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Abstract

The ability to obtain high-quality drinking water is dependent on the level of routine and sustainable 
management of the Drinking Water Distribution System (DWDS). This is also due to the continuous 
variation, degradation, and interaction in the quality of river water sources that need to fulfill the 
physical, chemical and microbiological health requirements of humans to avoid problems. Therefore, 
a high level of effort is needed to monitor the chemical and biological parameters of the distribution 
system and to determine the free residual chlorine (FRC) is 0.2 mg/L with a maximum starting point 
of 1 mg/L along the piping network which is influenced by bulk and wall reactions. This research 
aims to analyze, simulate and manage water distribution piping systems and the result can be used to 
evaluated alternative strategies for improving water quality, to design and upgrade the performance of a 
hydraulic system, and to realize assessment about FRC consumer exposure in the ore processing of the 
Concentrating Division of PT Freeport Indonesia, using EPAnet 2.0 software. The results showed that 
the hydraulic simulation of the distribution network using the gravity system was adequate in terms of 
high pressure. By using field measurement data, the average constant of the decayed FRC is 0,00033, 
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Introduction

Based on the measurement results from Indonesia 
Meteorology Climatology and Geophysics Council 
(BMKG), Tembagapura is categorized as a place with 
the highest average monthly rainfall of 1,011.5 mm 
[1]. Therefore, the availability of abundant drinking 
water is obtained through proper treatment. This is 
also supported by the policy on the Constitution of the 
Republic of Indonesia Number 18 of 2008 in article  
19 regarding waste management. It was also followed 
up with a circular letter of the Ministry of Environment 
and Forestry of the Republic of Indonesia Number  
SE.3/UM/RT/SET.1/2/20018 on the ban of the use of 
plastic in packaging drinking water in mining industries 
[2]. 

Drinking water is a major human need, where 
the human body needs water for life of 30-6- liter 
per day. However, physical, chemical and biological 
contamination tends to occur in water sources which 
are dependent on geological conditions or industrial 
and agricultural activities [3]. These contaminants 
occur when there are various impurities in the form 
of microorganisms that come in contact with bodies 
of water or are dissolved in water carried from one 
place to another. [4]. Drinking water needs to fulfill the 
physical, chemical and microbiological requirements, 
to avoid health-related problems. The most impurity of 
biological traits that cause human health or cause death 
[4, 5]. Human health is greatly influenced by various 
agents such as pathogens, bacteria, various minerals, 
and organic substances present in unsafe drinking 
water [6]. A significant proportion of the population 
in developing countries suffer health problems due to 
unsafe drinking water. According to the International 
Union on Conservation of Nature (IUCN) report, as 
many as 60% of infant deaths are caused by water-
related diarrhea which is the highest ratio in Asia [4]. 
Pathogens that are present in drinking water such as 
viruses, bacteria, protozoa cause 2.5 million deaths 
from the diarrheal disease each year [7]. Other water-
related diseases are typhoid, giardiasis, intestinal 
worms, diarrhea, cryptosporidium infections, and 
gastroenteritis [6]. The growth of microorganisms in 
drinking water distribution systems can be related to 
pipe corrosion and the production of various elements 
and sediments such as iron, total organic carbon (TOC), 
phosphorus, manganese and aluminum [8-10].

An indicator of microbial pollution in water is 
total coliform and Escherichia coli (E. coli). In some 
countries, such as Ethiopia, 45.7% of drinking water  
is contaminated with coliform [11], while in India,  

36% does not fulfill the bacteriological requirements 
[12]. Appropriate treatments must be used to eliminate 
the presence of E. coli and total coliform in raw  
water.

Adequate treatment is carried out on drinking 
water to ensure the quality distributed through piping 
networks fulfills the requirements in accordance with 
the Regulation of the Minister of Health of the Republic 
of Indonesia Number 492/MENKES/PER/IV/2010. The 
main purpose of this treatment is to produce tasteless, 
odorless, and colorless water that does not pose a risk to 
consumers’ health [13]. In drinking water distribution 
systems, it is possible for changes in water quality, 
especially in terms of biology, such as the presence 
of  pathogenic bacteria that enters the pipeline due to 
leakage. Therefore, there is a need to disinfect drinking 
water to ensure it is free from bacteria using chlorine 
compounds [14].

The concentration of free residual chlorine (FRC) 
is promoted in the Guidelines for Drinking-Water 
Quality regulated by the World Health Organization 
(WHO). Based on Surface Water Treatment Rule by 
Mays (2000) and WHO (2011), the minimum and 
maximum required FRC levels are 0.2 mg/L and  
5.0 mg/L, respectively [15, 16]. Another research 
stated that the maximum affixing concentration to 
the reservoir is 1 mg/L. The concentration of FRC in 
drinking water distribution systems is dependent on the 
chlorine decay rate and water age which are affected by 
the hydraulic conditions in the pipeline network. The 
chlorine decay rate is further influenced by the value 
of bulk and pipe wall reactions [17]. The decay due to 
bulk reaction is affected by water temperature and the 
amount of reactive organic carbon, while the chlorine 
decay due to pipe wall reaction is influenced by the 
degree of corrosion or biofilm and the pipe’s age [16, 
17]. 

Free residual chlorine (FRC) is needed to ensure the 
control of certain pathogenic organisms contained in 
water. It also prevents the growth of certain pathogenic 
organisms as long as the water is in the pipeline [18]. 
FRC levels that are too high has the ability to accelerate 
corrosion in pipes, thereby, leading to the creation of 
taste and odor in water [19]. It also enters the body 
and compound with organic substances such as urine 
or sweat; therefore, it produces nitrogen trichlorine 
compounds. These compounds irritate body cells, 
gastrointestinal disorders, anemia and an increase 
in absorption of chlorine. Therefore, to maintain the 
existence of FRC, at the appropriate concentration 
value, an analysis of the water distribution network 
system is required.

and the result are 6 nodes with FRC levels between 0.1 to 0.2 mg/L were obtained using 1 booster on the 
Water Treatment Plant.

  
Keywords: Drinking Water Distribution Systems, Free Residual Chlorine, water quality modeling, 
EPAnet
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Methods

This research was conducted to model and simulate 
the drinking water distribution system in the ore 
processing area at the Concentrating Division of PT 
Freeport Indonesia from August to December 2019. The 
various model inputs are shown in Fig. 1. 

In general, the data needed to carry out the process 
of drinking water distribution network simulation 
includes physical network data, interconnection, water 
resources, network accessories, and chlorine trace. 
Primary data were collected through field surveys by 
determining the pipe type, diameter, length, valve 
type, water distribution system, and chlorine injection 
dose. Secondary data obtained from the number of 
employees and the pattern of drinking water demand. 
The information was then processed and modeled using 
simulations of the hydraulic parameters and resulting 

water quality. The nodes or pipes were re-checked with 
the implementation process carried out using actual 
measurements for the FRC concentration. In addition, 
the EPAnet 2.0 software, a Windows-based computer 
program was used for analysis.

Epanet 2.0 is a simulation program of time 
development with a hydraulic profile used for 
the treatment analysis of clean water quality in a 
distribution pipeline network. It consists of a point/
node/junction pipe, pump, valves (accessories), ground, 
and elevated reservoirs. The generated output includes 
the pipe inflow (L/sec), water pressure from each point/
node/junction used to determine the installation, pump 
and reservoir operations.

EPAnet 2.0 is a tool designed to determine the 
development, movement, and degradation of water 
and its chemical elements using various distribution 
systems, design details, hydraulic calibration models, 
residual chlorine analysis and several other elements.

This type of simulation was carried out using the 
extended period simulation (EPS) system, where the 
analysis was based on fluctuations in water demand in 
24 hours. The simulated hydraulic parameters were flow, 
velocity, water pressure level, and loss. In addition, the 
simulated water quality parameters were the chlorine 
decay rate due to bulk and pipe wall reactions.

Results and Discussion

Drinking-Water Distribution Network System

The drinking water distribution system in the 
Concentrating Division of PT Freeport Indonesia uses a 
gravity system, with a significant difference in elevation 
from upstream to downstream with the ability to 
produce high pressure. The link and node components 
were used to represent the drinking water distribution 
network in the field using EPAnet 2.0 as shown in  
Fig. 2. The link component is an interconnection of 
pipes where water entered or left the distribution system 
through nodes. It consists of pumps and valves, while 
the nodes consist of a junction, reservoir and tank [17].

The source of water supply at the research location 
came from the reservoir which is a Dam channeled 
through the pipeline to the treatment plant. The volume 
of stored water in the treatment tank tends to vary based 
on time duration with a basic cylindrical elevation of 
0.05 m and an initial chlorine quality of 1 mg/L. The 
basic input of tank consisted of elevation (m), maximum 
and minimum water levels (m), tank diameter (m), and 
water quality at the initial level (mg/L).

The computed results of the tank consist of the 
demand and pressure that varies at each time. High-
density polyethylene (HDPE) pipes ranging from 
½ inch diameter to 4 inch diameter are used in the 
junction. The advantages of HDPE include resistance 
to corrosion/cracking/earthquake damages, lightweight, 
and having a slippery/smooth surface [12]. The basic Fig. 1. Research implementation method. 
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pipe input consisted of initial and final node data, 
length (meters), diameter (millimeter), roughness 
coefficient value and its initial status (open or closed). 
The computational results from the software gave flow 
volume in LPS (liters per second), flow velocity in m/s, 
headloss in units of m/km, and water quality for FRC 
concentrations in mg/L. A total of 191 pipes were used 
in the drinking water distribution network system. 

A junction is a point on the network where lines 
meet and water entered or left the network. The basic 
input of junctions in this research included elevation in 
meters (m), water demand measured in LPS and initial 
water quality for chlorine concentration in mg/L. The 
number of junctions in the distribution network of this 
research consisted of 203 connections as shown in  
Fig. 2. The computational results for the entire 

Fig. 2. Topography and layout of the drinking water distribution network systems in the ore processing industry.

Table 1. Water quantity as a multiplier for time intervals. 

The time pattern to the multiplier for pattern 1 - Office

Periode 1 2 3 4 5 6 7 8 9 10 11 12

Multiplier 1 0 0 0.4 0.6 1 0.8 0.6 0.4 0.6 0.8 1

Periode 13 14 15 16 17 18 19 20 21 22 23 24

Multiplier 0.8 0.6 0.4 0.6 0.8 0.6 0.4 0.2 0 0 0 0

The time pattern to the multiplier for pattern 2 – Steady day shops

Periode 1 2 3 4 5 6 7 8 9 10 11 12

Multiplier 1 0 0 0.4 0.6 1 0.8 0.6 0.4 0.6 0.8 1

Periode 13 14 15 16 17 18 19 20 21 22 23 24

Multiplier 0.8 0.6 0.4 0.6 0.8 0.6 0.4 0.2 0 0 0 0

The time pattern to the multiplier for pattern 3 –Shift shops

Periode 1 2 3 4 5 6 7 8 9 10 11 12

Multiplier 1 0.2 0.4 0.6 0.8 1 0.8 0.6 0.4 0.6 0.8 1

Periode 13 14 15 16 17 18 19 20 21 21 23 24

Multiplier 1 0.6 0.6 0.6 0.8 1 0.8 0.6 0.6 0.4 0.2 0.2

The time pattern to the multiplier for pattern 4 - Mosque

Periode 1 2 3 4 5 6 7 8 9 10 11 12

Multiplier 1 0 0 0.4 0.8 0.7 0.4 0.2 0.2 0.2 0.8 1

Periode 13 14 15 16 17 18 19 20 21 22 23 24

Multiplier 1 0.6 0.8 0.6 0.4 0.8 1 0.4 0.3 0.2 0 0
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simulation time period at the junction are made up of 
water quality. A valve is a link used to limit pressure or 
flow on the network. Its basic input consisted of initial 
and final node data, pipe diameter (millimeter), valve 
type and status (open or closed). The number of valves 
in this study was 13 with computational results such as 
flow and headloss.

The Amount and Pattern of Drinking 
Water Demand

In addition to the physical components used to 
make a series of networks, other components such as 
the curves of time pattern with multipliers were used 
to vary the time in accordance with the demand as 
presented in Table 1. The model of the time pattern 
curve type corresponds to the multiplier at each hour 
using the Lagrangian approach [17]. This pattern is 
used to determine the condition of the water movement 
in the pipe.

The time pattern used was divided into 4 types, 
namely, office, shop steady day, shift shop, and mosque. 
These patterns were used to obtain the maximum 
hours needed to analyze water hydraulics and FRC 
concentrations at each junction. The maximum/peak 
hours were at 6 am when work shift changes, and at 
11 pm during lunchtime. A total of 65 junctions with 
varying demands and values were used to channel 
water out of the Concentrating Division area as shown 
in Table 2.

Hydraulics Simulation of Water Supply 
Distribution Networks

The distribution network hydraulics was analyzed 
using an extended-period simulation (EPS) for 24 hours, 
where the calculation and reporting stages of hydraulics 
and water quality were carried out every hour with a 
pressure loss formula using Darcy-Weisbach (D-W). 
The pipe roughness coefficient using the D-W formula 
for HDPE pipes was 0.005 mm [17]. From the running 
results, changes occurred in each pipe such as the value 
of flow, velocity and headloss. Pressure conditions at 
each node were still sufficient to distribute water to all 
service junctions with pressures at peak hours ranging 
from 20.57 to 84.04 meters. Changes were observed 
only in conditions of maximum use because the flow 
affected the other water hydraulics. The higher the 
value of flow, the greater the velocity, which ranged 
from 0.04 to 4.68 m/s X-X, as shown in Fig. 4.

In addition, headloss was also influenced by the 
flow rate. Headloss values along with the distribution 
network during peak hours ranged from 0.06 to  
79.39 m/km as shown in Fig. 3. Hydraulic simulation 
results showed that the capacity of the distribution 
network using the gravity system was still capable of 
supplying water in terms of high pressure as shown 
in Fig. 3. High pressure was caused by high elevation 
differences at several points. In addition, it occurred 

due to low-pressure loss along the pipe as shown in 
Fig. 3. In addition, the low-pressure loss occurred 
because the HDPE pipe with a slippery/smooth surface 
which made a small friction factor was utilized. The 
simulation results showed the flow velocity at some 
point below 0.6 m/s because it potentially caused the 
occurrence of laminar flow and water age sedimentation 
in the distribution network [20].

Simulation of Free Residual Chlorine (FRC)

Proper drinking water treatment and management 
routinely and sustainably conducted, is essential and 
protects public health [21]. Proper treatment produces 
high-quality water in accordance with established 
standards which aesthetically limits various physical, 
chemical and biological parameters. Drinking-water 
distribution systems (DWDS) have the ability to alter 
physical-chemical and biological parameters in water 
and cause a decay in its quality during distribution [22]. 
In general, color changes are due to the degradation 
effect in the DWDS which results in quality failures 
[23, 24]. 

In addition to natural microflora in river waters, 
it also contains allochthonous microorganisms which 
potentially endanger human health [24]. Apart from the 
results of human, agricultural and industrial activities, 
other factors such as rainfall and birds are also sources 
of microbiological contamination with coliforms as the 
most common [25]. The number of pathogenic bacteria 
in waters is dependent on the magnitude of flow, season, 
and geographical conditions of the river [24].

The amount of coliform in water depends not only 
on the environmental conditions but also on the season. 
Kadir and Nelson [26] stated that the inactivation of 
E. coli was highly dependent on the concentration of 
dissolved oxygen and the presence of UVB radiation 
which was associated with seasonal variations in the 
number of bacteria. Hema et al [27] also stated that 
most of the water spring samples in the rainy season 
contained higher coliform bacteria. This was because 
rainwater has the ability to move microbial pollutants 
that were accumulated in a watershed and flow into 
other river streams. 

Various steps are carried out to remove 
microorganisms using the DWDS. Disinfection carried 
out using chlorine needs to sustain the presence of 
FRC to eliminate the re-growth of microorganisms in 
water distribution networks [28]. Chlorine undergoes 
decay due to reactions with organic and inorganic 
compounds in water and through liquid/solid reactions 
with biofilms, pipe walls and sediments. The required 
FRC concentration in water needs at least 0.2 mg/L to 
maintain bacteriological safety. The FRC concentration 
should not be more than 1 ppm, because higher 
concentrations cause taste and odor problems and 
increase the formation of by-products from disinfection 
[29]. In addition, other effects of excess FRC have 
the potential to produce a by-product compound 
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called Trihalomethane (THM) which is potentially 
carcinogenic. 

In conducting FRC analysis due to loss of chlorine 
from bulk reactions and pipe walls, it is necessary to 
calculate the coefficient of reduction in free residual 
using data from field observations in the drinking water 
distribution system. The FRC degradation model of the 

pipe is dependent on the initial and final FRC values at 
a certain velocity along the flow distance as shown in 
Fig. 4.

The following formula (1), was used to obtain the 
decay rate constant in the distribution network of 
residual chlorine:

Table 2. Water demands for each location.

Location Pattern Demand (L/day) Location Pattern Demand (L/day)

Office Building 1-1st Fl. 1 1,097.90 EI Building 3rd Fl. 3 2,330.24

Office Building 1-2nd Fl. 1 1,097.90 EI Building Yard 3 2,330.24

Office Building 1-3rd Fl. 1 1,097.90 North South Mill 1 3 2,118.40

Office Building 1-4th Fl. 1 1,097.90 North South Mill 2 3 2,118.40

Office Building 1-5th Fl. 1 1,097.90 North South Mill 3 3 2,118.40

Office Building 2-1st Fl. 1 1,097.90 North South Mill 4 3 2,118.40

Office Building 2-2nd Fl. 1 1,097.90 North South Mill 5 3 2,118.40

Office Building 2-3rd Fl. 1 1,097.90 North South Mill 6 3 2,118.40

Office Building 2-4th Fl. 1 1,097.90 North South Mill 7 3 2,118.40

Office Building 2-5th Fl. 1 1,097.90 North South Mill 8 3 2,118.40

Amole Office 2 970,93 North South Mill 9 3 2,118.40

HPGR Shop Yard 3 2,330.24 North South Mill 10 3 2,118.40

HPGR Office 3 2,330.24 North South Mill 11 3 2,118.40

SAG Office 1st Fl. 3 4,481.23 North South Mill 12 3 2,118.40

SAG Office 2nd Fl. 3 4,481.23 North South Mill 13 3 2,118.40

Security Office 3 4,481.23 North South Mill 14 3 2,118.40

SAG Yard 3 4,481.23 Laboratory 3 4,236.80

Whitehouse Building 3 4,481.23 Pump House Yard 3 3,883.73

Mill Control Room 3 4,481.23 Pump House 1st Fl. 3 3,883.73

SAG Pantry 3 4,481.23 Pump House 2nd Fl. 3 3,883.73

Leighton Shop 1 2 4,481.23 QC Laboratory 1st Fl. 3 4,236.80

Leighton Shop 2 2 4,481.23 QC Laboratory 2nd Fl. 3 4,236.80

Leighton Shop 3 2 4,481.23 QC Laboratory 3rd Fl. 3 4,236.80

Leighton SAG Mill 2 2,240.62 Enggros Yard 1 2 3,883.73

OJT Office 2 4,481.23 Enggros Yard 2 2 3,883.73

Routable Shop 2 4,481.23 Enggros Yard 3 2 3,883.73

New CMP 1st Fl. 3 2,330.24 Transfer Point Yard 2 970.93

New CMP 2nd Fl. 3 2,330.24 Wet Screen 3 2,330.24

New CMP 3rd  Fl. 3 2,330.24 Old CMP 1st Fl. 3 2,330.24

New CMP 4th Fl. 3 2,330.24 Old CMP 2nd Fl. 3 2,330.24

New CMP 5th Fl. 3 2,330.24 Old CMP 3rd  Fl. 3 2,330.24

EI Building 1st Fl. 3 2,330.24 Mosque 4 970.93

EI Building 2nd Fl. 3 2,330.24
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                 (1)

...where: 
Ce =Free residual chlorine concentration at a certain 
distance (mg/L)
Co = Free residual chlorine concentration at t = 0 (mg/L)
k = Decay rate constant
v = Velocity (m/s)
L = Flow distance (m)

The calculation results were obtained according to 
Table 3.

The average coefficient value of the decayed free 
residual chlorine used by the EPAnet program is 

-0.00033. After running the water on the EPAnet, the 
percentage of residual chlorine decayed as shown in  
Fig. 3. The bulk reaction value reduced to 4.48%, due to 
the reactions in the flow such as low temperatures, water 
age in short pipes and spacing. This was supported by 
the research conducted by Liu, Reckhow and Li [30], 
which stated that the chlorine content in water decays 
faster at higher temperatures. Therefore, it was stated 
that the low-temperature conditions in the DWDS 
caused the reduced chlorine decay rate. According  
to Rossman (2000), the range of values for bulk and  
pipe wall reactions for the first-order reactions is  
0-1,524 m/day. Further stated that the range values 
for bulk and wall reactions for pipes made of plastic 

Fig. 3. Distribution of network pressure and headloss during peak hours.

Fig. 4. Condition of distribution network FRC value and velocity during peak hours.
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the high-temperature conditions in Magelang city, 
Indonesia are -1.68/day and -0.25 m/day, respectively 
[17, 31].

The reduction in free residual chlorine influenced by 
wall reaction was quite significant compared to the bulk 
reaction at 95.52%. The percentage was influenced by 
the pipe and wall material such as the level of corrosion 
or biofilm and the age of the pipe [16, 17, 32]. Heim and 
Dietrich [33] stated that HDPE pipes need more chlorine 
than other plastic pipes. The first-order model was used 
to predict chlorine concentration in the distribution 
network. The model presents the amount of chlorine 
decay due to temperature, total organic carbon (TOC), 
and type of pipe material [34]. 

Colors are used to represent the residual chlorine 
in the EPAnet program. To determine the analysis of 
residual chlorine in the drinking water distribution 
network, a 24-hour simulation, was divided into two, 
namely peak hour and minimum conditions. The peak 

hour conditions were used to determine the ability 
of the residual chlorine concentration contained in 
the distribution network to meet quality standards. 
Additionally, the minimum conditions of usage were 
used to determine whether the residual chlorine 
concentration is below the permissible level, of  
0.2 mg/L - 1 mg/L. The method used for chlorine 
application is 1 unit of booster located at the 
water treatment plant (WTP) before the water was  
distributed.

Fig. 5 shows percentage of reaction rate (kg/day) 
and Fig. 4 shows the residual chlorine at each drinking 
water distribution point during peak hours at 6 am.   
Fig. 4 shows that the lowest residual chlorine condition 
was 0.1 mg/L.

The simulation results of distribution network 
hydraulics showed that the slow flow velocity at 
minimum conditions prolonged the water residence 
time in the pipeline. This led to an ineffective chlorine 
injection station in the tank. 

The simulation showed that additional chlorine 
injection stations as boosters in some locations with 
FRC concentrations below 0.2 mg/L. The use of the 
Query facility in the program, showed that a total of  
6 nodes had FRC concentration below 0.2 mg/L, with 
the lowest value at 0.1 mg/L as shown in Fig. 4.

Conclusions

The drinking water distribution system in the 
Concentrating Division tends to supply water in 
accordance with the residual pressure on the network. 
This is influenced by variations of high elevation in 

Fig. 5. Percentage of FRC decay.

C0
(mg/L)

Ce 
(mg/L)

Length of pipe
(m)

Velocity
(m/s) K

0.38 0.21 201.39 m 0.17 - 0.00050

0.40 0.20 201.39 m 0.17 - 0.00058

0.51 0.39 201.39 m 0.17 - 0.00023

0.52 0.44 201.39 m 0.17 - 0.00014

0.61 0.49 201.39 m 0.17 - 0.00185

Average - 0.00033

Table 3. Calculation of the decay rate constant in free residual 
chlorine (FRC)
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areas along the pipeline. Therefore, EPAnet was used 
to obtain accurate modeling of the FRC predictions 
which validated the results in the field. Every DWDS 
had different levels of chlorine decay rates. FRC 
concentrations are attected by the chlorine decay rate 
which in turn is influenced by the hydraulic behavior 
of the distribution network. The chlorine decay due 
to bulk reaction was 4.48% and wall reaction was  
95.52%. Approximately 1 unit of booster in the WTP 
was obtained at peak hours, the lowest FRC value was 
0.1 mg/L.
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