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Abstract
Storm sewerages are crucial infrastructures in water management. In this paper, a system
was developed to detect the blockage of the sewerage and the presence of illegal spills in
Storm sewerages. Different nodes with sensors measuring the water level, turbidity,
conductivity, and oil presence are scattered in the sewerage. These nodes are connected to
a master node for processing the information with a rain sensor. The rain and water level
sensors are used to determine one of the four possibilities regarding the presence of water
in the sewerage and whether it is raining. According to the combinations, it can be
determined whether it is a normal situation or there are spills or blockages. It is shown
that there are differences between sewerage with and without blockage via the water level.
This can be used to determine the presence of a blockage. The identification of an illegal
spill is performed with the use of conductivity, turbidity, and oil sensors. The authors
determined that yellow and infrared light can determine the oil concentration in the oil
sensor in a range of 0–2.2 mL oil/L water with yellow light and 0.4–20 mL oil/L water
with infrared light. Finally, the conductivity sensor can determine water conductivity from
0.526 to 58.4 mS/cm.

1 | INTRODUCTION

Water is an essential resource for life that is included within the
2030 agenda of the United Nations in Goal 6 with the caption
“Ensure access to water and sanitation for all” [1]. There are
different sanitation structures like WasteWater Treatment
Plants (WWTP), sewerage, and storm tanks to ensure water
sanitation. Sewerage is a set of pipelines used to transport the
wastewater and runoff out of the cities. We can differentiate 3
types of sewerage, (I) combined sewerage, (II) sanitary
sewerage, and (III) storm sewerage [2]. The sanitary sewers
transport the wastewater from urban areas to the WWTP.
Storm sewers are used to transport the urban runoff to a water
body. Finally, the combined sewerage mixes the wastewaters
with runoff and transports the water to WWTP. Storm tanks
prevent inundation in the cities or an excess of water in the
WWTPs by storing excess rain.

The water of the storm sewerage systems can present
problems of pollution. Xu et al. [3] showed three main reasons

by which sewerage can pollute rivers. (I) Incomplete sewer
system, (II) Damaged sewer pipelines, and (III) Illicit
connection to stormwater sewerage. According to the illicit
connections, every substance can be dumped in the storm
sewerage. The illicit connection can cause spills of untreated
wastewater, which can cause problems in the different nearby
areas of the spill point [4]. Storm sewerage can be affected by
different pollutants. In the storm sewerage of Paris, they found
metals, PAHs, PCBs, organotin compounds, alkylphenols,
phthalates, pesticides, and VOCs as pollutants [5]. Other cases
are in Missouri and Monterey (United States of America). The
governments listed the main pollutants in the storm sewage
(antifreeze, fertilisers, motor oil, paint, pesticides, etc. [6, 7]).
The sources of these pollutants are the illicit discharges from
industrial or commercial activities in the storm sewerage and
the dragging of these pollutants by the rainwater. The dis-
charges from industrial parks or commercial activities that are
dumped in the sewerage are inspected regularly. However, they
are not monitored continuously; thus, accidental or not, spills
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can occur [8]. In the Valencia region, in 2020, 3299 high loads
of industrial discharges were detected. Of all the discharges
produced, only the responsible person has been detected in
290 cases (8.8%) [9]. In 2019, Toronto water management
detected 654 non‐compliances under the Sewers law in 2860
inspections [10].

Different solutions such as spatial information [11], level
sensors, and water quality monitoring inversed optimisation
models [12] are proposed to reduce the stormwater pollution
problems in the storm sewerage. In addition, the use of sensor
networks allows optimising operational efficiency, automation,
maintenance, and rationalisation. Moreover, the use of networks
permits the interconnection between machines and people [13].
Thus, the Wireless Sensor Network (WSN) is a good tool to
reduce the number of illicit spills since it allows detection and,
therefore, acts more quickly on those responsible.

One problem with the use of WSN is the maintenance that
the nodes need. Using sensors based on chemical reactions
(analysers) or membranes increases the maintenance costs
because the membranes tend to clog and degrade. The use of
chemical sensors is essential to refill the chemical bottles. This is
a motivation to use sensors based on physical parameters.
However, these can also be faulty. To identify faults in sensors,
different statistical techniques have been developed, such as (I)
comparing the value with nearest‐neighbour, (II) Artificial
neural networks, (III) Use of clusters, and (IV) classification
techniques [14, 15]. A statistical technique used in sewage is
sensor failure detection and faulty data accommodation
(SFDFDA) [16]. This technique uses the data collected previ-
ously to predict the value of a variable. With this prediction, the
value is compared to the sensor's measurement. If the system
detects significant differences, the abnormal data is isolated.

In this paper, we show a WSN to detect the presence of
illicit spills and blockages in the storm sewerage. Our proposal
uses rain, water level, oil, turbidity, and conductivity sensors to
determine the presence of illicit spills in the sewerage and
blockages in the storm sewerage networks. We use the rain
sensor to control the presence and amount of rain in the
monitoring area and the level sensor to monitor the presence
of water in the pipes. We establish four different scenarios
according to the rain and water level in the sewer. The perfect
scenario for an illicit discharge is when it is raining and there is
water in the storm pipes. In this scenario, the rain and level
sensors cannot monitor the presence of illicit spills. We use
turbidity, oil, and conductivity sensors to solve this problem.
Turbidity and oil sensors are based on the use of different
colours of light captured by a photoreceptor to monitor the
value of oil or turbidity in the water. We use a photodiode and
a light‐dependent resistor (LDR) as photoreceptors. The
conductivity sensor used is an inductive sensor based on two
coils. If the concentration of turbidity, conductivity, and oil
presence values are normal (there is no spill), our system uses
the water level to detect the presence of a blockage in the pipe.
The other three scenarios are (I) a normal condition if it is not
raining and there is no water in the pipe. (II) surface blockage if
it is raining and there is no water in the pipes. (III) Spill if it is
not raining and there is water in the pipe.

The rest of the paper is structured as follows. Section 2
presents different studies related to monitoring sewerage,
conductivity, oil, and turbidity sensors. The design proposal is
presented in Section 3. The methodology used in the experi-
ment is presented in Section 4. In Section 5, we present the
results of our experiments. Finally, in Section 6, the conclu-
sions are shown.

2 | RELATED WORK

In this section, we analyse different papers about the use of
sensors in sewerage. First, we show the use of sensors in
sewerage. Then, in section 2.2, we analyse different solutions to
monitor water conductivity. Turbidity sensors are analysed in
section 2.3. Finally, we study different propositions of oil
sensors in section 2.4.

2.1 | Monitoring sewerage

In this subsection, we study different works about the use of
sensors to monitor illegal connections and spills.

One method to detect illicit connections is the use of
temperature sensors. Nienhuis et al. [17] proposed the use of
fibre‐optic cables as temperature sensors to detect illicit con-
nections in storm sewerage. They located three sensors in the
bottom and top of the sewerage and floating on the water.
With the variation of the temperature, they detected illicit
connections. Of the three positions tested, the cable in the
bottom of the pipe presents challenge in detecting the spills.
However, the other two work well. In addition, the distance
between the connection and the sensing point has an impor-
tant effect on the detection. Another system based on optical
fibre is presented by Vosse et al. [18]. They determined the
noise levels in the measurements of the temperature at the
different distances for 2 h. Then, they compared the temper-
ature of the water with the value of the noise. The sensor sends
an alarm if there is an important difference between the
measured temperature and the noise. The measurements were
elaborated twice to improve the performance of the sensor.
With this system, the authors have detected 99 of 100 artificial
spills. In our opinion, temperature sensors are useful for
monitoring illicit connections in the sewerage. However, they
have important gaps. (I) Some spills do not change the tem-
perature of the water. (II) The use of only temperature sensors
cannot detect them. (III) The impact of solids can damage the
fibre optical sensor present in the sewerage.

Other authors have proposed using more parameters to
detect abnormal situations in sewerage. Irvine et al. [19]
studied the use of different parameters and their cost for
controlling the illicit discharge of wastewater into the storm
sewer in Western New York State. They determined that
temperature parameters, pH, conductivity, Escherichia coli,
ammonia, nitrate, fluoride, total chlorine, potassium, de-
tergents, phosphorous, and turbidity can be used to determine
the presence of illegal spills and the possible source (industry,
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irrigation water, wash water, and sanitary water). The main gap
in this proposal is the use of many parameters. In great net-
works of sewerage, controlling these parameters is too
expensive. Other authors reduce the number of parameters to
detect abnormal values. Li et al. [20] propose monitoring 4
parameters (temperature, pH, conductivity, and turbidity).
They used a pump to capture sewerage water to the sensing
unit, where it has a data processing and communication unit to
transfer the data; its system was tested for 3 years in different
sewerages. Due to the presence of solids and the generation of
biofilms in the system, the authors studied the use of a
diameter channel in the sensing unit of 14 mm, with a current
flow between 40 and 60 L/min. They determined that the
system sustained for 12 months without blockage and signifi-
cant biofilm formations. Thanks to the system, different
abnormal events have been detected related to illegal industrial
discharges to the sewerage. This proposal's main gap is the
energy cost of pumping the water. It can be unaffordable to big
networks.

2.2 | Conductivity sensor

The conductivity is defined as the capacity of the water to
transport an electric current. Conductivity is related to the
concentration and the type of salt in the water. In this sub-
section, we show different techniques to determine the con-
ductivity of the water.

The standard methods to determine the conductivity are
conductivity cells and density methods. Conductivity cells are
based on different platinised or non‐platinised electrodes
immersed in water and calibrated with a solution of 0.01 M
KCl at the temperature of 25°C. [21]. Usually, the commercial
conductimeters have a temperature sensor to adjust the mea-
surement of conductivity to 25°C. The other standard method
is the density method. It is based on passing the sample
through a vibrating tube. The difference between the density of
pure water and the sample is related to the salinity. Now, the
use of conductivity cells is more popular than that of density
methods. An example of a conductivity cell is proposed by
Carminati and Luzzatto‐Fegiz [22]. They used a micro‐USB
cable as the electrode, an Arduino Uno as microcontroller,
an AD5933 to convert the signal, and different electronic el-
ements to generate and receive voltage. They determined that
the sensor has a resolution of 0.1% and a good adjustment
between measuring a commercial conductivity in the range of
3.5–0.5 S/m. Conductivity cells are frequently used to monitor
the conductivity of the water. However, it is not the best option
to monitor the conductivity of the sewerage. Due to the fact
that there may be solids in sewerage that impact the electrodes
and change the distance between them, and it will be out of
calibration. In addition, since the sensor is in contact with
water, its electrodes can oxidise or change their chemical
structure over time.

A solution to avoid water contact with the sensor is the use
of coupled contactless conductivity detection (C4D). C4D is a
new methodology currently being investigated. Huang et al. [23]

developed a new C4D sensor based on two electrodes. An AC
current powers one electrode, and the other electrode is
induced. These electrodes are located on a pipe of 1.8 and
3.2 mm of diameter. The results show that the sensor can work
between 0.1348 and 105.3 mS/cm with less than 3.5% relative
error. The main gap in the use of C4D is the diameter of the
pipe. These proposals are good for small diameter applications
but not for big diameters of pipes. Other inductive sensors can
be used to monitor water conductivity. Kandur et al. [24] show a
transformer‐type inductive conductivity sensor as a low‐cost
sensor to measure the conductivity in different temperatures.
They used two coils with a core of Mn‐Zn encapsulated in resin.
The conductivity samples tested were between 0 and 55mS/cm.
With the increase in temperature, the sensor presented an error
of + ‐3.5%. However, the temperature influence can be
compensated and that way you obtain an error approximately of
0.9%. In another paper, Kang et al. [25] propose using an
inductive sensor based on coils to measure the conductivity.
The coils have a magnetic core of Mn‐Zn ferrite and copper
wires coiled around them. One coil is the powered coil, the
other is the sense coil. The range of the prototype is between
0 and 350 mS/cm.

The use of an inductive sensor with cores presents more
important problems with the temperature than sensors without
it. The temperature changes the core's magnetic permeability
and, therefore, changes the calibration. Though temperature
can be monitored in the sewerage, the inclusion of a temper-
ature sensor can present problems to the sewerage. In addition,
these sensors have a diameter less than solenoid coils, which
can facilitate clogging inside the sensor.

2.3 | Turbidity sensor

In this subsection, we present different papers proposed to
monitor turbidity. Turbidity measures the water's clarity and is
related to the presence of solids in the water.

One method is the use of Secchi disk. The Secchi disk is a
low cost and easy method to monitor turbidity in the water
bodies. It is based on introducing a disk into the water and
measuring the depth at which the disk is no longer noticeable
from the surface. Bigham et al. [26] collected individual Secchi
disk measurements across the United States performed by
volunteers and professionals in the different water bodies.
They inserted this data into a database for future research and
water management. One problem with this technology is that it
is subjective since the person who performs the methodology
sees or stops seeing the disk. In addition, the Secchi disk is very
complex to automatise. Thus, other techniques have been
developed to eliminate the subjective measure of turbidity and
automatise it.

The most popular method used to monitor turbidity is
based on optical sensors. Prerana et al. [27] proposed using
optical fibre to monitor the turbidity in terms of the total
interaction coefficient of light. The optical fibre comprises
seven peripherical plastic cladding silica fibres to collect the
light scattered in the sample. In addition, the optical fibre has a
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glass core to provide light to the sample. They used a laser of
632.8 nm to irradiate the glass fibre and a mirror to reflect the
light captured by the peripherical fibres. Their sensor obtained
good results in low turbidity levels. Another work is presented
by Yeoh et al. [28]. Their proposal is based on a pair of
multimode fibres. They used a laser of 808 nm as a light source
and tested 3 angles between the emitting and receiving fibre.
They selected the angle of 45° because it presents the best
correlation between the mathematical model and the mea-
surements. The sensor can work between 0 and 110 NTU with
a medium quadratic error of 2.38 NTU. Optical fibre can have
a high cost. Therefore, other authors propose the use of LEDs
as the light source. Wang et al. [29] proposed a low‐cost
turbidity sensor for monitoring freshwater. They used an
infrared LED of 850 nm, a phototransistor at 90° to detect the
scattered light, and a photodiode at 180°. These components
are fixed to a transparent acrylic tube of 20 mm. The photo-
transistor at 90° was used in the range of 0 to 200 NTU
(precision 0.1 NTU), and the photodiode at 180° was used in
the range of 0 to 1000 NTU (precision 1.0 NTU). In the
sewerage, we discard the photoreceptor at 180° due to the
water level being variable in time. The use of a photoreceptor
at 90° is not recommended because if the photoreceptor is
placed inside the water, it can get dirty, and if it is placed
outside the pipe, light may not reach the photoreceptor.

2.4 | Oil sensor

In this subsection, we show different studies about detecting
oil in water.

The use of remote sensing is one of the methods to detect
oil on large water surfaces. The use of remote sensing to
monitor the presence of spills in oceans is studied by Fingas
and Brown [30]. They differentiate between passive and active
methods. On the one hand, the passive methods use the light
reflected by the water bodies to detect the presence of oil. The
light regions that can be used are (I) Visible spectrum, (II)
infrared, (III) near‐infrared, and (IV) ultraviolet. On the other
hand, active methods are based on the emission of light or
sound to detect the oil spill. The active methods are (I) Laser
fluorosensors, (II) Radar, and (III) Acoustic travel time. An
example of the passive method is preset by Arslan [31]. Arslan
proposed the use of Sentinel 1 C‐band SAR and Landsat 8 to
study the oil spills. They used a real oil spill in Ildır Bay (Izmir,
Turkey) on 18 December 2016. The band selected in Sentinel
l1 is vertical transmission and vertical reception of radar images
(VV). First, the radar image showed the possible presence of
an oil spill near the ship. Then, Landsat 8 was used to validate
the information. In another work, Srivastava and Singh [32]
analysed the use of Moderate‐Resolution Imaging Spectror-
adiometer (MODIS‐Aqua) high‐resolution bands (250 and
500 m) in Lake Maracaibo, Venezuela on 18, 19, and 20th

January 2003. They concluded that radiation at 469, 555, and
645 nm atmospherically not corrected presents a good per-
formance to detect the spill. However, the image treatment to
correct the atmospherical perturbation can mask oil stains in

these bands. To improve the identification of spills, the authors
propose that the sum ratio of band 3 (645 nm) and band 2
(555 nm) normalised with band 1 (469 nm)' produced signif-
icant results. Remote sensing works well for large surfaces that
cannot be monitored with sensors. However, it presents
important gaps in small surfaces. In this paper, we will monitor
the presence of oil in the sewerage. Therefore, we will not be
able to use this technology.

As remote sensing is discarded on small surfaces, optical
sensors are a solution. Some optical sensors have been devel-
oped to detect oil in water. Hou et al. [33] proposed the use of
a sensor based on ultraviolet‐induced fluorescence and
fluorescence‐filter systems to monitor the presence of oil in
the yellow sea (China). They used a Xenon lamp (200–300 nm)
as a light source, a photomultiplier tube as a light receptor, and
a light filter system. The light filter system allows light to pass
between 300 and 400 nm. This filter is used to increase the
accuracy and reduce the noise in the photoreceptor due to the
sunlight. The use of UV light can be expensive. One solution is
the use of LEDs as light sources. Oh and Lee [34] studied the
use of artificial light to detect the presence of oil. They tested
different colour LEDs (red, green, blue, and orange) sub-
merged at 20 mm, and they illuminated a CCD sensor located
at 4 cm to the water surface. In the 4 LEDs, the blue light
presents the best relationship between the increase of oil
thickness and the light intensity in the CCD sensor.

In this paper, we propose a WSN to detect the presence of
illegal spills in the storm sewerage and detect the presence of
blockage in the sewerage. For these objectives, we use water
level, rain, conductivity, oil, and turbidity sensors.

3 | DESIGN PROPOSAL

In this section, the design proposal is commented. Firstly, we
analyse the scenarios with different combinations of water in
the pipes and weather conditions (it rains or it does not rain).
After that, the communication architecture is detailed, along
with the procedures needed in the system. Then, the messages
are described. Finally, the implementation details about how to
read the data from the sensors are discussed.

3.1 | Scenarios

In this section, we analyse the 4 scenarios that may happen in
the combination of rain and level sensors.

(I) The first scenario is when it rains and there is water in the
pipe. In this condition, we use the level sensors to detect
blockages in the pipes. In addition, we use turbidity,
conductivity, and oil sensor to detect the presence of
possible spills.

(II) The second scenario is produced when it is raining and
there is no water in the pipes. This is an indication that
the rainwater is not entering the sewerage. This can occur
by a blockage in the storm drain.
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(III) The third scenario is when it is not raining, but there is
water in the pipes. The presence of water in the storm
sewerage can be produced by an illicit spill or due to a
discharge of a stormwater tank.

(IV) Finally, the last scenario is when it is not raining and there
is no water in the pipes. In this situation, there are no
more things to analyse.

3.2 | Communication architecture and
algorithms

Figure 1 depicts the scheme of the communication architec-
ture. Along the pipe, several nodes are placed to process the
data obtained from the different sensors. The WSN is built
using WiFi communications and the MQTT communication
protocol, which will provide us with a publisher/subscriber
messaging protocol that allows the nodes to send the messages
described in the next subsection. These nodes are managed by
the master head (MH). The MH is a special node with more
computing and energy capabilities. The nodes communicate
with the MH based on the data measured to ensure there are
no clogs or illegal spills. Furthermore, the water tanks that
collect rain have nodes to control and monitor their use.

The nodes execute a process of measurement; the pseu-
docode is shown in Algorithm 1. The process of measurement
is constantly executed every fixed period of time, and it starts
reading the level of the water. When the level is higher than a
threshold, the node should start checking possible spills. This
threshold could be fixed but, to allow the proposal to adapt to
different pipes and scenario conditions, is statistically calcu-
lated using a p‐value of 0.9. When the node starts checking the
spills, the turbidity, conductivity, and oil sensors will start
measuring to detect problems. In addition, the water level will
be used to check if there are any clogs in the sewerage. Finally,
if there is a high level in some of the measurements, these
measurements will be sent to the MH along with the level
measurement.

Algorithm 1. Node data processing

Given: threshold
level = Read_Level_Sensor()
If level > threshold

Start_Oil_Sensor()
Start_Conductivity_Sensor()
Start_Turbidity_Sensor()
problem = Check_Oil_Problem()

OR Check_Conductivity_Problem()
OR Check_Turbidity_Problem()

Send_Check_Levels()
If problem

Send_Problematics_Levels()
End if
End If

Figure 2 shows the process of the MH (Algorithm 2). The
MH listens to messages from the different nodes. The first
action is to check the level of the water. If the node has sent a
level that is lower than a specific threshold (thx), the value of
the raining sensor should be checked. A positive value of that
sensor shows that there is a clog, since the level of water
should be higher. Otherwise, there is no mismatch. If the level
is higher than the threshold, the state of the water tank must
be checked. If it is open or if it is closed, but it is raining, it
could be a normal situation. However, if it is not, there is an
illicit discharge. That could be possible even if the tank is
open or if it is raining. That is the reason why the measure-
ments are also checked in that case. When one of these
problems is detected, the MH sends a message to the user.
After checking is done, the MH awaits for the next message to
be received.

Algorithm 2. Master head algorithm

Given: refresh_time, threshold
While true
rain = Read_Rain()
Read_Message_From_Node()
If Message.level > threshold
Send(Ask_Tank)
Open = Read_Received_Tank()
If NOT Open AND NOT rain
Send_Illicit_Discharge()
Else
If Check_Other_Measurements()
Send_Illicit_Discharge()

End If
Else
If rain
Send_Clog()
End If

Wait(refresh_time)
End While

3.3 | Messages

The messages used in the described processes are detailed in
this section. The messages that the nodes exchange in the
system are the following ones:

� Ask Tank: The message is sent from the MH to a tank node.
It is a request message that must be followed by a reply.

� Tank: The reply to the Ask Tank message. It indicates
whether the tank is open or not.

� Measurements: This message is the one used by the nodes to
send the measurements of the sensors. The size is fixed for
one measurement and depending on the number of mea-
surements sent by the node, its total size may change.

These messages are detailed in Figure 3. They follow the
Type, Length, Value (TLV) scheme. Firstly, the type of the
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message is indicated. In this case, we have six different mes-
sages. Therefore, we need at least 3 bits to indicate the message
type. Then, the length of the message is used to indicate to the
receiver how many bits need to be read. Ask Tank message is
empty, only the header (type and length) is needed to create the
message, it needs no extra information. Therefore, only the
other messages with extra data are depicted in Figure 3. The
measurements message is the only one with a different struc-
ture, since the number of measurements sent by the node may
change. Consequently, before each measurement, the mea-
surement ID of the sample is needed.

3.4 | Implementation details

In this subsection, the code needed to read the data from the
sensors is discussed. The implementations are designed for
Atmega 2560, with the Arduino IDE.

The measurements of the different sensors are quite
similar. Firstly, we have the code used to read the predicted rain
in Figure 4. We used the sensor FC‐37 attached to the pin 5.
We use the digital value to detect, using a Boolean variable, if it
is raining.

The level sensor used is HC‐SR04 [35]. Like the rain
sensor, the level sensor uses two pines of the microcontroller.
The measurement process, using pin number 6, consists of the
steps shown in Figure 5. Pin number 6 returns the time that
has passed between the emission and reception of the sound.
In order to get the distance, we need to multiply the time by
the sound speed, but we need to divide the result because the
sound covers the distance twice. Moreover, the time returned
by the sensor is measured in microseconds, so we need to
transform it into seconds. Then, we can print the result.

To power the system, different solutions can be implanted.
The easiest solution is to connect the system with street
lighting. However, in some cases, this is not an optimal

F I GURE 1 Communication architecture

F I GURE 2 Master head algorithm
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solution due to the distance of the proposed system to the
street lighting or that current only passes through these cables
at certain times. Other solutions includes using solar panels on
surfaces or the use of batteries. The optimal solution requires
further study in each case.

The conductivity, turbidity, and oil sensors are provided in
previous studies. The turbidity sensor is presented in Ref. [36],
the conductivity sensor is presented in Ref. [37], and the oil
sensor is presented in Ref. [38].

4 | TEST BENCH

In this section, we explain the methodology used in this paper.
First, we explain the methodology used to calibrate oil and
conductivity sensors. Then, we show the methodology used to
check the use of level sensors in sewerage.

4.1 | Conductivity and oil sensor

In this subsection, we explain the methodology used to obtain
the data of the oil and conductivity sensors.

We performed a closed hydraulic circuit with PVC pipes as
presented in Figure 6. The circuit starts in a water tank with a
pump for pumping water. The pump has a power of 400 W,
providing a flow of 1.7 L/s. The pumped water is impulsed to
the circuit through an impulse pipe. The pump pumps the
water from the base of the water tank to the circuit through an
impulse pipe. The impulsion pipe has a height of 25 cm. Next,
an elbow connects the impulse pipe and the transport pipe.
The transport pipe has a length of 2 m. Then, two elbows are
connected from the transport pipe to the return pipe. The
return pipe returns the water to the tank. The return pipe has a
slope of 2%. The conductivity and oil sensors are placed in the
middle of this pipe. The pipes used have an external diameter
of 50 mm, and a thickness of 3 mm. In the two tests, we used
20 L of freshwater, and each measurement is performed in
triplicate.

Conductivity and oil sensor calibration are carried out
separately. First, we perform a conductivity test by adding table
salt to the water to analyse the different samples. The con-
centration of samples used for the calibration and verification
is represented in Table 1. We use a conductivity sensor pre-
sented previously in Ref. [37]. We add an epoxy layer to the
sensor to increase its protection. On the one hand, the epoxy
layer protects the insulating layer of copper from the chemicals
that can be present in the storm sewerage. On the other hand,
the epoxy helps keep the spires in the same position by keeping
them glued together. The conductivity sensor is based on

F I GURE 3 Messages used in the communication

F I GURE 4 Rain sensor data reading code

F I GURE 6 Hydraulic circuit

F I GURE 5 Level sensor data reading code
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2 coils with 40 and 80 spires of copper with a diameter of
0.4 mm. The powered coil is the coil with 40 spires and the
other is the induced coil. The function generator model
AFG1022 [39] is used to power the coil. We use an oscillo-
scope model TBS1104 [40] to measure the voltage induced.
The powered coil has a current of 3.3 V peak to peak with a
series resistance of 47 Ω. We use a metallised polyester film
capacitor of 10 nF parallel to the coil in the induced coil. We
test the frequencies between 150 and 180 kHz, each 1 kHz. We
select these frequencies due to the frequency peak is between
160 and 170 kHz, and we want to know the behaviour of the
sensor in the frequencies nearby to select the best working
frequency.

Details regarding the oil sensor is available in Ref. [38].
However, we add an infrared LED and photodiode to improve
the prototype. We use the same hydraulic circuit explained
previously. As the sensor can be affected by the external light,
we cover it with an opaque bag. When we start the measure-
ments for each concentration, we clean the sensor. We use a
multimeter model Tenma 72‐2600 [41] to measure the resis-
tance of the LDR and the output voltage (Vout) of the
photodiode. In our design, we use a voltage divider formed by
a fixed resistance and, after the circuit, the photodiode or LDR.

A power supply model FAC‐662B is used to power the
LEDs and photodiode. The LEDs are powered sequentially
with a voltage of 5 V, and each is powered for 20 s. We want
the intensity current for the colour LEDs to be close to
15 mA. We select this value because the colour LEDs are not
recommended to have an intensity current higher than 20 mA.
However, as we use standard resistance, the real intensity of the
colour LEDs are 13.48, 13, 12.33, 13.6, and 12.39 mA to
yellow, red, blue, green, and white, respectively. In the infrared
LED, we test with different intensities. These are 13.2, 17.4,
23.2, 34.4, 49.6 and 90 mA. The maximum intensity recom-
mended in the infrared LED by the manufacturer is 150 mA.

The values of resistance of the LDR must be changed to
voltage to allow the microcontroller to read it. We use a voltage
divider for signal conditioning. To select a fixed resistance
value, we find a value to maximise the difference between the
water without oil and the maximum concentration of oil tested.
In the case of the photodiode, we measure the Vout directly.
For this, we need to determine previously the resistance that
we will be using. To determine it, we tested with different

current intensities in the infrared LED and changed the fixed
resistance. In the fixed resistance, we test with different re-
sistances between 1 kΩ and 8.2 MΩ. To perform this test, we
use the pipe with water and a black object that simulated the
presence of oil. We do not use oil to determine the fixed
resistance to prevent water pollution.

Vout ðV Þ ¼ Vin ðV Þ ∗
RLDR ðkΩÞ

Fixed resistance ðkΩÞ þ RLDR ðkΩÞ
ð1Þ

For elaborating the different oil samples, we use the same
water to reduce the quantity of polluted water. In the water, we
add different volumes of oil to elaborate the sample. Once the
sample is elaborated, we measure with the sensor and repeat
the process for each sample. The concentrations used in the
calibration and verification are represented in Table 2. We use
used oil provided by a local car workshop in Valencia (Spain).
The oil was used by a gasoline car for 31,000 km and
15,526 km.

4.2 | Blockage detection in sewerage

In this subsection, we explain how the simulations are per-
formed to determine the possibility of using level sensors to
monitor the sewerage.

The software used to perform the simulation is the EPA
Storm Water Management Model SWMM 5.1 [42] to simulate a
subsection of a storm sewerage network. The software offers
different models for simulating storm sewerage. We select the
dynamic wave model because this model calculates the water
that accumulates in the sewer in the case of excess water. The
model needs the rain values to calculate the water entering the
sewerage. We create artificial rain represented in Table 3.

The measurements of the basins and pipes used in the
simulation have been obtained following an industrial park's
typical distribution. This distribution is large plots occupied by
industrial buildings and streets for access. The storm sewerage
is distributed in accordance to the streets, and the different
buildings dump the pluvial water into the street. In our simu-
lation, we have 4 plots of 4.5 ha each. Each plot is subdivided

TABLE 1 Salt concentration used in calibration and verification

Calibration Salt (g/L) 0.0 1.0 3.0 4.0 5.0 7.0 10.0 12.0 15.0 18.0 20.0 22.0 25.0 28.0 35.0

Conductivity (mS/cm) 0.53 2.66 6.68 8.59 10.64 14.34 19.7 23.2 28.2 32.9 36.2 39.6 44.2 48.8 58.4

Verification Salt (g/L) 2.0 4.5 8.0 13.0 19.0 23.0 30.0

Conductivity (mS/cm) 4.73 9.58 16.15 24.9 34.5 41.1 51.9

TABLE 2 Oil concentration used in calibration and verification

Calibration (mL oil/L water) 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Verification (mL oil/L water) 0.1 0.7 1.3 1.9 2.5 17.0 32.0 47.0
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into six parts (sub‐basins) that dump the stormwater into a
node. We estimate that 90% of the area is impervious as it is an
industrial zone. The rest of the parameters are the default values
of the programme. The pipe diameter used is 0.5 m diameter
for all pipes with a pending of 2%. These are the minimum
values recommended in the storm sewerage. The simulation
concept is represented in Figure 7, and Table 4 shows the values
of length and heights of the different pipes.

5 | RESULTS

In this section, first, we analyse the results obtained in the oil
sensor. Then, we present the results obtained in the water level
simulation. Finally, we show the results of the conductivity
sensor.

5.1 | Oil sensor

In this section, we show the results obtained with the oil sensor.
First, we need to determine the fixed resistance in the photo-
diode circuit and the current intensity of the infrared LED.
Then, we analyse the results obtained by the photodiode of the
prototype. Finally, we study the results obtained with the LDR.

Concerning photodiode, we test with the intensity current
of the infrared LED and the fixed resistance of the voltage
divider. The Vout difference between water and the black ob-
ject is represented in Figure 8. In this figure, we observe that
the Vout difference is near 0 V in the lower fixed resistances in
all intensities tested. The Vout difference between the water and
the black object increases with the increase in resistance up
until a maximum. To the intensities of 49.6 and 90 mA, the
maximum difference occurs at 2.2 MΩ. With the increase of
the fixed resistance, we observe a reduction of the Vout dif-
ference in these two current intensities, which would indicate a
parabolic behaviour with the increase of fixed resistance. In the
other intensities tested, we do not observe a maximum. We
think that these intensities with the increase of the resistance in
the circuit probably have the same behaviour as the intensities
49.6 and 90 mA. However, we did not test higher resistance
values because these are not standard values, and we discarded
the idea to use more than one resistance to facilitate the use of
the sensor. In the resistance of 2.2 MΩ, the Vout difference is

TABLE 3 Values of the artificial rain

Time simulation (h) 1 2 3 4 5 6 7 8 9

Rain (mm) 0 7 6 8 20 7 5 2 0

F I GURE 7 Map of the simulation section

TABLE 4 Values of length and heights of the different pipes

Pipe Length (m) Start height (m) Finish height (m) Pipe Length (m) Start height (m) Finish height (m)

NC1‐NC2 93.3 11.4 9.5 N22‐N23 93.3 12.7 10.9

NC2‐NC3 93.3 9.5 7.7 N23‐N24 93.3 10.9 9.0

NC3‐NC4 93.3 7.7 5.8 N24‐N41 5.0 9.0 8.9

NC4‐NC5 5.0 5.8 5.7 N24‐NC4 160.0 9.0 5.8

NC5‐NC6 93.3 5.7 3.8 N31‐N32 93.3 8.9 7.0

NC6‐NC7 93.3 3.8 2.0 N32‐N33 93.3 7.0 5.2

NC7‐NC8 93.3 2.0 0.1 N33‐N34 93.3 5.2 3.3

NC8‐Exit 5.0 0.1 0.0 N34_Exit34 5.0 3.3 3.2

N11‐N12 93.3 14.6 12.7 N34‐NC8 160.0 3.3 0.1

N12‐N13 93.3 12.7 10.9 N41‐N42 93.3 8.9 7.0

N13‐N14 93.3 10.9 9.0 N42‐N43 93.3 7.0 5.2

N14‐NC4 160.0 9.0 5.8 N43‐N44 93.3 5.2 3.3

N14_N41 5.0 9.0 8.9 N44‐NC8 160.0 3.3 0.1

N21‐N22 93.3 14.6 12.7 N44‐Exit44 5.0 3.3 3.2
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0.21, 0.39, 0.43, 0.39, 0.87, and 0.89 V to an infrared intensity
current of 13.2, 17.4, 23.2, 34.4, 49.6, and 90 mA, respectively.
In the same intensity currents and the change to fixed resis-
tance to 8.2 MΩ, the difference of Vout is 0.52, 1.03, 1.06, 0.98,
0.76, and 0.00 V, respectively. The maximum difference is
produced at the infrared LED intensity of 23.2 mA with a
resistance of 8.2 MΩ. We determine that is the best option
because it is the option with a greater Vout difference and the
intensity current is not high.

With the intensity of the infrared LED and the fixed
resistance determined in the photodiode's voltage divider, we
start the test in the different oil samples. In Figure 9, we can
observe the Vout obtained in the different lights used with a
photodiode as photoreceptor. The Vout obtained is low in the
green, blue, yellow, and red lights. We discard these lights to
monitor the oil in the sewerage with the configuration tested.
In the case of white light, we observe a few increases of the
Vout with the increase of oil concentration. This increase is
0.29 V between 0 and 45 mL oil/L water. The increase of Vout

is produced mainly between the concentrations of 0 to 2.6 mL
oil/L water. In this range, the difference of Vout is 0.13 V. This

difference is too little, and we must rule out white light with the
photodiode as photoreceptor. Finally, there is a difference of
Vout of 2.17 V in the use of infrared light between the water
without oil and the maximum mix of water and oil tested. With
the use of the infrared LED, we observe three trends. In the
first trend, the Vout increases in the range of 0 to 1 mL oil/L
water. The second trend is detected in 1 to 5 mL oil/L water,
where the Vout is constant. Finally, there is another trend in 5
to 45 mL oil/L water, where the Vout increases. The infrared
LED is the only one that we can use to monitor the presence
of oil with a photodiode in our prototype. In future works, we
will use other configurations of intensities and fixed resistance
to check if the other lights can be used with a photodiode to
monitor the presence of oil in the sewerage.

Now, we analyse the mathematical models that relate the
Vout with the oil concentration. We use Statgraphics software
[43] to calculate the models. We use one model for all oil
concentrations tested represented in Equations (2), and two
models for the low oil concentration, and the other for the
high oil concentrations represented in Equations (3) and (4).
The values of R2, absolute error, and relative error of these

F I GURE 8 Effect of the intensity and fixed resistance in the voltage divider in Vout difference

F I GURE 9 Vout with the use of photodiode in
the different oil concentrations
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models can be observed in Table 5. Using one model for all the
oil concentrations, the absolute error is 1.5 mL oil/L water
with a relative error of 47.7%. In this model (Equation 1), the
maximum relative errors are produced in the range of 0 to 10
mL oil/L water. In this range, the mean of relative error is
66.73%. We consider these relative errors too high for our
sensor. For this motive, we decided to use two models. On the
one hand, a model in the concentrations between 0 and 2.6 mL
oil/L water. The absolute error of this model is 0.3 mL oil/L
water, and the relative error is 31.3%. On the other hand, the
second model (5 to 45 mL oil/L water) has an absolute error
of 2.1 mL oil/L water and a 9.8% relative error. The use of two
models reduces the errors. However, the errors in the low oil
concentrations are too elevated. In Figure 10, we represented
the observed versus predicted values using the model in the
range of 0–2.6 and 5 to 45 mL oil/L water. In Figure 10a, we
observe the low concentration of oil values. In general, we
confirm that the mathematical model is ineffective in pre-
dicting oil concentration. Nevertheless, in the high concen-
tration of oil tested (Figure 10b), we can regard that the model
predicted well the concentration of oil.

Oil concentration
�
mL oil
L water

�

¼
�

− 4:20311 þ 0:400849 � Vout
2�2

ð2Þ

Oil concentration
�
mL oil
L water

�

¼
�

− 1:62013 þ 0:198401 � Vout
2�2

ð3Þ

Oil concentration
�
mL oil
L water

�

¼
�

− 3:18522 þ 0:3644 � Vout
2�2

ð4Þ

Finally, we perform a verification of the sensor. In the
range of 0 to 2.6 mL oil/L water, the absolute error is 0.77 mL
oil/L water, and the relative error is 63.39%. With the errors
observed in the calibration and verification, we can affirm that
the sensor cannot be used to determine the oil concentration in
this range. However, we think that the sensor can be used to
determine the presence of oil. In the range of 5–45 ml oil/L
water, the average absolute error is 3.16 mL oil/L water, and
the relative error is 11.23%. The relative error is 12.84%,
16.77%, and 4.08% in the concentration of 17, 32, and 47 mL
oil/L water, respectively. In this case, we can affirm that the
sensor can be used to monitor the oil concentration in the
range of 5 to 45 mL oil/L water. Thus, we can use infrared
light with a photodiode as photoreceptor to detect the pres-
ence of oil in low concentrations and quantify the concentra-
tion in higher concentrations. Now, we study the values
obtained with the LDR. The resistance values of the LDR in
the use of the different lights are transformed to voltage using
Equation (1). First, we search for the fixed resistance value that
maximises the difference between the minimum and maximum
Vout values. Usually, the resistance values obtained with this
method are not standard. Thus, we select the standard resis-
tance value nearest to it. Table 6 represents the calculated
resistance value and the standard resistance value used.

Once the resistance values are transformed to Vout, we
obtained Figures 11 and 12. Figure 11 represents the values

TABLE 5 Values of R2, errors, and range of the different equations

Equation Range R2
Absolute error
(mL oil/L water)

Relative
error (%)

2 0–45 0.9549 1.5 47.7

3 0–2.6 0.8353 0.3 31.3

4 5–45 0.9643 2.1 9.8

F I GURE 1 0 Two models

TABLE 6 Values of resistance in the fixed resistance

Colour Yellow Red Blue Green White Infrared

Model resistance (kΩ) 81.55 21.57 94.03 7.87 5.52 9716.02

Standard resistance
(kΩ)

82.0 22.0 100.0 8.2 5.6 10,000
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of Vout with the use of the light colours yellow, red, and blue.
With the use of yellow and red lights, there is a decrease in
the Vout with the increase of the oil concentration. The
decrease of Vout with the yellow light is 0.36 V between the
minimum and maximum oil concentration tested. The
decrease is produced between 0 and 1.8 mL oil/L water. In
the higher concentration tested, the Vout has similar values
with a limit lower than 1.46 V. With red light, the Vout

decrease is 0.3 V between the water without oil and the water
with the maximum oil concentration. In this light, the Vout

decrease is produced mostly in the concentration between 0.6
and 0.8 mL oil/L water. Thus, we discard the use of this light
to monitor oil concentration. However, this light can be used
to differentiate between water with oil and water without oil.
Another light tested is the blue light. The evolution of Vout

with the oil concentration is not consistent. First, there is a
Vout reduction up until 1.4 mL oil/L water concentration.
From this concentration up until the concentration of 15 mL
oil/L water, there is an increase of the Vout with the increase
of oil concentration. In higher concentrations than 15 mL
oil/mL water, the Vout trends to an upper limit of 1.73 V.

The other lights tested (green, white, and infrared) are rep-
resented in Figure 12. About these lights, we discard the use
of green and white lights. Because the difference of Vout is
little when considering the increase of oil. In the use of green
light, the Vout has values between 1.58 and 1.65 V. With the
use of white light, the Vout without oil is 1.55 V, and the Vout

with the maximum tested oil is 1.73 V. This is a decrease of
0.28 V that is produced mainly between the concentrations of
0 to 0.8 mL oil/mL water. In higher concentrations, we
observe a low limit of 1.55 V. Finally, we analyse the use of
infrared light. With this light, there is a decrease of the Vout

of 1.03 V between the water without oil and the maximum
oil concentration tested. As in the previous cases, the values
of Vout have a lower limit of 1.12 V as of 20 mL oil/L water.
The reduction of the Vout is indicative of the increase of light
that hits the LDR. This can increase the light reflected by the
water of oil or fluorescence produced by one or more sub-
stances present in the oil. In future works, we will test which
of these effects are the most predominant to improve the
sensor.

Given the previous results, white and red light can be used
to detect the presence of oil but not for monitoring. The
yellow and infrared light are useful for monitoring the oil
concentration in different ranges. The yellow light can be used
in 0 to 2.2 mL oil/L water, and infrared light in the range of
0 to 20 mL oil/L water. First, we analysed the results obtained
with the yellow LED. Equation (5) represents the mathematical
model that related the oil concentration with the Vout in this
light. The value of R2 of the model is 0.97293, and in
Figure 13, the predicted values versus the observed values of
the model are represented. In general, the values obtained from
the model predicted the observed values well. We do not
observe an important difference between the observed and
predicted oil concentrations.

Oil concentration
�
mL oil
L water

�

¼
�
4:23337 − 1:24727 � Vout yellow2

�2

ð5Þ

Now, we analyse the models of Vout with infrared light.
First, we calculate the mathematical model with Statgraphics
[43] with the Vout values between 0 and 20 mL oil/L water. We
obtain Equation (6), which has an R2 value of 0.8665. This low
value of R2 implies a short ability to predict the values of oil
concentration. This is observed in Figure 14a,b we can see that
the predicted values are far from the observed. It can be seen
that the predicted value except in 0.2 and 5 mL oil/L water
concentrations are far from the observed. In addition, in Ta-
ble 7, the errors in the calibration and verification of that
model are represented. The absolute error in the calibration is
1.2 mL oil/L water, and the relative error is 42.3%. In the
verification, the relative error is similar, with 45.95%. These
errors are not good for our sensor to know the oil concen-
tration. Thus, we test with the elimination of values of the
calibration. By eliminating the calibration of the value without
oil, we obtained an R2 value of 0.8764. This is still a low value
of R2 with which we continue to eliminate the next value of
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F I GURE 1 1 Vout in the different oil concentrations whit the use of
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the calibration. In this case, we obtain Equation (7) with an R2
value of 0.9710 in the range of 0.4 to 20 mL oil/L water. We
obtained a reduction in the errors. The absolute and relative
errors are 0.54 mL oil/L water and 21.25%, respectively, in the
calibration and in the verification are 1.75 mL oil/L water and
18.41%.

Oil concentration
�
mL oil
L water

�

¼

�

− 5:58178þ
10:605

Vout infrared

�2

ð6Þ

Oil concentration
�
mL oil
L water

�

¼

�

− 8:27867 þ
14:3223

Vout infrared

�2

ð7Þ

In summary, the use of a photodiode is only effective with
the use of infrared light to detect the oil concentration in the
range of 5 to 45 mL oil/L water. With the use of an LDR as
photoreceptor, red light can be used to determine the presence

of oil, but not to determine the concentration. Regarding the
yellow and infrared light, these can be used for monitoring the
oil concentration. Yellow light can be used in the range of 0 to
2.2 mL oil/L water and infrared light in the range of 0.4 to 20
mL oil/L water. Infrared light is also used in the determination
of turbidity.

In future works, we will study the use of artificial intelli-
gence to detect if the answer of the sensor is due to the
presence of oil or turbidity with the use of more lights. We
determine that the maximum concentration that our sensor
can measure is 20 mL oil/L water, using infrared light.

5.2 | Level sensor

In this subsection, we analyse the effect of the presence of a
blockage or illegal spills on the water level of storm sewerage.

First, we check if it is possible to detect the presence of
dumping with the use of the level sensor. Nevertheless, we do
not observe a significant difference in the sewerage between
the rain with a spill and no spill. This is because if we calculated

F I GURE 1 3 Observed versus predicted
concentration of oil in yellow light

F I GURE 1 4 Observed versus predicted concentration of oil in infrared light in the two models
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the water that enters the sewerage with the first value of rain
(7 mm), we obtained 52.5 m3/h in each node. We consider that
such high volumes would not be reached in the event of an
illegal discharge. Therefore, it is impossible to detect a spill
with the use of level sensors at the time when rain occurs.

Now, we analyse the use of the level sensors to detect
blockage in the pipes. Figure 15 represents the pipes that
presented differences between a blockage and no blockage
with the different percentages of blockage levels. In
Figure 15a, we represent a blockage effect between one of
the lateral pipes and the central pipes. If the blockage is

located in the lateral pipe, we obtain the results observed in
Figure 15b. We show similar pipes affected (except pipe N34
to NC8). Figure 15c and 11 D) represent what occurs if the
blockage is located at the end of the simulated section. In the
case of the blockage located in the lateral pipe, we observe
that the pipes near the blockage are affected. However, many
pipes are affected if the blockage is in the central pipe. We
can affirm that the use of a level sensor can be a tool to
detect the presence of a blockage.

In future works, we will test our proposal in real condi-
tions. In real conditions, we will have the water level of the

TABLE 7 Range and errors

Calibration Verification

Colour light Range (mL oil/L water) Absolute error (mL oil/L water) Relative error (%) Absolute error (mL oil/L water) Relative error (%)

Yellow 0–2.2 0.09 12.42 0.21 28.65

Infrared 0–20 1.20 42.30 0.68 45.95

Infrared 0.4–20 0.54 21.25 1.75 18.41

(a) (b)

(c) (d)

F I GURE 1 5 Pipes affected by the different % of blockages and blockage positions
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pipes and the amount of precipitation. To determine the
presence of blockage, we will use the water level values and
the relation between the different water levels of the pipes
using neural networks.

In sewerage, the blockage can be produced by the deposit
of solids (wet wipes, rocks, trash, branches, etc.). The presence
of these elements will affect the velocity of the water. There-
fore, there will be an increase in water level upstream and a
decrease downstream. However, a water level sensor could not
detect the damage to the pipes at the top of it by the roots of
trees. In future works, we will study the use of other sensors to
detect the damage to pipes. Different solutions, such as the use
of ultrasounds, can be explored.

5.3 | Conductivity sensor

In this section, we analyse the results obtained with the con-
ductivity sensor.

We observe that the frequency peak changes with the in-
crease of conductivity. The peak frequency in freshwater is
164 kHz, and the conductivity of 58.4 mS/cm is at 162 kHz.

In Figures 16–19, the values of induced voltage are rep-
resented in the different frequencies tested. We identify 4 types

of trends that are represented in the different figures. The first
trend is represented in Figure 16. This trend is produced be-
tween the frequencies of 150–158 kHz. First, with the increase
of the conductivity, there is an increase of the induced voltage
until a certain conductivity. After this conductivity, the value of
induced voltage is reduced with the increase of the conduc-
tivity. In addition, we observe that the conductivity value
where the change occurs between the increase and decrease of
the induced voltage is reduced. Until the frequency of
159 kHz, where the voltage increases between the first and
second concentration tested and then decreases with the in-
crease in conductivity. We can see this trend in the frequencies
159–165 kHz, and the induced voltage of these frequencies is
shown in Figure 17. In these frequencies, some induced
voltage values can be associated with two conductivity values
of water. For this reason, we discard the use of frequencies
between 150 and 165 kHz. Figure 18 represents the fre-
quencies between 166 and 176 kHz. In these frequencies, we
observe an induced voltage decrease with increasing conduc-
tivity. These frequencies can be used to monitor the conduc-
tivity of the water. Finally, in Figure 19, there is a decrease in
induced voltage with the conductivity increase. Except in the
case of 2.66 to 6.68 mS/cm, where there is an increase in the
induced voltage.

F I GURE 1 6 Induced voltage in the different conductivities in the frequencies between 150 and 158 kHz

F I GURE 1 7 Induced voltage in the different conductivities in the frequencies between 159 and 165 kHz
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The frequencies between 166 and 176 kHz are utilised to
perform a calibration model. The other frequencies present
changes in the trend of the induced voltage with the conduc-
tivity. This creates difficulty in the implementation of the
system since an induced voltage value would be associated with
more than one conductivity value. In addition, we discard the
use of the frequencies 174, 175, and 176 kHz due to presenting
a low induced voltage difference with the increase of
conductivity.

With the data gathered of the induced voltage of the fre-
quencies between 166 and 173 kHz, we perform mathematical
models that relate the induced voltage and the water conduc-
tivity. First, we obtained the values of R2 for all models that
statgraphics [43] calculated. Second, we calculate the mean of
R2 for the different models in the different frequencies. Finally,
we use the six models with the higher R2 mean value to relate
the induced voltage with the conductivity. The models used are
Square Root‐Y Log‐X, Square Root of Y, Inverse Y‐Square
Root of X, In‐verse of X, Square Root‐X Square‐Y, and
Logarithm of X. Of the six models used, the minimum error in
calibration, verification or mean of calibration and verification
are produced in the three first models for the relative error.
The model with the least absolutive error is Square Root‐Y
Log‐X in all cases. In Figure 20, we represent the relative er-
ror with the use of the mathematical models obtained with
Statgraphics software [43]. In general, we observe that the

increase of frequency reduces the relative errors (except in the
case of 173 kHz).

In Figure 21, we represent the distribution of the relative
errors for the different conductivity tests and frequencies
selected. The model used in each frequency has fewer relative
errors for that frequency. In general, the maximum relative
errors are in the lower concentrations tested. The minimum
relative error in the concentration of 0.526 mS/cm is in the
frequency of 172 kHz with a relative error of 2.1%. The
maximum error in this concentration is in the frequency of
127.3 mS/cm. In the 2.66 mS/cm concentration, the mean
relative error is 22.6%, with a minimum value of 0.3% to the
concentration of 171 kHz. In Figure 22, the relative error of
the verification in the frequencies between 166 and 170 kHz,
the relative errors are higher than the 13.1% in the other fre-
quencies, and the relative errors are less than 5.3% are repre-
sented. In the other concentrations, the values are less than
9.1% of relative errors.

As we saw previously, the absolute Voltage difference and
the total relative error are reduced with the increase of fre-
quency. In our case, the best option is the frequency of
171 kHz. Because it is the frequency with smaller relative er-
rors at lower conductivity concentrations, which will be the
most typical concentrations in a sewer. At higher concentra-
tions, the errors will be higher than at other frequencies, but
our goal is to detect the presence of a spill. The thing that

F I GURE 1 8 Induced voltage in the different conductivities in the frequencies between 166 and 176 kHz

F I GURE 1 9 Induced voltage in the different conductivities in the frequencies between 177 and 180 kHz
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would be fulfiled in that frequency. Equation 8 related the
value of voltage with the oil concentration of the frequency
171 kHz,

Conductivity mS=cm¼ ð10:1752 − 13:6081 � LNðVoutÞÞ
2

ð8Þ

6 | CONCLUSIONS

In this paper, we present a system to monitor the storm
sewerage to prevent illicit discharges and detect blockages. Our
system is composed of five different sensors (rain, water level,
turbidity, conductivity, and oil) and nodes. In our system, we
use two types of nodes. These are the nodes distributed in the
sewer and the MH. The nodes distributed in the sewerage have
oil, conductivity, turbidity, and water level sensors. These nodes
communicate with the central node MH with more computa-
tional capacity and a rain sensor.

With rain and water level sensors, we established four
scenarios possible. There are two options when there is water
in the sewerage, but it is not raining. (I) A stormwater tank is
being emptied, or (II) There has been a spill in the sewerage. In
this scenario, our system checks if the stormwater tank is
emptying. If the answer is negative, the sensors are used to
detect who is responsible. Another scenario is when it is
raining, but there is no water in the sewerage. This is a signal of
the presence of a blockage in the sewer manhole. The third
scenario is when there is no water in the storm sewerage and it
is not raining. That is a normal situation. Finally, if it is raining
and there is water in the sewerage, a spill is produced. How-
ever, only using a level sensor will not be enough to detect it.
For this reason, the use of oil, turbidity, and conductivity
sensors is needed. In addition, the use of the level sensor can
help detect blockage in the sewerage. We tested that there are
significant differences in the water level in one sewerage
depending on the presence or not of a blockage.

We improve the design of two sensors previously devel-
oped: the conductivity sensor and the oil sensor. In this case,
we include infrared light and a photodiode in the design pre-
viously developed. On the one hand, we obtained that infrared
light and the use of a photodiode present an absolute error of
2.1 mL oil/L water in the range of 5 to 45 mL oil/L water and
a relative error of 9.8%. The relative error is 11.23% in this
range and 0.77 mL oil/L water of absolute error. With the use
of the photodiode, the other colours of light are not useful for
detecting the oil. On the other hand with the use of an LDR as
a photoreceptor, red light can differentiate between water with
oil and without. Regarding the yellow light, it can be used in the
range of 0 to 2.2 mL oil/L water with an absolute error of 0.09
mL oil/L water. With this photoreceptor, the infrared light
presents an absolute error of 0.54 mL oil/L water in the range
of 0.4 to 20 mL oil/L water.

Also, we improve the design of the conductivity sensor
previously developed. We detect 4 different trends of induced
voltage with the increase of conductivity. The frequencies that
are utilised for monitoring the conductivity are included in the
range of 166–173 kHz. In general, we detect that the relative
errors decrease with the increase of conductivity. In addition,
the relative errors decrease with the increase of the frequency.

F I GURE 2 1 Summary of the % of relative error in the calibration

F I GURE 2 2 Summary of the % of relative error in the verification

F I GURE 2 0 Relative errors of models
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We select 171 kHz as the better option of measurement in this
sensor. This frequency presents an absolute difference of 0.81
V in Alternating current (AC), 0.57 V in Direct current (DC)
and a relative error of 3.9%.

Our WSN is useful to prevent the illicit discharge of the
industrial areas in the storm sewerage.

In future works, we will analyse the use of turbidity sensors
in our system. We will improve the design of the photodiode
circuit to try to use other lights apart from infrared. Finally, we
would like to test our combined and sanitary sewerage
proposal.
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