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Abstract—Reducing water losses in water distribution
systems can benefit in many ways varying from a
reduction of water production and distribution to energy
efficiency and hydraulic reliability. In this study, we
investigated an impact of water losses on chlorine
distribution in a district metering area (DMA) of the
Metropolitan Waterworks Authority (MWA) network.
The major factor that causes the decay of chlorine is water
age (time used to be transported). The longer water age
isthe more reactions of chlorine in bulk water and at pipe
walls, and, consequently, the more decay. Using the
EPANET 2.0 software, we simulated the DMA network for
two cases, the present situation with water losses and the
situation without water losses. A measure of the reliability
of chlorine distribution was proposed by modifying the
resilience index that has been used for hydraulic reliability
[1]. We found that as water losses decrease the total
amount of input chlorine mass to the DMA reduces.
Surprisingly, however, the reliability of chlorine
distribution decreases as well. It implies that without water
losses, velocities in pipes decrease and cause an increase in
water age in the network. Subsequently, customers receive
lower free residual chlorine concentrations. The result
contrasts with what we found in the investigation of
hydraulic reliability.
Keywords—Chlorine; Water distribution; Water losses;
Reliability
I.

INTRODUCTION

Free chlorine is the most common disinfectant used around
the world. Chlorination has been used to meet primary
disinfection requirements and provide a residual disinfectant
in distribution system. According to the World Health
Organization [2], free chlorine should be present in drinkingwater distribution networks at a minimum concentrations of
0.2 mg/liter. Since chlorine can decay in networks by the
reactions in bulk water and at pipe walls, the travel time from

DMA inlet points to customer points(water age)is one of the
most important factors causing the losses of chlorine in
distribution networks.
The residual chlorine concentration is reduced by the flow
in water pipes mainly due to the water’s reaction in terms of
the water’s natural organic matter (NOM) (bulk decay) and
with the pipe walls (wall decay) [3]-[4]. Overall water quality
did not change following DMA implementation.
However,water quality (chlorine residuals, turbidity, and
metals) was degraded at locations with elevated water
residence times such as created dead ends[5].
Recently, the analysis of water age has become more
important especially for the design of water distribution
systems. As the traditional way, the design was based on a
hydraulic capacity-based approach to meet future demand and
fire and emergency demands. Under this consideration alone,
sometimes systems are oversized and cause low velocities in
pipes, longer water age and, finally, negative impacts on water
quality [6]. With this awareness of water quality degradation
in water distribution systems, the design has been shifted
toward a new approach that balances hydraulic capacity and
water age.
It has been known that water lossesnot only cause an
increase in water production, but also they lead to lower
pressure and more energy consumption [7]-[8]. Although
leakage as a major factor of water losses can result in
backflow through leaks and water-borne contamination, it also
causes an increase in flow velocity and, thus, water age
becomes shorter.Decreasing water age is good for chlorine
concentration. However, to the best of the authors’ knowledge,
there is no study on the impact of water losses on chlorine
distribution in pipe networks. Thus, this study aims to
investigate the relationship between water losses and chlorine
distribution as a key parameter to evaluate water quality by
modifying the resilience index usedin hydraulic reliability.

II.

RELIABILITY OF CHLORINE DISTRIBUTION

Hydraulic reliability in water distribution systems
generally means the capability of the systems to satisfy water
demands and pressure in both normal and critical situations
such as pipe burst, fire and emergency demands, etc. A
measure of hydraulic reliability often used in water
distribution systems is a resilience index (I r ) [1]. Many studies
are useI r for investigation and optimization [9]-[12].
According to Todini’s approach [1], resilience implies the
intrinsic hydraulic capacity of a system to overcome failures in
relation to pressure head surplus in normal operating
conditions. This surplus allows a network to overcome critical
operating conditions. The higher I r value can show the higher
hydraulic reliability in a system.
In terms of water quality, a concept of resilience index was
implemented to investigate the reliability of chlorine
distribution in this study. First, the mass of total free residual
chlorine at inlet points (𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 ) can be computed by
𝑛𝑛

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = ∑𝑖𝑖𝑡𝑡𝑡𝑡=1 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑖𝑖𝑡𝑡 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑖𝑖𝑡𝑡 ∆𝑡𝑡

Then, the mass of free residual chlorine received by water
users (𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ) can be estimated by
𝑛𝑛

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 = ∑𝑖𝑖𝑡𝑡𝑡𝑡=1 ∑𝑛𝑛𝑖𝑖=1 𝑞𝑞𝑖𝑖,𝑖𝑖𝑡𝑡 𝐶𝐶𝑖𝑖,𝑖𝑖𝑡𝑡 ∆𝑡𝑡

(2)

wherei is a user index, 𝑛𝑛 is the total number of users, and 𝑞𝑞𝑖𝑖,𝑖𝑖𝑡𝑡
and 𝐶𝐶𝑖𝑖,𝑖𝑖𝑡𝑡 are water demand and concentration at a user,
respectively.

In this study, the minimum free residual chlorine mass for
users (𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑚𝑚𝑚𝑚𝑚𝑚 ) used the minimum concentration according to
the WHO standard (𝐶𝐶𝑖𝑖,min = 0.2 mg/liter). Thus, 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑚𝑚𝑚𝑚𝑚𝑚 can
be written as follows:
𝑛𝑛

(3)

Therefore, we can estimate the real free residual chlorine
lost in water distribution system (𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 ) can be expressed as
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

(4)

𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 ,max = 𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ,min

(5)

And, the maximum free residual chlorine lost in the system
that still satisfies the constraints regarding demand and
concentration at users (𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 ,max ) is
Finally, the resilience index for chlorine (I r,Cl ) can be
computed as follows:
𝐼𝐼𝑟𝑟,𝐶𝐶𝐶𝐶 = 1 − (𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 /𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 ,max )

In this study, the distribution of free residual chlorine
concentration in a water distribution network was modeled
using the first order decay model of the EPANET 2.0
software. Thus, the reaction rate (R) can be written as:
𝐴𝐴

𝑅𝑅 = 𝐾𝐾𝑏𝑏 𝐶𝐶 + 𝐾𝐾𝑤𝑤 𝐶𝐶

(7)

𝑉𝑉

whereC is free residual chlorine concentration, A/V is the
surface area per unit volume within the pipe, K b and K w are
the bulk and wall reaction coefficients, respectively.

(1)

where𝑖𝑖𝑡𝑡 is an time index, 𝑛𝑛𝑡𝑡 is total time step, 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑖𝑖𝑡𝑡 and
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑖𝑖𝑡𝑡 is inflow and free residual chlorine concentration,
respectively, and ∆𝑡𝑡 is time interval.

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑚𝑚𝑚𝑚𝑚𝑚 = ∑𝑖𝑖𝑡𝑡𝑡𝑡=1 ∑𝑛𝑛𝑖𝑖=1 𝑞𝑞𝑖𝑖,𝑖𝑖𝑡𝑡 𝐶𝐶𝑖𝑖,min ∆𝑡𝑡

Similar to the original resilience index (I r ) by [1], I r,Cl
implies the intrinsic water quality capacity of a system to
overcome failures in relation to chlorine mass surplus in
normal operating conditions. This surplus allows a network to
overcome critical operating conditions. For example, the
critical operating conditions regarding to water quality are an
increase in water age or chlorine decay or microbial
waterborne pathogens in a network.

(6)

III.

STUDY AREA

Our study area is DMA 54-09-03 in the Bang Bua Thong
branch office (BBT) service area, the Metropolitan
Waterworks Authority (MWA) as shown in Fig. 1. The BBT
has a service area of around 340.23 square kilometers with
124,324 of water users. The area is divided into 123,191 small
water users, 636 large users and 497 government users. The
water distribution system consists of 80.3-km trunk mains and
2,059-km distribution pipes. The daily water demand is
around 150,000 to 170,000 cubic meters per day, and the
average pressure is approximately 6.8 meter. The BBT area is
separatedinto 41 District Metering Areas (DMAs) for pressure
and water loss management.
Table Ishows the hydraulic and pipe network information
of our study area (DMA 54-09-03). It is a residential area with
very low pressure but a high percentage of water losses.We
installed three pressure loggers (P1-P3) on fire hydrants in the
DMA during the period of our investigation and measured free
residual chlorine concentration at three locations (C1-C3) as
shown in Fig.2. At the inlet, there was a district meter where
pressure and flow were automatically recorded, but we had to
measure chlorine by ourselves manually (C1).
TABLE I.

DETAIL OF STUDY AREA (DMA 54-09-03)

Data
Service area
Number of customer meters
Total pipe length
Average pressure head
Water loss
Type of distribution pipe

IV.

Detail
2.10 square kilometers
2,457
26.13 kilometers
6.8 meters
35.01%
PVC (80%), AC (20%)

METHODOLOGY

The methodology in this study can be described as follows.
A. The necessary data were collected for model simulation and
calibration such as data at observation point (DM), field data

of water demand and pressure head. The model uses free
residual chlorine data for the calibration.
B. Hydraulic model (EPANET 2.0) was performed the water
distribution system in DMA 54-09-03

study, water loss that occurs in the system was assumed to be
pressure-dependent flow because pipe leakage should be a
main portion of water losses [6].We used pressure variation at
N = 1 and then varied C value to calibrate the water discharge
at DM between the model and actual data.
D. The model calibration was executed by adjusting demand
pattern for the real pattern and Hazen-Williams pipe
roughness coefficient (C HW ) to achieve pressure in the model
conform to observed pressure at 3 loggers in the field (P1-P3).
E.K b equals -3.384 day-1 taken from the MWA bulk FRC test
report, and K w was used as our calibration parameter for
chlorine distribution at C2 and C3.
F.Our water quality model after calibration was
implemented.The reliability measurement of the chlorine
distribution was proposed by modifying the resilience index
used for hydraulic reliability and simulate2cases, the situation
with water losses and the situation without water losses.
V.

MODEL CALIBRATION AND VALIDATION

A. Hydraulic model

Fig. 1. DMA 54-09-03 in the Bang Bua Thong branch office service
area

1) Water inlet calibration
The result of the calibration shows that 0.1211
meter2/day of the C value reflects flow inlet with best
correlation at DM point between simulated and observed data.
The data that used for the calibration is on November 11st
2017, and the case without water lossesuses the parameters
and coefficients as same as the case with water losses.Only
water losses dropped, so the emitter coefficient (C) is set to be
zero.
2) Pressure validation
Use three loggers in the study area were used to be the
observed data for model validation in November 11st 2017.
The result of the validation is that the roughness coefficient
(CHW) equals 138. Moreover, a comparison between
observed data and simulated data indicate a good result of
model validation, the consistency of the pressure data.

Fig. 2. Locations of the inlet, the pressure loggers (P1-P3) and the
chlorine measurements (C1-C3) in DMA 54-09-03

C. The model calibration was performed by using base
demand andloss in the study area. Base demand input into the
model to be the observed data, and water loss data input into
the model using Emitter function
Q leak = CPN

(8)

whereQ leak is a leakage rate, C is an emitter coefficient, P is
pressure at any junction and N is an emitter exponent. In this

B. Water quality model
This research uses free residual chlorine data from
MahaSawat water treatment plant to be the missing data
representative of field measurement since the pattern of free
residual chlorine between the water treatment plant and the
inlet point of the study area (logger C1) have been related.
Thus, the pattern of free residual chlorine was expanded by
substituting the missing observed data with the water
treatment plant’s data, but the average of free residual chlorine
is smaller than the treatment plant 0.05 mg/liter as shown in
Fig. 3.
From the model calibration, thevalue of K b was defined as
-3.384 day-1 and used K w equal 0.00 and -0.02 meters/day.
From the result, after modified K w to -0.02 meters/day,the
modelcalibration expresses a correlation better than K w 0.00
meters/day.
It is found that the average the concentration of free
residual chlorine at the inlet point is 0.85 mg/liter results the

average concentration of free residual chlorine as 0.60 mg/liter
(0.25 mg/liter dropped) at the farthest point from the inlet
(logger C3) on the case of unconcern global wall reaction (K w
= 0.00 meters/day) and the case of concern global wall
reaction (Kw = -0.02 meters/day) results the average
concentration of free residual chlorine equals 0.41 mg/liter
(0.44 mg/liter dropped) at the farthest point from the inlet.
It shows that the wall reaction affects chlorine decay in a
similar scale as a mass reaction in water. Likewise, using the
first-order reaction for K b and K w as equation (7) leads the
equation to be the linear first-order differential equation which
makes the decay rate of free residual chlorine rely on the
concentration at that time.
Fig. 4showthe temporal variations of water age and free
residual chlorine.From ourresult, the inverse relationship
between water age and free residual chlorine can be seen.
During minimum nightflow (01:00am), the water age
increased, and it reached the maximum at 4:00 am while the
chlorine concentration was minimum.Themeasurement point
(C3) is a maximum of 53 hours,and the amount of chlorine at
the measurement point (C3) in the range of 0.30-0.55 mg/L,
higher than the minimum recommendation of 0.20 mg/L by
WHO [1].
Free Chlorine

1.1

Chlorine (mg/l)

1

After calculating chlorine mass for 24 hours in the cases
with and without water losses, we summarized our results in
Table II. The total free residual chlorine mass (Cl tot ) in the
system reduced by -28.15% when water losseswere not
considered.This means that reducing water losses can reduce
the chlorine input. The chlorine concentration at the inlet was
assumed to be unchanged in this study. It showedthat both free
residual chlorine at customer point (Cl ext ) and chlorine losses
in the system (Cl int ) reducedat almost the same rate (-28%).A
smaller value of Cl int implies that the losses and decay in the
system reduces. This is good for the system. But a smaller
value of Cl ext means that users are receiving less chlorine
concentration. This is due to a decreaseof flow velocity in the
system when there was no water loss. It leads to an increasing
of water age in the system. So, the users will receive less free
residual chlorine, and finally, it drops from 0.559 to
0.515.Thisresult indicatedthat the reliability in the area
became lower.

0.9

TABLE II.

0.8

RESULTS OF FREE RESIDUAL CHLORINE FOR 24 HOURS IN
CASES WITH AND WITHOUT WATER LOSSES

0.7
Maha Sawat Water Treament Plant

Inlet

Chlorine expantion graph
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Fig. 3. The relationship of free residual chlorine between Maha Sawat
water treatment plant and the inlet of DMA 54-09-03
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recommended value) with the average around 0.5 mg/L. From
our results, the chlorine distribution at the time of the shortest
and longest water ages showed a similar pattern. This is due to
that the chlorine concentration at the inlet was not uniform
(Fig. 3). The highest concentration at the inlet was at 19:00
pm, and it helps to increase the concentration during night
time. Comparing the situationswith and without water losses,
the chlorine concentration in the case without water losses is
lower than that with water losses both at the time of the
shortest and longest water ages.

Free residual chlorine kw = 0 m/day

Measurement

Free residual chlorine kw = -0.02 m/day

Water Age

Fig. 4. Temporal variation of water age and simulated and measured
free residual chlorine at point C3 in DMA 54-09-03

VI.

RESULT AND DISCUSSION

Fig. 5 shows the contour of free residual chlorine at the
shortest water age (8:00 am) and the longest water age (04:00
am) for the situations with water losses and without water
losses. It was found that the chlorine concentration in DMA
54-09-03 was always higher than 0.20 mg/L (the minimum

VII. CONCLUSION
We have performed a pipe network model to investigate
the reliability of chlorine distribution in a water distribution
system of the Metropolitan Waterworks Authority (MWA),
Thailand. We proposed a new indicator, the resilience index
for chlorine (I r,Cl ), to assess how the system overcome the
critical condition related to water quality. I r,Cl implies the
intrinsic water quality capacity of a system to overcome
failures in relation to chlorine mass surplus in normal
operating conditions. This surplus allows the network to
overcome critical operating conditions regarding to water
quality, for example, an increase in water age or a higher
chlorine decay rate or microbial waterborne pathogens in a
network. It is found that the model can represent the actual
hydraulic and chlorine situation of our study area very well.
The inverse relationship between water age and chlorine
concentration havebe found.

Time8:00 am.

Time 04:00 am.
Contour of free residual chlorine of the situation with water losses

Time8:00 am.

Time 04:00 am.
Contour of free residual chlorine of the situation without water losses

Fig. 5. Countour of free residual chlorine in DMA 54-09-03.

The result shows that reducing water losses can help to
decrease the input chlorine mass into the system. However,
when flows and velocities in pipes decrease due to no water
losses, water age increases, and, consequently, chlorine
concentration decreases. Thus, unlike the energy concept that
reducing water losses, users may receive higher pressure and
energy, in the case of chlorine, users receive less chlorine, and
this may lead to poorer water quality if the chlorine
concentration becomes lower than the recommended value of
0.2 mg/L. This discussion is clearly shown in the form of I r,Cl
that it was lower in the case of no water losses.
In conclusion, when water losses in the system decrease
significantly, the reliability of chlorine distribution can be
smaller. We recommend that water companies should
reanalyze their chlorine distribution and may increase chlorine
concentration at inlets or feeders to maintain chlorine
concentration at users and the reliability similar to the
situation before reducing water losses.
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