
Arab Gulf Journal ofScientific Research. 22 (2). pp 130-137 (2004) 

Onglnal Paper 	 Ref. No 2245 

Identifying Water Quality Sampling Stations in 

AI-Khobar Water Distribution System, 


Kingdom of Saudi Arabia 
~.l~' ~,JoAl' 2(' 40~' ,~, ~~~, 2(! .'oJ .,~, ~~ ~.) ti',.. ~ 

~u...jJl..w.-

Muhammad A Al-Zahrani 

King Falui University ofPetroleum & Minerals - Department of Civil Engineering - P.O. Box 686. Dhahran 31261. Saudi Arabia 

31261 Of~f - 686 ..,.....,... -,:pW1.JJ.J.# .;.p..illlf 40~ 

Abstract: Water quality monitoring of the distribution system is important in controlling and ensuring that safe water 
will be delivered to the consumers' taps. The Safe Drinking Water Act requires that water quality in a water distribution 
network be sampled at locations which are representative of the whole network system. Presently, no guidelines exist 
describing how these sampling locations are identified. In this paper, a methodology based on Genetic Algorithm (GA) 
is introduced and applied to a real water distribution network. A prior step before applying the developed method is to 
simulate the flow within the distribution system. For this purpose, a hydraulic simulation model called EPANET was 
used. Once the simulation of the water distribution system is performed, the developed GA method is then applied to 
identify locations of water quality sampling stations for the water distribution network of Al-Khobar City in the Eastern 
Province of the Kingdom of Saudi Arabia. Final results indicate that the selected water quality monitoring stations 
identified by the developed model are mostly located in areas within the city where water consumption is very high. The 
results obtained are compared with the current practice of identifying water sample locations and show more confidence 
over the current practice. 
Keywords: Al-Khobar water distribution network. Water quality monitoring stations, Optimization, Genetic Algorithm (GA), 
EPANET . 
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Introduction 

Drinking water quality can deteriorate during 
distribution to the consumers. Many factors can 
cause deterioration of water quality in distribution 
systems. Some of the major causes are source water, 
treatment processes, operation of systems, transport 
and transformations, water distribution network 
condition, and storage. 

Water quality of sources may differ (i.e. 
groundwater, surface water, desalination). Thus, 
water supplied from multiple sources could undergo 
water quality changes. For example, introducing a 
new supply may affect the quality of water in one or 
more of the following ways: 

• 	 The quality of the new supply may be corrosive 
or may support biological growth. 

• 	 The introduction of a new supply is often 
accompanied by changes in pressures, flow 
rates and flow direction. These hydraulic 
changes may disturb existing deposits . 

• 	 Blending the new supply with an old one may 
produce unexpected changes in the water quality. 

Treatment processes can also contribute to the 
deterioration of drinking water quality. For 
example, while mixing desalinated water with 
groundwater, disinfection, fluoridation, and pH 
adjustment, metals are introduced into the finished 
water (Alam and Sadiq, 1989). 
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Water in the distribution system may undergo 
some deterioration before it reaches the consumers. 
Coliform organisms may enter the distribution 
system from booster pumps, from the packing used 
in joints of mains, or from washers on service taps. 
In addition, the water distribution may become 
contaminated from outside, for example, through 
cross-connections, back-syphonage, defective 
service reservoirs and water tanks, damaged or 
defective hydrants or washouts, or through inexpert 
repairs to domestic plumbing systems (WHO, 
1971). 

The occurrence of corrosion in the distribution 
system, especially networks with aged pipes, may 
increase the potential of adding toxic metal to the 
finished water before it reaches the consumers 
(Alam and Sadiq, 1989). In addition, leaks in the 
distribution network could increase the level of 
concentration of specific contaminants. For 
example, a study performed by Alabdula'aly (1997) 
indicates that one major factor that contributes to the 
high level of nitrate concentration in the water 
distribution is the existence of leaks, especially in 
areas where sewer connections do not exist. 

Finally, recent studies indicate that storage tanks 
can affect water quality (Kennedy, et al. 1993). 
Storage tanks and reservoirs can contribute to 
substantial increase in water age depending on 
factors such as tank geometry, operation and 
location. 

Importance of Water Quality Monitoring 

Parameters related to water quality are measured 
for a number of reasons. At the treatment plants, the 
monitoring is undertaken to control the treatment 
processes, make them efficient and ensure delivery 
of safe water to the consumers. In the distribution 
system, monitoring is usually carried out for the 
chemical analysis of water and to provide 
supplementary information while assessing its 
qUality. The primary reason for monitoring water 
quality is to verify whether the observed water 
quality is suitable for its intended uses. This 
necessary measure is performed to ensure that the 
distributed water meets the water quality standards. 

The importance of water quality monitoring and 
assessment arises from a number of different 
perspectives that may combine the following goals 
in different w~ys (Bartram and Balance, 1996): 

• 	 To check whether the water meets the users' 
requirement of quality; 

• 	 To measure the impact of different parameters of 
aquatic environment on water quality; 

• 	 To control and regulate water quality; 

• 	 To map the variation of water quality from one 
location to another, in relation to uses and quality 
influence; 

• 	 To check the past trends of water quality 
influences and policies which led to the present 
status; 

• 	 To determine the adequacy of the distribution 
system as to whether or not it meets the multi­
users' requirements; 

• 	 To give an insight into the future trends based on 
the present and past factors of water quality; 

• 	 To check the system performance against the 
disinfection process; 

• 	 To study the feasibility of expansion of the 
distribution system; 

• 	 To study how water quality differs 
geographically in relation to uses and quality 
influences . 

Sampling Locations and Monitoring 

In order to have a general picture of the water 
quality situation in a water distribution system, 
sampling locations need to be selected to monitor 
the water quality parameters. Spatial representation 
and convenience are the two major factors in 
selecting the sampling locations (Al-Zahrani and 
Moied, 2001; Lee, 1990; Lee and Deininger, 1992). 

Once the appropriate sampling locations are 
located, then regular monitoring of water quality at 
these locations, in addition to monitoring of source 
quality, is needed. Monitoring should include 
sufficient parameters to indicate all quality concerns 
and should be conducted at appropriate locations 
throughout the source of supply. The monitoring 
program should include protocols for frequency of 
sampling and methodology of analysis and should 
be designed to establish the baseline data indicating 
both short-term and long-term trends. Such 
monitoring can serve as a trigger mechanism to 
detect the occurrence of water contamination 
problems at their earliest stages (Pontius, 1990). 

Identifying Water Quality Monitoring Stations 

The United States Environmental Protection 
Agency (US EPA) requires all drinking water 
authorities to monitor the water quality in their 
distribution system to ensure that the water reaching 
the consumers will be safe to drink and safe for 
other potable uses. The regulations ("Safe", 1974) 
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prescribe the sampling frequency and water quality 
parameters to be monitored. The sampling stations 
are supposed to represent the whole networking 
system in terms of quality parameters. 

The current practice of water sampling is based 
on taking water samples from locations that are easy 
to reach. A survey conducted in the USA showed 
how water authorities select their sampling stations. 
Many water authorities choose their monitoring 
stations by convenience and/or accessibility of the 
stations. The frequent locations used for collecting 
water samples include: fIre hydrants, storage tanks, 
pumping stations, commercial buildings, public 
buildings and private residences (Lee, 1990). The 
Al-Khobar water authority adopts a similar practice; 
they do not have any scientifIc guidelines on how to 
identify the sampling locations. Thus, a qualitative 
sampling scheme and/or guidelines need to be 
developed that would help the water authorities in 
identifying the proper locations for these sampling 
stations. 

Literature Review 

Recent methodologies have been developed to 
help in locating sampling stations (monitoring 
stations) based on scientifIc methods. Some of these 
recent methodologies are discussed below. 

Lee and Deininger (1992) developed a 
methodology such that when a water sample is taken 
at a tap and its quality is analyzed, one would know 
the quality at the closest node of the distribution 
network. Associated with each node, there is a 
known demand. For example, if node i is sampled 
with a demand of 10 units out of 100 units, the 
monitoring station is a representative of 10% of the 
total demand. If any other station node takes care of 
more than 10% of the total demand, then this new 
station will be more representative of the network. 
So, if it is proposed to build only one monitoring 
station in the network, then the station covering the 
maximum flow will be the location of the optimum 
station. Similarly, if two stations are to be built, then 
two stations with a maximum coverage will be the 
desired locations in the network and so on. 

The term coverage or covered is used commonly 
for monitoring stations at a certain node to specify 
the water quality and the demand at that node. In 
order to cover the entire demand, practically every 
node would have to be sampled. However, it is 
assumed that the water quality at other nodes can be 
inferred by taking into account the flow patterns in 
the network. The term coverage or covered denotes 
that it is possible to infer the water quality at this 
node based on measurements at some other nodes. 

Kumar, et ai. (1997) and Lee and Deininger 
(1992) used the percentage proportion contribution 
as the governing criteria for coverage of an 
upstream node by monitoring the water quality at 
the downstream node. The chosen percentage 
proportion represents the adequate criteria for a 
particular node being covered by monitoring the 
water quality of the other node. They assumed that 
if 60% or more of the flow to a particular monitoring 
station has passed through an upstream node, then 
the water quality at this upstream node can be 
inferred from the quality of the monitored node. 
Kumar, et ai. (1997) hydraulically analyzed the 
network based on the 60% criteria for developing a 
coverage matrix and came up with four monitoring 
stations covering 14,000m3/d of water out of 
21 ,300m3/d. The number and locations of the 
monitoring stations recommended by Kumar, et ai. 
(1997) and Lee and Deininger (1992) were found to 
be identical for the same hypothetical network. 

The methodology developed by Lee and 
Deininger (1992) was suitable for an internal or 
gradual deterioration of water quality. It was less 
appropriate for rapid determination of water quality 
due to an external source of contamination. For 
example, in the case of a very long pipe with many 
consumption outlets, Lee's methodology resulted in 
a single monitoring station at the downstream pipe 
end. This is true regardless of the location of the 
intrusion or its time to detection (the time that 
elapsed until the pollutant has been detected). 
Kesseler, et ai. (1998) developed a method which 
identifIed the best selection of monitoring stations. 
It allowed detection of an accidental intrusion of 
contamination within a given level of service 
(maximum volume of contaminated water 
consumed prior to detection). Kesseler, et al. (1998) 
used l000ft3 of water as a level of service for 
detecting the accidental intrusions on municipal 
water networks. EPANET (Rossman, 1994) was 
used for the hydraulic simulations. 

Bush and Uber (1998) have proposed matrices 
for water distribution system sampling design and 
also proposed a methodology to select 
measurements and locations which are sensitive to 
changes in parameter values, while ignoring the 
effects of sensitivity coefficients. Although their 
model suggested an approximate sampling design 
method, it gained advantages over statistical design 
methods which lack physical basis . Bush and Uber 
(1998) likewise proposed three sensitivity-based 
methods for ranking potential sampling locations in 
a water distribution network, namely Max-Sum 
design, Max-Min design, and Weighted-Sum 
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design. These methods ranked spatial measurement 
locations and measurement types according to the 
measure of work for parameter estimation. They did 
not consider measurement times and frequency as 
sampling variables. Max-Sum design ranked the 
measurements according to summed ngrmalized 
sensitivity coefficients over the parameters. Max­
Min and Weighted-Sum designs were both iterative 
ranking methods. Max-Min estimated all the 
parameters accurately while Weighted-Sum ranked 
the measurements by their contribution to the 
estimation of individual parameters. 

Meier and Barkdoll (2000) proposed a 
methodology based on Genetic Algorithm to find an 
optimal location in water distribution systems that 
causes the water to flow at non-negligible velocities 
through as much of the pipe network as possible, 
and to design a program for data collection for 
network model calibration. Non-negligible flow 
velocity was used as a criterion for selection, and the 
Roulette Wheel method was used with uniform 
crossover and 2% rate mutation. 

AI-Zahrani and Moied (2001, 2003) developed a 
methodology based on Genetic Algorithm (GA) to 
identify water quality monitoring stations in a water 
distribution network. Water quality monitoring 
stations were located based on the flow coverage 
only. 

This paper illustrates the application of the 
model developed by AI-Zahrani and Moied (2003) 
to help in identifying the proper locations of the 
water quality sampling locations in AI-Khobar 
water distribution network. 

Genetic Algorithm (GA) 

Genetic Algorithm (GA) is based on the 
mechanics of natural selection and survival of the 
fittest (Goldberg, 1989). The basic procedure of GA 
can be described as follows: 
1. 	 Write a fitness function (also called an objective 

function) that can be used in comparing potential 
solutions to one another. 

2. 	 Randomly generate a set of coded strings 
representing potential solutions to variables that 
point to one location in the solution domain. 

3. 	 From the initial population, the fittest strings (as 
measured by their objective function values) are 
selected to pass their "genetic information" to the 
next generation. This operation is called 
"selection", which resembles the survival of the 
fittest in natural systems. There are many 
different schemes for selecting survivors; 
however, all of them share the common goal that 
more fit members replace the less fitter ones in 

the population to advance the searching 
operation. After selection, the population is on 
average, more fit than it was before selection. 

4. 	Selection is then accompanied by an operation 
called "crossover" which creates from the 
survivors, new strings that contain distinguished 
properties of the survivors from which they are 
created. In some cases the new strings will have 
lower fitness, in other cases they will have higher 
fitness, and in a certain percentage of cases the 
children will resemble their parents and thus, 
have the same fitness values as their parents. 

5. 	 Since crossover simply recombines the existing 
strings into new combinations, successive 
generations will carry the characteristics 
contained in the previous populations. It is 
possible that some desirable strings were not 
included in the initial (randomly generated) 
population or might have been lost because 
individuals possessing those desirable qualities 
became unfit and disappeared from the 
population. An operation called "mutation" is 
therefore used to occasionally alter a string 
(chromosome) in order to recover desirable 
qualities or to create new qualities in the strings 
(chromosomes). 

If the GA has been designed well, the population 
will converge to an optimal solution to the problem. 
Figure 1 shows the necessary steps involved in 
applying the developed methodology based on 
Genetic Algorithm (GA). For detailed application of 
the developed GA model on a hypothetical network, 
refer to AI-Zahrani and Moied (2003).(See Fig. 1) 
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Application of GA to Al-Khobar Water Distribution 
System 

The developed model described previously was 
applied to AI-Khobar City water distribution 
system. AI-Khobar City is located on the Eastern 
Coast of Saudi Arabia. It has an approximate area of 
64 kIn', with a population of about 300,000. AI­
Khobar City is served with a water distribution 
network that covers all urban areas. The city is 
divided into three parts, namely AI-Rakah, Central 
and AI-Fawaziah. For application purposes, the 
central portion of Al-Khobar water distribution 
network is selected. This portion of the city, as 
shown in Figure 2, covers most of the residential 
areas, which is very important from the water 
quality point of view. 

119 

Fig. 2. Skeleton of the central part of AI-Khobar 
water distribution network 

Desalinated water from AI-Aziziah plant and 
groundwater are the two main sources of water 
supply in the central part of Al-Khobar City. Part of 
the groundwater, which is pumped from wells, is 
blended with desalinated water before delivery and 
part of it is delivered unblended into the system. 
There are two main blending stations, called 
blending stations I and II, where groundwater is 
pumped to about 21 locations in the central part of 
the city. 

The water mains of the central portion of AI­

Khobar water distribution system are about 90 

kilometers in length. These water mains range in 

size from 200mmto as much as 1600mm in 

diameter. The large diameter pipes are used to make 

the necessary connections between the blending 

stations and the storage facilities. 


The current practice of water sampling adopted 
by the AI-Khobar water authority is based on taking 
water samples from locations that are distributed 
unifonnly over the city and are easy to reach. 

A prior step before applying the developed 
model, as explained previously, is to hydraulically 
simulate the water distribution network. For this 
purpose, EP ANET model (Rossman, 1994) was 
adopted. Input data characterizing the water 
distribution system needs to be collected or 
estimated when it is not available. 

The results obtained from the hydraulic 

simulation were then used as an input to the 

developed Genetic Algorithm (GA) model to 

identify the water quality monitoring stations. The 

GA model was used to locate a maximum of 40 

monitoring stations. For this purpose, the developed 

model was executed for a population size of 100, 

maximum iterations of 1000, mutation rate of 5% 

and best fitness value of 2500. 


Analysis of Results 

Table 1. Locations of the water quality monitoring 
stations for different numbers 

Number of. monitoring stations 
5 10 15 20 25 30 35 40 

97 31 13 7 5 16 7 1 

101 32 31 8 9 31 8 2 

108 88 32 12 30 32 16 5 

110 97 36 13 31 33 18 7 

112 101 88 31 32 40 19 8 

102 93 59 33 47 24 31 

108 94 70 45 49 31 32 

110 97 71 51 50 33 40 

112 100 88 58 56 37 41 

113 101 93 59 64 39 45 


108 94 65 66 40 50 

110 97 66 72 46 54 

111 100 67 73 50 56 

112 101 68 78 59 57 

113 106 88 88 62 59 


108 93 90 64 64 

110 97 93 65 66 

112 100 94 67 69 

113 101 97 68 70 

116 102 100 73 72 


104 101 75 73 

108 102 78 77 

110 106 87 80 

112 107 88 82 

113 108 93 86 


109 97 88 

110 100 90 

112 101 91 

113 102 93 

115 106 97 


108 100 

110 101 

111 102 

112 105 

113 107 


108 

110 

111 

112 

113 
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Table 1 summarizes the locations of the optimal 
monitoring stations based on the desired number of 
stations. Figure 3 shows the relation between the 
maximum scaled fitness values versus 
population for different targeted numbers 
monitoring stations to be selected or optimized. 
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Fig. 3. Maximum fitness value vs. population for 
(a) 5, (b) 15, (c) 25 and (d) 35 monitoring stations 

The results of the optimization model show that 
most of the simulations converge within 100 to 400 
iterations. Steady-state conditions can be observed 
when exceeding 400 iterations, indicating that an 
optimal solution was achieved. According to the 
results, the monitoring stations selected were close 
to locations where high demand exists 

There is a trade-off between the number of 
monitoring stations and the demand coverage of the 
system. In order to investigate this trade-off, curves 
were plotted between "Demand Coverage" and 
"Benefit" versus the number of monitoring stations. 
The benefit represents the information that will be 
gained when increasing the number of monitoring 
stations. The demand coverage obtained from the 
water coverage matrices and the benefit was 
calculated by taking the difference of the demand 
coverage between two successive sets of monitoring 
stations. Figure 4 shows the relation between the 
demand coverage and benefit versus the number of 
monitoring stations. The curve shows that the 
demand coverage of the system increases 
considerably in the beginning when the number of 
monitoring stations considered for optimization is 
low and then it becomes almost steady as the 
number of monitoring stations increases. 
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Fig. 4. Demand coverage and benefit vs. number of 
monitoring stations 
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This behavior indicates that, as the number of 

monitoring stations increases, little information or 

benefit will be gained. This conclusion can be 

verified from the curves, which show that the 

benefit of monitoring stations begins to dissipate as 

the number of monitoring stations increases. Based 

on this behavior, it is therefore recommended to 

monitor only 25 locations within the central portion 

of Al-Khobar water distribution system. It appears 

from the figure that, when considering 25 

monitoring stations, about 94% of the demand will 

be covered. This value of coverage is quite fair 

when monitoring water quality in a water 

distribution system. 

By further increasing the number of monitoring 

stations, almost no extra benefit can be achieved. In 

addition, increasing the number of monitoring 

stations will not affect the reliability of the 

monitoring program. 

Figure 5 shows the proposed locations of the 25 

monitoring stations identified by the model and the 

existing water quality monitoring stations identified 

by the Al-Khobar water authority. The suggested 

locations of the monitoring stations indicate logical 

behavior with respect to the investigated area. For 

five monitoring stations, the locations selected were 

located in the southeast of the city where high 

demand exists. As the number of monitoring 

stations increases, the selected locations start to shift 

towards the center and then towards the southwest 

of the city, which is the second high demand area. 

However, as the number of monitoring stations 

increases, the locations become more uniformly 

distributed. At about 25 monitoring stations, the 

locations identified cover all major parts of the city. 

On the other hand, the locations identified by the 

water authority were selected based on the 

geography of the area, i.e. sampling locations are 

distributed uniformly over the area, and the 

selection of the monitoring stations does not depend 

on the quantity of the flow as in the case of those 

stations identified by the model. Thus, the model 

results are more reliable than the current practice of 

identifying water quality samples. 

o Suggested locations 
o Existing locations 

Central 

I'"---106II 

AI-Fawaziah 11 9 

Fig. 5. Locations of suggested and existing water 
quality monitoring stations within Al-Khobar Water 
Distribution Network 

Conclusion and Recommendations 

A methodology based on GA was developed and 
applied to identify water quality monitoring stations 
in Al-Khobar water distribution network. The 
results of this study are compared with the current 
practice of water quality sampling and show more 
confidence over the current practice. This type of 
research can contribute significantly in assuring safe 
and better water quality to be delivered to the 
consumers through the water distribution network 
by identifying proper locations for the monitoring 
stations over the entire water distribution network. 

The model developed in this study is quite 
flexible and can manage to accommodate additional 
features associated with water quality monitoring, 
which are usually governed by any monitoring 
program. Based on this study, some 
recommendations are also made as follows: 

• 	 A kingdom-wide policy needs to be issued for 
regular monitoring of water quality in water 
distribution systems at their optimum locations, 
in all the metropolitan cities. This will help the 
operators and water authorities reduce the cost of 
monitoring and reduce health risks associated 
with drinking water transported by the 
distribution network. 

• Extension of the current model is suggested in the 
future by considering multiple objectives of 
monitoring. These objectives must include 
chlorine residuals, water age, and multiple 
sources of water supply. 
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