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Abstract:  Water losses associated with inefficiencies in the underground water distribution system are not only causing revenue 
losses for the local water boards but also significantly negatively affect a country’s national water reserves. Even 
though assisting in defining the problem and in devising remediation strategies for it, posterior analysis of the causes 
of such inefficiencies are far from being effective and immediate problem-solving and water-saving methodologies. 
The work presented herein centers on real-time monitoring and assessment of urban water distribution networks by 
use of wireless sensors, aiming the development of an integrated management system for water distribution networks 
that combines analytical and neurofuzzy decision support systems, geographical information systems and wireless 
sensor networks. The methodology focuses on the sustainable management of water pipe networks through real-time 
data acquisition and processing of sensor signals collected from a distributed ad-hoc wireless sensor network. 
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1. INTRODUCTION 

The globalization of problems related to water resources has increased the involvement of 
researchers in addressing the various aspects of this multi-faceted problem. For countries with arid 
climate conditions and an acute shortage of water supplies, like the island of Cyprus, research and 
engagement with this issue is increasingly essential. Water losses associated with inefficiencies of 
the underground water distribution system are not only causing revenue losses for the local Water 
Boards but also significantly affect the national water reserves negatively. The percentage of non-
revenue water in the island’s major water distribution networks has in the past few years hovered 
around 30%. The corresponding annual volume of non-revenue water was about 8.0 MCM. With 
this in mind, it was of paramount importance to the municipalities to find ways to improve on the 
monitoring and of the efficiency of their water distribution networks. Presented herein is ongoing 
work on wireless sensor networks and leak detection, on related experimental work and preliminary 
results of a research project centered on urban water distribution networks (UWDN). The project, 
which is the sequel of two other research works (Christodoulou et al. 2008a, Christodoulou et al. 
2009b), aims the development of an integrated management system for the management of water 
distribution networks that combines analytical and neurofuzzy decision support systems, 
geographical information systems and wireless sensor networks. The paper presents the extracted 
results from performance tests of various sensors and of various leakage scenarios applied on a 
water distribution system model, and related numerical simulations. Furthermore, it presents a GIS-
application for optimal sensor placement based on the specifications of the sensors deployed and on 
the attributes of the specific water supply network being monitored, and with primal goal the 
maximization of the cover area with the least possible number of sensors. 
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2. LEAKAGE SCENARIOS APPLICATION ON A WATER DISTRIBUTION 
SYSTEM MODEL 

2.1 Overview 

Further to the large economic gains, the development of leakage technologies and an evolution 
of the management methods for water distribution networks provide several other benefits such as 
more efficient use of water resources, improvements in customer relationships, reduction of 
network and environment damages, water contamination’s risk reduction and water distribution 
system management development (Lahlou 2001). In recent years the development of technologies 
for detecting leaks in water supply networks has witnessed tremendous evolution (Pilcher et al. 
2007). The basic technologies being used today for leak detection are: the ground penetrating radar 
(Hunaidi et al. 1998, Hunaidi et al. 2000, Pilcher et al. 2007), robotic cameras (Pilcher et al. 2007), 
fiber optics (Lee et al. 2005), optical/moisture/sound/pressure sensors (Pilcher et al. 2007), and 
automatic meter reading mechanisms. 

The ad-hoc wireless network developed during the described research work aims the real-time 
monitoring of the operating and external parameters of the surveyed water piping network, and the 
subsequent utilization of the knowledge acquired for leak detection and automatic meter reading 
(AMR). Its development was based on both experimental and theoretical work, complimented with 
numerical simulations (as described below). The experiments performed aimed in understanding the 
water network’s behaviour under variable operating parameters and various induced water leaks, 
and in obtaining the best possible combination of wireless sensor technologies for detecting 
abnormalities in the network’s operation and thus detecting water-leaks. 

2.2 Water Distribution System Model 

The basis of the development work was a pilot network deployment (“simulator”), located at the 
university’s laboratories. The simulator consists of two pipeline runs (one plastic and one 
galvanized) of approximately 70m in length and 4 inches in diameter, which are connected to each 
other at their ends. The system has a reservoir and a water pressure system. Along the two pipe 
lines, mechanical check points (pressure, flow, noise) and inspection nodes (sensors) have been 
installed (Figure 1). 

 

Figure 1: Pilot water distribution model and sensors utilized. 
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A primary goal of the study was to investigate various sensing technologies and to implement 
them in wireless sensor networks, as the basis of an integrated water resources management tool 
(IWRM). To that extent, moisture, sound and pressure sensors were utilized and interconnected 
using wireless sensors networks (WSN). The parameters measured and the choice of sensing 
technologies used were based on IWA guidelines and a study of the available technologies (pros 
and cons) as well as on previous research work by the research team (Christodoulou et al. 2009a, 
Christodoulou et al. 2008b). The deployment consists of four wireless nodes placed at specific 
locations along the experimental water distribution system model, to collect and reliably transmit 
sensor data to a base-station which is located within the lab area. The system is based on the Mica2 
433 MHz motes (Mica) enclosed in waterproof package for outdoor monitoring. These motes are 
connected to soil and air moisture sensors, soil and air temperature sensors, rainfall measurer, 
pressure sensors and flow meters. Figure 1 shows the deployment of the aforementioned pilot 
network, as well as images of the wireless node, humidity sensor and flow meter's add-on that were 
used for modelling the water distribution system. 

All data is collected and stored on the Base Station Controller, through the Gateway Station and 
the autonomous acoustic logger system software. Data are classified on a database and uploaded on 
a webpage. The webpage (Figure 2) shows information for all inspection points together or 
separately, and through that users have access to graphic daily, monthly and yearly data 
representations in relation to each sensor. Data such as soil and air temperature, soil and air 
moisture, water pressure in the pipe network, water flow, and rainfall volume are represented. 

 

Figure 2: Project webpage and sensor metrics. 

2.3 Leakage Scenarios Investigated 

A variety of different leakage scenarios were executed during the experimental runs. Leakages 
under low (or high) system pressure, low (or high) water-flow rates and single (or multi) location 
leakage incidents were examined. The different experimental cases correspond to real life incidents 
in water distribution networks. Low and high pipeline pressures correspond to locations were 
ground level is low (high pressure) or where ground level is high (low pressure). Low or high water 
flow-rates correspond to small or big pipe breaks and/or single or multiple leakage incidents 
respectively. 
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Figures 3-5 depict the soil moisture measurements for the first three leakage scenarios over a 
period of time. The first experiment (Figure 3), which lasted for 8 days, was initiated with the water 
pressure of the pipelines set at 3.25 Bars. No parameters were varied other than the flow of water in 
the pipes and a preset water leak exactly above the location of “soil moisture sensor 3”. During this 
experiment, the total water flow was measured at 47.28 tones and the estimated water loss was 1.4 
tones. The second experiment (Figure 4) lasted 7 days and the induced leak for this scenario was 
larger in flow (hence the reduced pressure in the system) compared to the first experiment. During 
this experiment, the preset water leak was also exactly above the location of “soil moisture sensor 
3”, the pressure in the pipes was at 3.0 Bars, the total water flow was measured at 18.99 tones and 
the estimated water loss was 6.8 tones. In the third experiment, the induced water leak was located 
above “soil moisture sensor 6”, lasted 11 days, had an initial operating water pressure of 3.25 Bars, 
processing 27.83 tones of water and recording 8.6 tones of water loss. 

The aforementioned single-parameter controlled tests are to be followed by a combination of the 
test scenarios. In addition, an autonomous noise logger system is used and measurements of some 
other important parameters are taken so that the sensor technology is improved and the data 
correlation is more reliable and precise. 

3. EXPERIMENTAL RESULTS 

The preliminary findings showed that, unlike the initial estimates, the moisture sensors are not 
efficient in detecting leaks in water supply networks. In fact, water loss detection by use of soil 
moisture sensors was very sensitive to the location of the sensor, and only sensors very close to the 
source of water loss were effective in picking up the leak.  

As Figure 3 shows, in the first experiment “soil moisture sensor #3” was very effective in 
picking up the leak in a very short period of time (within an hour the sensor’s reading went from 
4% to 19.5%, approximately) but the rest of the sensors were insensitive to the water leak 
throughout the duration of the experiment and despite being only a few meters away from the 
source of the water leak (at 6m, 12m and 18m downstream and upstream of the leak). The other 
sensors’ profiles remained unchanged. It should be noted that the linear (horizontal or inclined) plot 
segments represent either node connection failures or sensor inability to pick up data at that specific 
time. 

 

Figure 3: First leakage scenario. 
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Figure 4 shows the same pattern. For the specific time period (22.02.2010 – 01.03.2010) of the 
controlled experiment the daily rainfall in the area was high and steady with a heavy downpour on 
27.02.2010 that saturated the ground and led to a sudden peak in all the sensors’ readings. This peak 
was irrelevant of the sensors’ distance from the induced water leak. Prior to the peak on 27.02.2010 
the sensors were unable to pick up the induced leak. This inability can be attributed to the random 
dispersion of water underground, which makes the reading highly sensitive to the location of the 
sensor. 

Figure 5 reinforces the aforementioned findings. “Soil moisture sensor #6” picked up the leak 
almost immediately (from 4% to 41% moisture reading) and steadily increased the reading as the 
days went by and the soil moisture levels increased, reaching readings of about 50%. The other 
sensors remained insensitive to the induced soil moisture. 

 

Figure 4: Second leakage scenario. 

 

Figure 5: Third leakage scenario. 
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Another finding is that the automatic meter reading and continuous monitoring of a network’s 
water pressure may be the key to the quick detection of leakage in the network. It should be noted 
that a custom-made analog-to-digital add-on for measuring water flows was developed by the 
research team and utilized in the experiments. This device, which works in tandem with the wireless 
sensor for measuring the water flow in the pipes and for recording the network’s performance over 
time, was utilized also in calibrating the flow-meters. For a series of varied pressure levels (1.0 – 
3.5 bars) it was found that the deviation between the measurements taken from the flow-meter and 
the sensor with the specified add-on component was one litter for every 5 tones of water passing 
through the pipeline (i.e. 0.02% deviation). This measured level of accuracy/sensitivity is within the 
flow-meter’s specifications as supplied by the manufacturer (±2% deviation) and thus the sensor 
readings were deemed valid. 

4. NUMERICAL MODELING 

Numerical modelling was achieved by the use of a commercially available CFD package 
(ANSYS 14TM). The soil was treated as a porous zone where the viscous and inertial resistance 
terms were empirically computed based on the assumed porosity and permeability of the soil 
materials. The same flow parameters and sensor placement as the ones in the pilot study were 
simulated for the water leak detection as seen in Figures 6 and 7. 

The numerical simulation reinforced the experimental results, highlighting the must to properly 
model the porous media (soil) surrounding water distribution networks in order to be able to foretell 
the direction and path in which a water leak will traverse. High permeability values longitudinally 
along a pipe make it almost impossible to foretell how a water leak will manifest itself and thus be 
picked up by sensors. This difficulty in locating leaks is compounded by gravity, as the water 
trajectory is on a path away from the soil surface. 

5. SENSOR PLACEMENT ON UWDN 

One of the main aspects of this research is the optimization of sensor placement within the water 
supply network so that the entire network would be covered with the least possible number of 
sensors. As mentioned above, the automatic flow meter and pressure sensors are very important for 
monitoring the water distribution networks. Similarly, the acoustic data loggers are very important 
for problem localization once the water leaks in the network are detected. 

The flow meter add-on and its node are expected to be installed on every single flow meter of the 
water distribution network. The cost of this action is not excessive, since the development and 
installation of those specific additional parts is a cheap solution, compared to other competitive 
technologies requiring replacement of existing water meters. A mathematical model combined with 
GIS maps, is being utilized for the placement of the pressure sensors and the acoustic data loggers. 
The former optimization (pressure sensors) utilizes ground elevation contours so that for every 
network’s sub-DMA sensors are positioned in selected locations to fully monitor (and control) 
pressure distribution across the network. The latter optimization (acoustic sensors) takes into 
account the sensor's range as well as the number and location of the junctions in the water 
distribution network. The intent is to use network junctions as checkpoints for noise variations and 
to use graph theory and GIS-based spatial analysis for optimizing the location of such acoustic 
sensors in the network. A sample analysis and snapshots of the produced output are shown in 
Figures 8 and 9, with sensors of assumed distance coverage of 200m and with a desired level of 
redundancy of 2 sensors per location. Figure 8 shows the initial sensor locations (one at every street 
junction) and Figure 9 shows the reduced number of sensors (optimized scenario) based on the 
desired level of redundancy and sensor sensitivity. 
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Figure 6: (2D Simulation) Longitudinal Cross section, three layer soil model with low values of permeability at top 
layers. Velocity magnitude (m/s). 

 

Figure 7: (3D Simulation). Three layer soil model with low values of permeability at top layers. Velocity magnitude 
(m/s). Water reaches second layer of soil close to simulated vulnerable pipe. 

6. ENTROPY-BASED SENSOR PLACEMENT 

The issue of sensor placement optimization was recently revisited by Christodoulou et al. (2013) 
using an entropy-maximization approach. Entropy (𝐻!) in its classical definition is considered to be 
a metric of a system’s order and stability, and mathematically can be evaluated as the product of the 
probability mass function (𝑝!) of a variable 𝑥, times the natural logarithm of the inverse of the 
probability.  

Among the principal properties of entropy, two are of particular importance: subadditivity and 
maximality. Subadditivity states that a function’s value for the sum of two elements is always less 
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than or equal to the sum of the function’s values for each element. The maximality property states 
that the entropy function, takes the greatest value when all admissible outcomes have equal 
probabilities. In other words, maximal uncertainty is reached for the equiprobability distribution of 
possible outcomes. Additionally, a third property (termed ‘equivocation’) relates to conditional 
entropy and it is of particular importance to sensor placement. Equivocation is in effect the 
conditional entropy of one random variable against another, and it quantifies the remaining entropy 
(i.e. the uncertainty) of a random variable Y given that the value of another random variable X is 
known. 

 

Figure 8: Placement of acoustic sensors. 

 

Figure 9: Placement optimization for acoustic sensors.  
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Since, according to the concept of entropy, entropy is a good measure of a system’s order and 
stability, maximizing in value when a system is at an ‘equiprobability’ state, then a higher degree of 
entropy should also indicate a more-balanced system; one in which the information generated 
and/or distributed among its parts are of equal value. The sensor-placement optimization problem 
can thus be restated as an entropy-maximization problem: “how many sensors are needed and in 
what locations should be placed so that the information/knowledge acquired is maximized, by use of 
sensor sources of equivalent information value?”. 

A greedy-search algorithm proposed by Christodoulou et al. (2013) to solve the sensor 
placement optimization problem utilizes the maximality, subadditivity and equivocation properties 
of entropy to formulate the sensor placement optimization problem as an entropy-maximization 
problem, with entropy defined as a ratio of sensing length over pipe length and maximized at the 
network level. The proposed approach is applicable to longitudinal rather than spatial sensing (thus 
to devices such as acoustic, pressure, or flow sensors acting on pipe segments), is robust, is 
independent of the network’s operating parameters and shows a quick convergence to optimal or 
near-optimal solutions. 

7. CONCLUSION 

The paper outlines ongoing work on a framework for urban water distribution management 
(UWDM); research work aiming the development of an integrated management system for water 
distribution networks. The UWDM project is currently at the last year of its implementation. A pilot 
WSN deployed in a controlled environment (laboratory) is to serve as a test-bed for various 
communications and sensor signal-processing techniques that aim the improvement of the 
performance and the reduction of the power consumption of the network. The research findings will 
be important for the development of the final real-world deployment in the water distribution 
networks of the city of Limassol and of the city of Nicosia. 

To-date a large part of the project, which envisages the creation / development of a model pilot 
network and the carry-out of different cases of leakage simulations, has been completed. The first 
results showed that moisture sensors are not a reliable technology, while pressure sensors and noise 
data loggers, when properly placed in a network, are important tools for detecting leaks. The project 
has so far yielded an automatic meter reading (AMR) device, a wireless sensor network (WSN) 
platform) and mathematical models for sensor placement optimization. 
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