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CHAPTER 1

Introduction

Water distribution networks are essential infrastructure for providing people with access to safe drinking

water. However, designing these water distribution networks is a complex challenge. Key decisions must be

made regarding the type, size, location, and configuration of components like pipes, tanks, and pumps. These

choices impact both service quality and cost. Nonlinear hydraulic equations govern these systems and must

account for uncertainties like demand fluctuations and component failures.

Rural water schemes are often gravity-fed, branched pipe networks due to the lack of reliable electricity

supply. The primary design decision is selecting the optimal pipe diameters from a limited set of commer-

cially available options: larger diameters provide better service but higher capital costs.

Various mathematical and algorithmic techniques have been used to solve this pipe diameter optimization

problem over the past 50 years, including linear programming, nonlinear programming and metaheuristic

methods like genetic algorithms.

To tackle these problems, government bodies use software like BRANCH and LOOP to minimize pipe

costs for branched and looped pipe networks, respectively. (Mehta and Joshi (2017),Malviya and Kale (2021))

WaterGEMS is another software used to optimize water networks, which uses genetic algorithms to optimize

their associated cost (Mehta et al. (2017)).

Designing a water network involves more than just selecting pipe diameters; it includes important de-

cisions about the placement of pumps and storage tanks, as well as optimizing the overall operation of the

system. Engineers typically make these choices because systems like BRANCH and LOOP do not address

them. Additionally, while WaterGEMS employs genetic algorithms for optimization, its approach is heuristic

and may not always yield the optimal solution.

A lot of developing countries also contain a lot of water infrastructure which needs to be rehabilitated

due to growing and changing demand (Hooda et al. (2013)). While there are attempts to tackle the problem

of water distribution system rehabilitation (Halhal et al. (1999)), many developing countries require a more

tailored approach that can account for the water and electric insecurity that they may face.

1.1 Objective

My goal for my Thesis is to design an Integer Linear Programming model that aids in the rehabilitation of a

branched water distribution system, taking into account future demand.

Additionally, my model generates an optimal daily operational schedule for the water distribution system,
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which can help mitigate water insecurity by utilizing storage tanks to distribute water effectively.

1.2 Structure of Thesis

The Thesis is structured as follows :

Related Work: In this discussion, I explore works that have inspired my model. A clear distinction is

made between branched and looped models, as well as heuristic and deterministic methods. Furthermore, I

introduce the optimal water flow problem and its importance to the model being presented in this Thesis.

Components of a Water Distribution System: This section discusses the hydraulic components of a

water distribution network and specifies which components our model will include and which it will exclude.

Modeling of Water Distribution System : This section explores the details of our Integer Linear Pro-

gram (ILP), outlining the parameters, decision variables, constraints, and objective function of our model.

Testing our Model: We examine two case studies focused on restructuring water distribution networks in

Karegaon and Khardi Villages. Our analysis compares the outcomes of our model with those from alternative

optimization approaches.

Conclusion: I conclude my Thesis by re-emphasizing the progress made by the model while also dis-

cussing future extensions of my work.
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CHAPTER 2

Related Work

2.1 Mathematical Programming

A Mathematical programming is an important tool used in decision sciences. It refers to a mathematical

framework that consists of assigning values to a decision variable (denoted by the vector x) such that they

give a maximum or minimum value of a scalar function called the objective function (denoted by f) while

ensuring that the values remain within certain limits or rules, these are defined as certain scaler functions

(denoted by ci where c is a variable vector) of our decision variables remaining being above or below certain

scalar value. A mathematical formulation of this framework is specified below.

minimize
x∈E

f (x)

subject to ci(x)≥ 0, i = 1, . . . ,m.

Here, E could be a set of vectors of Rational Numbers, Integers, a mix of both or any other set of numbers.

The process of taking a problem from a real-world scenario and identifying decision variables, objectives

and constraints from them is defined as modeling, and different algorithms are used to solve these models

depending on the type and complexity of the problem. Due to these factors, mathematical programs are

divided based on the kinds of functions, objectives and decision variables involved.

2.1.1 Linear Programming

Linear Programs consist of linear objective functions and linear constraints; the general form of a Linear

program is specified below.

minimize
x∈Rn

CT ∗ x

subject to Ax−B ≥ 0, i = 1, . . . ,m.

Where

C ∈ Rn

A ∈ Rm∗n

B ∈ Rm

Here, C is a vector of n dimension (same as x, our decision variable) while A is an n*m matrix representing
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the coefficient of our decision variables in x, and B is a vector representing the lower limits of our constraint.

Linear programming was one of the first mathematical models to be formulated and solved. It offers the

advantage of being applicable to a wide range of problems and falls within the class of P problems, which can

be solved in polynomial time (Awoniyi (2025)). There are several methods to solve a linear program, with the

simplex method being one of the most popular. This method involves creating a basic feasible solution and

improving on it at every iteration until an optimal solution is reached. This method geometrically corresponds

to moving from one corner point to another in a polyhedral. The HiGHS solver (solver used in this thesis)

uses the dual simplex parallel solver, the interior points methods and a primal-dual hybrid gradient method

chosen based on the nature of the LP problem or the specifications of the programmer. (Huangfu and Hall

(2018),Schork and Gondzio (2020))

Water Distribution Systems primarily use Linear programs to optimize pipe allocation. This consists of

allocating pipes across nodes in pipe allocation for branched water networks. Linear programs have also

been coupled with genetic algorithms to find optimal pipe allocation for looped water networks (Krapivka

and Ostfeld (2009)).

2.1.2 Mixed Integer Linear Programming

These programs consist of Integer variables, and as compared to linear programs they allow us to represent

decisions that could only take integer values, for example, decisions that require hiring some variable number

of employees. Also represents logical conditions, like cases where certain constraints should hold only if

other constraints are true or cases when a variable should get a certain value when a binary variable is true or

false. The general formulation of a Mixed Integer Linear Program is given below.

minimize
x∈E

CT ∗ x

subject to Ax−B ≥ 0, i = 1, . . . ,m.

xi ∈ Z ∀ i ∈ I

Where

C ∈ Rn

A ∈ Rm∗n

B ∈ Rm

We define I as the set of indices for our integer-valued decision variables. Mixed-integer linear programs

(MILPs) are NP-hard problems, and many solution methods involve partial enumeration of decision variable

combinations to find an optimal solution. HiGHS uses the branch-and-cut algorithm for solving MILPs
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(Mitchell (2002)).

In water distribution networks, binary and integer variables are crucial. For example, (Lejano (2006))

uses a MILP to optimize pipe layout and allocation in irrigation systems, where binary variables indicate the

nodes served. Binary variables are also common in demand response and water scheduling problems, which

will be discussed below.

2.2 Water Distribution Optimization

The design of a water distribution system involves selecting the size, location, and operational status of

various hydraulic components that make up the network.

Optimization of water distribution systems using algorithmic techniques has a rich history of research and

application spanning over 50 years. Various formulations of these problems have been developed, incorpo-

rating different assumptions and hydraulic components.

2.2.1 Branched Water Distribution System :

Many of the earliest optimization models aimed to optimize pipe diameters, assuming fixed demand and a

known network topology. These types of networks are easier to optimize because the flow required in each

pipe is predetermined. In contrast with looped networks, where the flow is considered a variable.

Impact on our model : The model assumes a branched network that allows us to take the flow in each

pipe as a parameter of our model instead of a variable.

2.2.2 Deterministic Models :

Karmeli et al. (1968) specifies a Linear Programming (LP) model to optimize a branched water distribution

system with the objective of minimizing the cost of pipe allocation.

Other models of branched network optimization create an ILP model to optimize more components like

pumps and tank allocation. Hooda et al. (2019) Introduces a series of ILP models to optimize pumps and

tanks, considering a multi-village scheme where tanks or elevated storage reservoirs (ESRs) minimize the

costs associated with building and operating a water distribution system.

Impact on our model : The model takes a lot of inspiration from Hooda et al. (2019)’s models and

extends it to optimize the operation of pumps and tanks.

2.2.3 Non Deterministic Models :

The challenge of designing an effective water distribution system becomes significantly more complex when

optimizing looped systems and considering the operational states of various components. This includes
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addressing non-linear and non-convex equations. As a result, researchers have begun to utilize metaheuristic

algorithms to tackle these issues.

Murphy et al. (1994) Introduces a genetic algorithm (GA) to optimize pipe cost optimization for looped

networks. While later works Atiquzzaman et al. (2006) introduce other GA-based techniques considering

more complex objectives like rehabilitation of water networks

2.2.4 Rehabilitation Problem :

The rising demand for water, driven by rapid population growth, has necessitated significant developments

in water distribution systems. This can encompass various approaches, including the expansion of parallel

networks, the installation of additional piping, the removal of outdated pipes, and the replacement of older

pipes with ones of various existing diameters.

Impact on our model : The problem of the thesis incorporates an existing water distribution system into

a new scheme. This includes considering new nodes and accounting for increased demand at older nodes

while also specifying an optimal daily schedule for our new water distribution system.

2.3 Optimal Water Flow Problem

: The optimal water flow problem refers to the optimization of the operation of a water distribution system

under dynamic electricity pricing to minimize the cost of energy consumed. This includes turning the pumps

on/off and connecting or disconnecting tanks, and it is considered a Mixed Integer Non-Linear Programming

problem (MINLP) as it considers the flow through a network as a variable.

Zamzam et al. (2018) introduces the optimal water flow problem, which involves optimizing the operation

of water and power networks to minimize energy consumption. It proposes a distributed solver to address this

issue. In contrast, the study referenced as Singh and Kekatos (2019) focuses on optimizing the operations of a

water network under dynamic electricity pricing by developing a Mixed Integer Second Order Cone Program

(MISOCP).

Impact on our model : Our model takes inspiration from equations in Singh and Kekatos (2019) to de-

velop a daily schedule for our water distribution system, enabling our model to allocate resources effectively

based on an optimal plan.
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CHAPTER 3

Components of a Water Distribution System

Hooda et al. (2019) outlines the components of a typical rural piped water scheme. The process begins with

the distribution of water from a water source to a water treatment plant (WTP). After treatment, the water

is stored in a mass balancing reservoir (MBR), which then supplies Water to an elevated storage reservoir

(ESR). Finally, the ESR connects to individual tanks in each village. Our model is based on this structure.

Since many rural water schemes use branched networks, our model aims to optimize these networks where

the flow across each link is a known parameter within the model.

3.1 Water Source

Water can come from various sources; these could include lakes, rivers, groundwater, etc. Our model assumes

a single water source.

3.2 Water Treatment Plant

To ensure water is safe for various uses, it must be processed to improve its quality. The design of the water

treatment system can be influenced by both the quantity and quality of the available water supply, as well

as the specific intended use. This study does not address the design of the treatment plant, assuming it is a

given.

3.3 Mass Balancing Reservoir

After water is treated, it is stored in a Mass Balancing Reservoir. This reservoir is designed to maintain

a constant water head for the distribution system. It acts as a buffer between the Water Treatment Plant

(WTP) and the distribution system. In our model, we consider the reservoir as an effective source of Water,

characterized by its elevation and head value, rather than as a decision variable for optimization.

3.4 Elevated Storage Reservoir

Our water network consists of tanks or ESR distributed at various locations. The design of tanks is dependent

on the capacity they serve and the head required at various demand nodes. It can also impact the choice of

other components. A tank is useful if a lower demand is required for some nodes at some points but higher

demands at others. The inclusion of these tanks divides our network into Primary and Secondary Networks.

Primary Network: The primary network refers to the portion of the water distribution system that trans-

ports Water from the source to the storage tanks within the system.
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Secondary Network: The secondary network typically connects the storage tanks to the demand nodes

that require Water.

Our model incorporates the design of ESR in our optimization. The source must serve each ESR, and

each demand node can be served by one source or one ESR.

3.5 Pipes

Pipes facilitate the flow of water between different nodes. As Water travels through a pipe, there is a loss

of pressure, known as head loss, which occurs due to friction within the pipe. The amount of head loss is

influenced by the water flow rate, the diameter of the pipe, and its roughness coefficient.

To calculate this headloss, we use the Hazen-Williams Equation Abdulameer et al. (2022). Our model

includes an equation to optimize pipe selection by taking into account the cost of each pipe while ensuring

that the hydraulic requirements, specifically the minimum pressure, are met at each node. However, factors

such as pipe reliability and degradation of water quality are not considered in this model.

3.6 Pumps

Pumps facilitate the delivery of water to locations that may lack direct access by generating additional pres-

sure across a link. The relationship between a pump’s power output and the pressure it generates is delineated

in its characteristic curve Hanafizadeh et al. (2014).

Our model operates under the assumption of a fixed-speed pump that delivers a constant head, thereby es-

tablishing a linear correlation between the power required by the pump and the pressure it generates. Further-

more, our model identifies the location and operational status of the pumps within our system. We categorize

the total daily hours of operation into specific time intervals and evaluate whether the pumps should remain

in operation or be turned off during those periods. We aim to optimize the operational and initial capital cost

of our network.
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CHAPTER 4

Modeling of Water Distribution System

This section examines the challenge of upgrading a rural piped water distribution system. It is essential to

rigorously define the associated parameters, decision variables, constraints, and objectives of our model to

ensure a comprehensive understanding of the problem at hand. We follow a naming convention for our model.

Nodes are referred to with letters n and m, links are referred to with the letter i, tank type is referred to with

the letter k pipe type is referred to with the letter j. Time slices are referred to with the letter t.

4.1 Parameters and Decision Variables

Table 4.1: Parameters

Symbol Meaning

NL number of links in the network

NP number of commercial pipe diameters

D j Diameter of jth commercial pipe diameter C j

C j cost per unit length of jth commercial pipe diameter

NN number of nodes in the network

NE number of rows in the tank cost table

Bk base cost of the kth row of the tank cost table

UNk unit cost of the kth row of the tank cost table

9



Table 4.2: Parameters

Symbol Meaning

UPk : upper limit capacity for the kth row of the tank cost

table

LOk ower limit capacity for the kth row of the tank cost

table

CP capital cost of pumps per unit kW

DF discount factor for the energy cost over the entire

scheme lifetime

PH number of hours of water supply in the primary

network

SH number of hours of water supply in the secondary

network

Y lifetime of scheme in years

INFR inflation rate

INTR interest rate

Li length of the ith link

PRn minimum pressure required at node n

DEn,t Water Demand at time t at node n

En elevation of the nth node

DEn,t water demand of the nth node

HLp
i, j,t headloss for the jth diameter of the ith link, if i is

part of the primary network at time t

HLs
i, j,t headloss for the jth diameter of the ith link, if i is

part of the secondary network at time t
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Table 4.3: Parameters

Symbol Meaning

FLp
i,t flow in ith, link if i is part of the primary network at time t

FLs
i,t flow in ith link if i is part of the secondary network at time t

R j roughness of jth commercial pipe diameter

Tmin minimum tank height allowed

Tmax maximum tank height allowed

ρ density of water

g acceleration due to gravity

η efficiency of pump

PPmin minimum pump power allowed

PPmax maximum pump power allowed

An set of nodes that are ancestors of node n in the network

Dn set of nodes that are descendants of node n in the network

Cn set of child nodes of node n in the network

Pn parent node of node n

In incoming link for node n

On set of outgoing links from node n

G fixed speed pump’s pressure added across a pipe

πt electricity cost at every time slice

C Electricity consumption coefficient

δ period of control, to change the operational status of our network .

Lallocated a set of (i,j) indexes indicating that the link i was allocated with a pipe of diameter j in the old network.

Tallocated a set of (n,k) indexes indicating that node n was allocated the tank k in the old network

Pallocated a set of i indexes indicating that a pump was allocated to link i in the old network
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Table 4.4: Continuous Decision Variable

Symbol Meaning

li, j length of the jth pipe component of the ith link

lp
i, j length of the jth pipe component of the ith link, if

link i is part of the primary network

hli,t total headloss across link i at time t

dn,t total demand served by a tank at node n at time t

zn,k maximum demand served by a tank at node n, if

cost by the kth row of the tank cost table

pi,t power of pump installed at link i at time t

pp
i,t power of pump installed at link i at time t if link i

is part of primary network

ps
i,t power of pump installed at link i at time t, if link i

is part of secondary network

phi,t head provided by the pump at the link i at time t

hn,t water head at node n at time t

tln,t tank level of the tank at node n at time t

hen,i,t effective head provided to link i by its starting

node n at time t

dmaxn maximum capacity served by a tank at node n

dpi,t water flowing through link i at time t due to pump i

hbarn,t head provided by a tank at node n at time t

yn,k,t demand served by tank at node n costed by the kth

row of the tank table at time t
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Table 4.5: Binary Decision Variable

Symbol Meaning

en,k 1 if tank at nth node is costed by the kth row of

tank cost table, 0 otherwise

fi 1 if link i is part of the primary network, 0 if part

of the secondary network

esn,i 1 if the source of water for the link i is its

immediate upstream node n, 0 otherwise

sn,m 1 if tank at node n is the source for node m, 0

otherwise

pei 1 if a pump is installed at link i, 0 otherwise

xi,t 1 if pump at the link i is on at time t, 0 if it’s off

αn,t 1 if tank at node n is connected at time t, 0 if it’s

disconnected.

βn,t 1 if the tank at node n is filling at time t, 0 if it’s

emptying.

4.2 Constraints

• Length of a link should be equal to the sum of the length of pipe segments that make up the link.

Li =
NLli, j(4.1)

∑
j=1

• Length of a primary pipe segment is the primary pipe segment if it’s in the primary network.

li, j ∗ fi = l pi, j (4.2)
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• Headloss across a link is the sum of the headloss created by the pipe segment.

hli,t =
NP

∑
j=1

HLp
i, j,t ∗ lp

i, j +HLs
i, j,t ∗ (li, j − lp

i, j)−G∗ xi,t (4.3)

HLp
i, j,t = 10.68∗

FLp
i

R j

1.852

D4.87
j

(4.4)

HLs
i, j,t = 10.68∗

FLs
i

R j

1.852

D4.87
j

(4.5)

FLs
i,t = FLp

i,t
PH
SH

(4.6)

• Head Node at a given node depends on whether the tank above the node is connected or disconnected

from its parent node.

hn,t = hem,i,t −hli,t (4.7)

hem,i,t = hbarm,t ∗αm,t +hm,t ∗ (1−αm,t) (4.8)

αm,t <= esm,i (4.9)

esm,i = sm,m ∗ (1− fi) (4.10)

• Our model follows a tank hierarchy format. If a node n is part of the secondary network, all its descends

will be part of the secondary network

sm,m <= sn,n, ∀ m ∈ Dn (4.11)

• A node can serve itself only if it serves itself

sn,m <= sn,n, ∀ m ∈ Dn (4.12)

• Only 1 ancestor can serve the node demand.

∑
p∈An

sp,n = 1 (4.13)
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• Incoming pipe will have primary flow only if the node can serve itself.

fi = sn,n, i ∈ In (4.14)

• The upcoming equations will describe the operations of tanks/ESRs in our model. This first set of

equations describes the change in tank levels of our model.

lt
m = lt−1

m −
NE

∑
k=1

T max∗ ym,k,t ∗δ

UPk
(4.15)

ym,k,t = dm,t ∗ em,k (4.16)

T min <= lt
m <= T max (4.17)

l0
m = lT

m = T min (4.18)

• The equations below specify the relation between the demand served by the tank, its operational status,

and the head provided by the tank

αn,t ∗ ∑
m∈Dn

sn,m ∗DEn = dn (4.19)

−M ∗βn,t <= dn,t <= M ∗ (1−βn,t) (4.20)

−M ∗ (1−βm,t)+(T max+En)<= hbarm,t <= (tlm,t +En)+M ∗βm,t (4.21)

dn,t <= dmaxn (4.22)

• Pump operational constraint describes the way pumps can be turned on and off, and their effect on the

water flow across a link.

(FLp
i,t ∗ fi +FLs

i,t ∗ (1− fi))∗ xi,t = d pi,t (4.23)

xi,t <= pei (4.24)

• Tank max demand served by tank k at node n (z) is related to e and d, which allows us to use z in our

objective function.

zn,k = dmaxn ∗ en,k (4.25)
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• We also need to specify the relation between pump power and pump head

pi =
ρ ∗g∗G∗ pei

η
(4.26)

• We incorporate the previously built pipes by allocating them the length of their associated links

li, j = Li ∀ i, j ∈ Lallocated (4.27)

• We incorporate the previously built tanks by setting their associated e binary variable to 1

en,k = 1 ∀ n,k ∈ Tallocated (4.28)

• We incorporate the previously built pumps, setting the associated pe variables to 1.

pei = 1 ∀ i ∈ Pallocated (4.29)

4.3 Objective Function

Our objective function consists of the cost of pipes, tanks, pump allocation and cost of operation of pumps.

We further elaborate on these aspects below.

4.3.1 Total Cost of Pipe Allocation :

Our objective function adds up the cost of our choice of pipe for each link. We have to choose between pipes

of varying diameters, which have a different unit cost associated with them. The li,j variable shows us all

possible allocations of pipe diameter at each link.

P(li, j) =
NL

∑
i=1

NP

∑
j=1

C(D j)∗ li, j (4.30)

4.3.2 Total Cost of Tank Allocation :

The cost of tanks requires considering the demand that a tank is serving and which tank is serving that demand

due to tank cost being a piecewise linear function of tank capacity

T (dmaxn,en,k) =
NN

∑
n=1

NE

∑
k=1

(Bk +UNk(dmaxn −LOk))en,k) (4.31)
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4.3.3 Total Cost of Pump Allocation :

Capital cost of pipe allocation is dependent on the power of a pump; since this is assumed constant for fixed

speed pump under our context, we get the equation ...

C(pi) =
NL

∑
i=1

CP∗Pi (4.32)

4.3.4 Operational Cost of Pump Allocation :

We calculate the daily cost of operating the pump. It then takes into account the discount factor over our

water distribution scheme.

O(d pi,t) =
T

∑
t=1

NL

∑
i=1

πt ∗C ∗d pi,t (4.33)

C =
δ ∗ρ ∗g∗G

η
(4.34)

We incorporate the previous network using similar functions, but we subtract it from the overall cost of

our network.

C′(li, j,dmaxn,en,k, pi) = ∑
i, j∈Lallocated

C(D j)∗ li, j + ∑
n,k∈Tallocated

(Bk +UNk(dmaxn−LOk))en,k)+ ∑
i∈Pallocated

CP∗Pi

(4.35)

Our objective function consists of summing these costs, which we aim to minimize.

min P(li, j)+T (dmaxn,en,k)+C(pei)+O(d pi,t)−C′(li, j,dmaxn,en,k, pi) (4.36)

s.t Eq 4.1 to 4.29

4.4 Solution Formulation

Our goal is to optimize this model while incorporating the old water distribution system as an extra constraint.

This includes specifying values for heads associated with this network. We also subtract their associated cost

from our obtained objective function to get the associated cost of rehabilitation for the network.
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Figure 4.1: Solution Formulation

We use Julia’s JuMP (Dunning et al. (2017)) interface to model this problem and use the HiGHS solver

(Huangfu and Hall (2018)) to solve our MILP model; our program accepts parameters from an Excel file and

generates an optimized network with its corresponding schedule in INP file format. This output facilitates

further analysis and simulation of the system in EPANET.(Rossman et al. (1994)).
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4.4.1 Translating our Solution to EPANET

Figure 4.2: Example Network Generated

While there exist packages like wtnr (Bynum et al. (2019)) in Python and CWSNet (Guidolin et al. (2010)) in

C++, which create an OOP approach to model water distribution systems and allow these data structures to

be imported to EPANET, allowing interoperability between the two software packages, features like these are

lacking in Julia. Although efforts are being made to bridge this barrier, notably by packages like WaterModels

Bent et al. (2016), for our particular use case, we decided to create our own Julia Package, which can create

an INP file from our network model. The table below describes how we have translated features of our

Rehabilitation Model to that of the EPANET Network Model.
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Table 4.6: Translating Features to EPANET

Rehabilitation Model EPANET Network Model Explanation

Demand Nodes Junctions We specify Junction elevations

and demands, and we associate

them with a demand pattern that

represents their daily variation in

average water demand using data

from demand nodes.

MBR Reservoirs We specify the head defined by

this MBR as the pressure of the

demand node.

ESR Tanks Specifications for tank elevation,

initial water level, minimum and

maximum water levels, and the

diameter of the model.

Pipe Segment Pipes Pipe segments refer to the length

of a given type of pipe across a

specific link. Specification for

Pipes from Pipe Segment

include Start and End Node,

Length Diameter, Roughness

Pumps Pumps We only specify the location of

our pumps from the start and end

node, while other data, such as

pump efficiency and its power is

specified in the Energy feature of

the EPANET Network Model.
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Table 4.7: Translating Features to EPANET

Rehabilitation Model EPANET Network Model Explanation

Demand Factor Pattern Demand Factor represents the

variation in demand at every

specified time step. Since our

model considers a standard

variation across every node we

specify a single pattern with T

columns and the standard

deviation at every column.

Pump Data Energy Energy specifies the efficiency,

unit cost per power and power

associated with each pump.

Time Data Times Times specifies the duration of

the simulation, which is one day,

and the length of the Hydraulic

Time Step, which is data taken

from Time Delta.

x,β and α variables Controls Controls specify when pumps

should be on and off and when

tanks should be connected or

disconnected from our model.

Please note that a lot of data for the EPANET’s network model is only available after the MILP has been

solved. The model is saved into an INP after translation.
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CHAPTER 5

Testing our Model

We study two case studies of Redesigning Rural Water Schemes and compare our results to the ILP model

mentioned hereHooda et al. (2019). Our goal is to use both of these optimization models to analyze the

results between the two models. The hydraulic components available to design our network are specified in

the tables below.

Table 5.1: Commercial Pipe Data

Diameter Roughness Cost Rs

63 140 116

75 140 172

90 140 231

110 140 340

125 140 461

140 140 576

160 140 750

180 140 945

200 140 1,113

225 140 1,430

250 140 1,762

280 140 2,210

315 140 2,794
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Table 5.2: ESR Cost Data

Minimum Capacity

(lps)

Maximum Capacity

(lps)

Base Cost (Rs) Unit Cost (Rs)

0 25,000 0 24.47

25,000 50,000 611,750 12.96

50,000 75,000 935,750 9.64

75,000 100,000 1,176,750 8.64

100,000 150,000 1,392,750 7.23

150,000 200,000 1,754,250 6.03

200,000 300,000 2,055,750 5.40

300,000 400,000 2,595,750 5.12

400,000 1,500,000 3,107,750 4.32

1,500,000 2,000,000 7,859,750 3.92

We utilize a fixed-speed pump that operates with a constant power consumption of 18.64 kW and an

efficiency rating of 70. The capital cost is assessed at Rs 30,000 per kW, with a projected design lifetime

of 15 years. Furthermore, an Inflation Adjusted Discount Rate of 7 is applied. It is important to note that

the Maharashtra Government Body does not employ hourly dynamic electricity pricing; therefore, a uniform

electricity price of Rs 6.5 per kWh is assumed for our calculations.

Both the Schemes discussed below specify a minimum staging height of 10 m and a maximum staging

height of 18 m for our ESRs.

Neither of our case studies provides an hourly water demand; rather, they exclusively forecast daily

demand. Consequently, we recommend the use of a daily demand factor, a concept derived from the Anytown

Network cited in this paper.Walters et al. (1999). This methodology is employed for two primary purposes.

Firstly, it illustrates the capability of our model to adapt to fluctuations in water demand throughout the

day. Secondly, we foresee that as developing nations implement and incorporate smart water meters, the

accessibility of hourly water demand data and subsequent forecasts will significantly enhance the efficacy of

our model. The daily variations in water demand are detailed in the table below:
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Table 5.3: Demand Factor Variation

ID Start Time End Time Demand Factor

1 0:00 3:00 0.7

2 3:00 6:00 0.6

3 6:00 9:00 1.2

4 9:00 12:00 1.3

5 12:00 15:00 1.2

6 15:00 18:00 1.1

7 18:00 21:00 1.0

8 21:00 0:00:00 0.9

5.1 Karegaon Redesign Scheme

The Karegaon Rural Water Supply Scheme represents a multi-village water supply initiative situated in

Mokhada Taluka, Thane District, Maharashtra, India. As detailed in Hooda et al. (2013), this scheme has

undergone an enhancement to establish a new multi-village water supply system, featuring the development

of a new water source, the installation of a Water Treatment Plant, a Mass Balance Reservoir (MBR), and the

implementation of various Elevated Storage Reservoirs (ESRs) to serve the cluster of villages involved. We

will adopt the design principles of this new scheme and integrate them with the previously mentioned water

distribution infrastructure of the old Karegaon Scheme to develop an improved water distribution system.

5.1.1 Previous Network

The study mentioned above provides an overview of the previous Karegaon Rural Water Supply Scheme,

which encompassed five villages: Karegaon, Kaduchiwadi, Kochale, Bhasmyachiwadi, and Karegaon Ashramshala.

This framework offers insight into the prior network configuration, wherein it is presumed that these villages

are interconnected through a 110 mm diameter pipe with a roughness coefficient of 140, incurring a cost of

Rs 340 per meter.

5.1.2 Network Layout

The scheme redesign details the cluster of villages involved in the water network, their associated demands,

the elevation, and the connections between the villages and some auxiliary nodes. Each village has a mini-

mum head requirement of 7m. Details of the nodes and links are described in the tables below. Our available

hydraulic components are specified above and are the same for both schemes discussed.
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Table 5.4: Karegaon Node Data

Node ID Node Name Elevation(m) Min. Pressure (m) Demand (lps)

1 434 0 0

2 434 0 0

3 434 0 0

4 434 0 0

5 Sayade 420.00 7 33.4

6 Gomghar 419.00 7 17.06666667

7 Shirasgaon 243.00 7 16.15555556

8 Dolhare 380.00 7 20.42222222

9 Nashera 354.00 7 46.43333333

10 Adoshi 202.00 7 11.77777778

11 Dhamanshet 384.00 7 38.12222222

12 Palsunde 393.00 7 41.93333333

13 Pathardi 192.00 7 46.14444444

14 Kochale 345.00 7 18.71111111

15 Ashramshala 350.00 7 23.03333333

16 Karegaon 350.00 7 36.73333333

17 Kaduchiwadi 350.00 7 18.98888889

18 Kiniste 460.00 7 32.85555556

19 Udhale 422.00 7 25.34444444

20 Jogalwadi 426.00 7 24.94444444

21 434.00 0 0

22 434.00 0 0

23 380.00 0 0

24 380.00 0 0
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Table 5.5: Karegaon Node Data

Node ID Node Name Elevation(m) Min. Pressure (m) Demand (lps)

25 202 0 0

26 380.00 0 0

27 Khodala 434.00 7 85.78888889

28 0.00 0 0

29 434.00 0 0

30 434.00 0 0

31 434.00 0 0

32 434.00 0 0

33 Upper Vaitarna

Reservoir (Source

node)

603.00 0 0

Table 5.6: Karegaon Link Data

Pipe ID Start Node End Node Length(m) Diameter(mm) Roughness ’C’

1 33 27 5,316 110 140

2 27 3 3,130

3 3 2 2,592 110 140

4 2 19 577

5 2 1 950 110 140
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Table 5.7: Karegaon Link Data

Pipe ID Start Node End Node Length(m) Diameter(mm) Roughness ’C’

6 3 20 284 110 140

7 27 21 626

8 21 6 2,430

9 27 7 3,747

10 7 10 2,675

11 10 25 2,500

12 25 13 3,181

13 27 4 1,000

14 4 22 4,700

15 22 9 788

16 4 8 5,568

17 8 24 2,010

18 24 26 1,453

19 26 12 2,000

20 1 5 3,160

21 1 29 1460 110 140

22 29 30 1,391 110 140

23 30 18 1,110

24 30 32 600 110 140

25 32 14 2,000 110 140

26 29 31 2,100 110 140

27 31 15 250 110 140

28 31 16 2,000 110 140

29 31 17 400 110 140

30 8 23 2,000

31 23 11 1,800
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5.1.3 Model Output

Our model’s output consists of the optimal allocation of pipes, tanks and pumps as well as the creation of

an optimal operational schedule. Details of the optimal allocation and schedule for the Karegaon Scheme

are specified below. We should note that our model did not produce any pumping allocation for this scheme

redesign. Thus, details for pump allocation are missing.

Table 5.8: Karegaon ESR allocation

ID Elevation InitLevel MinLevel MaxLevel Diameter

tank1 434.0 10.0 10.0 18.0 1388.89

tank2 434.0 10.0 10.0 18.0 2777.78

tank3 434.0 10.0 10.0 18.0 4166.67

tank4 434.0 10.0 10.0 18.0 5555.56

tank5 420.0 10.0 10.0 18.0 8333.34

tank6 419.0 10.0 10.0 18.0 11111.11

tank7 243.0 10.0 10.0 18.0 16666.68

Table 5.9: Karegaon Pipe Segment

ID Node1 Node2 Length Diameter Roughness

1 33 27 9316.0 110.0 140.0

33 27 tank5 3130.0 110.0 140.0

64 tank5 3 3130.0 110.0 0

2 27 3 3130.0 110.0 140.0

34 3 tank3 2592.0 110.0 140.0

65 tank3 2 2592.0 110.0 0

3 3 2 2592.0 110.0 140.0

35 2 tank2 577.0 63.0 140.0

66 tank2 19 577.0 63.0 0

4 2 19 577.0 63.0 140.0
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Table 5.10: Karegaon Pipe Segment

ID Node1 Node2 Length Diameter Roughness

36 2 tank2 950.0 110.0 140.0

67 tank2 1 950.0 110.0 0

5 2 1 950.0 110.0 140.0

37 3 tank3 284.0 110.0 140.0

68 tank3 20 284.0 110.0 0

6 3 20 284.0 110.0 140.0

38 27 tank5 626.0 63.0 140.0

69 tank5 21 626.0 63.0 0

7 27 21 626.0 63.0 140.0

8 21 6 2430.0 63.0 140.0

40 27 tank5 3747.0 63.0 140.0

71 tank5 7 3747.0 63.0 0

9 27 7 3747.0 63.0 140.0

10 7 10 2675.0 63.0 140.0

11 10 25 2500.0 63.0 140.0

12 25 13 3181.0 63.0 140.0

44 27 tank5 1000.0 63.0 140.0

75 tank5 4 1000.0 63.0 0

13 27 4 1000.0 63.0 140.0

45 4 tank4 4700.0 63.0 140.0

76 tank4 22 4700.0 63.0 0

14 4 22 4700.0 63.0 140.0

15 22 9 788.0 63.0 140.0

47 4 tank4 5568.0 63.0 140.0

78 tank4 8 5568.0 63.0 0

16 4 8 5568.0 63.0 140.0

17 8 24 2010.0 63.0 140.0 0

18 24 26 1453.0 63.0 140.0
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Table 5.11: Karegaon Pipe Segment

ID Node1 Node2 Length Diameter Roughness

19 26 12 2000.0 63.0 140.0

51 1 tank1 3160.0 63.0 140.0

82 tank1 5 3160.0 63.0 0

20 1 5 3160.0 63.0 140.0

52 1 tank1 1460.0 110.0 140.0

83 tank1 29 1460.0 110.0 0

21 1 29 1460.0 110.0 140.0

22 29 30 1391.0 110.0 140.0

54 30 tank6 1110.0 63.0 140.0

85 tank6 18 1110.0 63.0 0

23 30 18 1110.0 63.0 140.0

55 30 tank6 600.0 110.0 140.0

86 tank6 32 600.0 110.0 0

24 30 32 600.0 110.0 140.0

25 32 14 2000.0 110.0 140.0

26 29 31 2100.0 110.0 140.0

58 31 tank7 250.0 110.0 140.0

89 tank7 15 250.0 110.0 0

27 31 15 250.0 110.0 140.0

59 31 tank7 2000.0 110.0 140.0

90 tank7 16 2000.0 110.0 0

28 31 16 2000.0 110.0 140.0

60 31 tank7 400.0 110.0 140.0

91 tank7 17 400.0 110.0 0

29 31 17 400.0 110.0 140.0

30 8 23 2000.0 63.0 140.0

31 23 11 1800.0 63.0 140.0
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Figure 5.1: Karegaon Tank Schedule

Figure 5.2: Karegaon Network Generated

5.2 Khardi Redesign Scheme

Our previous scheme deals with redesigning an old water network, and its new scheme is to rehabilitate

the Mokhada Water Distribution System. The Khardi redesign scheme (Choudhary et al. (2013)) involves a

significantly revised scheme, as the villages previously included have been excluded from the new design. A

new water source has been identified, which does not have any existing connecting pipelines. The redesign

focuses on Khardi village, located in the Thane District within the Shahapur Taluka of Maharashtra, India.

It encompasses the towns of Shirol and Kundanpada, which will draw water from the Kundan Dam. We

describe the reasons that led to the redesign and outline the scheme details below.

31



5.2.1 Previous Network

The study describes the existing water distribution network as a multi-village system encompassing the vil-

lages of Khardi, Umbarkhand, Chanda Kukambe, and Lahe. Water is sourced from the Bhatsa Dam and

disseminated through a branched piped network. However, challenges such as pipe leakages, the absence of

a Water Treatment Plant and Mass Balancing Reservoir, along an inconsistent operational schedule for the

hydraulic components necessitated the conception of a new design by Maharashtra Jeevan Pradhikaran (MJP)

and an alternative proposed by the Center for Technology Alternatives for Rural Areas (CTARA). Our model

is fundamentally based on the scheme described by CTARA.

As previously noted, the redesign constitutes a substantial revision of the former network, incorporating

water from a new scheme while excluding several villages that were previously part of the water distribu-

tion system. Chanda has been marked for integration into another multi-village water distribution initiative

known as the Ratandhale scheme. The residents of Lahe have expressed the desire to implement a Single

Village Scheme tailored specifically for Lahe. Kukambe may potentially join the Birwadi Scheme, while

Umbarkhand is excluded from this initiative as it did not receive water from the preceding network.

Given the factors mentioned above and the inclusion of new villages, namely Shirol and Kundanpada, the

challenge presented is less about redesigning the existing network and more akin to constructing an entirely

new system. The network layout for the proposed scheme is elaborated upon in the following section.

Table 5.12: Khardi Node Data

Node ID Node Name Elevation Demand Min. Pressure

1 Kundanpad 286 0.29 7

2 342 0.00 7

3 342 0.00 7

4 342 0.00 7

7 342 0.00 7

6 Shirol 331 0.62 7

9 342 0.00 7

10 Khardi 248 23.26 7

11 Kundan Dam

(Source Node)

342 0.00 7

5 342 0.00 7

8 342 0.00 7
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Table 5.13: Khardi Link Data

Pipe ID Start Node End Node Length

1 11 2 1,561

2 11 3 976

3 3 4 1,063

4 4 5 878

5 5 6 187

6 5 7 2,730

7 7 8 1,377

8 8 9 2,309

9 9 10 2,037

10 1 11 14

5.2.2 Model Output

Similar to the Karegaon Scheme Rehabilitation, our current model did not produce any pumping allocations.

More importantly, it resulted in a more expensive allocation compared to the ILP models. This increased cost

can be attributed to the addition of another tank and the assignment of higher diameter allocations, which led

to increased unit length costs.

Table 5.14: Khardi ESR Allocation

ID Elevation InitLevel MinLevel MaxLevel Diameter

tank1 286.0 10.0 10.0 18.0 1388.888888888889

tank2 342.0 10.0 10.0 18.0 2777.777777777778
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Table 5.15: Khardi Pipe Segment Allocation

ID Node1 Node2 Length Diameter Roughness

11 11 tank2 1561.0 63.0 140.0

21 tank2 2 1561.0 63.0

1 11 2 1561.0 63.0 140.0

12 11 tank2 976.0 63.0 140.0

22 tank2 3 976.0 63.0 0

2 11 3 976.0 63.0 140.0

13 3 tank1 1063.0 63.0 140.0

23 tank1 4 1063.0 63.0 0

3 3 4 1063.0 63.0 140.0

4 4 5 878.0 63.0 140.0

5 5 6 187.0 63.0 140.0

6 5 7 1254.62 160.0 170.0

6 5 7 1475.38 180.0 175.0

7 7 8 1377.0 63.0 140.0

8 8 9 2309.0 63.0 140.0

9 9 10 2037.0 63.0 140.0

10 1 11 14.0 63.0 140.0

Figure 5.3: Khardi Tank Schedule
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Figure 5.4: Khardi Rehab Network

We finally present a comparison of the results of our model against (Hooda et al. (2019)) in the table

described below.

Table 5.16: Model Results

Models and

Schemes Used

Total Cost (Rs) Tanks Pumps Pipes

Khardi ILP

model

1.974*e6 1 0 12

Khardi Rehab

model

3.54*e6 2 0 11

Karegaon ILP

model

6.57*e7 4 11 44

Karegaon Re-

hab model

4.79*e6 7 0 31
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CHAPTER 6

Conclusion

My objective with this thesis was to develop a framework for the rehabilitation of a water distribution system

that ensures optimal allocation of hydraulic components and defines an ideal operational state. Our focus was

on rural piped networks, particularly two multi-village redesign schemes in Khardi and Karegaon villages

in Maharashtra, India. Central to this thesis is an Integer Linear Programming (ILP) model, which previous

works have inspired in the field. (Hooda et al. (2019),Singh and Kekatos (2019)).Our work also included a

framework for reading Excel files that contain details about the scheme and the network involved. It outputs

partial network information as INP files, which can be used for further simulation and analysis in EPANET.

Please refer to our GitHub for more info : Rehabilitation of WDS

Our model produced mixed results across the two test cases. It performed well on the Karegaon re-

design scheme, delivering an optimal solution in accordance with the model proposed by Hooda et al. (2019).

However, it struggled with the Khardi Scheme, which is a smaller network better suited for optimization. Ad-

ditionally, our model did not allocate any pumps in the final distribution, suggesting that our pump equations

may be overdetermined.

Our model focused on creating an optimal branched network and efficiently operating its pumps and tanks

under dynamic demand patterns. This work opens up various avenues for future research. One direction could

involve developing optimal water networks for looped systems, as most urban water distribution networks

include loops, which introduce variability in flow patterns.

Additionally, we could integrate our water network with a smart grid, presenting a new challenge: opti-

mizing the operations of both infrastructures simultaneously. Another important consideration, particularly

for water distribution systems in developing countries, is load shedding. Developing an optimization model

that is resilient to the uncertainty of power outages could be another valuable extension of our work.
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Huangfu, Q. and Hall, J. J. (2018). Parallelizing the dual revised simplex method. Mathematical Program-
ming Computation, 10(1):119–142.

Karmeli, D., Gadish, Y., and Meyers, S. (1968). Design of optimal water distribution networks. Journal of
the Pipeline Division, 94(1):1–10.

Krapivka, A. and Ostfeld, A. (2009). Coupled genetic algorithm—linear programming scheme for least-
cost pipe sizing of water-distribution systems. Journal of Water Resources Planning and Management,
135(4):298–302.

Lejano, R. P. (2006). Optimizing the layout and design of branched pipeline water distribution systems.
Irrigation and Drainage Systems, 20:125–137.

Malviya, V. K. and Kale, G. D. (2021). Analysis of sarangpur city’s zone-3 water distribution network by
using loop 4.0 and epanet software. In International Conference on Hydraulics, Water Resources and
Coastal Engineering, pages 275–283. Springer.

37



Mehta, D. J., Yadav, V., Waikhom, S. I., and Prajapati, K. (2017). Design of optimal water distribution
systems using watergems: a case study of surat city. E-Proceedings 37th IAHR World Congr, pages 1–8.

Mehta, V. and Joshi, G. (2017). Design of rural water supply system using branch 3.0-a case study for
nava-shihora region, india. Technology, 8(2):618–630.

Mitchell, J. E. (2002). Branch-and-cut algorithms for combinatorial optimization problems. Handbook of
applied optimization, 1(1):65–77.

Murphy, L., Dandy, G., and Simpson, A. (1994). Optimum design and operation of pumped water distribution
systems. In Conf. on Hydraulics in Civil Engineering. Institution of Engineers, Australia.

Rossman, L. A. et al. (1994). Epanet users manual.

Schork, L. and Gondzio, J. (2020). Implementation of an interior point method with basis preconditioning.
Mathematical Programming Computation, 12(4):603–635.

Singh, M. K. and Kekatos, V. (2019). Optimal scheduling of water distribution systems. IEEE Transactions
on Control of Network Systems, 7(2):711–723.

Walters, G. A., Halhal, D., Savic, D., and Ouazar, D. (1999). Improved design of “anytown” distribution
network using structured messy genetic algorithms. Urban water, 1(1):23–38.

Zamzam, A. S., Dall’Anese, E., Zhao, C., Taylor, J. A., and Sidiropoulos, N. D. (2018). Optimal water–power
flow-problem: Formulation and distributed optimal solution. IEEE Transactions on Control of Network
Systems, 6(1):37–47.

38


	LIST OF TABLES
	LIST OF FIGURES
	1 Introduction
	1.1 Objective
	1.2 Structure of Thesis

	2 Related Work
	2.1 Mathematical Programming
	2.1.1 Linear Programming 
	2.1.2 Mixed Integer Linear Programming

	2.2 Water Distribution Optimization
	2.2.1 Branched Water Distribution System : 
	2.2.2 Deterministic Models :
	2.2.3 Non Deterministic Models :
	2.2.4 Rehabilitation Problem :

	2.3 Optimal Water Flow Problem

	3 Components of a Water Distribution System
	3.1 Water Source
	3.2 Water Treatment Plant
	3.3 Mass Balancing Reservoir
	3.4 Elevated Storage Reservoir
	3.5 Pipes
	3.6 Pumps

	4 Modeling of Water Distribution System
	4.1 Parameters and Decision Variables
	4.2 Constraints
	4.3 Objective Function
	4.3.1 Total Cost of Pipe Allocation : 
	4.3.2 Total Cost of Tank Allocation : 
	4.3.3 Total Cost of Pump Allocation : 
	4.3.4  Operational Cost of Pump Allocation : 

	4.4 Solution Formulation
	4.4.1 Translating our Solution to EPANET


	5 Testing our Model
	5.1 Karegaon Redesign Scheme 
	5.1.1 Previous Network
	5.1.2 Network Layout 
	5.1.3 Model Output

	5.2 Khardi Redesign Scheme
	5.2.1 Previous Network
	5.2.2 Model Output


	6 Conclusion
	 References 

