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Impact of variable speed pumps on water quality in distribution 
systems
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ABSTRACT
Water quality has become a prominent issue in the study of water distribution networks. Variable speed pumps (VSPs) can 
control and improve the performance of water distribution systems. However, they may have effects on the water quality. 
The objective of this study was to investigate the impact of VSPs on water quality. The EPANET water quality simulator 
was applied for modelling water age and chlorine residual in a distribution network. In addition, intrusion of an active 
contaminant and analysis of leakage effects on residual chlorine concentration were performed through extended period 
simulations. Results indicate that VSPs may have negative impacts on water quality, including increased water age during low 
consumption times, and reduced disinfectant residuals at peak hours. In addition, the average rate of chlorine decay for fixed 
speed pumps (57%) is higher than that for VSPs (54%) when a conservative contaminant (sewage water) is considered. 
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INTRODUCTION

All public water systems are required to provide an adequate 
quantity and quality of water in a reliable manner at all times 
consistent with the requirements (WSDOH, 2009). Using 
fixed speed pumps (FSPs) for operating water distribution 
systems (WDSs) produces a situation where pressure may 
be significantly higher than required and could exceed 
specifications. The use of variable speed pumps (VPSs), pumps 
equipped with variable frequency drives (VFDs), provides 
the potential for significant improvements in the operating 
efficiency of water distribution systems, accompanied by energy 
and cost savings (Darweesh, 2018; Wood and Lingireddy, 1995). 
However, VSPs may have negative effects on water quality.  

Kale et al. (2017) provided a basic understanding of variable 
frequency drive terms and its operation. VFDs, sometimes 
called adjustable-frequency drives, adjustable-speed drives 
or variable speed drives (VSDs), vary the rotational speed by 
changing supply frequency. VFD produces a variable voltage 
which is directly proportional to the frequency, and produces 
a constant magnetic flux in the motor. The motor speed will 
vary according to the applied frequency generated by the 
VFD and, as a result, its components, such as fans, pumps, 
and compressors, behave differently as their speed changes 
(Blair, 2017). By using VSP, Babaei et al. (2015) investigated 
the effects of time-dependent chlorine injection and pump 
speed, as well as different combinations of objective functions, 
for minimizing energy costs and maximizing hydraulic and 
quality reliability using multi-objective ant colony optimization 
algorithm. The results showed that the application of VSP and 
time-dependent chlorine injection results in improvements 
such as reduction in energy and disinfection costs.

Improved operations using variable-speed pumps may 
result in maintaining less overhead storage and a lower safety 

factor for fire protection. However, with ever-increasing water-
quality concerns within distribution systems, maintaining 
large overhead storage results in longer retention times and 
may be undesirable (Lingireddy and Wood, 1998).

According to the aforementioned studies, little attention 
has been paid to VSPs’ influence on water distribution network 
performance, especially for water quality. The present study was 
performed to investigate the difference between utilizing constant 
and variable speed pumps in terms of water quality through the 
supply systems. In this research, water quality simulations were 
performed using EPANET toolkit for a 72-h simulation. All further 
discussion will reference VFDs or VSDs as ‘variable speed pumps’.

THEORETICAL APPROACHES

Hydraulic models are important for the analysis and design of 
water pipe networks. They are used for various important tasks 
by engineers, such as the design of new and analysis of existing 
distribution networks, and long-term master and operational 
planning (Harding and Walski, 2000). Computer-based 
mathematical models are useful tools for evaluating the water 
quality changes in drinking-water distribution systems.

Pump operation at variable speeds

The relations that govern pump operation at different rotational 
speeds are usually derived together with those that govern 
pump operation with different impeller diameters by the use of 
similitude theory, and are called affinity laws (Georgescu et al., 
2014) as shown in Eqs 1 and 2:
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 (2)

where: Q represents the pump flow rate, Hp is the pump head, N 
is the impeller rotational speed and D is the impeller external 
diameter. 
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An analytical relationship (Sârbu and Borza, 1998) between 
two different speeds (N1 and N2) and the corresponding 
efficiencies (η1 and η2) is shown in Eq. 3:
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 (3)

Hydraulic model

Numerous computer models (software) have been developed to 
solve the network simulation equations. One of the more widely 
used models is EPANET, which can perform steady state and 
extended period simulation (EPS) of hydraulic performance 
and water quality in distribution networks (Rossman, 2000). 
EPANET was developed by the United States Environmental 
Protection Agency. This model is an explicit time-driven 
water-quality modelling algorithm for tracking transient 
concentrations of substances in pipe networks.

To conduct a water quality simulation in a given WDS, one 
must have a hydraulic model in which the quality model can be 
applied. Assume we have a pipe network with N junction nodes 
and NF fixed grade nodes (tanks and reservoirs). The flow-head 
loss relation in a pipe between nodes a and b is given by Eq. 4:
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 (4)

where: H is the nodal head, h is the head loss, n is the 
resistance coefficient, Q is the flow rate, f is the flow exponent, 
and m is the minor loss coefficient. The second set of equations 
that must be satisfied is the flow continuity around all nodes, 
N, shown in Eq. 5:
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(5)

where: Da is the flow demand at node a and, by convection, 
flow into a node is positive. The method used in EPANET 
to simultaneously solve the head loss and flow continuity 
equations, Eq. 4 and Eq. 5, that characterize the hydraulic 
state of the pipe network at a given point in time, is called the 
‘Gradient Method’ (Salgado et al., 1988). For extended period 
simulation, EPANET tracks the flow of water in each pipe, the 
pressure at each node for a fixed set of reservoir levels, tank 
levels, and the concentration of a chemical species throughout 
the network during a simulation period comprised of multiple 
time steps. In addition to chemical species, water age and 
source tracing can also be simulated. From one time-step to 
the next, reservoir levels and junction demands are updated 
according to their prescribed time patterns while tank levels are 
updated using the current flow solutions.

Water quality model

EPANET’s water quality simulator uses a Lagrangian time-
based approach to track the fate of discrete parcels of water as 
they move along pipes and mix together at junctions between 
fixed-length time steps. For each water quality time step, 
the contents of each segment are subjected to reactions, a 
cumulative account is kept of the total mass and flow volume 
entering each node, and the positions of the segments are 
updated.

A dissolved substance will travel down the length of a pipe 
with the same average velocity as the carrier fluid while at 
the same time reacting (either growing or decaying) at some 

given rate. Longitudinal dispersion is usually not an important 
transport mechanism under most operating conditions. This 
means there is no intermixing of mass between adjacent 
parcels of water traveling down a pipe. Transport of a chemical 
constituent within a pipe is represented by the classical 
advection equation, Eq. 6 (Rossman and Boulos, 1996):
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nkhQ =  

 (6)

where: Ci is the concentration (mass·volume-1) in pipe i as 
a function of distance x and time t, ui is the flow velocity 
(length·time-1) in pipe i, and r is the rate of reaction 
(mass·volume-1·time-1) as a function of concentration.

The concentration of a substance, such as chlorine, 
leaving the junction is simply the flow-weighted sum of the 
concentrations from inflowing pipes and external sources. For 
a specific node k the concentration is given by Eq. 7.

  

 
3

2
1

2
1

2
1 










=







D
D

N
N

Q
Q  

 
 

 
2

2
1

2

2
1

2
1 











=








D

D
N

N
pH

pH 

  
 
 

)2/1( 1.0*)11(12 NN −−=  
 

QabmQ f
abnabhbHaH 2+==−  

 
NaforaD

b
abQ ...................          0 ==−  

 
 

)( iCr
x
iC

iu
t
iC

+



−=

  

 
 
 

 +

 +=
==

kIj
extkQjQ

kIj
extkCextkQ

jLxjCjQ

xiC





,

,,

0  

 
 

)(
)(

sCr
sOj

sCjQ
sIi iLxiCiQ

t
sCsV

+− ==





 

 
 

nkhQ =  

  
(7)

where: i is link with flow leaving node k, Ik is set of links with 
flow into k, Lj is length on link j, Qj is flow rate in link j, Qk,ext 
is external source flow entering the network at node k, and 
Ck,ext is concentration of the external flow entering at node k. 
The notation Ci|x=0 represents the concentration at the start 
of link i, while Ci|x=Li is the concentration at the end of the 
link. The concentration throughout a storage tank, under 
completely mixed conditions, is a blend of the current contents 
and that of any entering water. At the same time, the internal 
concentration could be changed due to reactions, r(Cs). Mass 
balance at the storage tanks is given by Eq. 8.
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 (8)

where: Vs is the storage volume at time t, Cs is the concentration 
within the storage facility, Is is the set of links providing flow 
into the facility, and Os is the set of links withdrawing flow 
from the facility. If the EPANET water quality model is applied 
to the entire network, Eqs 6, 7 and 8 are solved for Ci in each 
pipe i and Cs in each storage facility s. The solution is subjected 
to the initial conditions that specify Ci for all x in each pipe i 
and Cs in each storage facility s at time 0. Also, the solution is 
subjected to boundary conditions that specify values for Ck,ext, 
and Qk,ext for all time t at each node k, which has external mass 
inputs. The hydraulic simulation model provides the volume 
Vs in each storage facility s and the flow rate Qi in each link i at 
all time t. From one step to the next the water quality in each 
segment, link, node, and tank are updated.

METHODOLOGY

The goal of this study was to predict water quality within a 
drinking water distribution system operating over an extended 
period of time, for the variable and constant speed pumps. 
The EPANET water quality model was applied to simulate 
chlorine residual and changes in the age of water throughout a 
distribution system.
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Effect of VSPs on water age in a distribution network

Water age is the time spent by a parcel of water in the network. 
New water entering the network from reservoirs or source 
nodes enters with age of zero. Water age provides a simple, 
non-specific measure of the overall quality of delivered 
drinking water. Internally, EPANET treats age as a reactive 
constituent whose growth follows zero-order kinetics with a 
rate constant equal to 1.0 (i.e., each second the water becomes a 
second older). The pump speed values (Table 1) are input to the 
EPANET quality modeller to show the difference between FSP 
and VSP effects on water quality.

Effect of VSPs on contaminant concentrations in 
distribution network

The aim of this section is to study the transport and behaviour of 
contaminants in a pipe network, for VSPs and FSPs. The following 
scenarios are performed using the EPANET quality solver:

Introduction of a conservative (non-reactive) contaminant 
(fluorides) at the water sources

Substances in water may be conservative or non-conservative, 
according to their behaviour during transport. ‘Conservative’ 
substances are those that do not degrade or chemically change 
during transport, while ‘non-conservative’ substances are those 
that undergo changes during the process. In these simulations 

constant flow of a contaminant, fluorides or organic material 
of concentration equal to 1.0 mg·L-1 is allowed to flow into the 
water distribution system through the two water sources (A and 
C) (Fig. 1); each is simulated separately.

Introduction of a non-conservative (reactive) substance 
(chlorine) at the two water sources

The aim here is to study the movement of chlorine to 
various points within a distribution network once injected 
at the chlorinating sources, for the two types of pumps. 
The main purpose of disinfection by chlorine is to protect 
the water supply by reducing many undesirable tastes and 
odours, destroying pathogens in the water, and to maintain 
the minimum required chlorine residual in the drinking 
water networks to provide some additional protection 
against subsequent contamination. According to the World 
Health Organization (WHO, 2011) and Egyptian code, the 
concentration of chlorine in a distribution network should not 
be less than 0.2 mg·L-1. Thus, sets of simulations are run for 
the studied network using FSPs, to find out the lowest initial 
chlorine dose necessary to maintain the minimum required 
chlorine concentration throughout the whole distribution 
system, which is found to be 0.35 mg·L-1. A constant feeding 
rate of chlorine equal to 0.35 mg·L-1 is supplied at the two water 
sources (Fig. 1). The pump speed values (Table 1) are entered to 
the EPANET quality modeller to show VSPs’ effects on water 
quality.

TAbLE 1 
Pump speed variations

Time (h) 0 2 4 6 8 10 12 14 16 18 20 22 24

P1 0.86 0.97 1.06 1.08 1.07 1.07 0.93 0.86 0.78 0.77 0.77 0.80 0.86
P2 0.88 0.95 1.01 1.02 1.01 1.01 0.92 0.85 0.81 0.80 0.80 0.83 0.88
P3 0.81 0.87 0.93 0.94 0.93 0.93 0.85 0.78 0.75 0.73 0.74 0.76 0.81

Figure 1 
General layout of the simulated network
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Introduction of a non-conservative substance (sewage) at 
the water sources with an intrusion of organic material into 
the network

In this case the purpose is to simulate microbial intrusion 
(sewage, industrial wastewater, etc.) that reacts with chlorine 
present in the network and causes chlorine decay, for fixed and 
variable speed pumps. A scenario is modelled, by the EPANET 
software, involving the intrusion of sewage water with a 5% 
dilution into a distribution system containing a fixed residual 
chlorine dose of 0.35 mg·L-1. First-order reaction kinetic (Kb = 
0.894 hr-1) for a 5% dilution of sewage into the system is used 
for the bulk water and the reaction at the pipe wall is neglected 
(AwwaRF, 2005). The intrusion is done using the setpoint 
booster source which sets the water leaving the node to have a 
certain concentration of contaminant which in this case is 50 
mg·L-1. The contaminant is introduced into the network at Node 
15 (Fig. 1); which has the lowest pressure in the network, and at 
the risk of having a rupture.

Introduction of a non-conservative substance at the water 
sources (chlorine) with a leakage through the network

In these simulations a leakage is created in Node 1 (Fig. 1), 
which has the highest pressure and lowest elevation in the 
network. The purpose is to see whether a leak will cause 
changes in the chlorine concentrations into the network for 
the two types of pumps or not. A leak can be simulated in the 
EPANET program by introducing an emitter in a node (Covelli 
et al., 2016). Emitters are devices that can be used to model flow 
through an orifice that discharges water to the atmosphere. 
The flow rate through an emitter can be calculated using Eq. 9 
(Franchini and Lanza, 2014; Van Zyl and Malde, 2017):

    Q = khn   (9)

where: Q is leakage flow rate, k is the emitter coefficient, h is 
the pressure head differential over the emitter and n is the 
emitter exponent and it is dimensionless and equals to 0.5 for 
an orifice. It is assumed that a leakage is performed in EPANET 
with an emitter coefficient = 1.57 L·s-1·m-0.5.

CASE STUDY

Water supply system description

The configuration of the water supply system considered in 
this paper is that presented by Lingireddy and Wood (1998); 
the original data for this network can be found in Wood 
and Lingireddy (2006). The network consists of 7 loops, 28 
pipes, 16 junctions, and 3 pumps, and is fed by 2 fixed head 
reservoirs (Fig. 1). The ID labels for the various components 
of the network are shown in Fig. 1. This represents a skeletal 
version of a medium-sized municipal water distribution 
system with an average daily demand of 0.68 m3·s-1 (24 ft3·s-1) 
which is distributed throughout the network. The pipes range 
in diameter from 150 to 500 mm (6 to 20 inches) with lengths 

of up to 1 680 m (5 500 ft). The three pumps have similar (but 
not identical) operating characteristics. In order to meet the 
operating objectives (demands and pressure requirements) 
using fixed-speed pumps, pumps denoted P1, P2 and P3 
are operated continuously. In order to achieve reasonable 
precision, water quality analysis is performed with a 1.0 min 
time step.

Diurnal curve of demands

The demand and pressure requirements are satisfied by the 
pumps. A diurnal curve that makes water demands vary in a 
periodic way over the course of the day has been used to make 
the simulation more realistic for analysing an extended period 
of operation. The demand time pattern (Lingireddy and Wood, 
1998) varies from 0.55 to 1.58 of the average daily demand, as 
shown in Table 2.

Residual chlorine reaction coefficients

Chlorine decay simulation conducted with the EPANET 
water quality model takes into consideration the phenomena 
of chlorine reaction with chemical species in bulk fluid (Kb) 
and pipe walls (Kw). Both Kb and Kw can depend on water 
characteristics and temperature and, moreover, the latter 
can be correlated to the pipe age, diameter and material. 
First-order bulk and wall reaction coefficients of −0.36·day-1 
and –2.0 ft·day-1, as average values for those reported in the 
literature (Georgescu and Georgescu, 2012; Tamminen et al., 
2008), were used.

RESULTS AND DISCUSSION

Variable and constant speed pumps have been assessed by 
simulating water age and chlorine residual concentration 
within a water distribution network using the EPANET 2 
model. An extended period simulation was run continuously 
for all water quality simulations for a total duration of 72 h, 
while only the last 24 h (almost independent of the initial 
conditions) are considered for discussion.

Effect of VSPs on water age in distribution network

The obtained water ages are presented in the contour 
plots (Figs 2 and 3) for FSPs and VSPs at peak and low 
consumption hours, respectively. The average water ages 
at the low and peak consumption hours for FSPs are 0.45 
h and 0.87 h, whereas using VSPs the average water ages 
are 0.43 h and 0.98 h, respectively. Variations in water 
ages during peak hours are due to the fact that VFDs have 
relative speed factors equal to 1.08, 1.02 and 0.94, for 
pumps P1, P2 and P3, respectively, which are greater than 
that for FSPs (relative speed factors for all pumps = 1.0). 
This leads to an increase in the f luid velocity and water is 
transported more rapidly through the network resulting 
in lower water duration. By contrast, during the off-peak 
hours, the relative speed factors of the VFDs are 0.77, 0.80 

TAbLE 2 
Demand factors

Time (h) 0 2 4 6 8 10 12 14 16 18 20 22 24

Global demand factor 1.0 1.3 1.54 1.58 1.55 1.46 1.2 0.85 0.65 0.55 0.57 0.75 1.0
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and 0.73, which are lower than for FSPs. Thus, the velocity 
of the f luid within the network is lower, resulting in higher 
water retention time. Also, it is seen from the previous 
numbers and Figs 2 and 3 that the change in water age 
values between FSPs and VSPs at maximum consumption 
are small compared to that at minimum-consumption 
hours. This might follow from the fact that during high-
consumption hours the differences in pump speed for 
FSPs and VSPs are small (max. increase = 8%) compared 
to low-consumption hours (max. decrease = 27%). Longer 
residence time may contribute to DBP formation, decreased 
corrosion control effectiveness, nitrification and microbial 
growth (USEPA, 2002).

Scenario 1: Transport of non-reactive contaminant 
introduced at one water source

The propagation of the contaminant concentration in the 
network is presented in the contour plots (Figs 4 and 5) 
for both fixed and variable speed pumps. It is noted that 
whether the contaminant intrudes the network through 
Reservoir A or Reservoir C, the contaminant doesn’t spread 
in a broad area in the network and only the area (points 
and pipes) beside the contaminant nodes is affected. Also, 
VSPs don’t cause significant changes to the contaminant 
concentrations in the network, except for Node 8, where 
VSP increases the concentration at Node 8 from 0.0 to 0.3 
mg·L-1 when the contaminant is introduced at Reservoir A, 

and decreases the concentration at Node 8 from 1.0 to 0.7 
mg·L-1 when the contaminant is introduced at Reservoir C. 
We may discover the reason by performing trace analysis. 
A trace analysis determines the percentage of water at all 
nodes and links in the system from a specific source node 
(tanks or reservoirs). EPANET is also capable of tracking the 
source effect. When using FSPs, Node 8 receives 14.4 and 
85.6% of its discharge from Tanks A and C, respectively, at 
the critical hour, while for VSPs these percentages change to 
19.9 and 80.1% (figures not shown here). Thus, VSPs increase 
contaminant concentration at Node 8 during intrusion of 
contaminant through Reservoir A; in contrast, they decrease 
the concentration at Node 8 when the contaminant enters the 
network within Reservoir C.

Scenario 2: Transport of a reactive substance (chlorine) 
introduced at the two water sources

From the chlorine concentration contour plots (Figs 6 and 
7), it is evident that VSP has lower chlorine concentrations 
than FSP during the high-consumption hours, while it has 
higher concentration than FSP at low consumption times. 
This behaviour is probably due to the fact that, during 
maximum demand, the variable speed pumps have relative 
speed factors (1.08, 1.02 and 0.94 for pumps P1, P2 and P3, 
respectively) which are greater than that for FSPs (= 1.0). 
In addition, a positive relationship between f low velocity 
and wall decay (water velocity increases wall decay rates) 

Figure 3 
Water ages in the distribution system during peak-consumption hours for: (a) FSPs; and (b) VSPs

Figure 2 
Water ages in the distribution system during low-consumption hours for: (a) FSPs; and (b) VSPs
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Figure 4 
Contaminant concentrations in the distribution system during critical hours and contaminant source (Reservoir A) for: (a) FSPs; and (b) VSPs

Figure 5 
Contaminant concentrations in the distribution system during critical hours and contaminant source (Reservoir C) for: (a) FSPs; and (b) VSPs

Figure 6 
Chlorine concentrations in the distribution system during low-consumption hours for: (a) FSPs; and (b) VSPs

Figure 7 
Chlorine concentrations in the distribution system during peak-consumption hours for: (a) FSPs; and (b) VSPs
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Figure 8 
Chlorine concentrations in the distribution system with sewage intrusion, during low-consumption hours for: (a) FSPs; and (b) VSPs

has been found (Hallam et al., 2002; Menaia et al., 2003). 
Thus, in the high consumption times the velocity of f luid 
in the network is higher and chlorine is transported more 
efficiently to the pipe wall increasing the chlorine decay 
and resulting in lower chorine concentrations. These low 
concentrations may decrease below minimum recommended 
concentrations, causing secondary development of 
microorganisms. On the other hand, during low demand 
periods, VSPs have a lower relative speed than FSPs (0.77, 
0.80 and 0.73 to 1.0 for FSPs), which leads to the low f low 
velocity and thus smaller wall decay and results in higher 
chorine concentrations than FSPs.

Scenario 3: Effect of sewage intrusion on chlorine 
distribution

The resulting chlorine concentrations are shown in Figs 8 
and 9. By comparing the plots of chlorine concentrations 
in the network without sewage intrusion (Figs 6 and 7) and 
the network with sewage intrusion (Figs 8 and 9), during 
low- and high-consumption hours for FSPs and VSPs, it can 
be seen that a small percentage (5%) of the contaminant can 
cause significant decay in chlorine concentrations, where 
it leads to faster reaction rates, and thus lower chlorine 
concentrations in the network. The average rate of chlorine 
decay for FSPs is 57%, while it decreases to 54% for VSPs 
during critical hours.

Scenario 4: Effect of leakage on chlorine distribution

By comparing the graphs of the chlorine concentrations in 
the network before and after the occurrence of leakage (Figs. 
6, 7 and Figs. 10, 11) it can be seen that the differences in the 
chlorine concentrations are not significant (0.04%), which 
is probably due to the slight changes in velocity or the fairly 
low consumption in the leak node, thus leading to small leak 
flows. Figures 10 and 11 also illustrate that, as mentioned 
previously, VSP has lower chlorine concentrations than FSP at 
times of higher consumption, whereas it has higher chlorine 
concentrations than FSP at times of lower consumption.

It is worth noting that the difference between variable and 
fixed speed pumps’ effects on water quality may be greater for 
bigger network zones and if the number of pumps and their 
arrangements differ from that presented here.

CONCLUSIONS

In this research, the effects of variable speed pumps on 
water quality are simulated. The EPANET model is used for 
simulation of water age and chlorine decay in a distribution 
system. Intrusion of a contaminant and leakage effects on 
residual chlorine concentration are also studied. It is found 
that VSP increases residence time and free residual chlorine 
concentration in the network during the low-consumption 
hours (lower relative speed than FSP), due to lower flow 
velocity, and vice versa − during the peak consumption hours. 
Introduction of a leakage into the network does not cause 

Figure 9 
Chlorine concentrations in the distribution system with sewage intrusion, during peak-consumption hours for: (a) FSPs; and (b) VSPs
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Figure 10 
Chlorine concentrations in the distribution system with leakage, during low-consumption hours for: (a) FSPs; and (b) VSPs

Figure 11 
Chlorine concentrations in the distribution system with leakage, during peak-consumption hours for: (a) FSPs; and (b) VSPs

significant changes in velocities or chlorine concentrations for 
the two used pumps. There are no large differences between 
FSPs and VSPs when a conservative contaminant is introduced 
at the water sources. Also, the average rate of chlorine decay for 
FSPs (57%) is higher than that for VSPs (54%) when a reactive 
contaminant (sewage water) is considered. Overall, these results 
indicate that hydraulic benefits and water quality parameters 
must be considered together for evaluating the use of variable 
speed pumps in water distribution systems.
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