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ABSTRACT

In recent decades much attention has been paid to optimal operation of water distribution networks (WDNs). In this 
regard, the system operation costs, including energy and disinfection chemicals, as well as system reliability should be 
simultaneously considered in system performance optimisation, to provide the minimum required level of performance 
in failure condition and to manage economic limitations. In this study, multi-objective optimisation of water distribution 
network performance in 3 different scenarios was considered. In these scenarios the effects of time-dependent chlorine 
injection and pump speed, as well as different combinations of objective functions for minimising energy and disinfection 
costs and for maximising hydraulic reliability and quality-based reliability are incorporated. As the optimisation method, 
a multi-objective ant colony optimisation (ACO) algorithm was used because of its high efficiency. For better managing 
the hydraulic behaviour and water quality in the WDN, considering temporal variations of demand, it is suggested to 
use variable speed pumps (VSP) as well as to inject chlorine at a variable rate. Application of VSP and time-dependent 
chlorine injection results in improvements such as reduction in energy and disinfection costs, and decrease in disinfection 
costs in application of HDSM (head-driven simulation method). In HDSM simulation of WDN, a decrease in hydraulic 
reliability because of shortages in water supply can be mitigated through extra chlorine injection and increase in quality-
based reliability. To deal with this challenge, it is recommended to satisfy the hydraulic reliability first and then to 
evaluate the quality reliability. Furthermore it is necessary to modify the hydraulic reliability relationship to incorporate 
different components of the WDN other than pumps. This will provide more reliable results for evaluation of the system 
performance.

Keywords: multi-objective optimisation, aco algorithm, energy cost, disinfection costs, hydraulic reliability, 
quality reliability

INTRODUCTION

Optimising the operation of water distribution systems (WDSs) 
depends on issues such as optimising pumping efficiency 
and water quality, and multiple objectives are thus pursued. 
These objectives include reduction in energy costs, increase in 
pumping station reliability so as to optimise pump operation 
and to reduce chlorination cost, and improving quality-based 
reliability as to optimise water quality according to residual 
chlorine. Additionally, one can examine the effect of various 
techniques, such as using variable speed pumps and different 
chlorine injection methods, on meeting the objectives of the 
optimisation. 

As the pumping station is one of the most costly compo-
nents of WDSs and since it has a major role in delivering the 
required quantity of water with adequate pressure to the final 
consumers, it is essential to evaluate its reliability to achieve 
better network performance and to cut costs associated with 
the pumping station. Further, in many WDSs chlorine is 
injected at only one point before water entrance to the network. 
This leads to a high concentration of residual chlorine at nodes 
closer to injection sources and insufficient values at nodes 
further from these points. Therefore, there is a great call for 
more quality sources. However, with an increase in the number 

of quality management points in the network,  chlorine injec-
tion then needs to be optimised to reduce the cost of chlorine 
consumed in the network and to keep the nodal residual 
chlorine within the standard range at every point in the WDS. 
According to IRI/VPSPS (2013) the minimum and maximum 
standard values of residual chlorine in drinking water are 
recommended to be 0.2 to 0.4 mg/ℓ and 0.8 to 1.2 mg/ℓ, respec-
tively, based on water pH.

Broadly, water distribution system reliability analysis is 
classified into mechanical-, hydraulic- and quality-reliability 
analysis. Mechanical reliability in WDSs is defined as the prob-
ability that a system component provides continuing operation 
over a given period of time. According to Tabesh et al. (1998), 
hydraulic reliability is affected by mechanical reliability or 
excess of demand. It characterises the probability that the sys-
tem nodes receive sufficient supply with suitable pressure head. 
Quality reliability refers to the probability that the provision 
of required flow is of satisfactory quality within the standard 
range. 

Wagner et al. (1988) and Bao and Mays (1990) examined 
mechanical reliability and hydraulic reliability, respectively. 
Gupta and Bhave (1994) studied both mechanical and hydrau-
lic reliability simultaneously. Zhao et al. (2010) analysed the 
water quality and hydraulic reliability of WDSs. Investigating 
hydraulic reliability, Mehzad (2011) characterised pumping sta-
tion reliability as the ability of pumps to supply enough water to 
consumption nodes with allowable pressure. She proposed a set 
of fuzzy relationships to investigate the reliability of pumping 
stations. Also determining the best time for pumping operation 
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during a 24-h period, Vieira et al. (2007) targeted minimising 
energy costs. Hashemi (2010) and Hashemi et al. (2013) studied 
single-objective optimisation of energy cost. Using variable-
speed pumps, Wu et al. (2012) investigated optimisation of 
energy cost. Moreover, a few researchers, including Ostfeld 
and Salomons (2006), have examined scheduling of pump-
ing and booster chlorine injections. Gibbs et al. (2010) consid-
ered the booster disinfection dosing problem, including daily 
pump scheduling, for a real system (Woronora) in Sydney, 
Australia. Integrating the hydraulic model EPANET and 
the nonlinear optimisation model  Genetic Algorithm (GA), 
Tabesh et al. (2011) identified optimum dosage of chlorination 
and located the best places for chlorine injection in the water 
network. Boccelli et al. (1998) developed a linear optimisation 
model for the scheduling of disinfectant injections into water 
distribution systems to minimise the total disinfectant dose 
required to satisfy residual constraints. Broad et al. (2005) 
studied the development and design of a water distribution 
system in New York. In this study, it was assumed that qual-
ity injection was performed only in the network entry point 
and that optimisation was implemented on the value of this 
injection. 

Gupta et al. (2009) studied both the quality and quantity of 
water to assess the reliability of a WDN using a ‘water qual-
ity reliability factor’ and node flow analysis (HDSM method). 
Tabesh and Zabihi (2009), using demand-driven simulation 
(DDSM) and head-driven simulation (HDSM) methods for 
hydraulic analysis, investigated optimal design of WDS with 
quality-based constraints. Their results showed that quality 
constraints are a challenge with pressure constraints, and 
also showed that the DDSM method needs a shorter time 
in comparison with the HDSM method, but that in failure 
conditions, the HDSM method is recommended. Tabesh et 
al. (2011) developed an optimisation procedure for studying 
DDSM and HDSM methods, using GA. Kurek and Ostfeld 
(2014) applied GA to optimise the cost of the energy con-
sumed for pumping while keeping water quality within the 
standard range. 

In comparison with the previous studies, the present study 
incorporates particular novel features. Previous researches 
have not dealt with optimum reliable operation of WDS by 
minimising energy cost and chlorine dosage and maximising 
hydraulic and quality reliability, by taking into account the 

effects of time-dependent chlorine injection and pump speed. 
To overcome the limitations of previous research this study 
employs an ant colony optimisation algorithm written in C++, 
and EPANET simulation software, with the models integrated 
in such a way that not only do they combine the objective 
functions of pump station cost and chlorination cost but also 
enhance hydraulic reliability (pumping station) using failure 
scenarios of pumps. This integration also improves water qual-
ity–based reliability under different conditions by examining 
the potential effect of pumping speed and chlorine injection 
on pareto curves of pump operation and water quality. This 
combination of objective functions and decision variables can 
be used for improving the performance of existing WDSs.

METHODOLOGY

Using an ant colony optimisation algorithm and EPANET 
simulation software, this study followed a procedure to opti-
mise costs and ensure reliability in water distribution networks. 
The flowchart of the proposed methodology is shown in Fig. 1.

Optimisation model

This section introduces the proposed equations and describes 
how the optimisation procedure is implemented. For each 
optimisation problem, the objective functions, decision-making 
variables and proposed constraints and parameters should be 
identified.           

Eq. (1) provides the objective function of the present study 
for optimisation of pump operation with the purpose of mini-
mising the cost of energy consumed by the pumping station.

															               (1)

where: 
NP is the number of pumps
NT is the number of time periods
Hpt 

 is the head provided by pump pat time t (meters of 
H2O)
ηpt is the efficiency of pump p at time t
ETt is the electricity tariff at time t  (cost per kWh)
Qpt is external discharge from pump p at time t (m3/s)
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Because Qpt  is the demand value which should be fully sup-
plied, it  remained fixed in this study. The above equation is 
achieved by multiplication of the pump power and the electric-
ity tariff. But because some parameters e. g. ϒw (special weight 
of water (kN/m3)) and ∆t

 
(in hours) are constant, they can be 

removed and Eq. (1) is then achieved. Based on this objective 
function, when the minimum nodal pressure head is provided, 
the heads provided by pumps will be reduced as much as possi-
ble. This is the ultimate purpose of pressure management, leak-
age management and also water-loss reduction in the network. 
For optimising amount of chlorination consumption, the 2nd 
objective function is defined as follows: 
                                                                                                                                                      
                                                                               			   (2)                                                                                                                                              
                                                       
where: 

M is the number of tanks and chlorine injection reservoirs
T is the number of hydraulic analysis time periods
Qjk is the outflow of tank or injection reservoir j at time k 
(ℓ/s)
Cjk is chlorine injection dosage in tank or injection reser-
voir j at time k (mg/ℓ)

The chlorination cost was determined as 1USD/kg per day, 
according to the Iran Industrial Commercial website (Iran’s 
Industrial-Commercial Comprehensive System, 2012). 
Therefore Eq. (2) provides the chlorination cost as well. 
Eq. (3) presents the 3rd objective function to calculate hydraulic 
reliability.

                                                                                   			      

(3)                                   

where: 
N is the number of nodes
	      is the outflow at node i at time t in the scth scenario

Scenarios are defined in terms of failure probability of pumps. 
Coef(i) is the value of the membership degree of the penalty 
curve at node i which can be calculated from Eq. (4) developed 
based on Wagner et al. (1988), Mehzad (2011) and Tabesh and 
Zia (2003):

															                  (4)

where: 
Pi is the pressure head at node
Pi

min is the minimum absolute pressure
Pi

max is the maximum absolute pressure at node 
Pi

des is the minimum allowable standard pressure at node

As shown in Fig. 2, by using Eq. (4), value of Coef(i) for the reli-
ability index at each node can be obtained. In effect, the con-
sidered reliability index is a function of meeting the desirable 
hydraulic conditions of the water distribution network. 

 

1 1
min

M T

jk jk
j k

E Q C
 

 

( , , )
1

, ,

( , , )
1

( ( ) )
max

N avl

i t sc
i

Np t sc avl

i t sc
i

Coef i
R

Q

Q









 

( , , )

avl

i t scQ  

Figure 2
Penalty curve for nodal pressures (Tabesh and Zia, 2003)
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In common methods for evaluation of hydraulic reliability used 
in many previous studies, the ratio of available flow to required 
flow has been used. Actually in these studies the reliability 
index is not sensitive to pressure values higher than Pdes. This 
kind of index considers reliability of 1 for P > Pdes; however 
it is obvious that extra pressure is harmful. Therefore a real 
reliability index should compensate the system in this situa-
tion. Tabesh and Zia (2003) combined the concept of HDSM 
and performance index (PI), which has resulted in Fig. 2. So, 
by their method, the limiting condition that P > Pdes has been 
mitigated. Further P1, P2, P3 are optional values for drawing the 
curve between Pmin and Pdes and this part of the curve is drawn 
using the relationship described by Wagner et al. (1988).
To include the issue of pump failure into the objective function 
(in the case that the pumping station has some pumps that fail 
in different scenarios), the index of pumping station reliability 
is calculated as the weighted average of different failure sce-
narios. If at time t the occurrence of scth scenario is named rsc, 
pumping station reliability is calculated using Eq. (5):

                                                                                                      

    (5)                                                                                                      

where: 
Npu is the number of pumps in the pumping station
Rp,t is the reliability of the pumping station at time t for all 
possible scenarios
Also, rsc should be determined through pump failure 
analysis

With some changes in the equation used by Gupta et al. (2009), 
the objective function of quality reliability index is formulated 
in Eq. (6) as follows:

                                                                                   			      

(6)

where: 
N is number of demand nodes
S is the number of problem solving steps
         is the available flow rate at step k
         is the required flow rate at step k
bik is obtained from Fig. 3 upon the water quality criteria at 
the demand node i and step k

In the conditions with no pressure deficit, the demand and 
available outflows are equal.
	 In the present study, the objective functions described 
earlier are discussed in the form of 3 different scenarios whose 
descriptions are provided below. To come up with the best 
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multi-objective optimisation solution of the Pareto curve one of 
the solutions in each scenario is selected through the use of the 
bargaining technique formulated by Young (1993).

The decision variable is the chlorine injection dosage in 
all network reservoirs and tanks and also the pump speed in 
a 24-h time period. Given the huge search scope, the alterna-
tive reservoir method (Hashemi, 2010; Hashemi et al., 2012) is 
used with application of VSP. As such, the hydraulic decision 
variable in these conditions is the water surface level in the 
alternative reservoir rather than the variable-speed pump and 
the quality decision variable is the amount of chlorine injected 
with variable rate in the reservoirs and tanks. 

Pressure constraint in this study is considered as Eq. (7):

 		                                                                    			      (7)
where: 

Pjk is the pressure at node j at time k (in meters)
Pmin is the minimum allowable pressure (30 m in this study)
is Pmax the maximum allowable pressure (50 m in this study) 
for every node in the network

Also, pumping schedules that cause the water surface level in 
tanks to be lower than the  initial level are eliminated from the 
analysis. The constraint of surface level drop of tanks in the 
network is shown in Eq. (8):

 		                                                                    			      (8)

where: 
             and             are the initial and final water level of tank 
j (in meters), respectively
ε is the allowable error which, based on Hashemi (2010) 
and Mehzad (2011), has been assigned a value close to 0 (i.e. 
0.05). 

Quality constraint is also considered in Eq. (6).

Simulation model

Simulation of hydraulic and water quality behaviour in this 
study is performed using EPANET (USEPA, 2012) software.  
The software adopts the Gradient Method for hydraulic analy-
sis and Time Driven Method (TDM) for quality analysis. In 
this study, extended period hydraulic analysis of the network 
for a period of 24 h is performed. Injection dosage in chlorine 
sources is considered with variable rate. Variable-speed pumps 

are also considered. For injection with variable rate, every  
24 h is divided into 1-h time steps. For injection dosage within 
the range of 0 to 0.5 mg/ℓ, 0.01 mg/ℓ changes are considered. 
Injection above the 0.5 mg/ℓ range leads to an increase in 
chlorine residual, beyond the standard range, at nodes close to 
the injection points; therefore it is not considered in this study. 
In any case, choosing a chlorine injection dose entails the 
issue that the amount of residual chlorine at some nodes may 
fall outside the standard range, thereby affecting the quality 
reliability index. Also, 0.01 steps in injection are selected for 
the sake of precision. Note that a minimum of 72 h should be 
considered for quality simulation to eliminate the immediate 
effects of chlorination on the results,after which time the state 
of the disinfectant remains stable. To achieve even more reliable 
results, 144 h of quality simulation is considered in this study. 
The results of Day 6 (from Hour 120 h to Hour 144) are used in 
the analysis.  

In the HDSM model where the actual performance of the 
network is simulated, the relationship between pressure and 
nodal outflow should be taken into account. In this paper, 
the following relationship (Wagner et al., 1988) identifies the 
outflow-pressure dependency:

 		                                                                    			      (9)

where: 
        is the required flow at node j, 
        is the available flow at node j
Hj is the available head at node j
         is the absolute minimum head at node j, below which 
the outflow at the node will be equal to 0
        is the desired head, above which the outflow at the 
node will be equal to the required flow. 

However, given that the EPANET software considers fixed 
demands, an independent program written in C++ is used in 
this study to evaluate head driven simulation.  

Solving the optimisation problem

Two objective ant colony optimisation algorithms written 
in C++ were used in the present study as the optimisation 
technique. Initially introduced by Colorni et al. (1991), the 
algorithm is based on the social behaviour of ants seeking a 
path between their colony and a source of food. The algorithm 
offers considerable advantages, including simplicity, speed, 
cost efficiency, and performance. Further, research investigat-
ing multiple-objective optimisation of WDSs using the algo-
rithm is sparse. Accordingly, the issue merits further investi-
gation. The bi-divisible ant algorithm developed in this study 
draws on the procedure proposed by Afshar et al. (2009). 
Establishing  a connection between the optimisation model 
and hydraulic-quality model in order to reach the optimal 
solution is an integral part of solving the optimisation prob-
lem. To this end, if required, the optimisation problem writ-
ten in C++ calls the hydraulic and quality simulation model. 
This is achieved through a Direct Link Laboratory (DLL)  
file in EPANET’s hydraulic-quality model without any  
programming effort. 

Figure 3
Penalty curve for residual chlorine (Coelho, 1996)
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Case study

Given the unavailability of required hydraulic and quality data 
for an actual WDS, the well-known ‘Anytown’ network is used 
to evaluate the proposed technique in this study. This network 
has been employed in a number of studies (e.g. Kurek and 
Ostfeld, 2014; Walski et al. 1987; Murphy et al., 1994). Another 
reason for selecting this network is the fact that it possesses  
the components required for modelling in the present study. 
Figure 4 offers a schematic representation of the network, 
in which the pumping station (well and 3 pumps) has been 
replaced by a surrogate reservoir (21). The information con-
cerning entry and the characteristics of the network’s compo-
nents such as nodes, pipes, tanks, pumps and consumption pat-
tern have been extensively provided by Hashemi (2010), and, for 
the sake of brevity, are not listed here. Energy tariff values put 
forward by Ostfeld and Tubaltzev (2008) were used to estimate 
the cost of the consumed energy. 

Regarding calculation of pumping station reliability, 
broader research is required to determine the failure probabil-
ity of each of the tanks. Due to lack of access to sufficient infor-
mation in this regard, values are considered hypothetically and 
in accordance with Mehzad (2011). As stated in the definition 
of pumping station reliability through pumps’ failure scenarios, 
failure probability of 1 pump in this system is taken to equal 0.1 
and 0.01 for 2 pumps (0.1×0.1=0.01). Additionally, given that 
failure probability of all 3 pumps in this system is very low and 
negligible (0.1×0.1×0.1=0.001),  the probability that no pump 
fails is equal to 0.89.  

The values of p1, p2 and p3 which were referred to in Fig. 2 
are 5, 12 and 20 m, respectively, based on the studies carried 
out by Tabesh and Zia (2003) and Mehzad (2011). Further, the 
values of pmax, pdes, pmin are equal to 100, 30 and 0 m, respec-
tively. Although the pmax value is typically limited to almost 
50 m and taking such values as 100 m for pmax is unjustified, in 
order to compare the results with those of previous research in 
which pmax value was considered equal to 100 m, the same value 
is also assumed in the present study. 

Chlorine is injected into reservoirs and tanks at 5 sites. 
According to Kurek and Ostfeld (2012), first-order volumetric 
reaction coefficient was considered equal to −1 ℓ/day and first-
order wall reaction coefficient was considered equal to −0.2 m/day. 

Based on Hashemi (2010), the value of ϕ, which is the 
factor of pheromone value, equals the cost of the time during 

which all the pumps are on during the day and is considered 
154 086 240 m4/s. In his study, Hashemi (2010) used ϕ to 
determine the penalty function. Further, as shown in Eq. (10), 
in some conditions a value equal to PEN (a semi-deterministic 
parameter in m4/s per m), is added to the objective func-
tion. This value is applied when pressure at the critical node 
decreases from 30 m or tank level decreases from its initial 
value at the end of the day.

															               (10)                                                                                  

where: 
PEN is the value of the penalty function
d is the minimum water level in tank at the end of the day, 
which, according to Zecchin et al. (2005), is considered 
equal to 1 cm
C (Smax) is the daily cost when all pumps are on
C (Smin) is the daily cost when all pumps are off

Additionally, considering the sensitivity of multi-objective ant 
colony algorithm, to determine the non-deterministic param-
eters of the algorithm, it is necessary to carry out a sensitivity 
analysis of these parameters to come up with the most suitable 
values of the parameters. Based on Hashemi (2010), Mehzad 
(2011) and Zeccchin et al. (2005) and also sensitivity analysis 
procedures conducted in this study, the following parameters 
and their corresponding values were used for calculations: 
number of iterations: 500, number of cycles: 20, external 
archive: 100, weight coefficient α: 1.0, weight coefficient β: 0.0 
and pheromone evaporation rate ρ: 0.98

Considering the definitions offered for different scenarios 
in this study and the need for performing sensitivity analyses 
for each scenario independently, so as to reach the optimal 
solution targeted for each scenario, the initial pheromone rate 
on the routes and the number of ants in each colony has been 
provided separately for each scenario.

RESULTS AND DISCUSSION

This section describes the results of investigations undertaken 
for the Anytown network (Murphy et al., 1994) for each sce-
nario. With regard to the Pareto optimal solution curve of sce-
narios, the best fit to the data points of each curve was adopted. 
The scenarios were run in a core i5 computer with 4 GB RAM. 
   
Scenario 1: Minimising energy and chlorine cost and 
maximising quality reliability

The objective functions associated with the costs have been 
taken into account as the sum of the objective functions of 
Eqs (1) and (2) in terms of US dollars (USD) and the objective 
function of quality reliability has been shown in Eq. (1). Also, 
constraints of the problem in this scenario, i.e. pressure and 
surface level drop in the network, are provided in Eqs (7) and 
(8); in addition, as introduced in Eq. (6), quality constraint 
has been imposed on the problem as the quality reliability 
constraint. The outcome of this optimisation model has been 
illustrated in Fig. 5. 

As the objective function of chlorine cost is the amount of 
the injected chlorine multiplied by the flow, with a decrease in 
chlorine consumption rate the cost in the HDSM will be lower 
than that in the DDSM. Also, by using the HDSM, any demand 
failure can be included in estimating quality reliability. Since 
in this method the purpose is only to inject chlorine into the 

 

Figure 4
The network layout (Anytown (Murphy et al., 1994))
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network, the program increases the rate of chlorine injected 
into the reservoirs and tanks, to compensate for the failure to 
satisfy the required demand which is considered in quality reli-
ability. Accordingly, quality reliability is estimated to be higher 
in the HDSM than in the DDSM. To fix this problem, quality 
reliability in the HDSM should be calculated irrespective of the 
flow required by the network and the network should become 
hydraulically reliable prior to quality reliability analysis.

Given that designing pumping stations in water networks is 
based on the required head and flow at the peak demand hours, 
in off-peak hours the selected pump will apply more excess 
pressure to the network and will also consume more energy 
than required. Therefore, to reduce energy costs, leakage, and 
wasted water as well as excess pressure, a variable-speed pump 
which rotates at a lower speed at off-peak hours is recom-
mended as an appropriate tool in the network. It can also be 
argued that when both chlorine injection rate and pump speed 
are variable a better compliance with the hydraulic and quality 
conditions will be achieved. So in this study, in all scenarios, a 
variable injection rate and pump speed have been considered.

Investigating and analysing the conducted sensitivity in 
this scenario, the initial pheromone rate of the routes has been 
considered as 250 and the number of ants in each colony has 
been taken equal to 20. Drawing on Young’s (1993) bargaining 
technique, the selected solution is as follows: cost = 1200.93 
USD and reliability = 0.6221. According to Fig. 5, allocating 
more money, about 200 USD, has resulted in a 60% growth in 
quality reliability. Therefore, it can be suggested that spending 
more money on chlorination will play a greater role in enhanc-
ing quality reliability. 

Scenario 2: Minimising energy and chlorine cost and 
maximising hydraulic reliability

The objective functions associated with the cost are taken into 
consideration as the sum of the objective functions in Eqs (1) 
and (2) in terms of USD, and the hydraulic reliability is consid-
ered in Eq. (5). Also, constraints of the problem, namely, pres-
sure and surface level drop in the network, are provided in  
Eqs (7) and (8); in addition a quality-reliability constraint has 
been imposed based on Eq. (6). The outcome of this optimisa-
tion has been presented in Fig. 6.

Investigating and analysing the conducted sensitivity in 
this scenario, the initial pheromone amount in the routes 
has been taken equal to 200 while the number of ants in each 
colony has been considered at 25; Drawing on Young’s (1993) 
bargaining technique, he selected solution is as follows: cost = 
1062.56 USD and reliability = 0.344. As indicated in Fig. 6, in 
return for spending more, about 150 USD, hydraulic reliabil-
ity has increased by merely 0.007 and has not exceeded 30%. 
Likewise, to assist decision makers there is a need to enhance 
hydraulic reliability in order to achieve a more tangible solution 
and to establish better interaction in the Pareto curve. 

Scenario 3: Minimising energy and chlorine cost and 
maximising quality and hydraulic reliability (integrated 
reliability)

The objective function associated with cost has been considered 
as the sum of the objective functions of Eqs (1) and (2) in terms 
of USD and the objective function of the integrated reliabil-
ity has been considered as Eq. (5) multiplied by Eq. (6).  Also, 
constraints of the problem in this scenario, i.e. pressure and 
surface level drop in the network, are provided in Eqs (7) and 

(8); in addition, the quality constraint has been imposed on the 
problem as the quality-reliability constraint based on Eq. (6). 
The outcome of this optimisation is presented in Fig. 7.

For sensitivity analysis in this scenario, the initial phero-
mone value of the routes has been considered as 300 and the 
number of ants in each colony has been taken equal to 25. 
Drawing on Young’s (1993) bargaining technique, the selected 
solution is as follows: cost = 1210.38 USD and reliability = 0.2155. 
As shown in Fig. 7, by allocating more money, about 200 USD, 
integrated reliability growth is confined to 0.15 and integrated 
reliability index has not exceeded 23%. Consequently, it can be 
concluded that since integrated reliability has been considered as 
the quality reliability multiplied by the hydraulic reliability and 
also as no tangible changes were observed in the previous section 
in hydraulic reliability values, the drop in integrated reliability 
has been due to problems of hydraulic reliability; hence, once 
more, improving the hydraulic reliability equation is stressed.

In order to draw a better comparison, the results obtained 
from the 1st, 2nd and 3rd scenarios are presented in a single 
diagram in Fig. 8 and the created concentration is a result of 
integrating the 3 diagrams (it is worth noting that the vertical 

 
 

 
 

 

 
 

Figure 5
Pareto curves of the 4th scenario

Figure 6
Pareto curves of the 5th scenario

Figure 7
Pareto curves of the 6th scenario
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axis in Fig. 8 is associated with each of these scenarios which 
include quality reliability in the 1st scenario, hydraulic reliabil-
ity in the 2nd scenario and consolidation reliability in the  
3rd scenario).

Given the comparison made between optimal Pareto curve 
in the 1st, 2nd and 3rd scenarios, in return for an almost equal 
range of cost allocated to energy and chlorination for all 3 sce-
narios, it can be concluded that: integrated reliability < hydrau-
lic reliability < quality reliability 

This conclusion, which is indicative of the lower amount of 
hydraulic and integrated reliability compared to quality reli-
ability, is justifiable according to the explanations offered in the 
3rd scenario, since integrated reliability is taken into account as 
the multiplication of quality and hydraulic reliability and also 
according to the explanations offered in the 2nd scenario, where 
the importance of improving hydraulic reliability was high-
lighted. Further, the results obtained from comparing the 1st, 
2nd and 3rd scenarios emphasize considering a better equation 
for computing hydraulic reliability where, in addition to the 
pumps, the conditions of different components of the network 
are also taken into account. As indicated, by improving the 
hydraulic reliability equation, this index as well as the inte-
grated reliability will increase in the water distribution network 
which will subsequently enhance the network reliability.

CONCLUSIONS

In the present paper, in order to optimise the operation of 
water distribution networks, the objective functions of reduc-
ing energy cost of the pumping station, reducing chlorination 
cost, and increasing hydraulic as well as quality reliability were 
integrated. The results were produced in the form of trade-
off curves. In the following, the results of each scenario are 
discussed.

In all scenarios, the sum of the consumed energy and chlo-
rination cost were minimised by employing a variable-speed 
pump along with variable chlorination rate. Quality reliability 
in the 1st scenario was at an acceptable level. In the 2nd scenario 
a need was felt to improve the proposed hydraulic reliability 
equation by taking into account the other network components 
besides the pump, to make the task of decision making more 
tangible for managers. In the 3rd scenario, the need to improve 
the hydraulic reliability equation which will further result in 
integrated reliability was highlighted. Therefore, given the 
explanations offered in each scenario as well as the priority of 
the objective, decisions can be made about optimising pump 
performance and water quality according to different condi-
tions and the decision maker’s judgment. 
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