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ABSTRACT 
The term “illicit flows” refers to all those unexpected and unwanted waters that are drained by or 
discharged into the urban drainage systems. Unmanaged illicit flows may cause significant losses in 
functionality both to the sewer networks and to the wastewater treatment plants. This paper focuses on 
one of the main approaches for illicit flow individuation and estimation in sewers that is based on the 
joint use of flow probes and temperature sensors; such an approach is often chosen for practical aims, 
because of its simplicity, affordability and adaptability. In particular, this paper is meant to fulfill the 
still existing lack of a systematic method to assess a priori its performances in terms of reliability and 
accuracy, by rigorously implementing the general uncertainty analysis theory. Then, through some 
meaningful numerical case studies, it is shown how to minimize the uncertainty on the illicit flow 
estimation when just one flow probe is available for the field survey. But it also highlights the potential 
weakness of the field results when the illicit flow rates are too small and/or their temperatures are too 
close in comparison to the regular flow. This research has been carried out within the framework of the 
project “PerFORM WATER 2030”, funded by Regione Lombardia. 
Keywords: sewer, illicit flow, infiltration and inflow, flow probe, temperature sensor, uncertainty. 

1  INTRODUCTION 
Sewer systems are extensive and aging structures, subject to cracks and misconnections 
during their operational lifetime. Illicit flows in sewer systems can be distinguished, 
depending on their source, into infiltrations and illicit inflows. The first are generally waters 
coming from aquifers or surface channels that can enter the network through cracked and 
broken pipes, leaky connections, or deteriorated manholes. The second are unauthorized 
and/or unintended connections delivering continuous or intermittent discharges to the sewer 
system. The temporal pattern of illicit flows can be constant or variable either in a random 
way or according to a regular time schedule, depending on their origin.  
     The presence of illicit flows in a sewer system causes lots of problems: network overload; 
increase of overflows; alterations of pumping systems functioning with arising energy costs 
and potential damages, especially if unexpected solid particles are transported; decrease of 
the efficiency of treatment plants due to flow dilution; and, last but not least, health and 
environmental problems.  
     Many regulations all over the world stress the importance to limit illicit flows into the 
stormwater sewers; it is very important not only to detect the so-called Infiltration & Inflow 
(I&I) into the drainage networks but also to understand their sources, trying to locate and 
quantify them. This knowledge is fundamental for the estimation of peak runoff [1] and the 
proper size of stormwater detention facilities [2]–[6] and Sustainable Urban Drainage 
Systems (SUDS) as like permeable pavements [7] and rainwater harvesting systems [8]–[10]. 
     To this aim, the first step is usually the identification of the most critical areas and network 
sections, where further investigations must be developed at a local scale. The first step 
consist, most of the times, in the analysis of the night-time minimum of dry weather flows; 
after that, a number of different methodologies and technologies can be applied for the next 
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level of the survey, depending on site conditions and resources availability: visual inspections 
and progressive sampling at manholes [11], smoke test and dye test [12], closed-circuit 
television camera (CCTV) inspections, Infra-Red camera [13], stable isotopes, polluting 
flows analysis, punctual measures of temperatures. In last decades, Distributed Time Sensing 
(DTS) technique has been successfully applied to locate I&I in sewers [14], [15]; it is based, 
too, on temperature measurements, but continuous in time and space; it allows to identify 
illicit flows for large distances without requiring access to private properties. Each one of 
these methodologies present some drawbacks: DTS requires cable installation into the sewer, 
dye and smoke tests are time consuming, visual inspections are – by definition – sensitive to 
human subjectivity, while methods based on sample analysis may be quite costly [16]; 
sometimes, a solution to improve the cost-effectiveness of a survey turns out to be the joint 
use of different technologies [17]. The method described in this paper needs punctual 
measures of temperature and flow rate, and can be performed indifferently by means of either 
DTS or simply temperature sensors coupled with flow probes: temperature anomalies, in fact, 
are generally indicators of illicit flows such as infiltration and inflow. The focus, here, is on 
the key aspect of the estimation of uncertainty about infiltrations or inflow rates calculated 
from the values of temperatures and in-sewer flow rates measured in the field, given the 
uncertainty of the temperature sensors and of the flow probes [18]. Then, the analysis of two 
meaningful numerical examples, described for each one of the three different general cases 
of interest for practical applications in real sewer systems, allows to evaluate the 
performances, in terms of accuracy and cost-benefits, which can be achieved by means of a 
given available set of temperature sensors and flow probes. 

2  UNCERTAINTY ESTIMATION 
Fig. 1 shows the reference scheme used in the following analysis.  
 

 

Figure 1:  Scheme of reference for the analysis. 

     A generic portion of a sewer with undefined length and diameter can be considered as the 
control volume: inflow and outflow rates are respectively located in Sections 1 and 3 while 
in Section 2 an illicit entering flow rate is assumed (it can be generated from illicit 
connections, groundwaters or rainwater infiltrations). The six quantities of interest are the 
temperatures T1, T2 and T3 and the flow rates Q1, Q2 and Q3. Under the hypothesis of steady 
conditions, exploiting flow and energy conservation eqns (1), two of these six quantities can 
be calculated, if the remaining four are measured in the field: 

 ൜
𝑄ଵ  𝑄ଶ ൌ 𝑄ଷ,

𝑄ଵ ∙ 𝑇ଵ  𝑄ଶ ∙ 𝑇ଶ ൌ 𝑄ଷ ∙ 𝑇ଷ. (1) 

 
     In the following analysis, three different cases are considered: 
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 Case A, which is typically related to infiltration of ground/rain waters: neither 
temperature nor flow rate of the illicit flow (Q2 and T2) can be measured; they are the 
unknown variables.  

 Case B, which is typically related to illicit inflows: its temperature T2 can be measured, 
while unknown variables are Q2 and Q1. 

 Case C, which is typically related to illicit inflows, as well; its temperature T2 can be 
measured, while unknown variables are Q2 and Q3. 

     Indeed, sometimes real situations can be quite different. For example, about case A, it 
may happen that a sensor for the measure of groundwater temperature can be located very 
close to the sewer, so that T2 can be actually known; on the other hand, about case B and case 
C, due to the nature of the connection (e.g. a private property), it’s not always easy to reach 
this punctual inflow and to measure its temperature T2. 
     In general, if the measures of all the temperatures are available, for example when DTS is 
used, eqn (1) allows the estimation of the ratio between illicit flow rate Q2 and one of the 
other flow rates in the pipe Q1 or Q3 [19]; but, of course, the two unknown flow rates can be 
both estimated only if one of the three flow rates is measured [20]. Discharge Q2 is anyway 
the most important variable of the problem, by definition, as its knowledge drives the 
decisions about which kind of intervention is required to reduce the discovered illicit flow.  
     The computational procedure for uncertainty analysis, developed here for all the 
considered cases, allows to evaluate the performances which can be achieved, in terms of 
accuracy, in each one of the three above mentioned typical cases. In addition, this 
computational procedure is also the perfect tool to investigate and to compare the three cases, 
through some meaningful numerical examples, from the point of view of the reliability of the 
illicit flow estimations which can be obtained by field surveys. Based on such a comparison, 
it comes out which are, respectively, the most and the less favourable positioning schemes 
for temperature sensors and flow probes. It is assumed in each example that all the flow 
meters have the same relative uncertainty (expressed as %) while all the temperature sensors 
have the same absolute uncertainty (expressed as °C). By the way, the uncertainty about flow 
rates can also keep into account small short-term oscillations and variations and also transient 
storage effects [21], while the uncertainty about the temperatures can keep into account also 
the variations due to the thermic interactions between, on the one hand, the stream and, on 
the other hand, the channel walls and the air above the stream surface. 

2.1  Case A 

Unknown variables are illicit flow Q2 and its temperature T2; they can be estimated 
rearranging flow and energy conservation eqn (1):  

 𝑄ଶ ൌ 𝑄ଷ െ 𝑄ଵ, (2) 

 𝑇ଶ ൌ
ொయ∙ య்ିொభ∙ భ்

ொమ
. (3) 

     Eqn (3) can be made dimensionless and written as: 

 మ்

య்
ൌ  

ொయ

ொయିொభ
െ

ொభ

ொయିொభ
∙ భ்

య்
. (4) 

     The relative uncertainty of illicit flow results:  

 
ሺொమሻ

ொమ
ൌ ቂ

ሺொሻ

ொ
ቃ

ଵ;ଷ
∙ 𝛼, (5) 
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     with 𝛼 ൌ ට2  ቀ
ொభ

ொమ
ቁ

ଶ
 2  ቀ

ொభ

ொమ
ቁ  1 and ቂ

ሺொሻ

ொ
ቃ

ଵ;ଷ
is the relative uncertainty of the flow rate 

measurements, having assumed the same value for both the two measured flow rates Q1 and 
Q3. The relative uncertainty of estimated temperature T2 results: 

 
ሺ మ்ሻ

మ்
ൌ ඨቂ

ሺொሻ

ொ
ቃ

ଶ

ଵ;ଷ
∙ ቀ

ሺ భ்∙ொభሻమାሺ య்∙ொయሻమ

ሺொమ∙ మ்ሻమ  𝛼ଶቁ  ሾ𝑈ଶሺ𝑇ሻሿଵ;ଷ ∙
ଵ

మ்
మ ∙ 𝛼ଶ. (6) 

     In particular, ሾ𝑈ଶሺ𝑇ሻሿଵ;ଷ is the uncertainty of temperature measurements, having assumed 
that it has the same value for both the two measured temperatures T1 and T3. 

2.2  Case B 

Unknown variables are the incoming flow rate Q1 and the illicit flows Q2, while all the 
temperatures and the downstream flow rate Q3 are measured. Flow rates Q1 and Q2 can be 
estimated by the following eqns:  

 𝑄ଶ ൌ 𝑄ଷ ∙
∆ య்భ

∆ మ்భ
, (7) 

     with ∆𝑇ଷଵ ൌ 𝑇ଷ െ 𝑇ଵ and ∆𝑇ଶଵ ൌ 𝑇ଶ െ 𝑇ଵ. 
     Once the discharge Q2 has been obtained, Q1 can be evaluated from the flow conservation 
eqn (1):  

 𝑄ଵ ൌ 𝑄ଷ െ 𝑄ଶ ൌ 𝑄ଷ ∙ ቀ1 െ
∆ య்భ

∆ మ்భ
ቁ. (8) 

     The dimensionless expressions of eqns (7) and (8) result, respectively: 

 
ொమ

ொయ
ൌ

∆ య்భ

∆ మ்భ
, (9) 

 
ொభ

ொయ
ൌ 1 െ

∆ య்భ

∆ మ்భ
ൌ

∆ మ்య

∆ మ்భ
. (10) 

     Relative uncertainties of estimated flow rates Q2 and Q1 result, respectively: 

 
ሺொమሻ

ொమ
ൌ ඨቂ

ሺொሻ

ொ
ቃ

ଶ

ଷ
 ሾ𝑈ଶሺ𝑇ሻሿଵ;ଶ;ଷ ∙ 𝛽, (11) 

 
ሺொభሻ

ொభ
ൌ ඨቂ

ሺொሻ

ொ
ቃ

ଶ

ଷ
∙ ൬ቀ

ொమ

ொభ
ቁ

ଶ
 ቀ

ொయ

ொభ
ቁ

ଶ
൰  ቀ

ொమ

ொభ
ቁ

ଶ
∙ ሾ𝑈ଶሺ𝑇ሻሿଵ;ଶ;ଷ ∙ 𝛽, (12) 

with 𝛽 ൌ
ଵ

∆ య்భ
మ ∙ ൬1  ቀ

∆ య்మ

∆ మ்భ
ቁ

ଶ
 ቀ

∆ య்భ

∆ మ்భ
ቁ

ଶ
൰ and ∆𝑇ଷଶ ൌ 𝑇ଷ െ 𝑇ଶ. 

     In particular, ሾ𝑈ଶሺ𝑇ሻሿଵ;ଶ;ଷ is the uncertainty on temperature measurements, having 
assumed that it has the same value for all of the three measured temperatures T1, T2 and T3, 

while ቂ
ሺொሻ

ொ
ቃ

ଷ
 is the relative uncertainty of the measured flow rate Q3. 

112  Urban Water Systems & Floods III

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 194, © 2020 WIT Press



2.3  Case C 

Also Case C assumes the knowledge of all temperatures T1, T2 and T3, but it differs from Case 
B because it considers Q3 instead of Q1 as unknown variable. Resulting equations to estimate 
Q2 and Q3 can be obtained rearranging eqns (1): 

 𝑄ଶ ൌ 𝑄ଵ ∙
∆ య்భ

∆ మ்య
, (13) 

 𝑄ଷ ൌ 𝑄ଵ  𝑄ଶ ൌ 𝑄ଵ ∙ ቀ1 
∆ య்భ

∆ మ்య
ቁ, (14) 

with: ∆𝑇ଶଷ ൌ 𝑇ଶ െ 𝑇ଷ. 
     Dimensionless expressions of eqns (13) and (14) result, respectively: 

 
ொమ

ொభ
ൌ

∆ య்భ

∆ మ்య
, (15) 

 
ொయ

ொభ
ൌ 1 

∆ య்భ

∆ మ்య
ൌ

∆ మ்భ

∆ మ்య
. (16) 

     Relative uncertainties on estimated flow rates Q3 and Q2 result, respectively: 

 
ሺொమሻ

ொమ
ൌ ඨቂ

ሺொሻ

ொ
ቃ

ଶ

ଵ
 ሾ𝑈ଶሺ𝑇ሻሿଵ;ଶ;ଷ ∙ 𝛾, (17) 
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ொ
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ଵ
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ொయ
ቁ

ଶ
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ொమ

ொయ
ቁ

ଶ
∙ ሾ𝑈ଶሺ𝑇ሻሿଵ;ଶ;ଷ ∙ 𝛾, (18) 

with 𝛾 ൌ ൭
ଵାቀ

∆యభ
∆మయ

ቁ
మ

ାቀ
∆మభ
∆మయ

ቁ
మ

∆ య்భ
మ ൱; ቂ

ሺொሻ

ொ
ቃ

ଵ
 is the relative uncertainty of the measured flow  

rate Q1. 

3  BEST PERFORMANCES IN ILLICIT FLOWS ESTIMATION 
A trivial observation is that, of course, the more the temperatures T1, T2 and T3 are similar, 
the less it is possible to get a reliable estimation of the illicit flow Q2 in Case B and in Case 
C. Apart from this, one of the main targets of this paper, as already said, is to find out which 
is the best positioning of temperature sensors and flow probes in real sewer systems, when 
their task is to estimate illicit flow rates. With reference to the cases here discussed, in other 
words, the aim is to find out which one between Case A, Case B and Case C is the best in 
terms of accuracy and reliability of the illicit flow estimation. To do this, relative uncertainty 
of the measures of illicit flow rate Q2 and temperature T2 must be compared for the three 
cases; in particular, two different sets of assumptions for measurement uncertainty of flow 
rates and temperatures are here considered, respectively U(Qi) = 5%, U(Ti) = 0.5°C and 
U(Qi) = 10%, U(Ti) = 1°C. Two examples for each case are carried out. Examples 1 can be 
considered as the benchmark: incoming flow rate Q1 and illicit flow Q2 are equal. Instead, 
Examples 2 is aimed to model a situation in which Q2 is significantly smaller than Q1. 

3.1.1  Example 1 
At first, unknown variables are estimated from measured data through eqns (2) and (3) for 
Case A1, eqns (7) and (8) for Case B1 and eqns (13) and (14) for Case C1: 
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Case A1: Q1 = 50 l/s, Q3 = 100 l/s, T1 = 20°C, T3 = 18°C  Q2 = 50 l/s, T2 = 16°C 
Case B1: Q3 = 100 l/s, T1 = 20°C, T2 = 30°C, T3 = 25°C  Q1 = 50 l/s, Q2 = 50 l/s 
Case C1: Q1 = 50 l/s, T1 = 20°C, T2 = 30°C, T3 = 25°C  Q2 = 50 l/s, Q3 = 60 l/s 

     Then, through eqns (5) and (6) and considering the uncertainty values assumed for the 
measured quantities, relative uncertainties for Q2 and T2 in the three cases A1, B1 and C1 
have been estimated (Table 1). 
     Graphical results for Cases A1, B1 and C1 for the assumed uncertainty values for flow 
rates and temperatures equal to U(Qi) = 5% and U(Ti) = 0.5°C are shown in Figs 2–4. 

Table 1:   Assumed and calculated uncertainties of illicit flow rate and temperature in 
Example 1. 

Case 
Assumed uncertainties for flow probes 

and temperature sensors 

Calculated 
relative 

uncertainty 
U(Q2)/Q2

Calculated 
relative 

uncertainty 
U(T2)/T2 

A1 
U(Qi) = 5%; U(Ti) = 0.5°C 11% 18% 

U(Qi) = 10%; U(Ti) = 1°C 22% 37% 

B1 
U(Qi) = 5%; U(Ti) = 0.5°C 13% 2% 

U(Qi) = 10%; U(Ti) = 0.5°C 26% 3% 

C1 
U(Qi) = 5%; U(Ti) = 0.5°C 25% 2% 

U(Qi) = 10%; U(Ti) = 1°C 50% 3% 

 

 

Figure 2:  Graphical representation of Case A1 with U(Qi) = 5% and U(Ti) = 0.5°C. 

114  Urban Water Systems & Floods III

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 194, © 2020 WIT Press



 

Figure 3:  Graphical representation of Case B1 with U(Qi) = 5% and U(Ti) = 0.5°C. 

 

Figure 4:  Graphical representation of Case C1 with U(Qi) = 5% and U(Ti) = 0.5°C. 
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     According to eqns (5), (11) and (18), a basic remark is that the values of the relative 
uncertainty U(Qi)/Qi and of the absolute uncertainty U(Ti) play the role of a multiplying 
coefficient in the expressions giving the relative uncertainty of the illicit flow U(Q2), in all 
of the three cases: so, in practice, doubling both the relative uncertainty of the measured flow 
rates U(Qi)/Qi and the uncertainty of the measured temperature U(Ti), the relative uncertainty 
U(Q2)/Q2 doubles. Beyond this, even more important is that it comes out that, fixed all the 
other parameters, the smallest relative uncertainty for illicit flow estimation U(Q2)/Q2 is for 
Case A1: this happens just because the sought flow rate Q2 is calculated directly from the 
balance equation; differently, for cases B and C, flow rate Q2 comes from energy 
conservation equation together with balance equation, with four measured quantities (and 
their own uncertainties) involved. But, on the other hand, flow probes are generally much 
more expensive than temperatures sensors; for this reason, Case B and Case C can be 
significantly less expensive than Case A, as they require just one flow probe instead of the 
two required in Case A. With reference to relative uncertainty of illicit flow temperature, 
Case A1 has the greatest uncertainty U(T2), since it is not measured directly in the field, while 
Case B1 and Case C1 have the smallest one, since T2 temperatures are measured in the field 
in both of these cases. In conclusion, taking apart the operational aspects related to 
installation and running in each specific site, Case B1 could be seen as a kind of compromise 
in terms of cost-benefits, requiring a less expensive setup in comparison to Case A1 but 
having a better efficiency in comparison to Case C1. 

3.1.2  Example 2 
At first, unknown variables are estimated from measured data through eqns (2) and (3) for 
Case A1, eqns (7) and (8) for Case B1 and eqns (13) and (14) for Case C1: 

Case A2: Q1 = 50 l/s, Q3 = 60 l/s, T1 = 20°C, T3 = 18°C  Q2 = 10 l/s, T2 = 8°C 
Case B2: Q3 = 100 l/s, T1 = 23°C, T2 = 30°C, T3 = 25°C  Q1 = 71.4 l/s, Q2 = 28.6 l/s 
Case C2: Q1 = 71.4 l/s, T1 = 23°C, T2 = 30°C, T3 = 25°C  Q2 = 28.6 l/s, Q3 = 100 l/s 

     Then, through eqns (5) and (6) or simply starting from assumed uncertainties, relative 
uncertainties of Q2 and T2 in the three cases A2, B2 and C2 are estimated in Table 2. 
     Graphical results for Cases A2, B2 and C2, for assumed uncertainties of flow rates and 
temperatures equal to U(Qi) = 5% and U(Ti) = 0.5°C, are shown in Figs 5–7. 

Table 2:   Assumed and calculated uncertainties of illicit flow rate and temperature in 
Example 2. 

Case Assumed uncertainties 

Calculated 
relative 

uncertainty 
U(Q2)/Q2

Calculated 
relative 

uncertainty 
U(T2)/T2 

A2 
U(Qi) = 5%; U(Ti) = 0.5°C 39% 111% 

U(Qi) = 10%; U(Ti) = 1°C 78% 222% 

B2 
U(Qi) = 5%; U(Ti) = 0.5°C 32% 2% 

U(Qi) = 10%; U(Ti) = 0.5°C 64% 3% 

C2 
U(Qi) = 5%; U(Ti) = 0.5°C 44% 2% 

U(Qi) = 10%; U(Ti) = 1°C 89% 3% 
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Figure 5:  Graphical representation of Case A2 with U(Qi) = 5% and U(Ti) = 0.5°C. 

 

Figure 6:  Graphical representation of Case B2 with U(Qi) = 5% and U(Ti) = 0.5°C. 
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Figure 7:  Graphical representation of Case C2 with U(Qi) = 5% and U(Ti) = 0.5°C. 

     According to Table 2, Case B2 turns out to be, although slightly, the most suitable, having 
the lowest relative uncertainty concerning both flow rates and temperatures. Another key 
outcome is that relative uncertainties of flow rates and temperatures are systematically much 
higher in comparison with those of Example 1 reported in Table 1; this means that, for a 
given case (no matter if Case A, Case B or Case C), when illicit flow Q2 and upstream flow 
Q1 are not too different then the resulting relative uncertainties are lower than what they are 
when Q2 is quite (or much) smaller than Q1. 

4  CONCLUSIONS 
This paper is meant to offer a support to operators involved in planning and executing field 
surveys for the estimation of illicit inflows in sewers in steady conditions. As a matter of fact, 
this paper has described the mathematical procedures required to estimate both illicit flows 
and their temperatures by means of a proper set of temperature sensors and flow probes. It 
has also provided a detailed description of the mathematical procedures to assess the 
uncertainty of these estimated illicit flow rates and temperatures. 
     In addition, the numerical examples developed for the three typical cases of practical 
interest has pointed out that the more the illicit flows and the sewer flow are different, the 
less it is possible to estimate them in a reliable way. It has also emerged that when just one 
single flow probe is available for the field survey and the suspected connection is not 
accessible, to minimize the uncertainty on the illicit flow estimation it is better to place the 
available flow probe upstream instead of downstream the sewer trunk under investigation. 
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