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Abstract: Natural Gas (NG) is distributed to final end-users through complex systems inside cities where population 
density can be very high. Although safety standards have become always more severe, several accidents have been 
verified in the past causing the death and/or the injury of many people as well as property damages near to accident 
locations. Different types of NG detection system have been studied and implemented on NG systems to reduce the 
number of accidents caused by NG leakage. The paper reports a brief analysis of acoustic detection technologies and 
analyses the advantages and disadvantages of each technology. 

 

Keywords: Natural Gas, Distribution Networks, Safety, Leak Detection Systems.

1.Introduction 

NG is one of the most used fossil fuel used in in Europe 
as in the rest of the world. This is due to the fact that 
between other traditional energy fossil sources it has the 
highest Low Heat Value (LHV=50000 kJ/kg), the lowest 
environmental impact and it is easy to be transported 
from a point to another even if thousands of kilometres 
are present; only in Europe, as reported in figure 1, 
2.171.002 km of pipelines are present (Eurogas, 2013). 
The complexity of this system is also due to the thousands 
of components necessary to handle NG from extraction 
sites to end–users and to ensure different conditions, i.e. 
pressure and flowrate, in accordance to the final scope of 
supply.  

 

Figure 1: European NG transportation system.   

It is difficult to maintain this very extended network in the 
correct working conditions because different phenomena 
can be responsible of failures and of the consequent 
leakage of NG: corrosion, natural force damages, 
incorrect operations, excavation damages, material and 
equipment failures, and other causes are the most 
frequent. Some of these causes are due to human 
carelessness and their impact can be reduced with more 

stringent procedures or learning/training program 
directed to NG operators. Other causes, instead, depend 
principally on the interaction of the pipeline with the 
environment and can strongly influence system reliability. 
When an accident occurs several consequences can derive 
from it: fire balls, jet flames and UVC are some of these 
(Bianchini et al., 2015a). During these events high thermal 
radiation and pressure waves can result, hitting people and 
buildings nearness to the accident location.  

To reduce the impact of these tragic situations the risk of 
the event, that is defined as the product between the 
hazard produced and the probability of occurrence of the 
event, shall be minimized. The hazard of the accident can 
be limited by adaptive procedures, as emergency plans, 
that are executed by operators and by local emergency 
teams. Instead, the probability of the accident can be 
minimized making the correct procedures during the 
entire life of the system and with the installation of 
technologies for the continuous monitoring of the real 
conditions of the system from a remote site. In fact, 
investments in prevention are needed to limit the 
probability of an accident to occur: prevention actions 
concern planning, implementation and maintenance of 
equipment, machinery and management systems can 
preserve health and safety of workers and citizens 
(Bianchini et al, 2014). The adoption of efficient health 
and safety management system is another effective action 
to limit accident probability (Bianchini et al., 2015b). 
However, to evaluate the correct efficacy of these 
solutions on the improvement of the system, safety 
parameters shall be introduced as described in (Bianchini 
et al., 2015b) by using operators’ databases.  

In this work NG leakage detection systems are introduced 
with a focus on acoustic detection technologies that are 
emerging technologies in this field; after that a simplified 
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cost evaluation of the implementation of these devices in 
new and in existing networks is defined. 

2. Leakage detection systems overview 

Several detection methods have been evaluated to find 
leaks in NG circuits; several have been also implemented 
in water distribution networks for the same scope. These 
solutions can be divided in three different groups that 
differ for the implementation approach (Murvay et al., 
2012): automated detection, semi-automated detection 
and manual detection. Automated and semi-automated 
detection systems ensure to monitor the networks 
automatically without the need of human actions or with a 
minimum intervention. Instead, manual detection can only 
be executed by human intervention. 

Between manual detection systems there are several 
methods that can be performed to find a leakage. The 
most simple one is the use of dogs that are trained to 
detect the smell of NG, but can be used only for small 
amount of time. Soap bubble screening, described in the 
ASME B31.8, cannot be used for buried pipelines or in 
inaccessible environment for the operator. Other 
advanced manual detection are LIDAR systems, 
millimetre wave radar systems, diode laser absorption 
systems, thermal imaging and other ones that take 
advantage of the different physical properties of NG 
respect to the air, like density, temperature and the 
capability of NG to absorb and scatter radiation. From a 
cost point of view manual detection systems range from 
very simple and low cost solutions to very advanced and 
high cost ones. Nevertheless, these methods cannot be 
used to monitor continuously the integrity of the network, 
but can give good results for periodic inspections or for 
investigations after a call alarm. 

Automated or semi-automated detection systems ensure 
to control the integrity conditions of the network from a 
remote site. Several methods have been studied and some 
of these are very sophisticated, like mass-volume balance, 
real transient modelling, statistics signal processing 
(Brunone et al., 2010; Lazhar et al., 2013). These 
methods,use complicated algorithms to process data 
measured and to individuate leaking conditions. Other 
methods are acoustic monitoring (Liu et al., 2014; Li et al., 
2015; Rizwan et al., 2013; Mostafapour et al., 2013), cable 
sensors, ultrasonic flow meters and vapour sampling that 
give an alarm signal in the case that the measured variable 
has been characterized by a variation caused by the 
presence of the leak. High level results, the high cost of 
technologies, the total number of devices necessary for 
the transmission of data, maintenance programs and 
finally the complexity of the implementation in existing 
networks shall be considered to decide their use.  

Among leakage detection systems described above 
acoustic devices have been the most studied in the last 
years: in fact they are based on a very simple physical 
phenomenon based on the measure of flow pressure 
perturbations due to the leakage.       

3. Physics of the acoustic leak detection technology 

Starting from the ‘80s several studies have been made in 
order to implement leak detection techniques in pipeline 
networks and to reduce the risk of an accident (Rocha, 
1989). 

Acoustic systems take into account the propagation of a 
pressure wave inside a medium, which is in this case the 
flowing NG. In fact, caused by the leakage, two pressure 
waves in opposite directions are generated, moving away 
from the leakage point as reported in figure 2. 

 

Figure 2: NG leakage and formation of pressure waves. 

Several sensors shall be installed on the pipeline in order 
to identify pressure perturbations on the fluid flow and 
give an alarm. Also leakage point can be recognized 
analysing the data recorded with a dedicated detection 
algorithm; in fact, if the two sensors, defined as sensor 1 
and 2, are at a distance d1 and d2 from the leakage point 
[m], by defining L as the total length between the two [m] 
and c as the wave propagation velocity on the medium 
[m/s], the perturbation arrives at the sensor 1 after a time 
t1 [s] defined as the ratio between the distance d1 and the 
propagation velocity c, as proposed in Equation (1): 

t1 = d1/c (1) 

The same can be calculated for the time t2 [s].   

Since the leakage point cannot be exactly in the middle of 
the two sensors, a time delay ∆t between the perturbations 
recording can be observed and can be defined as in 
Equation (2), where it is assumed that t1 > t2:     

∆t = t1 – t2 (2) 

The distance from the upstream end of the pipeline, i.e. 
the leaking point x [m], can be defined as in Equation (3):  

x = (L + c∆t)/2 (3) 

However, in the simple equations expressed above it is 
not taken into account the presence of the flowrate, i.e. 
the velocity of the fluid inside the pipeline: in one case the 
wave moves against the flow while in the other one the 
wave move in the same direction. To consider the velocity 
of NG through the pipeline the correlation proposed in 
Equation (4) can be used: 

x = (L(c - u) + (c2 - u2)∆t)/2c (4) 

Wave velocity and fluid velocity are not constant but 
depend on several factors, like pressure and temperature, 
and can be determined by the ideal gas law. A more 
accurate method for calculation of leak position which 
includes the physical properties of flow was also proposed 
by (Jin et al., 2014). 

XXI Summer School "Francesco Turco" - Industrial Systems Engineering

124



4. Acoustic leak detection implementation on a real 
NG network 

Acoustic leak detection systems should be implemented at 
industrial level to become a reliable technology. The first 
step for the implementation is the choice of the 
instrumentation. Dynamic pressure sensors have been 
tested in the past (Liu et al., 2014; Li et al., 2015), as well 
as accelerometers, hydrophones and geophones, which 
have been analysed to define the criterion for their 
selection and to evaluate their performance (Almeida et 
al., 2014). Another kind of instrument tested is the Fiber 
Bragg Grating (FBG) sensor (Jiao et al., 2013). However 
dynamic pressure and FBG sensors, showed in figure 3 
and 4, were the most used. Dynamic pressure sensor 
converts the pressure stress on the diaphragm into a 
voltage output. Quartz crystals are inserted in the device 
to ensure more stable and repeatable operations.    

 

Figure 3: Piezo-electric sensor (PCB piezotronics) 

FBG sensors, instead, convert pipeline hoop deformation 
due to pressure perturbation into software alarms. 

 

Figure 4: FBG sensor installed on a test pipe 

From a technical and economical point of view it is 
important to know how many sensors shall be installed 
along the line to ensure the correct monitoring. In plastic 
networks perturbations signals due to a leakage are heavily 
attenuated and they are generally narrow band and low 
frequency, i.e. 0-100 Hz (Yuxing et al., 2012; Liu et al., 
2014); furthermore, buried networks don’t show particular 
differences respect to unburied ones (Almeida et al., 
2014). To improve the chance of correctly detecting a leak 
a high number of instruments should be installed, but this 
solution will be not optimal from an economical point of 
view. The attenuation law proposed in Equation 5 can be 
used (Muggleton et al., 2002) to optimize the distance 
between sensors and, consequently, sensors’ number: 

A = 8.67 βw (5) 

where A is the attenuation of the signal [dB/m], β is the 
attenuation factor coefficient [N/m2] that depends on 
several factors like pipeline material and velocity of sound 
in the medium, and w is the perturbation frequency [Hz]. 
This parameter is very important because respect to the 

theory the correct identification of a leakage condition is 
difficult for the presence of surrounding noises that can 
hide or can be confused with a leakage. In fact, the ratio 
between signal perturbation and noises shall be kept the 
higher as possible to reduce false positives. Almeida et al. 

(2014) have found an attenuation factor β of 1.99 x 10-4 
N/m2 for their experimental test rig; this value can be 
considered of the same order of magnitude for typical NG 
plastic pipes. For a signal frequency of 100 Hz an 
attenuation of 1.1 dB/m is obtained. Distance between 
sensors should be chosen to avoid low signals: Qingqing 
et al. (2013) have found different Sound Pressure Level 
(SPL) for different pressures and hole diameters: a 
minimum value of 125 dB has been found for a leak 
diameter of 2 mm and a pressure of 0.6 MPa.     

Signals can however be filtered from the noise, elaborated 
and analysed by different processors in order to facilitate 
the identification of the leakage as reported in figure 5 
(Recane et al., 2002).  

 

Figure 5: Leakage detection by implementation of 
complicated algorithms. 

Complicated algorithms have been implemented in site 
and node processors to reduce the risk of false alarm as 
that simplified in the block diagram of figure 6. 
(Muggleton et al. 2002; Gao et al., 2004; Jin et al., 2014; 
Liang et al.). 

 

Figure 6: Simplified block diagram of detection sequence. 

An auto-learning system could also be present to record 
data during normal and abnormal condition to improve 
system decision capacity.  

Consequently, a complex system needs to be designed and 
realized for leakage monitoring purpose in both existing 
and new NG networks. In existing ones, the most critical 
issue is due to the retrofit of sensors on buried networks. 
In new infrastructures the main concern is about the 
complexity of the overall control system. Sensors shall be 
power supplied continuously so electrical cables routings 
and power units shall be implemented in the system. 
Maintenance programs shall be defined to ensure the 
correct working of the control system during the life of 
the system. Finally, a lot of data should be transmitted 
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through long distance to central datacentre to be analysed. 
Because it is not recommended to use wiring 
communications for long distances, Wi-Fi communication 
should be used, but cause the high number of data it 
could be difficult to manage. To solve this issue a first 
processing unit near to the sensors should be evaluated to 
decide what type of data should be sent to the central 
control station. 

The implementation cost of the technology is responsible 
for the decision about its applicability and convenience in 
a real system. The design shall be realized minimizing total 
cost (TC), expressed in Equation 6 and represented in 
figure 7: 

TC = SC + OC + DC (6) 

Where SC is the total cost that takes into account sensors 
and the connected equipment, DC is the detection cost, i.e. 
the implementation and realization of algorithms, and OC 
is the operative cost that takes into account electrical 
supply and maintenance. As it is shown in figure 7 
reducing the number of sensors along the line, sensor cost 
and operative cost decrease but detection costs increase 
because more sophisticated algorithms are necessary due 
to the expected lower S/N ratio. The opposite behaviour 
is visible increasing the number of sensors along the 
pipeline.   

 

Figure 7: Voices of cost in acoustic method technology. A 
minimum cost is obtained for a defined number of sensors. 

To evaluate the installation cost of the technology an 
example is considered. A 1 km NG network made by 
polyethylene and with an inside pressure of 0.6 MPa is 
considered. A DN 100 pipeline is considered. 

A reasonable distance of 50 [m] is considered between 
each sensor to maintain a high S/N ratio and so to reduce 
the complexity of detection filter algorithm. So, a 20 
sensors have to be installed. A signal conditioner is 
present in the system because the high impedance output 
of the sensor shall to be converted in a low impedance 
voltage signal for recording purpose. This component 
shall be electrical supplied: 240 V or photovoltaic cells are 
possible alternative. In order to reduce the number of 
signal conditioners, more than one sensor is routed into 
the same signal conditioner. Four sensors are selected to 
avoid long electrical cables (4 x 60 =240 m) buried in the 
soil. The following voices of cost can be considered: 

 Sensor price: 300 euro/#; 

 Signal conditioner: 800 euro/#; 

 Electrical cable (twisted and shielded pair): 4 
euro/m. 

A preliminary budgetary price considers also engineering 
(EC), management (MC) and installation (IC) costs 
calculated as follow: 

EC,En = nEn x eC,En x tEn (7) 

 

MC = nM x mC,M x tM (8) 

 

IC = VEX,C +VT,C +VD,C+VB,C +nEm x eC,Em x tEm (9) 

where n is the total number of person employed in the 
activities (pers), eC is the specific cost for each person for 
hour (euro/pers x h), t is the number of hour employed in 
the activities (h), VEX,C is the cost for the excavation 
(euro), VT,C is the cost for the transport in an authorized 
discharge of the material excavated (euro), VD,C is the cost 
due to the disposal in discharge of the material (euro), 
VB,C is the cost for the backfilling of new material (euro). 
The subscript En, M and Em represent engineers, 
managers and employers.  

The value used in the Equation from (7) to (9) are those 
typical of the state of the art. A total budget price of 
29.200 euro results for new installation and of 120.000 
euro for existing ones (see Table 1). The main difference 
between new system and existing ones is due to 
installation cost, which should not be considered for the 
new ones. Also engineering and management costs are 
less for the new systems because these activities are 
however present due to the installation itself of the new 
NG network. 

Table 1: Implementation of acoustic Technology estimated 
cost for a NG networks 

Voices of cost Total cost new  
systems[euro] 

Total cost old 
systems[euro] 

Sensors 6.000 6.000 

Signal conditioners 3.200 3.200 

Electrical cables 5.000 5.000 

Engineering and 
Management cost 

10.000 20.000 

Installation cost 0 84.000 

Sensor cost, SC 29.200 119.000 

As justified by the cost and the complexity of the 
installation it is difficult to implement efficiently this 
solution in a buried existing NG distribution system at the 
moment. However, to overcome this issue, sensors could 
be installed near the end-users to detect a leakage in the 
supplying pipeline; the sensor could be installed in the 
home metering device and another one at a suitable 
distance from the home to ensure the detecting of gas 
leaking in surrounding soil after the damages of the pipe 
with a simple detection algorithms as developed by 
(Troncossi et al., 2013) for water distribution system. This 
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could reduce investment cost even if control system 
complexity will be however high. 

5. Conclusion 

Acoustic method seems to be a promising technology for 
leak detection in NG pipelines. Several works in literature 
have effectively used this technology for the scope. 
However, many issues shall be resolved to implement the 
technology in existing and new networks: surrounding 
noises, implementation and cost are the principal ones. 

A budgetary cost estimation analysis was made for 1 km 
of networks obtaining a cost of 29 euro/m for new 
systems and 119 euro/m for existing buried ones. The 
main voice of cost is the installation. So, at the moment 
acoustic devices are far from being installable in networks, 
but consideration to install more economic suitable 
standalone devices near to end-users shall be studied in 
future works.   
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