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A B S T R A C T   

The study identifies potential carcinogenic health risk-zone of Chattogram city for the occurrence 
of trihalomethanes (THMs) at its water distribution network. The EPANET-THMs simulation 
model along with an empirical model have been adopted in the study to predict THMs content of 
supply water of the distribution network of the city’s Karnaphuli service area. The empirical 
model has estimated THMs level of supply water based on influential water quality parameters, 
and few of these have been used as pre-set values for subsequent EPANET simulation. The 
simulation (R2= 0.7) shows that THMs’ concentrations throughout the network vary from 33 to 
486 μg/L. Around 60% of total junctions showed THMs concentrations above 150 μg/L, while 
that is above 50 μg/L for most (99%) of the junctions. Residual Free chlorine, one of the pre
cursors for the THMs formation in distribution line, has also been simulated by EPANET 
considering varying applied chlorine dose at the water purification unit and wall (Kw) and bulk 
(Kb) decay constants. The simulated free residual chlorine peaks are found to be closer to the 
actual values with chlorine dose of 2 mg/L, and decay constants, Kw = 1 d− 1 and Kb = 1 d− 1. A 
mean lifetime total risk of cancer due to the presence of THMs has been found to be very high. 
Spatial distribution of carcinogenic risk shows that the central zone of the service area is the most 
vulnerable zone, followed by the western and northern zone. The first ever zone wise risk 
identification could be used as baseline data for operational and regulatory purposes and may 
raise awareness among the city’s inhabitants. Furthermore, the application of EPANET in com
bination with an empirical model could be an effective tool for predicting THMs’ concentration in 
water distribution networks in developing countries like Bangladesh to minimize the expenses of 
measuring THMs.   

1. Introduction 

Providing safe and adequate water is of great concern attaining sustainable goals, and disinfection by chlorination process has been 
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used worldwide to make the water safe from microbial contamination. Disinfection-by-products (DBPs) are undesirably produced in 
disinfected water due to the chemical reactions between disinfectants and organic or inorganic precursors present in water. Tri
halomethanes (THMs) and halo acetic acids (HAAs) are being observed mostly at the highest concentration during the chlorine-based 
the disinfection process [1,2]. These unintended halogenated DBPs have received considerable attention because of their carcino
genicity, genotoxicity and mutagenicity, and other potential adverse health effects from their long-term exposure [3–7]. Depending 
upon the presence of natural organic substances (e.g., humic compounds) and free residual chlorine, THMs can be produced at any 
point of the water distribution system. However, a least amount of free residual chlorine is to be maintained throughout the distri
bution network to keep water safe against pathogenic microbial contamination according to the World Health Organization (WHO). 
However, maintaining the recommended free residual chlorine in water distribution line against THMs formation, and monitoring of 
THMs in the water supply network is critical to minimize the adverse health effects from these by-products. 

Extensive research till date has been conducted worldwide regarding DBPs in supply water, including their development, detri
mental health effects, formation modelling, factors identification, risk assessment etc. [inter alia 8–13]. Like other developing coun
tries, the research and knowledge regarding this critical problem are still at a rudimentary level in Bangladesh. Moreover, the country 
is struggling to supply safe drinking water to its people with limited and/or somewhat constrained resources. Therefore, awareness and 
monitoring of DBPs in supply water are required to be paid special attention in the country. Most developed countries have their own 
guidelines, standards, and regulations for DBPs in drinking water. The US EPA [14] has set its maximum allowable limit of 80 μg/L. 
Although there is a drinking water quality standard for trichloromethane (CHCl3) which is 90 μg/L [15], standards for other species of 
DPBs are, however, missing in Bangladesh to comply with. Moreover, a comprehensive work is still lacking in the country regarding 
DBPs within water distribution networks and associated human health risks. Khan et al. [16] first studied the presence of THMs in 
textile effluent treated by chlorine, and later on, Suchana [17] evaluated THMs formation potential at six surface water treatment 
plants (WTPs) of Dhaka city. The study by Suchana [17] made an effort to incorporate the suppressive effect of ammonia based on few 
bench scale data by modifying the model formulated by Amy et al. [18]. Ahmed et al. [19] observed THMs in supply water of few sites 
of Dhaka city, and predicted cancer risk area of Dhaka city through spatial analysis. Based on influential water quality parameters of 
very little water samples, Khan et al. [16] predicted the existence of THMs in supply water of Chattogram city using different existing 
empirical models. The inhabitants of Chattogram city, are also anticipated to be at high carcinogenic risk because of the exposure to 
THMs in the city’s supply water in that study. Besides, there is a lack of uniformity in ages and materials of pipelines of the city’s 
distribution network. New pipelines have been installed at the existing network to expand the distribution facilities. Therefore, for
mation of THMs of supply water within the network may vary at different distribution zones with varying total organic carbon content 
and chlorine consumption within the pipe network. It is, therefore, a pressing demand to investigate the existence and development of 
DBPs within the supply network, and to identify the high-risk zones as well in the country. 

Chattogram is the second largest and economic hub in the south-eastern part of the country. Chattogram Water Supply and 
Sewerage Authority (CWASA) is dealing with water supply and sewage disposal related services to the city’s community. Although free 
residual chlorine in distribution line of the city is being monitored by CWASA on regular basis, concentration of THMs or other DBPs 
within the network is not taken into consideration to be monitored. Field level data of these compounds are, therefore, completely 
lacking. Monitoring of residual chlorine is, however, a crucial task up to the consumer’s tap in order to ensure the safety of water, and 
measurement at the distribution line only is not adequate to depict the actual scenario [20]. Furthermore, measurement of THMs and 
its species is highly expensive, which involves sophisticated equipment such as Gas chromatography (GC)/GC-Mass spectrophotometry 
with toxic substances [7,21]. Therefore, a simple and economically affordable tool for predicting free residual chlorine and DBPs 
measurement is necessary to capture their occurrence scenario and risk level, especially in the context of developing countries like 
Bangladesh. In this connection, particular interest has been developed worldwide in the modeling of THMs considering various 
influencing factors as the other option of monitoring DBPs’in field [22–24]. However, the existing predictive models are mostly based 
on lab-scale researches while a very limited models have been formulated based on real water distribution sampling [25,26]. Empirical 
models have several positive aspects, such as providing a cost-effective approach to estimating THMs concentrations in the absence of 
actual data. Non-linear models have been widely used to predict THMs concentrations in drinking water, but in some cases their 
accuracy and usefulness have been debated in the literature. Ged et al. [25] evaluated the performance of 118 empirical models and 
found limitations in their predictive accuracy. However, it is important to consider that this study was based on a limited number of 
models and may not represent the entire field. Sathasivan et al. [27] also highlighted the limitations of empirical models in predicting 
THMs concentrations, particularly in the context of variations in raw water quality and chlorination conditions. These studies 
emphasize the need for careful evaluation and validation of non-linear models before their use in predicting THMs concentrations. 

Concurrently many software packages have widely been used and accepted for the simulation of water quality behavior in the 
water distribution networks. EPANET is such a package, which conducts an extended duration simulation of both the hydraulic and 
water quality behavior within pressurized pipeline systems. The software is developed as a research tool for various applications in 
water supply systems analysis which includes sampling design, calibration of hydraulic model, analysis of chlorine residual, exposure 
assessment etc. [9,28]. EPANET has been extensively applied for residual chlorine simulation in distribution system in many studies 
[29–33]. However, it has not been applied that much to evaluate the THMs content in the supply water. García-Ávila et al. [34] 
demonstrated that in the corona pandemic season, residual chlorine modeling by EPANET could be an important tool to control re
sidual chlorine content within the distribution network. Ahn et al. [35] also predicted residual chlorine and trihalomethanes (THMs) in 
a drinking water distribution system using EPANET 2.0. However, the study concludes that the predicted THMs values are lower than 
the existing target values. 

In this context, this research aims to identify a potential risk zone by predicting the trihalomethanes (THMs) in supply water of 
Chattogram city throughout its distribution line. The EPANET-THMs simulation model and an empirical model, the AMY98 [18] model 
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have been adopted in the study. Water quality parameters were investigated from the distribution network of the Karnaphuli Service 
Area (KSA) of the city, and the presence of THMs has been predicted by the model based on the investigated parameters. EPANET 
simulation model for THMs has then been applied for the overall distribution network with pre-set values for different junctions taken 
from the model prediction. Additionally, coupling of simulation models with optimization techniques has been tried as well in this 
study to assess the free residual chlorine content in the water distribution line of CWASA. Potential carcinogenic risks through multi 
exposure pathway of supplied water due to the formation of THMs in the studied area of the city are also evaluated. It is expected that 
the first ever zone-wise predicted data for the occurrence of THMs and relevant human health risk of Chattogram city in an alternative 
way would be a beneficial tool for further investigation and policy making. 

2. Study area 

The existing water supply network of CWASA comprises 564 km of transmission and distribution pipelines which supply water to 
major four areas of the city. Among the four service areas of CWASA, the Karnaphuli service area (KSA) is selected in this study. The 
type of water supply system practiced in the study area was an intermittent system. KSA receives water from Sheikh Hasina Water 
Treatment Plant (SHWTP) of capacity 286,000 m3/d, and it is located about 30 km away from SHWTP. Moreover, the area consists of 
northern, central, and western areas of the city geographically and are served by two reservoirs and two elevated tanks. The Northern, 
central and western regions are covered by Nasirabad reservoir and elevated tank, Battali hill reservoir and Halishahar elevated tank, 
respectively. A total of 38 random sampling points has been selected from the distribution line for water quality analysis, of which 10 
from Northern, 10 from central, 6 from eastern and 10 from the western part of KSA (Fig. 1). 

3. Material and methods 

3.1. Characterization of supply water 

The collected water samples were characterized for their few quality parameters following standards procedures (APHA, 2005), 
and the results were adopted in model equation. The samples were taken from consumer’s tap joined to the distribution network. 
Water samples were collected randomly, without considering the time of supply or the water age in the pipeline. Due to resource 
constraints, it was challenging to collect the samples at specific times that correspond to the age of the water in the pipeline. Therefore, 
the timing of sample collection was not identified. 

Fig. 1. Location map of study area a) Karnaphuli service area (KSA) b) Sampling points.  
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The water samples were collected after allowing the water to run for at least 2 min for avoiding any external contamination. The 
bottles were then kept in an incubator for maintaining a constant temperature if it was essential. DR 6000 HACH spectrophotometer 
was used for free chlorine and UV254 measurement. Total organic carbon (TOC) were measured by Shimadzu TOC-5000 analyzer. 
Approximately 2.5 mg/L of chlorine dose is used the SHWTP, and it is taken as the applied dose in the model equation. Chlorine contact 
time was assumed as 6 h considering the elapsed time between chamber of chlorine contact and the point of consumer tap. 

3.2. Hydraulic modeling and THMs’ simulation by EPANET 2.0 

The basic hydraulic model of KSA was developed by EPANET 2.0 software represented as a series of links and nodes (Fig. 2) as 
proper hydraulic modeling is a prerequisite to simulate water quality parameters [36]. Input data for simulation (reservoirs’ volume, 
tank elevation height, demand pattern etc.) are collected from the authority of CWASA. The developed hydraulic model suits a 
combined system of gravity and pumped distribution, consisting of a looped network with two elevated tanks, two reservoirs and 88 
nodes and 152 pipes. The model simulation was performed considering a 24 h water requirement pattern, and for an extended period 
of 10 days. Water quality of all external inflows such as source chlorination, THMs concentration at initial node were specified at the 
start of the simulation and yield coefficient was kept a value of 0.2 (see Table 1). 

EPANET simulation with operating conditions (Table 2) has been applied to the basic hydraulic model to predict the occurrence of 
THMs throughout the distribution line of KSA. EPANET requires input data in a specific format. The input file contains information on 
the network topology, including the location and properties of pipes, nodes, and tanks. It also includes details on the physical and 
chemical properties of network elements, such as pipe diameter, length, roughness, elevation, demand, and hydraulic variables. The 
input file also specifies the chlorine injection rates and decay coefficients. The user can modify the input file using a text editor or a 
graphical user interface software. The simulation is run using the hydraulic solver in EPANET, and the results are saved in a text or 
binary file for further analysis. The initial input of THMs’ for the simulation has been taken from the estimated value of THMs using an 
empirical model developed by Amy et al. [18], (Eq. (1)). The authors conducted another study [16] in which the total THMs content 
and its species have been predicted based on water quality analysis at a few points of the area by applying three different empirical 
models proposed by Amy et al., [18]; Rathbun [36] and Malcolmprine [37]. The study evaluated the associated cancer risk due to the 
exposure of THMs using the highest predicted values of THMs and its species by AMY 98 model, and hence this model has been applied 

Fig. 2. The network of KSA and its critical nodes developed in EPANET 2.0. Denotes the sampling points.  
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with more data in this study. The current study evaluates the total THMs concentration from the measured water quality parameters at 
38 sampling points by AMY98 model, and a total of 10 estimated values of THMs from this model have been used as preset values for 
EPANET simulation at 10 nodal points. The remaining points were used to compare with the EPANET simulation. As the residence time 
of chlorine is the maximum in the reservoir, most of the THMs are assumed to be formed within the source prior to be pumped to the 
distribution system for the ease of simulation. The reservoir is the location where water is stored prior to distribution, and therefore, it 
has a longer residence time than the downstream pipes.  

[THMs] = 10− 1.385[DOC]1.098[Cl2]0.152[Br− ]0.068Temp0.609pH1.601 t0.263                                                                                        Eq.(1)  

3.3. Free residual chlorine simulation 

Simulation of free chlorine has been performed using three cases of different doses of chlorine, injected at the source tank, which 
are 2, 3 and 4.0 mg/L, and for considering different values of bulk decay coefficients (Kb) and the coefficients of pipe wall (Kw). It is 
noteworthy to mention that the source of chlorine concentration for the study area comes from both the treatment plant and the 
chlorine boosting station located in the city. The chlorine concentration at the source ranged from 2 to 4 mg/l. The frequency of 
injection for booster stations can range from several times a day to once every few days. Based on existing practices, a typical con
centration of 0.5–1.0 mg/L for chlorine and an injection frequency of 2–3 times per day were considered for the booster stations. 
EPANET TTHM formation model and EPANET first-order chlorine decay model are two distinct models utilized in water quality 
simulations. The first-order chlorine decay model is used to simulate the decline of chlorine concentration in a water distribution 
system. This model assumes that the rate of chlorine decay is proportional to the residual chlorine concentration, and that the rate 
constant of decay remains constant over time. However, it does not consider the formation of disinfection byproducts (DBPs), such as 
trihalomethanes (THMs). In contrast, the EPANET TTHM formation model is a more intricate model that considers the formation of 
THMs, which are formed when chlorine reacts with natural organic matter present in the water. This model takes into account the 
kinetics of THM formation and incorporates factors such as temperature, pH, and chlorine dosage. It predicts the formation and 
distribution of THMs in the water distribution system. 

Most of the pipes in the distribution area have been installed long time before, and some were the latest imbedded in 2015–2020. 
Therefore, the value of Kw was put 0 or 1 for the pipes in CWASA’s distribution system in different considered cases [28]. A Kb of 0 per 
day means that the concentration of chlorine in the water will not be affected by the presence of bulk organic matter in the system. In 
other words, the concentration of chlorine will only be affected by the first-order decay rate and the wall decay coefficient. A Kw of 1 
per day means that the concentration of chlorine will decrease by an additional 1 mg/L for every square meter of pipe surface area 
through which the water passes. The following lines describes the steps to simulate free chlorine for different doses of chlorine, injected 
at the source tank, and for different values of bulk decay coefficients (Kb) and pipe wall coefficients (Kw). A new project was created in 
EPANET and the network was set up by defining nodes, pipes, tanks, and other relevant components. The source tank was defined and 
the desired doses of chlorine was set as input parameters. The bulk decay coefficient (Kb) and pipe wall coefficient (Kw) were defined as 
input parameters for the simulation. The simulation is run for each of the three different doses of chlorine and the resulting free 
chlorine concentrations were recorded at different points in the network. The results of the simulation were compared for the different 

Table 1 
The boundary conditions for the THMs of AMY98 models.  

Parameters Range 

Dissolved Organic Carbon, [DOC], mg/L 1.2–10.6 
Applied Chlorine, [Cl2], mg/L 1.51-33.55 
Concentration of Bromide [Br-], μg/L 7–600 
Incubation Temperature (Temp), ◦C 15–25 
pH 6.5–8.5 
Reaction time (t), hour 2–168  

Table 2 
Input values for chlorine simulation in EPANET.  

Considered cases Different Conditions Effluent’s chlorine conc. (mg/L) Chlorine bulk decay, kb (d− 1) Chlorine wall decay, kw (d− 1) 

Case I Condition 1 2 1 0 
Condition 2 2 0 1 
Condition 3 2 1 1 

Case II Condition 1 3 1 0 
Condition 2 3 0 1 
Condition 3 3 1 1 

Case III Condition 1 4 1 0 
Condition 2 4 0 1 
Condition3 4 1 1  
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doses of chlorine and different values of Kb and Kw to identify any trends or patterns. After analyzing the results conclusions were 
drawn about the effectiveness of different doses of chlorine and different values of Kb and Kw in maintaining desired free chlorine 
concentrations in the distribution system. 

However, the value of Kb and Kw were taken by trial and an improvement method using observed data. Different conditions of the 
simulation have been presented in Table 2. 

The EPANET input file includes two additional lines that specify decay coefficients for chlorine in the water supply system. In 
EPANET input file, the "Bulk Chlorine 1.0" line specifies that the bulk decay coefficient for chlorine in the system is 1 per mg/L per day, 
meaning that for every milligram per liter of bulk organic matter, the concentration of chlorine in the water will decrease by an 
additional 1 mg/L per day. The "Wall Chlorine 0.0" line specifies that the wall decay coefficient for chlorine in the pipes is 0.0 per mg/ 
m2 per day, meaning that there is no additional decay due to wall effects in the pipes. 

3.4. Cancer risk assessment and its spatial distribution in the study area 

Cancer risk assessment of THMs was conducted following the method prescribed by the United States Environmental Protection 
Agency (USEPA) [38] for muti-pathway exposure. The guidelines of USEPA [39–41] have been adopted to assess the risk for dermal, 
inhalation and oral ingestion through chronic daily intake (CDI) and the respective slope factor (SF) [42]. The necessary input pa
rameters for the human risk analysis have been summarized in Table 3. The study conducted by Khan et al. [16] demonstrates that the 
major compound of THMs of CWASA’s supply water is chloroform (CHCl3) and other THMs’ compounds such as dibromochloro
methane (DBCM), bromo dichloromethane (BDCM), bromoform (BF) form in a negligible amount. It is noteworthy to mention that risk 
assessment analysis has been calculated for chloroform (CHCl3) as it is the dominant THMs’ compound. CDI for each exposure pathway 
has been estimated using the following equations (Eq. 2 to 5) according to USEPA [40]. 

CDI ingestion (mg / kg − day)=
C × Ir × Ef × Ed × Cf

Bw × At
(2)  

CDIdermal (mg / kg − day)=
C × Sa × F × Pc × Et × Ef × Ed × Cf

Bw × At
(3)  

CDIinhalation (mg / kg − day)=
Cair × Ir × Ef × Ed × Cf

Bw × At
(4)   

Total cancer risk = CDIingestion × SForal + CDIInhalation × SFInhalation + CDIDermal × SFDermal                                                                (5) 

SF is the carcinogenic slope factor ([mg/kg/day] − 1) for the mentioned three exposure pathways. 
Two resistance theory by Little, [44]; Gratt, [52]) was used for the calculation of inhalation exposure. Two resistance theories have 

been adopted to calculate the content of THMs’ species in air, Cair [54], and the equations are as Cair=(Cinitial + C)/2, where Cinitial 
denotes the initial concentration of THMs’ while Ct implies its concentration at any time t. It has been assumed in this study that C0 = 0, 
and Ct has been calculated by the following equations (Eqs. (6)–(9)) according to Little, [44]. 

C=
[1 − exp (− bt)] × a

b
(6) 

Table 3 
Input parameters and abbreviations for multi-exposure risk assessment.  

Notation Input parameters Units Values References 

Bw Body weight Kg 70 [43] 
C THM concentration of supplied water mg/L Findings of the study (as per Fig. 6) This study 
Cair THMs’ concentration in air mg/L Derived by little’s Model [44] 
Cf Conversion factor L/m− 3 0.001  
Ef Exposure frequency days/year− 1 365 [45] 
Et Exposure time min/day− 1 35 [45] 
Ed Exposure duration Year 70 [43] 
F Fraction of skin in contact with water % 90 [43] 
H Henry’s law constant at 40 ◦C  0.25(chloroform); [46] 
Ir Ingestion rate L day− 1 4.01 [43] 
KoLA Overall mass transfer coefficient L min− 1 Chliorform 7.4; [44] 
Pc Permeability Coefficient cm/h− 1 Chloroform 6.8 × 10− 3 [47] 
QG Air flow rate L min− 1 50 [44] 
QL Water flow rate L min− 1 5 [44] 
Sa Skin surface area m2 1.8 [48] 
SForal Carcinogenic slope factor (oral) (mg.kg − 1day− 1)− 1 Chloroform 6.10 × 10− 2 [49] 
SFder Carcinogenic slope factor (dermal) (mg.kg − 1day− 1)− 1 Chloroform 3.05 × 10− 2 [49,50] 
SFinh Carcinogenic slope factor (inhalation) (mg.kg − 1day− 1)− 1 Chloroform 8.05 × 10− 2 [47,51] 
Vr Ventilation rate m3 h− 1 0.83 [43] 
Vs Bathroom volume m3 10 [44]  

M.F.R. Zuthi et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e16615

7

b=
[(QL/H) × (1 − exp(− N) + QG)]

Vs
(7)  

a=
[(QL.CW).(1 − exp (− N))]

VS
(8)  

N =

[
KOLA

QL

]

(9)  

Here N means a dimensionless coefficient, QL = Water flow rate in liter per minute, t = time of contact, and a and b are factors. 
Spatial distribution of risk level has been performed using inverse distance weighting (IDW) method with Arc GIS10.5 to identify 

potential risk zone of the study area. The (IDW) was used to simulate the risk estimates for the prediction of any unsampled site [53]. 
The attribute value for a point is the weighted mean of the investigated values in the vicinity and the weight is inversely proportional to 
the distance between the anticipated and investigated locations. 

4. Results and Discussions 

4.1. Characterization of supply water of the study area 

EPANET simulation for THMs formation has been performed using a few preset values of THMs, which were derived by the model 
AMY98. Therefore, the necessary water quality parameters for the model were investigated in the study and the statistical summary of 
which is shown in Table 4. The pH value of the studied water samples are observed to be in range of 6.25–7.46, and that of temperature 
was from 21.4 to 30.5 ◦C. The variation of pH might be ascribed to the varied chlorine dose applied at treatment plant and the booster 
station located at northern Nasirabad. The value of pH decreases with the increased hypochlorous acid concentration resulted from the 
reaction of chlorine and water. Therefore, increased chlorine dose decreases pH value, and the water specimens taken from the point 
immediately after the Nasirabad booster station showed pH value below 7. On the other hand, the varying temperature might be 
ascribed to the fact of different collection dates. There is a positive correlation between pH and temperature and the formation of 
THMs, and their formation was found to be increased from 30% to 50% with the increase of pH from 6 to 11 [22] The other most 
important parameter total organic carbon (TOC) found in the distribution line, which is mainly due to biofilm of the pipe line was also 
assessed in the study. The major transmission and distribution pipelines in the city were installed in 1966, and till date new pipelines 
are connected to the existing network on an ad-hoc basis to supply water immediately to the consumer. Basically, three categories of 
pipe materials are there in the in existing system which are ductile iron (DI), asbestos cement (AC) and polyvinyl chloride (PVC) pipes 
with different ages. The TOC content of the supplied water was also observed in variable concentration, which might be due to the 
varying pipe material used in the distribution system. 

4.2. Evaluation of residual chlorine and existence of THMs in supply water of the KSA 

Free residual chlorine within the supply network has been simulated by EPANET for three conditions as mentioned in earlier 
section. The observed value of free chlorine within the study area ranged from 0.02 to 0.17 mg/L. The simulated values have been 
found to be very close to the actual values with good correlation for CASE I (Kb = 1 and Kw = 1) shown in Figs. 3 and 4. The world 
health organization (WHO) set the limit for free residual chlorine as 0.2 mg/L to keep the water safe from any microbial reconta
mination within the distribution network. Mensha et al. [54], analyzed decay of residual chlorine within Juja water distribution 
network in China by EPANET, and showed that a minimum and proper level of residual chlorine was maintained all over the dis
tribution system by adjusting the initial chlorine dose. It is observed in the current study that an initial chlorine dose of 3 mg/L (Kb = 1 
and Kw = 1) is appropriate for sustaining a residual content close to 0.2 mg/L all over the network. On the other hand, an primary 
chlorine dose of 4 mg/L (case III) causes high level of free chlorine for all of the nodes to be above 0.2 mg/L. 

It has been observed that there is a significant effect of Kb on the residual chlorine content, and a reduction in Kb from 1 to 0 reduces 
the chlorine content by 25%. The effect of Kw is, however, found very less in case of chlorine residual changes in the distribution 
network. It is found by Monteiro et al. [31] that a variation of 30% in Kw decreases the simulated value by 10% only. Rahman [33], 
conducted a study within the water distribution network of Dhaka city of Bangladesh by EPANET and demonstrated that a negligible 
concentration of free residual chlorine is found at the nodal points located far away from chlorination point. Gradual decay of free 

Table 4 
Statistical summary of the characteristics of water of the study area.  

Parameters Minimum Maximum Mean Standard deviation 

pH 6.25 7.46 7.042 0.297 
Temperature (0C) 21.4 30.5 28.27 2.7681 
UV254(cm− 1) 0.01 0.1 0.05 0.0023 
TOC (mg/L) 0.78 5.86 2.526 1.509 
Br -(mg/L) 0.002 0.1 0.045 0.0132  
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Fig. 3. Comparison of simulated and observed chlorine concentration (Case I Condition 1; source chlorination, 2 mg/L, Kw = 1 d− 1 and Kb = 1 d− 1).  

Fig. 4. Correlation between computed and measured chlorine concentration.  

Fig. 5. Predicted concentration of total THMs at different sampling points by AMY98 model.  
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residual chlorine within the distribution network is also observed by the current study. 
(Case I: Condition1; source chlorination, 2 mg/L, Kw = 1 d − 1 and Kb = 1 d− 1). 
The predicted concentrations of total THMs at 38 measurement points of the service area by AMY98 model are shown in Fig. 5. The 

predicted concentration of THMs for northern, central and western part are 56–214 μg/L, 60–290 μg/L and 68–227 μg/L respectively. 
The predicted THMs concentration of different part of the study area are classified in Fig. 5 and the highest THMs concentration is 
predicted for node 58 located at west Halishahar area in the western part of the KSA. Water is being supplied to the consumers of this 
area from an elevated tank (ET) of capacity 2,400 m3, which is 9 km away from Nasirabad reservoir. Therefore, a long retention time 
might be ascribed for the possible formation for by-products compounds in this area. 

A total of 88 nodal points were simulated by EPANET for the production of THMs in the water supply network and the predicted 
value was in range of 33–486 μg/L approximately shown in Fig. 6. As mentioned earlier the THMs concentrations entering the network 
(79.43 μg/L) from its source node (Node 1) is taken from the AMY98 model prediction along with other preset values for 10 nodal 
points which have been marked in Fig. 7. 

It has been observed in the simulation study that about 27% of the total 88 nodal points shows the THMs’ concentrations are 150 
μg/L -or less, and almost 99% of that shows the values are greater than 50 μg/L. Moreover, the initial concentration (79.3 μg/L) of 
THMs in the distribution network has been increased to 485.5 μg/L the location of which is at the longest residence time. An 
approximate representation of the distribution of THMs’ concentration is shown by a histogram shown in Fig. 7. The highest peak of 
the histogram corresponds to the concentration range 220–240 μg/L with a maximum number of nodes 13. A probability curve is 
superimposed on the histogram which describes the frequency of the number of nodes over the mean value of THMs (272.27 μg/L). 

The simulated values by EPANET and the predicted values by AMY98 have been compared and shown in Fig. 8 (a, b) and it shows a 
good predictability with R2 value 0.8254. The variations in the two values might be due to the cumulative value at the junction points 
of more than one nodes in EPANET. While computing the THMs growth within the pipelines, the two major aspects are considered in 
EPANET as shown in Fig. 9. EPANET predicts the THMs concentration as a function of free chlorine whereas AMY98 model is 
formulated incorporating 7 influencing parameters. The results of the model are influenced by the measured water quality parameters 
especially pH and TOC. However, a good correlation indicates that EPANET in combination with AMY98 model could be an effective 
tool for forecasting THMs’ formation within the any water distribution network (see Fig. 10). 

4.3. Assessing the predictability of total THMs by EPANET 

The performance of the developed total THMs simulation model (Model parameters: source chlorination = 2 mg/L, Kw = 1 d − 1 and 
Kb = 1 d− 1 with a yield co-efficient = 0.2) was evaluated using few actual data of total THMs which were measured later on by the 
authors for another study [55]. The model showed moderate accuracy, with an R2 value of 0.70 and an RMSE of 9.61 μg/L. The % Error 
was 9.23% indicating that the model predictions were within a reasonable range of the measured values. While the model could benefit 
from further refinement, these results suggest that it could be a useful tool for predicting TTHM levels in the studied water distribution 
system. 

4.4. Carcinogenic risk assessment and its spatial distribution 

An average lifetime total carcinogenic risk due to the existence of THMs in supply water of the study area has been found as 5.39 ×
10− 4 which is almost 100 times higher than 1 × 10− 6, prescribed by USEPA guidelines. Oral ingestion has contributed the maximum 

Fig. 6. THMs’ simulation results at various nodal points.  

M.F.R. Zuthi et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e16615

10

cancer risk followed by dermal and inhalation. The box plots in Fig. 11 (a, b, and c) show the five-number summary of the risk data, 
which includes the minimum, first quartile, median, third quartile, and maximum risk value. An average lifetime cancer risk for oral 
ingestion, inhalation and dermal of THMs compounds from the supply water was found as 1.706 × 10− 4, 7.509 × 10− 6 and 2.07 ×
10− 7, respectively. Therefore, risk for the dermal route was found to be below the prescribed risk level. The chronic daily intake (CDI) 
values of different pathways are mainly attributable for varying risk levels. The calculated CDI values from three routes followed the 
order CDIoral > CDIinhalation > CDIdermal. The findings of risk levels follow a similar trend with the reported results of the risk study 

Fig. 7. Histogram of THMs’ concentration predicted by EPANET throughout the studied network.  

Nodal points

y = 1.0316x + 7.161
R² = 0.8234
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Fig. 8. a) Comparison of predicted THMs’ conc. by AMY98 and EPANET; b) Correlation between predicted THMs’ conc. by AMY98 and EPANET.  

Summing 
Junction

(THM)a

(THM)b

(THM)c

THM(a+b+c )+THM Growth

(a) 

[THMs](out) =[THMs](in)+D.([Cl]0-[Cl]out) 

Cl(in) and Cl(out) in mg/L are the inlet and outlet chlorine 
concentration within the pipe conduit. D is the yield coefficient 
for THMs formation in g/l defined as the ratio of THMs 
formed to mg of chlorine consumed. [THMs](in) and 
[THMs](out) in g/l are the conduit’s inlet and outlet 
concentration of THMs within the conduit 

(b) 

Fig. 9. THMs growth mechanism in EPANET a) Cumulative concentration at junction node b) Equation of THM Growth with free residual Cl 
concentration. 
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conducted in Canada, China and India [5,7,56,57]. 
The authors conducted another study [16] based on only 11 nodes of the study area, and found the risk from various routes as 2.51 

× 10− 4. The variations in the risk level between the two studies are ascribed as the variation of the number of data points. The present 
study overcomes the limitations of the previous one by considering more study points. The findings of both studies, however, indicate 
that the supply of water in Chattogram is susceptible to posing a cancer risk to human health which may cause numerous diseases 
among the exposed community. However, few factors such as variability, frequency and duration of exposure, permeability of THMs 
through the skin, frequency of shower, human bodyweight and average lifetime, etc., are not considered in this study during the cancer 
risk estimation, which might be crucial improving the overall risk assessment. 

The cancer risk (CR) classes developed by Chowdhury et al. [56] and Legay et al. [58] have been followed in this study. These 
studies categorized four classes of cancer risk level based on risk value: unacceptable risk (CR = 10− 4), negligible risk (CR < 10− 6), 
acceptable low risk (1 × 10− 6 ≤ CR < 5.1 × 10− 5) and acceptable high risk (5.1 × 10− 5 ≤ CR < 10− 4). As mentioned before. 

KSA is sub-divided into 10 sectors named as A to I (Table 5). Table 5 shows CR of different sectors for average total risk. As seen 
sectors D, E and F of central zone and I from western zone are identified as the potential risk sectors. The difference between THMs 
concentrations in different region is the main fact for varying risk level. As expected, regions which receive water with high THMs 
concentration shows higher risk value. 

The spatial distribution of estimated cancer risk across the KSA is shown in Fig. 12 (a, b, c and d). As seen the left region is the 
northern zone of a service area covering points 1 to 25, while the right region is western zone with points 61 to 90. The central zone 
covers the rest of the sampling points. The central zone is identified as the highest risk zone for total cancer risk, which is presented in 
the red color, followed by the western and northern zone (Fig. 12a). This zone is highly vulnerable regarding the cancer risk among the 
dwellers comparing to another zone. Risk through oral ingestion exceeds the USEPA limit (10− 6) in all of the three zones of KSA. A 
similar pattern of distribution is therefore seen for oral ingestion as this route is the major contributor of total cancer (Fig. 12b). In all 
regions, risk through dermal absorption is found within the USEPA safe limit. The risk level for inhalation exposure exceeds the 
minimum risk level for some areas from central and western zones. 

The variation of risk level for different zone as visualized by the spatial distribution may be described as follows. Chlorine boosting 
is done at the Nasirabad boosting station and the northern zone of KSA receives supply water immediately after the boosting. 
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Fig. 10. Comparison of measured total THMs with predicted value in (μg/l).  

Fig. 11. Box plot of cancer risk level showing maximum, minimum and median of risk values (a) Oral risk level (b)Inhalation risk level (c) Dermal 
risk level. 
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Therefore, due to breakpoint chlorination fact, free chorine is found in a negligible amount in the pipe lines of northern zone to form 
THMs since free chlorine is considered to be the main driver of THMs formation [59]. The findings of the study also identified the 
sectors of this zone is as low risk area. The central area supplies water to its consumers from elevated tank (ET) which is 9 km away 
from the Nasirabad reservoir. Therefore, a long retention time is there for by-products formation. This zone is the most vulnerable zone 
as found by the current study (Fig. 12). On the other hand, in western part availability of free chlorine is less as no boosting is done in 
between northern and western zone. Sectors of this area shows acceptable low risk value. Fig. 13(a) and (b) show the identified 

Table 5 
Sector wise risk evaluation.  

Major parts of KSA Sectors Average oral risk 
value 

Average inhalation risk 
value 

Average Dermal risk 
value 

Average Total risk 
value 

Risk Level 

Northern part of 
KSA 

A 5.13 × 10− 5 4.12 × 10− 6 9.77 × 10− 8 5.55 × 10− 5 Acceptable high 
risk 

B 7.55 × 10− 5 6.02 × 10− 6 1.43 × 10− 7 8.17 × 10− 5 Acceptable high 
risk 

C 7.10 × 10− 5 5.67 × 10− 6 1.35 × 10− 7 7.68 × 10− 5 Acceptable risk 
Central part of KSA D 1.51 × 10− 4 1.20 × 10− 5 2.84 × 10− 7 1.63 × 10− 4 High risk 

E 2.50 × 10− 4 1.98 × 10− 5 4.70 × 10− 7 2.70 × 10− 4 High risk 
F 1.06 × 10− 4 8.39 × 10− 6 2.00 × 10− 7 1.14 × 10− 4 High risk 
G 4.57 × 10− 5 3.68 × 10− 6 8.75 × 10− 8 4.95 × 10− 5 Acceptable low 

risk 
Western part of 

KSA 
H 9.33 × 10− 5 7.42 × 10− 6 1.76 × 10− 7 4.95 × 10− 5 Acceptable low 

risk 
I 1.40 × 10− 4 1.11 × 10− 5 2.64 × 10− 7 1.52 × 10− 4 High risk 
J 7.58 × 10− 5 6.05 × 10− 6 1.44 × 10− 7 8.20 × 10− 5 Acceptable high 

risk  

Fig. 12. Spatial distribution of cancer risk in selected regions a) Total Risk b) Oral Risk c) Inhalation Risk d) Dermal Risk.  
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high-risk area for each of the three exposure and ingestion scenarios separately. 

5. THM monitoring in developing countries: role of models and software tools 

The process of monitoring disinfection byproducts (DBPs) in drinking water is demanding and requires expensive equipment such 
as gas chromatography (GC) and GC/mass spectrometry (MS), as well as complex sample preparation techniques. This has been 
highlighted in previous studies such as Arbuckle Tye et al. [59], Li et al. [60], and Li and Mitch [61]. These challenges include the high 
cost of analysis equipment, limited resources, and lack of access to specialized laboratories. To address these challenges, various 
models have been developed to estimate the formation of DBPs, including THMs. This study aimed to use an empirical model combined 
with EPANET to predict THMs in water supply systems in Chittagong, Bangladesh. Despite the absence of THMs measurement facilities 
in the area, the methodology adopted in the study may provide a solution for water utilities in resource-constrained settings to assess 
and manage potential risks associated with THMs in drinking water. While direct THMs measurements are ideal, this approach offers a 
viable alternative for developing countries facing similar resource constraints. 

6. Limitations of the study 

The study has been conducted based on a few water quality parameters which are influential for THMs formation. The work would 
be great if the actual measurement of THMs in supply water could be made. However, pipe material and pipe length, which also have 
great effect on THMs, have not been considered in the study. On the other hand, water stability is a critical factor in the formation of 
disinfection byproducts (DBPs), including THMs which is a measure of how well the water resists changes in its quality or charac
teristics, such as pH, alkalinity, and dissolved organic matter. When water is unstable, it can lead to rapid changes in these charac
teristics, which can result in increased formation of DBPs during disinfection. Therefore, it is important to consider water stability in 
the design and operation of water treatment and distribution systems to predict the formation of DBPs and protect public health. 
Moreover, chlorine simulation has been performed taking the value of Kb and Kw from literature. However, the use of EPANET MSX is a 
viable option for including the degradation of DBPs in the distribution system (Monteiro et al., 2013). The probable scenario of THMs 
has been tried to capture, which would be beneficial for raising awareness regarding monitoring and setting standards for the com
pounds for securing water safety. 

7. Conclusion 

THMs are the dominant group of possible disinfection byproducts formed in chlorinated supply water and induce the highest cancer 
risk from different exposure pathways. The objective of the study is to identify the potential risk zone of Chattogram city due to the 
probable occurrence of THMs in the supply water of the city. In this regard, free residual chlorine is simulated and the THMs con
centrations are predicted within the distribution network by applying EPANET simulation in combination with AMY98 model. Free 
chlorine simulation under varying chlorination conditions shows that source chlorination of 3 mg/L is appropriate with Kb = 1 d− 1 and 
Kw = 1 d− 1 to maintain 0.2 mg/L within the network as per WHO guidelines. On the other hand, from simulated THMs’ concentrations, 
it is noteiced that the estimated concentration of THMs’ for 80% of the total nodal points of the network is higher than that of the 
USEPA limit (80 μg/L). An average estimated lifetime cancer risk based on the anticipated level of THMs in supply water was observed 
to be 5.37 × 10− 4, that is over 100 times greater than the acceptable risk level recommended by USEPA. The spatial-based analysis 
identifies the Battali hill area as a high-risk region of high cancer, followed by Halishahar and Nasirabad. The high-risk zones are the 

Fig. 13. Identified high risk area.  
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areas where there are enhanced chlorination and junction of distribution pipes. The findings of the study clearly show that community 
water supplies in the city are susceptible to create a cancer risk due to the probable occurrence of THMs. The findings, however, 
highlight the necessity for monitoring the actual value of THMs along the distribution system of the city. Zone wise risk identification is 
of great importance for operational and regulatory purpose and to help operators in managing chlorine residuals and THMs throughout 
the network. Additionally, the applied combined method can be used as an effective alternative of field level investigation of THMs 
with minimal measurement of water quality data. The proposed method might be adopted by other developing countries as THMs 
measurement involves sophisticated instrumentation with expert handling. The study may, therefore, be useful to upgrade the water 
safety of the city and also provide in any epidemiological study to evaluate peoples’ exposure to potentially harmful DBPs. 

CRediT authorship contribution statement 

Mst. Dr. Farzana Rahman Zuthi, Farjana Khan and Md. Sazzad Zahid Sajol: Conceived and designed the experiments, performed the 
experiments, contributed analysis tools data and wrote the paper. Maisha Kabir, M. Ethtesham Kaiser, S. M. Farzin Hasan and M. Safiur 
Rahman: Analyzed and interpreted the data; contributed materials, and wrote the paper. 

Data availability statement 

The authors of this study can provide the data supporting their findings upon a reasonable request. The additional supporting 
information already includes the specific research methods mentioned in the article as well as the original images of the results. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgment 

The research was ethically and financially supported by the research grant provided by the Chittagong University of Engineering 
and Technology (CUET), Bangladesh for the project (CUET/DRE/2019-20/CE/036) entitled as “Assessment of risk of supply water 
contamination by disinfection by-product (DBPs) in Chattogram City”. 

References 

[1] M.S. Whalen M. Rahman, G.A. Gagnon, Adsorption of dissolved organic matter (DOM) onto the synthetic iron pipe corrosion scales (goethite and magnetite): 
effect of pH, Chem. Eng. J. (Lausanne) 234 (2013) 149–157. 

[2] C.M. Villanueva, E. Gracia-Lavedan, C. Bosetti, E. Righi, A.J. Molina, Martín, Colorectal cancer and long-term exposure to trihalomethanesindrinking water: a 
multicenter caseecontrol study in Spain and Italy, Environ. Health Perspect. 125 (1) (2016) 56–65. 

[3] S. An, S. Xiong, X. Shen, Y. Ni, W. Chen, C. He, Y. Zhou, The associations between exposure to trihalomethanes during pregnancy and adverse birth outcomes: a 
systematic review and meta-analysis, Chemosphere 293 (2022), 133524, https://doi.org/10.1016/j.chemosphere.2022.133524. 

[4] H. Hong, Z. Zhanga, A. Guo, L. Shena, H. Suna, Y. Liangc, F. Wud, H. Lina, Radial basis function artifcial neural network (RBF ANN) as well as the hybrid method 
of RBF ANN and grey relational analysis able to well predict trihalomethanes levels in tap water, J. Hydrol. 591 (2020), 125574. 

[5] A. Mohammadi, M. Faraji, A.A. Ebrahimi, S. Nemati, A. Abdolahnejad, M. Mirl, Comparing THMs Level in Old and New Water Distribution Systems; Seasonal 
Variation and Probabilistic Risk Assessment, 2020, https://doi.org/10.1016/j.ecoenv.2020.110286. 

[6] F. Peng, J. Penga, H. Li, Y. Li, W.Z. Yang, Health risks and predictive modeling of disinfection byproducts in swimming pools, Environ. Int. 139 (2020), 105726, 
https://doi.org/10.1016/j.envint.2020.105726. 

[7] Z. Xu, J. Shen, H. Qu, H. Chen, X. Zhou, H. Hong, H. Sum, H. Lin, W. deng, F. Wu, Using Simple and Easy Water Quality Parameters to Predict Trihalomethane 
Occurrence in Tap Water, 2021, https://doi.org/10.1016/j.chemosphere.2021.131586. 

[9] I. Fisher, G. Kastl, A. Sathasivan, Evaluation of suitable chlorine bulk-decay models for water distribution systems, Water Res. 45 (16) (2011) 4896–4908. 
[14] USEPA, Integrated Risk Information System, 2018. https://www.epa.gov/iris. 

[15] F. Khan, M.F.R. Zuthi, M.D. Hossain, M.N.I. Bhuiyan, Prediction of trihalomethanes in water supply of Chattogram city by empirical models and cancer risk 
through multi-pathway exposure, J. Water Proc. Eng. 42 (2021), 102165. 

[16] S. Suchana, Effect of Ammonia on Formation of Trihalomethanes (THMS) during Chlorination of Potable Water, Department of Civil Engineering Bangladesh 
University of Engineering and Technology (BUET), Dhaka, Bangladesh, 2016 [33] B.B.S., Bangladesh. 

[17] G.L. Amy, M. Siddiqui, K. Ozekin, H.W. Zhu, C. Wang, Empirical Based Models for Predicting Chlorination and Ozonation Byproducts: Haloacetic Acids, Chloral 
Hydrate, and Bromate. USEPA Report CX 819579, USEPA, 1998. 

[18] F. Ahmed, T.A. Khan, A.N.M. Fakhruddin, M.M. Rahman, R.M. Mazumdar, S. Ahmed, M.T. Imam, M. Kabir, T.M.A. Abdullah, Estimation and exposure 
concentration of trihalomethanes (THMs) and its human carcinogenic risk in supplied pipeline water of Dhaka City, Bangladesh, Environ. Sci. Pollut. Res. 26 
(2019) 16316–16330, https://doi.org/10.1007/s11356-019-05049-6. 

[19] M.S. Rahman, G.A. Gagnon, Bench-scale evaluation of drinking water treatment parameters on iron particles and water quality, Water Res. 48 (2014) 137–147. 
[20] J. Lin, X. Chen, A. Zhu, H. Hong, Y. Liang, H. Sun, H. Lin, J. Chen, Regression models evaluating THMs, HAAs and HANs formation upon chloramination of 

source water collected from Yangtze River Delta Region, China. Ecotox, Environ. Safe. 160 (2018) 249–256. 
[21] S. Chowdhury, P. Champagne, P.J. McLellan, Models for predicting disinfection byproduct (DBP) formation in drinking waters: a chronological review, Sci. 

Total Environ. 407 (14) (2009) 4189e4206. 
[22] S. Chowdhury, P. Champagne, An investigation on parameters for modeling THMs formation, Global NEST Journal 10 (1) (2008) 80–91. 
[23] Y.F. Xie, Disinfection By-Products in Drinking Water – Occurrence, Formation, Health Effects, and Control, American Chemical Society, Washington, DC, 2008, 

pp. 2–19. 
[24] G.C. Evan, C.A. Paul, B.H. Treavor, Predictive capability of chlorination disinfection by products models, J. Environ. Manag. 149 (2015) 253–262. 
[25] I.A. Ike, T. Karanfil, S.K. Ray, J.A. Hur, Comprehensive review of mathematical models developed for the estimation of organic disinfection by products, 

Chemosphere 246 (2020), 125797. 

M.F.R. Zuthi et al.                                                                                                                                                                                                     

http://refhub.elsevier.com/S2405-8440(23)03822-7/sref1
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref1
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref2
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref2
https://doi.org/10.1016/j.chemosphere.2022.133524
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref4
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref4
https://doi.org/10.1016/j.ecoenv.2020.110286
https://doi.org/10.1016/j.envint.2020.105726
https://doi.org/10.1016/j.chemosphere.2021.131586
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref9
https://www.epa.gov/iris
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref15
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref15
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref16
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref16
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref17
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref17
https://doi.org/10.1007/s11356-019-05049-6
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref19
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref20
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref20
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref21
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref21
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref22
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref23
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref23
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref24
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref25
http://refhub.elsevier.com/S2405-8440(23)03822-7/sref25


Heliyon 9 (2023) e16615

15

[26] A. Sathasivan, G. Kastl, S. Korotta-Gamage, V. Gunasekera, Trihalomethane species model for drinking water supply systems, Water Res. 184 (2020), 116189, 
https://doi.org/10.1016/j.watres.2020.116189. 

[27] L.B.A. Rossman, M.R. Clark, M.W. Grayman, Modeling chlorine residuals in drinking-water distribution systems, J. Environ. Eng. 120 (1994) 4, https://doi.org/ 
10.1061/(ASCE)0733-9372, 803. 

[28] N.G. Mostafa, M.M. Matta, H.A. Halim, Simulation of chlorine decay in water distribution networks using EPANET – case study, Civil Environ. Res. ISSN 3 (13) 
(2013) 2224–5790 (Paper) ISSN 2225-0514 (Online). 

[29] N.N. Zin, S. Kazama, S. Takizawa, Network Model Analysis of Residual Chlorine to Reduce Disinfection Byproducts in Water Supply Systems in Yangon City, 
Myanmar, 2021, https://doi.org/10.3390/w13202921. 

[30] L. Monteiro, D. Figueiredo, S. Dias, R. Freitas, D. Covas, J. Menaia, S.T. Coelho, Modeling of chlorine decay in drinking water supply systems using EPANET 
MSX, Procedia Eng. 70 (2014) 1192–1200. 

[31] A. Seyoum, T. Tanyimboh, Pressure-dependent network water quality modelling, Water Management 167 (6) (2014) 342–355, https://doi.org/10.1680/ 
wama.12.00118. 

[32] M.M. Rahaman, Spatio-temporal Assessment of Chlorine Residuals in the Water, distribution system of Dhaka city Department of Civil Engineering Bangladesh 
University of Engineering and Technology (BUET), Dhaka, Bangladesh, 2019. 
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