASCE Environmental & Water Resources 
Systems Analysis (EWRSA).

Qiu, M., S. Elhay, A. R. Simpson, and B. Alexander. 2019. “Benchmarking 
Study of Water Distribution System Solution Methods.” Journal of Water 
Resources Planning and Management 145 (2): 04018098. doi:10.1061/ 
(ASCE)WR.1943-5452.0001030.

Rao, H. S., and D. W. Bree. 1977. “Extended Period Simulation of Water 
Systems Part A.” Journal of the Hydraulics Division 103 (2): 97–108. 
doi:10.1061/JYCEAJ.0004711.

Rao, Z., and F. Alvarruiz. 2007. “Use of an Artificial Neural Network to 
Capture the Domain Knowledge of a Conventional Hydraulic 
Simulation Model.” Journal of Hydroinformatics 9 (1): 15–24. 
doi:10.2166/hydro.2006.014.

Rossman, L. A. 2000. EPANET 2: User’s Manual, 1–200.
Saldarriaga, J. G., S. Ochoa, D. Rodriguez, and J. Arbeláez. 2008. “Water 

Distribution Network Skeletonization Using the Resilience Concept.” In 
Water Distribution Systems Analysis 2008, 1–13. Kruger National Park, 
South Africa.

Seto, K. C., B. Güneralp, and L. R. Hutyra. 2012. “Global Forecasts of Urban 
Expansion to 2030 and Direct Impacts on Biodiversity and Carbon Pools.” 
Proceedings of the National Academy of Sciences 109 (40): 16083–16088. 
doi:10.1073/pnas.1211658109.

Simpson, A. R., S. Elhay, and B. Alexander. 2014. “Forest-core Partitioning 
Algorithm for Speeding up Analysis of Water Distribution Systems.” 
Journal of Water Resources Planning and Management 140 (4): 435–443. 
doi:10.1061/(ASCE)WR.1943-5452.0000336.

Stephenson, R. E., and J. R. Eaton. 1954. “The Use of Electric Network Analyzers 
for Pipe Network Analysis.” Transactions of the American Institute of Electrical 
Engineers, Part I: Communication and Electronics 72 (6): 857–861.

Swamee, P. K., and A. K. Sharma. 1990. “Reorganization of 
Water-distribution System.” Journal of Environmental Engineering 116 
(3): 588–600. doi:10.1061/(ASCE)0733-9372(1990)116:3(588).

Swamee, P. K., and A. K. Sharma. 2008. Design of Water Supply Pipe Networks. 
Hoboken, NJ: John Wiley & Sons.

Tabesh, M. T., T. Tanyimboh, and R. Burrows. 2004. “Pressure Dependent 
Stochastic Reliability Analysis of Water Distribution Networks.” Water 
Science and Technology: Water Supply 4 (3): 81–90.

Tao, T., K. Xin, S. Liu, and X. Zhang. 2009. “A Pipe Network Skeleton Method 
Based on GIS Network Analysis Technologies.” In ICPTT 2009: Advances 
and Experiences with Pipelines and Trenchless Technology for Water, 
Sewer, Gas, and Oil Applications, 521–528. Shanghai, China: American 
Society of Civil Engineers.

Thevenin, L. 1883a. “Extension of Ohm’s Law to Complex Electromotive 
Circuits.” Annales Télégraphiques 10: 222–224.

Thevenin, L. 1883b. “Sur un nouveau théoreme d’électricité dynamique [On 
a New Theorem of Dynamic Electricity].” CR des Séances de l’Académie 
des Sciences 97: 159–161.

Thevenin, L. 1883c. “On Measuring the Potential Difference by Galvanometers.” 
Annales Télégraphiques 10: 446–449.

Thevenin, L. 1883d. “On Measuring the Specific Resistance of Wire.” Annales 
Télégraphiques 10: 167–178.

Thevenin, L. 1883e. “On the Sensitivity Conditions of the Wheatstone 
Bridge.” Annales Télégraphiques 10: 225–234.

Todini, E. 2000. “Looped Water Distribution Networks Design Using 
a Resilience Index Based Heuristic Approach.” Urban Water 2 (2): 
115–122. doi:10.1016/S1462-0758(00)00049-2.

URBAN WATER JOURNAL 697

https://doi.org/10.1109/TCT.1969.1083021
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:6(822)
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000885
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000885
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000431
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:6(616)
https://doi.org/10.1080/1573062X.2015.1011666
https://doi.org/10.1109/JPROC.2003.811795
https://doi.org/10.1029/2004WR003787
https://doi.org/10.1061/(ASCE)0733-9496(2008)134:5(395)
https://doi.org/10.1016/j.envsoft.2013.09.013
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000333
https://doi.org/10.1002/j.1551-8833.1950.tb18864.x
https://doi.org/10.1002/j.1551-8833.1950.tb18864.x
https://doi.org/10.3923/ajaps.2014.470.485
https://doi.org/10.1039/C2LC20799K
https://doi.org/10.2166/hydro.2004.0021
https://doi.org/10.1016/j.envsoft.2011.01.006
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001030
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001030
https://doi.org/10.1061/JYCEAJ.0004711
https://doi.org/10.2166/hydro.2006.014
https://doi.org/10.1073/pnas.1211658109
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000336
https://doi.org/10.1061/(ASCE)0733-9372(1990)116:3(588)
https://doi.org/10.1016/S1462-0758(00)00049-2


Todini, E., and S. Pilati. 1988. “A Gradient Algorithm for the Analysis of Pipe 
Networks.” In Computer Applications in Water Supply: Vol. 1—Systems 
Analysis and Simulation, 1–20. UK: Research Studies Press Ltd.

Ulanicki, B., A. Zehnpfund, and F. Martinez. 1996. “Simplification of Water 
Network Models.” In Proceedings of the 2nd International Conference on 
Hydroinformatics, Vol. 2, 493–500. Rotterdam, Netherlands: A.A. Balkema.

Van Valkenburg, M. E. 1974. Network Analysis. India: Prentice-Hall.

Walski, T. M., D. V. Chase, D. A. Savic, W. Grayman, S. Beckwith, and E. Koelle. 
2003. Advanced Water Distribution Modeling and Management. 
Waterbury, CT: Civil and Environmental Engineering and Engineering 
Mechanics Faculty Publications, Haestad Press.

Yang, S.-L., N.-S. Hsu, P. W. F. Louie, and W. W. G. Yeh. 1996. “Water Distribution 
Network Reliability: Stochastic Simulation.” Journal of Infrastructure Systems 
2 (2): 65–72. doi:10.1061/(ASCE)1076-0342(1996)2:2(65).

698 R. BALIREDDY ET AL.

https://doi.org/10.1061/(ASCE)1076-0342(1996)2:2(65)

	Abstract
	Introduction
	Methodology
	Concept of network equivalence
	Thevenin theorem and reduction of a pipe network

	Results and discussion
	Application of the proposed network reduction method to a realistic WDN (step-by-step implementation)
	Evaluation of Thevenin equivalent hydraulic network for steady state simulations
	Evaluation of Thevenin equivalent hydraulic network for extended period simulations
	Comparison of results obtained using the Thevenin equivalent hydraulic network and the system curve approach
	Application of the proposed network reduction method to a large bench-mark WDN
	Evaluation of Thevenin equivalent hydraulic network for steady state simulations
	Evaluation of Thevenin equivalent hydraulic network for extended period simulations

	Scope and limitations
	Conclusions
	Disclosure statement
	ORCID
	References

