Document downloaded from:

http://hdl.handle.net/10251/115874
This paper must be cited as:

Parra-Boronat, L.; Rocher-Morant, J.; Escriva-Perales, J.; Lloret, J. (2018). Design and
development of low cost smart turbidity sensor for water quality monitoring in fish farms.
Aquacultural Engineering. 81:10-18. doi:10.1016/j.aquaeng.2018.01.004

The final publication is available at

https://doi.org/10.1016/j.aquaeng.2018.01.004

Copyright E|sevier

Additional Information



Design and development of low cost smart
turbidity sensor for water quality monitoring
In fish farms

Lorena Parra, Javier Rocher, Julia Escriva and Jaime Lloret

Instituto de Investigacion para la Gestion Integrada de zonas Costeras. Universitat Politécnica de
Valéncia, Spain

Email: loparbo@doctor.upv.es, jarocmo@alumni.upv.es, juespe@epsg.upv.es, jlloret@dcom.upv.es

Abstract— Turbidity monitoring is necessary in many cases and several sensors have been developed for this
purpose. However, in some cases to quantify the turbidity it is not enough and its characterization is necessary.
In fish farms, the increase of sedimentary or phytoplanktonic turbidity requires different actions to prevent
further damages. For this reason, a sensor able to differentiate between turbidity sources is necessary. In this
paper, a turbidity sensor able to distinguish different types of turbidity is designed, developed and calibrated.
The sensor is based on the Beer-Lambert law and it uses four LEDs as light sources with different wavelengths.
The sensing elements are located at 180° of the light sources and consist of a photodiode and a photoresistor,
sensitive to infrared and visible wavelengths respectively. For the calibration process different turbidity sources
were employed, Isochrysis galbana, Tetraselmis chuii and sediment. The results show that it is possible to
determine the turbidity using the infrared light and to characterize the origin of that turbidity with the red light.
An algorithm was created in order to create a method to process the data from each sample to obtain the
turbidity, the origin of this turbidity and the concentration of the turbidity source. With this algorithm, we can
create a smart turbidity sensor for water quality monitoring. Our main application is focused on monitoring the
water input in fish farm facilities; however, this smart sensor will be useful in many other areas.

Index Terms— turbidity sensor; phytoplankton; suspended sediment; water quality; fish farms

I. INTRODUCTION

The increase in human population and the changes of land use increase the turbidity levels in water
(Fabricius et al., 2016). The monitoring of turbidity, for different purposes, has become an important issue.
Turbidity is caused by suspended particles in water; these substances may be organic or inorganic. The
inorganic ones are mainly composed of sediments, while the organic ones are mainly algae, microorganism,
etc... (MPCA, 2017 and APHA, AWWA, WEF, 2012). Turbidity measurements are necessary for water
quality monitoring. It is measured in natural resources, because of the negative effects on ecosystems
(Smith & Davis-Colley, 2001). Moreover, it is measured in drinking water (Beaudeau et al., 2014), or in
irrigation water (PNUMA, 2017). The principal effects of turbidity in the ecosystems are (1) reduction of
visibility, (I1) reduction of light penetration and photosynthesis process or (111) clogging of gills and other
adverse physical effects on fish and eggs (Bruton, 1985 and Wilber & Clarke 2001) among others. However,
in some cases, the quantitative value of turbidity is not enough, because different types of turbidity may
cause different effects. One example is in the fish farms, where the turbidity generated by sediments and
the one generated by phytoplankton can require different actions to prevent further damages. For this
reason, the characterization of turbidity is needed in the fish farms and in many other cases.

In fish farming, the increase of turbidity causes a reduction of fish performance. The effects of turbidity
on fish growth and survival have been studied by different authors. Sutherland & Meyer (2007) maintained
two fish species from 0 to 500 mg/l of sediment during 21 days. Their results showed that Erimonax
monachus presented the highest SGR at 0 mg/l while Cyprinella galactura presented it from 0 to 50mg/I.
Avrdjosoediro & Ramnarine (2002) maintained red tilapia during 56 days at different turbidity values, from
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0to 500 mg/1 of clay. Fish presented higher weight at the end of the experiments when the level of turbidity
was lower. The maximum survival rates were reached from 0 to 50mg/I.

The possibility of monitoring the values of turbidity at the water input in the aquaculture facilities is useful
in order to take different actions to prevent further damages in fish production. It can be especially valuable
for inland facilities with open water circuit. In the facilities where larval and reproducers are kept those
sensors are crucial to ensure the water quality in the production tanks. However, different types of turbidity
cause different effects on fish. Suspended sediment may cause gill damage. Cyprinella galactura shows no
gill damage from 0 to 50 mg/l of sediment, moderate damage at 100 mg/l and severe at 500 mg/I (Sutherland
& Meyer, 2007). Au et al., (2004) founded a correlation on Epinephelus coioides between gill damage and
suspended sediments. Hess et al., (2015) studied the changes in gills morphology on clownfish larvae
exposed to suspended sediments. They conclude that fish exposed to 45 mg/l of sediments or more, had
excessive mucous discharge and growth of protective cell layers. Moreover, in facilities with larvae culture,
the technique of greenwater is widely used to increase the growth and survival of larvae (Faulk & Holt,
2005 and Palmer et al., 2007). This technique consists of adding algae in the water of the larvae tanks.
However, this technique requires aeration to ensure the appropriate oxygen levels and to avoid the
phytoplankton sedimentation. Recently, the use of clay has been studied as a substitute for phytoplankton
in Anoplopoma fimbria (Lee, 2015a and Lee et al., 2017). However, the use of the greenwater technique
requires the use of aeration to ensure that the oxygen concentrations do not decrease during dark periods.
Different turbidity can cause different effects on fish and some specific actions must be taken. For this
reason, it is necessary to have an automatic method to monitor the turbidity and to characterize it. Then, we
can differentiate between two types of turbidity in fish farms, sedimentary turbidity, and phytoplanktonic
turbidity. The worse possible conditions are related to the appearance of phytoplankton turbidity during
dark periods (night or dark photoperiod in the tanks). In those conditions, the phytoplankton starts to
consume the oxygen in the water and may require the activation of the aeration in order to prevent hypoxia
conditions in the tanks. Moreover, some algae species may produce toxic products.

There are other areas where characterize the turbidity may be useful. The possibility to detect and track
phytoplankton blooms is interesting in some ecosystems, Parra et al. (2015) proposed a similar system with
hydrocarbons. The algae blooms formed by some species are considered as an abnormal situation in
ecosystems that can cause eutrophication. Moreover, in some cases, those algae blooms can produce water
pollution because of the production of some toxic compounds by the algae. Besides, in dark conditions, the
algae blooms may consume high quantities of dissolved oxygen.

The most common method for measuring turbidity is the optical sensors. Optical sensor works by emitting
abeam of light and detecting the amount of light that reaches the detector. Three techniques exist for optical
sensing, according to the measuring angles. If the angle is 90° it is called nephelometric, if he the angle is
180° it is called absorbimeters and if the angle is found between 90° to 180° it is called backscattering (Bin
Omar & Bin MatJafri, 2009). Different techniques are applied to measure different turbidity levels
(Lambrou et al., 2009). Takaaki et al., (2012) used 5 stations with optical sensors to monitor sediment
transported in rivers. Schoellhamer & Wrightl (2003) used optical turbidity sensors for continuous
measurement of suspended solids discharged in rivers. Stubblefield et al., (2007) used nephelometric
turbidiometry for determining suspended solids in a lake. The Secchi disk, a traditional method, consists of
the introduction of a disk into the water, the distance in which we stop observing the disk is inversely
proportional to the turbidity (Lee, 2015b). However, this methodology is not suitable for continuous
monitoring. There are other methods such as acoustic sensors or the use of satellite images. Chanson et al.,
(2008) and Ward et al., (2013) used acoustic methods to measure the turbidity in rivers. Gttler et al., (2013)
and Zheng et al., (2016) used remote sensing in rivers and lakes. The commercial turbidimeters that are
currently in the market have two problems. The first one is the high price of the sensor, which may become
prohibitive for many applications. The second one is that commercial sensors do not differentiate the type
of turbidity (sedimentary or phytoplanktonic). Those are the current gaps in the commercial devices that
are avoiding the use of turbidity sensors for monitoring in many applications.



In this paper, a low cost smart turbidimeter is designed and developed. Our smart turbidity sensor will be
capable of differentiating phytoplanktonic turbidity from sedimentary turbidity. This new turbidimeter is
based on optical methods. Different light-emitting diodes (LEDs) with different wavelength (i) infrared
(IR), (ii) green, (iii) yellow and (iv) red are used as a light source. Two light detectors are used, a light
dependent resistance (LDR) to detect visible light (180 °) and photodiodes for detecting infrared light.
These light-emitting diodes (LEDs) are powered by a voltage of 4.5 V. The proposed sensor offers two
improvements compared to existing commercial sensors: (i) the lower cost of the sensors and (ii) its
capability to differentiate sedimentary turbidity from phytoplanktonic turbidity. This sensor will help us to
control sensitive areas, monitor of fish farms. Moreover, it can be used in other activities or environments
where a bloom of algae can be produced or the turbidity have to be controlled.

Il. MATERIAL AND METHODS

In this section, the material and methods are presented. First, the background about the light absorption
and the turbidity is detailed. Then, the design and development and price of the turbidity sensor and the
origin of turbidity samples are described.

A. Background

In this section, the background of optical sensors are shown. Turbidity is defined as the loss of clarity in
water, light may be absorbed, reflected or dispersed (Bin Omar & Bin MatJafri, 2009). Moreover, this
parameter is related to the Beer-Lambert law Eq. (1) (Postolache et al., 2002). The Beer-Lambert law
quantifies the transmitted light (It), as a function of the light intensity of a source (lo), the absorption
coefficient per unit length (a), the turbidity (t), and the length of the light pass (I). Form one side, absorption
coefficient, and turbidity are related to the turbidity of the water. By the other side, the intensity of a source
and length of the light pass are related to the measurement instrument. The value of (It), can be expressed
as a function of the scatter angle (8), the particle size (r), the wavelength(4), and the optical properties of
the particle and the medium such as the refractive index (n) Eq. (2), (Postolache et al., 2002).

It = Io x e~(@Dl D
It =10(6,\,1,n) (2

B. Design and development of the turbidity sensor

In this subsection the design and the development of our turbidity sensors are detailed. For its design,
several conditions must be met. These include low cost, low battery consumption, low maintenance and
easiness to clean. As we concluded in the previous section, the most suitable option is the use of light beam
for turbidity detection. In the majority of papers, authors use IR light source and IR light detectors.
Nevertheless, as the developed turbidity sensor must be able to distinguish between different turbidity
sources, more than one light source will be included. One IR and three colour light sources, green, yellow
and red. The 5mm IR LED employed is the TSHG6200 (Vishay, 2017a). It has a peak wavelength of
850nm. The 5mm colour LEDs sources have a peak wavelength of 612-625nm ( the red one), 581-594nm
( the yellow one) and 562-575nm (the green one). They are the TLLR4400 (Vishay, 2017b).The light
receptors used in the sensor are the IR photodiode and the Light Dependent Resistor (LDR) is sensible to a
visible light range, the used one is the NSL 19M51 (LDR, 2017). The IR photodiode employed presents
high speed and high radiant sensitivity. Its sensitivity range goes from 790 to 1050nm and the peak is at
950nm. The photodiode is manufactured by Vishay, the code is BPW83 (Vishay, 2017c). The price of those
materials is detailed in Table I. This price only includes the materials needed for the physical creation of
the sensor, the sensing part: LEDs, light detectors, and resistors. The price of the Flyport or other nodes as
Arduino or Waspmote that can be used for the same purpose (Parra et al., 2017 and Sendra et al., 2013b)
are not included. However, the price of simple Arduino modules is less than 10€. Besides, the possible
resistors needed for the conditioning circuit, to regulate the input signal to the node, must be added.



Table 1. Price of the electronic components for the low cost smart turibidmeter

Component Code Producer Price (€)
IR LED TSHG6200 Vishay 1.15
Color LED (x3) | TLLR4400 Vishay 0.36 (x3)
IR detector BPW83 Vishay 0.88
Color detector NSL 19M51 Advanced Photonix | 0.80
Resistor (x2) PPC470BCT-ND | Vishay 0.27 (x2)
Total 4.45

The prototype can be seen in Figure 1. The light detectors are placed at 180° of the light sources. The
distance between the light source and light detector are 6.5cm. A pipe made of non-porous crystal with a
thickness of 2mm and a diameter of 2.7cm is employed to allow the water pass. The system of light sources
and light receptors are placed inside a plastic box in complete darkness. Tubes of PVC are used to conduct
the light of the LEDs to the crystal pipe. The same system is used with the receptors. Thus, we ensure that
the light received at the light detector is the light of the LED that is not absorbed by the sample. The tubes
have a length of 2cm from the light source to the crystal pipe and 1.4cm from the pipe to the receptor. The
LEDs are powered using a Flyport module, which offers a constant output voltage of 4.6V. A resistor of
470 Ohms 5% is used between the Flyport and the LEDs to avoid possible damages. The value of resistor
of the LDR and the photodiode are measured with a digital multimeter. The LEDs are powered sequentially:
IR, red, yellow and green.

1IR LED

2 Colour LEDs (yellow, red and green)
3 IR photodiode

4 LDR

5 Cover

6 Crystal tube

Figure 1. Representation of the prototype

C. Turbidity samples

In this subsection, the different samples used in the process of sensor calibration are described. Three
different types of samples are employed in the tests; the samples are composed of water and a turbidity
source. The water is composed of distilled water and NaCl is added to reach a salinity of 36mg/I. It is
necessary to work with that salinity because our objective is to use the sensor for marine water. The turbidity
sources employed are Isochrysis galbana as brown algae, Tetraselmis chuii as green algae and brown silt
as sediment. The original samples composed of algae have a concentration of 13.327.658cell/ml Isochrysis
galbana and 1.818.056cell/ml Tetraselmis chuii. The algae used for calibration were obtained from pure
cultures of Isochrysis galbana and Tetraselmis chuii. Both species were grown in filtered and sterilized
seawater, enriched with F/2 medium adapted from Keller et al., (1987). These cultures were maintained at
25+1°C and continuous aeration, under a 12:12h light:dark photoperiod. Different dilutions of those
samples are prepared to calibrate the sensor. The sediment used was obtained from a riverbed it is composed
mainly of silt and a small percentage of sand. The soil was dried up using an oven at 40°C during 24h. The
coarse materials were removed after the sample was dried up. On the other side, the samples composed of
sediment are prepared, each one separately by weighing different amounts of silt and adding 70ml of
distilled water.

The salty water was only used for the samples with phytoplankton, to avoid the lysis of the cells. However,
to ensure that the different salinities do not affect to our device a prelaminar test was carried out with



distilled water and salty water with no turbidity sources. The results show that the diluted salts do not affect
to the light absorption.

1. RESULTS AND DISCUSSION

In this section, the results are shown and the discussion is done. First, the results of light absorption of
different turbidity sources are presented. Following, the mathematical model to distinguish different
turbidity samples are shown. Then, the intelligent algorithm is explained and the verification process is
carried out. Finally, a comparison between our developed system and the current options is done.

A. Different turbidity sources

In this section, we are going to analyze the results obtained from each one of the turbidity sources. First,
the results of the samples that contain Isochrysis galbana as a turbidity source are shown. The resistance of
the LDR and the IR photodiode are presented in Figure 2. The resistance of the IR photodiode increases as
the concentration of the turbidity source decreases in a constant and linear pattern. By the other side, the
relation between the resistance of the LDR and the turbidity is positive and exponential. It is possible to
detect that each light presents different threshold values, from which is not possible to detect changes in
turbidity. By the other side, there is a point where resistances maintain constant when the turbidity
decreases. These threshold values are reached with the green light at 30% of dilution (3,998,297 cell/mL)
with a constant resistance of 46.76MQ and by the yellow light are 20% (2,665,532 cells/mL) of dilution
with a constant resistance of 1.81MQ. Those are the limits of detection (LOD) for the brown seaweed. The
red light and IR light do not present LOD with the employed samples.

Following, the results with the samples with Tetraselmis chuii as a turbidity source are detailed. The
results can be seen in Figure 3. The resistance of IR photodiode and the LDR are similar to the test with the
Isochrysis galbana. The LOD is reached with the green light at 5% of dilution (90,903 cells/ml), with a
resistance value of 46.7 MQ. Moreover, the yellow light presents the LOD at 5% of dilution with a
resistance value of 1.81MQ. The maximum resistance is 92.63 MQ in green, 24.27 MQ inred, 7.77 MQ in
yellow and 8.66 MQ in IR.

Finally, the results with the sediment as a turbidity source are shown in Figure 4. As in the other cases,
the relation between turbidity and resistance of LDR is exponential. However, in this case, the relation
between turbidity and IR photodiode is a negative exponential relation. The LOD was not detected for any
light source. Nevertheless, for the green light, an upper limit value has been found. With more than 373
mg/l of sediment and a value of resistance of 200 MQ, it is not possible to detect changes in green light
absorption. The value of 200 MQ corresponds to the highest value or the LDR (resistance in darkness). The
sample with the highest concentration gives as a result 200 MQ with all the lights.

1000 -
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Figure 2. Resistance of LDR and photodiode with samples of Isochrysis galbana
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Figure 3. Resistance of LDR and photodiode with samples of Tetraselmis chuii
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Figure 4. Resistance of LDR and photodiode with samples of Sediment

Our turbidity sensor is capable to distinguish between different concentrations of sediment, from 0 mg/I
to 378mg/l. It is possible to distinguish higher values up to 1455 mg/l but only with IR light. For the
turbidity generated with seaweed, we can distinguish between different concentrations form Ocells/mL to
13.327.658 cells/mL in Isochrysis galbana and from Ocells/mL to 1.818.056 cells/mL in Tetraselmis chuii.
It is possible to distinguish higher concentration, but they are not tested. With the employed samples no

LOD has been found. It is necessary to develop more analysis to found the LOD of the IR light absorption
in our system.

B. Distinguish between turbidity sources

In this subsection the possibility to distinguish between different turbidity sources is shown. To compare
between turbidity sources (sediments, green and brown algae) it is necessary to use turbidity units as
Nephelometric Turbidity Unit (NTU). First of all, it is necessary to have a relation between the
concentration in mg/l or in cellsymL and the NTU. For this purpose, the Eq. (3) shown in Sendra et al.,
(2013a), is used to relate the mg/l of sediment with NTU. Using this equation it is possible to relate the
values of resistance of IR photodiode (R) with the turbidity values Eq. (4). To obtain the Eq. (4) we relate
the values of the IR photodiode obtained during the experiment with the values of turbidity in NTU obtained
from applying the Eqg. (3) to the samples of sediment. To relate those values the mathematical software
(Eurega, 2017) is used. The Eq. (5) and Eq. (6) are obtained by relating the values of turbidity in NTU
calculated with Eq. (4) and the values of concentration for each one of the phytoplankton species.

Sediment (NTU) = 1.873 + 0.518 x Sediment (mg/L) 3)
o 5209 (4)
Turbidity (NTU) = 123 + Rir(MQ)? —66.72
. ) cell (5)
Isochrysis galbana (NTU) = 0.000005 X Isochrysis galbana (W) — 2.6871

cell
Tetraselmis chuii (NTU) = 0.00005 x Tetraselmis chuii (W) —1.3232 ©)



Now, it is possible to compare the resistance values of LDR with different lights for different turbidity
sources. Thus, we can find a mechanism to differentiate different turbidity sources. For this purpose the
software Statgraphics Centurion (STATGRAPHICS, 2017) is employed. Simple regression is used to
obtain an equation that relates the resistance of LDR and the NTU for differences in the turbidity sources.
The type of regression model used is an exponential model with a constant and it is based on the minimum
squares adjustment. The confidence interval of each model is represented in the following figures. Our
objective is, for each one of the lights (green, yellow and red), to present the obtained regression model
with their confidence intervals for each turbidity source. Besides, it is necessary to evaluate if it is possible
to distinguish different turbidity sources according to the confidence intervals.

First, the results obtained with green light are presented in Figure 5. It is possible to see the different
regression models with their confidence intervals for each one of the turbidity sources. The different dashes
represent different turbidity sources, short dashes for Tetraselmis chuii, long dashes for Isochrysis galbana,
and no dashes for sediment. In squares are presented the gathered data in the previous subsection. The
different lines represent the mathematical model in bold and the confidence intervals. The models
represented in Figure 5 correspond to Eq. (7), Eq. (8) and Eq. (9). Rgreen (MQ) represents the value of
resistance in MQ of the LDR exposed to green light. The value of Rgreen (MQ) for the same turbidity
value is different according to the turbidity source. For this reason, we distinguish between Rgreen if 1G
which represents the value of resistance of the LDR with I. galbana, Rgreen if TC or Rgreen if S depending
if the turbidity source is Tetraselmis chuii or sediment. The turbidity of Isochrysis galbana (TIG),
Tetraselmis chuii (TTC) or sediment (TS) represents the values of turbidity in each test. The correlation
coefficients of those mathematical models are 0.985315, 0.983612 and 0.994686 respectively. The means
absolute errors are 0.0489981, 0.0326879 and 0.0382279 NTU. According to the confidence intervals, see
the Figure 5, it is possible to affirm that for values of turbidity higher than 47 NTU, our prototype is able
to distinguish between phytoplanktonic turbidity and sedimentary turbidity. However, with green light, our
device is not able to distinguish between Tetraselmis chuii and Isochrysis galbana, according to the
confidence intervals.

Rgreenif IG(MQ) = e”(3.75453 + 0.0171214 x TIG (NTU)) (7
Rgreenif TC(MQ) = e"(3.85743 + 0.0134761 x TTC (NTU)) )
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Figure 5. Regression models with confidence intervals for different turbidity sources with a green light.

Now, the results obtained with yellow light are presented. In the Figure 6, it is possible to see the three
different regression models with their confidence intervals for each one of the turbidity sources. As in
Figure 5, the different dashes represent different turbidity sources and the different lines represent the



mathematical model and the confidence intervals. The Eq. (10), Eq. (11) and Eq. (12) are the models
represented in Figure 6. Ryellow (MQ) represents the value of resistance in MQ of the LDR exposed to
yellow light. The value of Ryellow (MQ) for the same turbidity value is different according to the turbidity
source. For this reason, we distinguish between Ryellow if IG which represents the value of resistance of
the LDR with I. galbana, Ryellow if TC or Ryellow if S depending if the turbidity source is Tetraselmis
chuii or sediment. Turbidity of Isochrysis galbana (TIG), Tetraselmis chuii (TTC) or sediment (TS)
represents the values of turbidity in each test. The correlation coefficients of the presented mathematical
models are 0.988538, 0.990275 and 0.994374 respectively. The means absolute errors are 0.0881562,
0.0642621 and 0.0586251 NTU. According to the confidence intervals, see the Figure 6, it is possible to
affirm that our prototype is capable to distinguish between phytoplanktonic turbidity and sedimentary
turbidity from 21.75 NTU. However, it is not able to distinguish between Tetraselmis chuii and Isochrysis
galbana, according to the confidence intervals with the yellow light.
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Figure 6. Regression models with confidence intervals for different turbidity sources with yellow light.

Finally, Figure 7 shows the results obtained with red light. It presents the different regression models with
their confidence intervals for each one of the turbidity sources. The different dashes represent different
turbidity sources. The different lines represent the mathematical model and the confidence intervals such
asin Figure 5 and 6. In Figure 7 the regressions models presented correspond to the Eq. (13), Eq. (14) and
Eqg. (15). Rred (MQ) is the value of resistance in MQ of the LDR exposed to red light. The value of Rred
(MQ) for the same turbidity value is different according to the turbidity source. For this reason, we
distinguish between Rred if IG which represents the value of resistance of the LDR with I. galbana, Rred
if TC or Rred if S depending if the turbidity source is Tetraselmis chuii or sediment. The turbidity of
Isochrysis galbana (TIG), Tetraselmis chuii (TTC) or sediment (TS) represents the values of turbidity in
each test. The correlation coefficients of presented regression models are 0.998397, 0. 999857 and 0.989708
respectively- The means absolute errors are 0.0438597, 0.0136623 and 0.125593 NTU for each one. In this
case, it is possible to affirm that our device is able to distinguish between Tetraselmis chuii and other
turbidity sources from 12 NTU, according to the confidence intervals. Moreover, it is possible to distinguish
between Isochrysis galbana and sediment from 16 NTU with the red light. Therefore our prototype is
capable to differentiate all the tested turbidity sources by using the red light source. For this reason after



using the IR light to determine the NTU of the water, the light that will be used to identify the turbidity
source is the red light.

Rred if IG (MQ) = e"(0.711176 + 0.0445014 x TIG (NTU)) (13
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Figure 7. Regression models with confidence intervals for different turbidity sources with red light.

After analyzing all the gathered data and evaluate the confidence intervals of each mathematical model,
we can conclude that the best result is obtained with the red light. It is the only light that allows
distinguishing between different phytoplankton species. Besides, the red light offers the possibility to
distinguish turbidity sources from the level of turbidity of 12 NTU while the other lights only can
distinguish at higher turbidities, 16 and 21.75 NTU with yellow and green light. For this reason with the IR
and red light, we are able to quantify the turbidity and characterize the turbidity source.

C. Intelligent algorithm

In this subsection the algorithm used to evaluate the samples is presented, it can be seen in Algorithm 1.
After a measure is done the value of resistance of IR photodiode and the value or resistance of LDR with
the red light are analyzed. First, the value of resistance of IR photodiode is used in conjunction with the Eq.
(4) to obtain the value of turbidity of the sample. Then, the data is tagged with the NTU value. If the NTU
value is lower than 12 NTU, the data is tagged as type Undetectable (Und.). However, if the value of NTU
is higher than 12 NTU the Eq. (13), Eq. (14) and Eq. (15) are applied. These equations will calculate the
value expected Rred for a different type of turbidity sources. The model that offers a Rred closer to the
gathered data assigns the turbidity type. Finally, the sample is tagged with the type of turbidity and with
the NTU values and is shown as the result.
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Algorithm 1: Decision algorithm

D. Verification process

In this verification process, we want to confirm that the mathematical model of our system is able to tag
correctly the samples and calculate its turbidity. For this test samples were created randomly using the pure
samples of algae and sediment. The samples were created by one part of the researchers and they were
analyzed by researchers that do not participate in the creation of the samples. The samples were labeled as
1, 2, 3 and 4 and no information about its origin or dilution was added.

The values of resistance with IR and red light, Rred, were obtained using the prototype. The values of
resistance with yellow and green light were not obtained because we are testing the mathematical model
with the red light. First, the values of the resistance with IR light were used to calculate the turbidity of the
samples. Two of the samples have turbidity values lower than 10 NTU, so according to our model, it is not
possible to assign exactly the type of turbidity. The algorithm can tag the samples anyway, but it will
indicate that the veracity of this label cannot be ensured.

For the next step, with the NTU values, the system calculates the expected (Rred if IG, Rred if TC and
Rred if S (Eq13 to 15)). Finally, the measured Rred is compared with the expected resistance. The source
of turbidity is determined by the likeness between the Rred and the expected resistance for each type. The
results of this process can be seen in Figure 8. Figure 8 shows the Rred and the expected resistances
calculated for the turbidity level. The first sample is tag as I. galbana, the second sample as sediment, the
third as T. chuii and the last as sediment. Form the four samples, only one is tagged incorrectly and it was
one of the samples with the lowest turbidity.
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Figure 7. Regression models with confidence intervals for different turbidity sources with red light.

E. Comparison with current sensor systems and suitability for fish farms

In this subsection, a comparison between our developed system and the current options are performed.
Moreover, we will justify the suitability of this system for fish farms.

The main advantage of the developed device and the algorithm is the capability for characterizing the
turbidity. Several authors used different option based on light emission and detection to determine the water
turbidity. Sendra et al., (2013a) proposed a low cost turbidity sensor, which is based on an infrared optical
sensor placed at 180° of the light source. Their sensor was able to determine the turbidity of water samples,
from 0 to 1000 NTU, without differentiating between turbidity sources. Shenoy et al., (2012) developed a
turbidity sensor based on optical effects. Two sensors were placed at 360° from the source and a concave
mirror was employed at 180° of the light source. The optic fiber was used as a light source and as a sensing
element. However, their proposal is not prepared to differentiate between different turbidity sources. J.
Rocher et al. (2017) presented the use of a turbidity sensor for fish farms. The sensor was based on an IR
emitter and receiver. However, their turbidity sensor was not able to distinguish between different types of
sediments. Goddijn-Murphy et al., (2009) analyzed of RGB values obtained with a digital camera. They
affirm that there is a significant relationship in the reflectance of red and blue light for yellow substances
and blue and green light for chlorophyll. However, they need the use of a digital camera and a posterior
image analyzing techniques. Their development is not able to obtain data about the IR region. Moreover,
they do not make a relation between the color and the concentration of the substances.

Different authors proposed the application of remote sensing to quantify the turbidity. Tyler et al., (2006)
were able to determine the concentration of suspended solids and chlorophyll in lakes. Sebastia et al., (2012)
demonstrated the capability of using remote sensing to determine the concentration of chlorophyll a in
coastal areas of the Mediterranean sea. However, the use of remote sensing it is not useful for continuous
monitoring due to the low temporal resolution of the images. Moreover, it is not useful for monitoring the
changes inside the aquaculture facilities. It can be useful to monitor the changes in the water body from
which the water is obtained.

Chanson et al., (2008) proposed to use an Acoustic Doppler Velocimeter (ADV) with backscattering to
determine the turbidity in water bodies. Event that this methodology offered good correlation, it is not
possible to characterize the origin of the turbidity. Vousdoukas et al., (2011) proposed a similar system.
The proposed prototype in this paper is able to differentiate different types of turbidity. Moreover, the use
of ADV in fish farms facilities is not a suitable option because of the small volume of water and the
continuous changes of velocity along the facilities.



As a summary, the systems based on remote sensing are not suitable for inland fish farms facilities that
can be covered or placed inside the building. Besides, the temporal resolution is not enough to ensure a
continuous monitoring. The systems based on ADV are able to distinguish turbidity types, but it is not
indicated for small water volumes. Then, the most indicated system is the one based on light absorption.
The current systems based on light absorption are appropriated for water quality monitoring in fish farms.
Nevertheless, they are not able to distinguish between turbidity sources. The developed sensor in this paper
shows how using two light sources with different wavelength and two detectors it is possible to distinguish
different turbidity sources. This system can monitor the turbidity giving, as a result, the water turbidity in
NTU and the type of turbidity: sediment, green phytoplankton or brown phytoplankton. For fish farming
the capacity to distinguish between types of turbidity is important.

V. CONCLUSIONS

In this paper, we design, develop and calibrate a turbidity sensor for water, which is able to determine the
turbidity and to differentiate between sedimentary and phytoplanktonic turbidity. The prototype is based
on the Beer-Lambert law and the absorption of light by the turbidity. The sensor uses four different light
sources with different wavelengths: IR, green, yellow and red. Two different light receptors placed at 180°
of light sources were employed, IR photodiode and LDR sensible to the visible spectrum. The calibration
was performed with two species of phytoplankton and with sediment. The results show that the prototype
is able to distinguish between different algae species and sediment using the value of LDR with the red
light as a source. An algorithm was developed to endow our prototype with the ability to differentiate
between turbidity sources based on the resistance of the LDR and photodiode. The algorithm is based on
the empiric equations obtained in the calibration process. Our findings allow to obtain turbidity measures
in fish farms facilities and to characterize this turbidity in order to take the necessary actions to prevent
further damages.

Our future work is focused on creating a wireless sensor network (WSN) composed by this turbidity
sensor and other sensors for water quality monitoring similar to the proposed system by Sendra et al.,
(2015). Moreover, we pretend to deploy this WSN in a fish farm facility to control the water parameters
along the facility. We will prepare a new set of samples mixing sediment and phytoplankton in order to
find out if the sensor can distinguish the percentage of each turbidity source in case of turbidity caused by
two sources. Moreover, we want to include our prototype in an alarm system similar to the one developed
by J. Rocher-Morant (2017) but including different types of alarms according to the turbidity source.,
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