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Abstract — Water, food, and energy are vital resources for humanity. This work introduces a system design,
results, economic model, and solutions for an aquaculture smart system enabling monitoring and control of fish
farming tanks’ water quality. Reducing water usage, producing better quality food, reducing production costs,
and optimizing the aquaculture water quality are the results of this research. System design and an economic
model are presented together with the system data of the working prototype including calibration, verification,
and validation. A mobile application was developed to observe and regulate the quality parameters of water. This
research implements Internet of Things tools to monitor and control the parameters through embedded sensors
for temperature, turbidity, pH, and water level/consumption. The system automatically intervenes online
depending on the value of the measured parameters through a controller-predefined logic to set the parameters
within acceptable limits. The verification and validation of results are presented by comparing the online and
offline data measurements. The work also presents an economic analysis comparing financial indicators for
traditional and smart farms including sensitivity analysis. The system implementation leads to a reduction in
water consumption by 42%, and an 8% utilization of the actuators, leading to very low energy consumption and
longer actuators’ useful life. The system also produces higher-quality fish satisfying the EU standards due to the
controlled living environment.

Keywords — Aquaculture, Food Quality, Water Preservation, Industry 4.0, Internet of Things (IoT), Smart
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I. INTRODUCTION

The increase in the global population triggered the need for increased food production with lower amounts of
water consumption. As fish provides a healthy protein; aquaculture has become a source of income for a
considerable food industry sector. Nevertheless, aquaculture activities consume considerable amounts of water
every farming cycle.

Industry 4.0, the acronym for the fourth industrial revolution was triggered by the developed modern
technologies that have tremendous potential for changing people’s lifestyles and food production methods.

A lot of work was done to manage the aquaculture environment. Among these efforts were the reduction of
color, total suspended solids (TSS), and turbidity from actual aquaculture effluent using Neem leaves as a natural
coagulant [1]. Other studies [2] employed hollow fiber membranes made of polyvinylidene fluoride (PVDF) to
regulate the dissolved oxygen (DO) in the recirculating aquaculture system (RAS) denitrification process.
Additional research [3] conducted tests on small-scale aquaponics subsystems that serve as a mechanical and
biological filter to improve the water quality in aquaculture. Furthermore, the treatment of aquaculture effluent
currently involves coagulation-flocculation, with biobased chemicals emerging as coagulants/flocculants [4].

The purpose of this research is to develop a smart system that can enable the monitoring and control of the
crucial fish living parameters in aquaculture tanks. Implementing such a system should enable the real-time
treatment and recycling of tanks’ water leading to the objectives of using less water for fish farming and at the
same time producing high quality food at affordable prices. Traditionally, aquaculture farms are manually
monitored and controlled. The manual approach to aquaculture data collection and control has generally involved
time-consuming on-site inspections and operator-activated monitoring devices [5]. Traditional pond fish farms
are characterized by high water consumption. For example, a pond's annual filling and draining results in a total
water consumption of about 45m® per kilogram of fish produced [6]. The novelty of the proposed system is that
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it is versatile, composed of low-cost technology that should not add much to the cost of food production, and at
the same time is very efficient in keeping the tank parameters and water consumption under control. Smart models
can be developed for almost any application that has IoT components. In an IoT environment, different devices
are connected and communicated seamlessly, and the data are stored in a cloud environment. Wireless
communication technologies and networks are used to connect the devices, no matter where the devices are [7-8].

There is a very fast development in technology, which greatly affects the life of mankind. They have been
forced to change the way they consume resources, especially regarding food and water. Water is a vital resource
of life for all living entities. As the freshwater amount is limited; it needs to be utilized most efficiently. To avoid
wasting water in aquaculture systems; water quality must be monitored and controlled. IoT is one of the methods
to be used for real-time observation and control of water specifications.

The current work introduces the design of a self-sensing system used in the monitoring and control of the
aquaculture environment. The system is equipped with sensors to measure selected water quality characteristics
namely; pH, turbidity, level, and temperature. The utilized IoT technologies in this system facilitate remote access
to the aquaculture components. The data collected in real-time through the system can be used for analysis,
improving resource utilization, producing higher quality fish, and maximizing profits.

Handling the water quality data remotely and in real-time facilitates improving the quality of water efficiently
leading to the production of higher quality fish and hence higher profits for the farmer. The water quality can be
measured at different times of the year to judge the seasonality effect on the aquaculture life and productivity.

The proposed system can make decisions to adjust the quality parameters to control the alkalinity, acidity,
temperature, water level, and turbidity expressed in suspended solids, haziness, and cloudiness. These parameters
are controlled within specification limits and the readings are stored on a cloud platform in real-time.

One of the objectives of the current work is the introduction of IoT capabilities to assess the opportunities and
challenges for aquaculture development and to enable the adaptation of the system for small farmers to enhance
food security in the world.

The paper also explores different literature that developed loT applications introducing similar previous work.
The proposed system concept and constituents are introduced together with the design schemas. Finally, the
implemented model outcomes, discussion of the technical and economic feasibility study, and ideas for future
work are also provided.

Industrial Developments: Big data, Cyber-Physical Systems (CPS), and IoT are tools that allow the development
of smart machines [9]. These systems enable the machines to analyze the collected data and then control the
variables accordingly in real time [10]. The introduction of advanced technologies due to Industry 4.0, such as
advanced robotics, artificial intelligence, and Cyber-Physical Systems (CPS), contributed to reducing
environmental pollution and other production wastes [11]. CPS provides the link between the real world and the
simulated internet-based one. It involves smart machines and sensors that send feedback to the system, allowing
it to remotely monitor and control the physical components.

Water as a Resource: The amount of water on earth is limited, and due to climate changes, keeping a balance
between the demand and consumption of water is very challenging. As a scarce resource, it must be used
efficiently and conserved for future populations [8]. Water resources management needs to guarantee that these
resources are always healthy and can be consumed by living entities [9]. It is important to monitor and control
the chemical substances found in the wastewater to avoid polluting the consumable water [10]. IoT is a great tool
for gathering water quality data and exchanging them with interested stakeholders remotely [11]. Smart
environmental management and utilization of resources can affect humans’ lives in fields such as food and water
consumption, and energy generation [16-19].

Fisheries: Aquaculture activities have been an old practice for human beings, which is documented in ancient
history [20-23]. The Tilapia fish appeared in history a long time in the past. Aquaculture showed an increase over
the last decade despite the reduction in capture fisheries. As a result, in 2020, 157 million tonnes of aquatic animals
utilized for human consumption were produced, which is the second-highest amount ever [24-26]. Different
aquaculture systems are highly important to the countries’ fish production, followed by maricultural, including
inland capture and natural fisheries [27-29]. Fish farming activities are widely popular due to the relatively high
income they produce. It is considered one of the primary and oldest means of income for many countries. The
development of the different fisheries systems and the researcher’s interest led to the adoption of smart
technologies such as [oT in aquaculture [22, 30].
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Recirculating Aquaculture Systems: The study was carried out on a Recirculating Aquaculture System (RAS).
This is a closed aquaculture system that has the advantage of resource optimization, such as water, energy, land,
and labor. Furthermore, the ability to control water characteristics, such as turbidity, temperature, dissolved gases,
water level, and pH, improves the productivity of the system [30]. The tanks' size ranges from large concrete tanks
constructed on the ground to smaller-sized plastic tanks.

Aquaculture IoT System: The introduction of IoT to aquaculture systems allowed monitoring of the water
parameters to avoid any sudden changes in the environment. Most of the control efforts are manual control, for
example, control of water pumps, and water heaters. These efforts lack the control of the most significant water
parameters that have higher effects on the aquaculture environment. Some proposed frameworks monitor the
water level only in real time, trying to utilize the lowest energy consumption level possible. Also to minimize the
cost, these frameworks utilize the mobile networks to communicate with the controller. Continuous endeavors are
going through observing the water quality but with constrained activities when the water characteristics are out of
control. A few of these endeavors have begun to utilize cloud storage for accumulated information [31]. A few
frameworks utilized Bluetooth innovation to communicate with a controller. In any case, that had the impediments
of signal drops that cause information loss and slow communication.

An innovative system was introduced to effectively use the resources remotely. The system keeps track of the
water quality parameters to enable continuous data monitoring and system improvement. Ultilizing the IoT
technology and the cloud capabilities paved the road for the development of a vast array of applications [32].
Other systems monitor water quality remotely by sensors that use low energy connected to central base nodes for
data collection. This data is compared with the nominal values, then send SMSs to the nodes in case values are
out of the norm. In an attempt to monitor the water parameters such as pH, temperature, and turbidity a system
monitors if the water parameters are not acceptable, then sends an alert message to the farmer. This system is
considered a low-cost solution, but it does not automatically intercept [33].

Others [34] introduced an aquarium model with a fish feeder timer and a heater using the IoT dashboard in a
small fish tank, which is considered an elementary idea for the home aquarium with limited control and
communication capabilities. An aquarium system utilizes an automatic feeder by connecting it to an Arduino
controller and a water pump, which can also deliver messages and video streaming to a mobile phone. Another
system obtains and controls the water level and lighting for the integrated aquaponics aquaculture system and
monitors the soil's humidity using smartphones.

An integrated aquaponics aquaculture system was proposed that used sensors to monitor the water parameters,
pH, dissolved oxygen, and temperature. However, no automatic control action was implemented. Others
introduced an integrated aquaponics aquaculture system experiment with plastic containers for fish feed and
automatically applied the feed supply three times per day.

Another approach implemented a remotely operated vehicle (ROV), to monitor the water parameters, turbidity,
pH, and water level. The experiment recommended keeping turbidity under 400 Nephelometric Turbidity Units
(NTU) and pH values from 6.5 to 9. The model used a camera to monitor fish health and send alert messages to a
mobile phone. A fishery monitoring system [35] recommended using Arduino with temperature, pH, and water
level sensors to monitor and send buzzer warnings to an LCD Display. Still, it lacked a management interface and
wireless communications means. Another fish farming monitoring system proposed the use of a microcontroller
with a pH sensor and ultrasonic sensor to display the values on an LCD and a water pump to keep the system's
water level as desired. Monitoring and controlling a system’s temperature parameter using a temperature sensor
and a heater only was proposed, which lacked other monitoring and control means. Also, the system implemented
an LCD and LED indicators to give warnings and a sound buzzer. The researchers recommended the addition of
a pH sensor and a dissolved oxygen sensor [36].

IoT Improved RAS: Utilizing IoT with the traditional RAS systems introduces many advantages. For example,
effective control in real-time, which is preferred for close monitoring of critical parameters to enhance the quality
of the fish’s living environment. Fast system interaction responds to unwanted conditions such as parameters
going out of control. Compared to standard RAS, this system is more reliable and has lower operational costs.
Finally, provides historical data that can be retrieved to allow for better farm audits and buyer monitoring of the
fish farming quality.

II. MATERIALS AND METHODS

Table 1 illustrates the system components. The system contains sensors, hardware, control, and software.
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Sensing Elements

1) Temperature

To provide an acceptable farming environment, that affects fish growth rates, the temperature needs to be
controlled. Sensing temperature means measuring how hot or cold the water in the aquaculture tanks. The
measuring sensitivity of the temperature sensor (Table 1, component 1) was 0.01°C.

2) pH

Water acidity and alkalinity are measured using a pH sensor (Table 1, component 3). The sensor gives a value
between 0 and 14 based on the water’s hydrogen ions content. For the aquaculture of Tilapia fish to ensure

acceptable survival and growth rates, the pH value should be maintained between 7 and 8. The pH sensor set
includes a probe and module for signal preparation.

3) Turbidity

Water haziness or opacity can be measured by a Turbidity sensor (Table 1, component 5). The contamination
of the water due to the suspended particles causes the amount of light transmitted through it to be decreased.
The amount of the detected light is calibrated to indicate the water turbidity. For the Tilapia fish, the
acceptable value measured should be under 50 NTU. In the case of high Total Dissolved Solids (TDS), filters
can be utilized to control the TDS to avoid fish health issues that will be increased when a high concentration
of suspended particles exists in water.

4) Water level

The water level is measured by an ultrasonic sensor (Table 1, component 7). The sensor sends waves to the
tank water surface and detects the bounced waves back. This way the water overflow or shortage can be

avoided.
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B. Hardware

1) Water Filter Unit

To remove the contaminating particles from the water that causes the turbidity to increase, a water filter
(Table 1, component 4) is used. The cartridge removes the waste of the fish, dirt, and any impurities. This
improves the turbidity of the water.

2) Water Pump for Filter

The water pump (Table 1, component 2) is a device for moving water, it is used to provide pressure for water
in the aquaculture system, to flow through the filtration unit.

3) Dosing Pumps

The system needed four dosing pumps (Table 1, component 6) to do the following:
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Pumpl: for increasing tank pH+. The pump sucks alkaline fluid through a hose into the tank to raise pH.
Pump?2: for decreasing tank pH-. The pump sucks acidic fluid through a hose into the tank to reduce pH.
Pump3: for increasing tank water level LVL+, moving water through a hose to the main tank.

Pump4: for decreasing tank water level LVL-, moving water through a hose from the main tank.

4) Heater

The heater (Table 1, component 8) is used to heat the water. It has a ceramic cartridge heater to raise the
temperature of the water rapidly.

5) Solenoid water valve

Based on the controller's received command, the solenoid water valve (Table 1, component 9) controls the
water flow to the tank.

6) Cooler Fan

The fan (Table 1 component 10) is used to reduce the water temperature, using a fan that blows air to the
water’s surface. Its dimensions are 8x8x2.4 cm.

C. Control and Software

1) Controller

A controller is responsible for controlling the actuators and handling the sensors’ data. The Arduino UNO
controller was used and preferred over the Raspberry controller to prevent problems from the interaction with
the module of the Wi-Fi. Raspberry controller has a quad-core processor of 1.2 GHz and 1 GB of memory.
However, the Arduino UNO controller is lower in terms of cost and can gather the sensor data and execute
the predefined logic [37, 38].

2) System Logic

The system logic diagram shown in Figure 1, illustrates the control flow. The diagram shows how the control
processes are interlinked and the input and output of each sensor. It collects the values of the pH, temperature,
turbidity, and water level sensors. The controller also operates the system actuators: increasing alkalinity or
acidity through the pH control chemicals, the temperature is increased (by heating) or lowered (by fan),
turbidity is lowered by filtration, and the water level is increased or lowered (by pumps and valves).

@
o ¥ 7

Accopted Accepted 7“‘5% Accepted PH Accepted
Sensor

23 <= T <= 30 \_Sensor NTU <=50 \_Sensor 4<LVL<6 7<=pH<=8
Rejected Rejected Rejected Rejected
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Fan Cooler
(Temp-)

Pump Filter

Heater Pump Chem. Pump Chem.
(Tur-)
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i |
(Water +) (W.tar )

Figure 1. The system logic model diagram
3) Mobile Application

The developed application that displays the system’s data is called “WaterQualityControl.apk®” and is kept
on the cloud. Monitoring and controlling the system were carried out by a mobile application that was
developed during the study introducing an easy interface that can be widely available on smartphones. The
use of a graphical interface expands the system’s capabilities through the use of mobile phones. An Android
mobile application was developed to show the current sensor values, and units of each value, and
automatically refresh’s the values. The application can connect and disconnect the system [39].
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III. SYSTEM CALIBRATION, VERIFICATION AND VALIDATION

A. System Calibration

It is necessary to make sure that the sensors show the correct values as designed through the calibration process
[40].

1) Calibration of the pH Sensor: The calibration of the pH sensor follows a three-point calibration
process, to achieve high accuracy over the whole pH scale [41, 42]. The procedure calls for comparing the
sensor reading to a known calibration solution of pH 4, pH 7, and pH10 until the reading is stable [43]. The
three-point calibration process at 4, 7, and 10 is shown in Figure 2.

Low point Mid point High point

y = 1.0083x + 0.0083

Sensor pH Value

4 5 6 7 8 9 10
Nominal pH Value

Figure 2. Three-point calibration at pH of 4, 7, and 10

The Figure shows the relationship between the standard calibration solution values (nominal values) and the
sensor-measured values (actual values). The relationship between the nominal and actual pH values was
calculated as y = 1.0083x + 0.0083 which was used in the software to calculate the actual pH value from the
sensor readings.

2) Calibration of the Turbidity Sensor: Turbidity is the cloudiness or haziness of water caused by
many individual particles that are generally invisible to the naked eye. The units of turbidity are called
Nephelometric Turbidity Units (NTU). For calibration purposes, the turbidity levels are noticed visually, with
increasing the level of turbidity the water becomes unclear and appears foggy and the values are compared to
the FORMAZIN Turbidity Standard [44]. The calibration of the turbidity sensor starts with visually clean
water, if the sensor voltage value is around 4.2 volts, then nothing needs to be done and readings should be
good. But, if a different value appears, then adjustment for the potentiometer on the sensor board circuit is
needed to achieve values close to the pictures shown in FORMAZIN Turbidity Standard [45].

3) Calibration of the Temperature Sensor: The temperature sensor values are compared with a
calibrated portable digital thermometer to adjust the system's output values. The calibration procedure uses a
known liquid temperature to calibrate the temperature sensor. First, use both the system sensor and the
calibrated portable thermometer to measure the temperature of crushed ice at 0°C. Second; use both sensors
to measure the temperature of boiling water at 100°C. This should cover the full range of water temperature
measurements from 0°C to 100°C. As a result, that will calibrate the sensor-measured values compared to a
standard and a known calibration test liquid. Then the sensor values could be adjusted through the controller
if there is any deviation similar to the pH calibration in Figure 2.

4) Calibration of the Ultrasonic Level Sensor: The sensor output value is compared with a calibrated
steel ruler that is used to manually measure the distance from the sensor to the water surface. The ultrasonic
sensor sends waves and receives them back. The distance between the tank bottom and the sensor is known.
The sensor measures how far the water surface in the tank is from the sensor. The subtraction of the two
values gives the tank’s water level. If the ruler measured for example 5 cm and the sensor showed the value
of 5 -matching the ruler value- then there is no need for calibration. For calibration, the value of the sensor-
measured water level should match exactly the value measured by the calibrated steel ruler. The sensor value
could be adjusted in the controller if there is any deviation between the sensor reading and the ruler reading.
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System Verification

The second step is to make sure that the implemented system sensors operate correctly and respond to changes in
measurement, which is verification.

1) Verification of the pH Measurements: For the verification of the system, the pH for three liquids
(vinegar, Nestle water, and Flo alkaline bottled water) was measured. The three liquids had known pH values
measured by pH calibration paper to be 2.5, 7, and 8 respectively. The three liquids’ pH values were read by
the system 50 times each. Data was collected as a sample for statistical analysis. The result of the average
vinegar pH samples was 2.5 with a standard deviation of 0.01 and variance of 0. The average pH of Nestle
bottled water was 7.00 with a standard deviation of 0.02, and variance of 0. The average pH of Flo alkaline
water was 8.00 with a standard deviation of 0.02, and variance of 0. Figure 3(a) shows the responses in pH
value changes and the repeatability measurements for the system pH sensor values. The charts show very
consistent, repeatable, and accurate pH sensor measurements and responses.

2) Verification of the Turbidity Measurements: Figure 3(b) shows the turbidity sensor verification.
To carry on the verification step of the turbidity measurements and to judge the repeatability of the sensor
measurements, the actual working conditions are to be simulated. Some white flour was added to the water
to increase the turbidity, and then 50 turbidity readings were collected from the system as a sample for
statistical analysis. The average measurement was 66.29 NTU, the standard deviation was 6.53 NTU, and the
variance was 42.63 NTU. The turbidity values increase with the addition of the flour, which eventually tends
to precipitate with time, resulting in a decrease in the turbidity level. The water agitation due to the filter
suction increases the turbidity level. Eventually, a decreasing trend of turbidity is achieved due to the action
of the filtration system as shown in Figure 4. The measurements show that the turbidity sensor is following
the change in turbidity nicely with time. Then, the turbidity sensor can detect the change in water clearness
caused by the impurities [46].

3) Verification of the Temperature Sensor: The verification of the temperature sensor was carried out
by putting water of 30°C in the system, which is above the allowed preset temperature for the system of 23°C.
As a result of the system sensor measuring such a high temperature, the fan cooler was immediately turned
on to reduce the temperature of the water to the preset acceptable value. The temperature control principle is
simple and depends on the heat exchange between the air and the water surface in the tank. The lower
temperature air is forced by the fan through the surface of the water, causing water evaporation and resulting
in the cooling of the aquaculture water tank [47]. The validation of the temperature sensor is shown in Figure

3(c).
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Figure 3. Verification of a) pH sensor b) Turbidity sensor c¢) Temperature sensor

4) Verification of the Ultrasonic Level Sensor: The verification of the ultrasonic level sensor was
carried out by varying the water level in the system (by setting different level values in the control program)
and measuring the system response. Three water level values were set in the system as follows; 10, 30, and
20 cm as the sensor has a resolution of 1 cm. Based on the settings; the system was able to activate the water
pump to inject more water into the tank or to remove excess water from the tank.

System Validation

The third step is to ensure that the system satisfies its stated functional intent and that the model and the operational
logic are working correctly, which is validation [48]. To do this, the validation process of the system needs to be
carried out. The validation process ensures that the system fits its intended use and functions as it
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should. Validation is concerned with proving that the right model for the business was built as the proposed model.
The validation experiment is focused on testing the system in real conditions concerning the detection and control
methods to achieve the research objectives [49].

The validation experiment was carried out on a farm in a nearby village. The farm originally implemented
the intensive land tanks system without any monitoring or control measures. It used a traditional feeding schedule
and manually operated water pumps.

The tanks were arranged next to each other and surrounded by land to allow the farmer to move between
them. The farm tanks’ water quality was undefined and the turbidity looked very high as the water color was very
dark and the fish was not visible. For the validation experiment, a tank that has a group of small-size Tilapia fish
in the early life stage around the length of 5 centimeters, was equipped with the system hardware and software
components, and the system was run in fully automatic mode.

The sensors’ and actuators' values were collected through the controller. The data was collected in a text file.
The system ran smoothly and was able to control the water pH, turbidity, temperature, and level in actual service
conditions. More validation results are explained in the results and discussion section.

IV. RESULTS AND DISCUSSION

The experiment on the Tilapia fish was monitored for a month to ensure the ability of the system to manage the
fish’s living environment, and to have detailed and more focused observations of the system. Due to the huge
system redundancy of the collected data, the following charts show only a week’s amount of data. The system
was fully autonomous in monitoring and controlling the water quality parameters to stay within the control limits.
The feed was 3 times per day, at specific times 00:00, 08:00, and 16:00.

A. Temperature Measurements

The system controller collects 5.25 readings per minute, which is a total of 7560 readings per 24 hours. The trace
of the measured temperature values for a typical winter day is shown in Figure 4 a). The chart shows the capability
of the system to control the tank temperature within a very narrow margin of 1°C. The up arrow ® shows the
temperature increase due to the actuation of the heater once the temperature goes to the lower limit of 23°C and
the down arrow @ shows the temperature decrease with time. The average temperature value was around 23.5°C,
even though the temperature range is between 23°C and 30°C. It is clear that the system can keep the temperature
stable near the lower control limit (LCL), which avoids the excess usage of the system heater and the heating
energy, even though the experiment was carried out during the cold winter season. The ambient temperature
affects the temperature of the water in the aquaculture tank, as a result in the summer season the temperature will
tend to rise, which will eliminate the usage of the heater and instead engage the fan cooler to reduce the water
temperature.

B. Turbidity Measurements

As shown in Figure 4 b), it has been observed that the feeding activity of the fish, at the beginning of each period
(the up arrow @) increases the turbidity to the upper limit. Then the activation of the filtration system causes the
turbidity to decrease (the down arrow @) to reach near the lower limit. This pattern has to do with the fish’s
stirring movements and the amount of feed added to the water. The Figure shows the system's ability to keep the
turbidity stable and very close to being under the UCL. This avoids the excess usage of filtration unit cartridges.
As a result, resources are used conservatively, which is reflected in the cost of filter replacement. The average
measured daily turbidity value was around 37 NTU on average during the study period.

C. pH Measurements

The pH measurement is shown in Figure 4 c). It is observed that there is an effect for the fish feeding schedule on
the pH. At the beginning of each feeding period, pH tops near the upper limit (up arrow @) due to the introduction
of fish food that is alkaline in nature. This is followed by a constant decrease (down arrow @) at the end of the
period reaching the lower limit due to the system adding a pH adjuster, which in this case is an acidic base.
Calculating the average of the 7560-pH readings per day, for a week shows that the system can keep the pH stable
near the average value of the control limits of 7.5. This way the system avoids the excess usage of chemicals. As
a result, resource consumption can be optimized as the system also accounts for the addition of feed and fish waste
in changing the pH of the water.
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D. Water Level Measurements

Figure 4 d) shows the water level daily adjustments. The system pumps the water to bring the level to the UCL
(arrows @ and @) through the pump of the secondary water tank which compensates for the amount of water lost
due to evaporation and fish activities. As the sensor has a resolution of 1 c¢m, it feels when the level drops to the
4 cm level (arrow @). Once the controller feels the water level dropped to 4 cm, it activates the pump to bring the
water level back to the 5 cm level (arrow ®). Calculating the average of the 7560 water level readings per day,
for a week, shows the system’s ability to keep the water level stable around the average of the control limits (4-6)
to avoid the use of excess water.
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E. Actuators Utilization

The system utilized its components efficiently through the minimal usage approach, as no system component
reached a utilization of more than 8% at any time. As a result, the operational cost is reduced to the minimum and
is reflected in the rise of the operating profit of the farmer. It is also shown that the ability to monitor and control
the water quality parameters of the aquaculture tank in real time provided a stable and improved environment for
the fish. This can improve the growth rates, and resource usage optimization, and avoid sudden changes in the
tank environment that may lead to fish loss.

F. Assessment of Fish Quality

The level of food consumer acceptability is known as food quality. The term "quality" typically describes the
fish's visual appeal, freshness, or level of spoiling. It might also include safety considerations such as being devoid
of dangerous substances, parasites, or bacteria.

There are several ways to evaluate the quality of fish, including chemical and biochemical techniques, physical
techniques, using senses, and microbiological techniques. The European Union scheme for the assessment of fish
quality published by the United Nations Food and Agriculture Organization (FAO) [50] was applied in this
research. The results showed that the produced fish satisfies the EU criterion for exporting fish into the EU
markets.

G. Reduction of Water Consumption

The majority of the water lost in the system comes from evaporation. Evaporation of water from a water surface
- like the aquaculture open tank - depends on water temperature, air temperature, air humidity, and air velocity
above the water surface [51] according to formula (1).

gs = 0A(xs — x)/3600 (1)
Where,

gs = amount of evaporated water per second (kg/s)

0 = (25 + 19 v) = evaporation coefficient (kg/m*h)

v = velocity of air above the water surface (m/s)

A = water surface area (m?)

X, = maximum humidity ratio of saturated air at the same temperature as the water surface (kg/kg) (kg H20 in kg

dry air)
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x = humidity ratio air (kg/kg) (kg H20 in kg dry air)

Assuming v = 0.5 m/s based on the average air velocity in the experiment area.

0 = (25 + 19x0.5) = 34.5 kg/m*h

The area of the fish tank that is Im by 1m is:

A=((mx(Im)=1m?

The evaporation from the surface can be calculated as:

gs = (34.50 kg/m?h) (1 m?) ((0.0147 kg/kg) - (0.0098 kg/kg)) / 3600 = 4.66x107° kg/s = 482.8 kg/4-month cycle.
Where, x,= 0.014659 kg/kg, and

x =0.0098 kg/kg

The weight of the water in the one cubic meter tank is 1000 kg. This means that the unconsumed water
remaining in the tank is 517.2 kg. Assuming 10% of the tank water will be used for fish feed, that is 100 kg. Then
the remaining water in the tank would be about 417 kg. Compared to traditional farms such as raceway or pond
aquaculture systems [51] -where water gets disposed of at the end of each cycle- the system achieved about 42%.

H. System Layout and Developed Web Interface

A Web Interface called “iFish” was developed. The interface shows the farm layout and the [oT components
connected to the different farm items to form the smart aquaculture system. The proposed application has an
ergonomically designed web interface that allows ease of use for different levels of users, which is one of the
challenges the industry faces. The system allows the farmer to monitor and control the entire farm through the
cloud to avoid unexpected situations and provide full control of aquaculture quality characteristics.

The Application

1. The user should log in to the farm web interface with his username and password and choose if he is the
farm manager or one of the farmers. This allows for more controls and history tracking details.

2. On the application’s farm overview page, there is an icon for each farm tank, which shows the status of
the tank. A green tick icon beside the tank means that the water parameters are stable and within the
defined levels. In contrast, a yellow caution mark means that the system parameters started to be out of
control and the system is interacting to retrieve them to the acceptable limits. Finally, a red caution mark
shows that the tank is in critical status and there is a major problem. A green connector icon means that
the tank is connected to the cloud network. If there is a connection problem, the connector turns red.

3. The user can move into a deeper level of monitoring a specific tank by clicking on the tank icon. A new
page is shown that includes the icons of different sensors in the tanks and the status of each sensor if it
is acceptable or out of control. The page also displays a small chart next to each sensor that shows the
historical values of each sensor.

4. If further details are required, the user can click on the sensor icon to move into a maximized sensor
readings chart to better understand the status of the parameter in the fish tank.

5. The farm manager can control the farm components, as the manager can override the automatic
predefined system rules. This allows the farm manager for example to have the control to prepare the
farm for maintenance and change the farm's parameters to achieve exceeded farm goals.

6. Another important ability of the application is that the interface allows the farm manager to analyze the
data gathered from the different components. This gives a better understanding of farm performance
parameters for close monitoring of the different harvested fish and the ability to adjust and adapt the
different actuators to achieve those goals.

V. ECONOMIC MODEL AND FINANCIAL INDICATORS

A technical economic model has been created by incorporating financial metrics and providing a step-by-step
breakdown. To enable the understanding of the proposed methodology a more comprehensive analysis is included.

A. Farm Cost Analysis

The following is the farm cost analysis for the traditional RAS and the IoT farms. The total cost (T) is
calculated as:

T = CapEx + OpEx 2)
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Capital Expenditures (CapEx)

Capital expenditure or capital expense is
the money an organization spends to buy, maintain, or improve its fixed assets, such as buildings,
equipment, or land.

Operating Expenses (OpEx)

An operating expense is an ongoing cost for running a product, business, or system.
OpEx is composed of fixed costs, which are expenses that remain the same regardless of the level of
production, and variable costs, which change based on the production output.

OpEx=Fixed Cost(F)+Variable Cost(V) 3)

1) Capital Expenditures (CapEx)

Traditional RAS Farm infrastructure setup: The RAS utilizes tanks (number of tanks, K, tank cost
K.), water pumps (number of pumps, Pu, pump cost P, water lines cost, W), air chiller (number of chillers,
Ch, chiller cost, C), filters (number of filters, Fy, filter cost, F¢), UV units (number of UV units, Ux, unit cost,
U.), air compressors (number of air compressors, An, compressor cost, A¢), electricity generators (number of
generators, G, generator cost, G.), portable water quality kits (number of kits, K, kit cost, Kic), and Farm
Civil Work (Cwe).

Total Traditional RAS CapEx (CapExtras):

CapExrpus = K, K. + B,P.+ W, +C,C. + E,F. + U, U, + A, A; + G,G. + K;,,K;. + C,,. 4
For TRAS farm, K,=20, K.=100, P,=2, P.=165, Wi.=230, C,=1, C.=500, F,=2, F.=675, U,=1, U:=350,
An=2, A:=210, Go=1, G:=800, Kin=1, Kic=135, and C.=83,500.

CapExrpss = 20x100 + 2x165 + 230 + 1x500 + 2x675 + 1x350 + 2x210 + 1x800 + 1x135 +

3500 = $9,615/ear

IoT Farm: The IoT farm incurs the same setup cost as the traditional farm minus the lab kit plus an
additional cost of $265 per tank for the sensors (Sc), controller (Coc), communication modules (Cuc), and
automatic feeding units (Ay).

CapEx;or = CapExrpps — KnK, + Ky (Sc + Coc + Cipe + Afc) (%)
For IoT farm, Sc=100, Coc=40, Cnc=50, and Ar=75
CapEx;,;r = 9,615 — 135 + 20x(100 + 40 + 50 + 75) = $14,780/year

2) Operating Expenses (OpEx)

Fixed Cost (F): This cost is calculated for a 4-month production cycle and then converted to annual costs
for a total of 3 production cycles per year. The fixed monthly costs are;

Labor Cost (L¢), Land Rental Cost (D.) and Cloud Subscription (Cyc).

Therefore, the fixed cost per year, F, is calculated by:

F=M NuNy (6)
Where, M is the monthly fixed cost, Vu is the number of months per production cycle, and /V, is the number
of cycles per year.

M= Lc+ Dc + Crc (7)
Mrras =415 + 80 + 0 = $495

Where, for TRAS; Lc=415, Re=80 and Csc=0 (no cloud subscription)

F= (Lc+ D. + C\‘C) N Ny (8)
Frras = 495 x 4 x 3 = $5,940/year

Where, Nm = 4 and N, = 3

Similarly, the IoT RAS farm fixed cost is calculated as follows:

Mipr =210+ 80 + 60 = $350

Where, for 10T farm; L~210, R~=80 and Cs~60

Fror=350x4x 3 = $4,200/year

The labor cost for the IoT farm is lower than the traditional RAS farm as it uses lower number of operators.
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Variable Costs (V): The variable costs for both farms per production cycle are: Fry Cost (Y.), Feed Cost
(Fec) and Electricity Cost (Ec). Therefore, the variable cost per year is:

V:(YCJ’_FEEJ'_EC)N}’ (9)
Vrras = (45 + 750 + 700) x 3 = $4,485/year

Similarly,

Vior = (45 + 750 + 440) x 3 = §3,705/vear

Other cost elements need to be added to the operating cost, which are the Maintenance and Medication Costs
(Mic). These costs are taken as 6% of the operating cost. Therefore, from equation (2) the total operating cost
for the traditional farm is;

OpEx = [Fixed Cost (F)+ Variable Cost (V)] (1+Mic) (10)

OpExrras = (5,940 + 4,485) x 1.06= $11,050/year
OpExior = (4,200 + 3,705) x 1.06= $8,379/year

From equation (1), the total farm cost for both farms is:

Trras = 9,615 + 11,050 = $20,665/vear
Tior = 14,780 + 8,379 = $23,159/year
From equations 2 to 10, the general equation for the aquaculture total cost model can be written as:

T =K,K.+P,P.+W,.+C,C. + F,F.+U,U, +A,A. + G,G. + Ki,K;. + Cc + Kn(SC + Coec + Crpe + Afc) +(1+ Mic)[(Lc + D, +
Coe) (NiNy) + Ny (Y, + Fye + E,)] (11)

Which can be reduced to

T = PP, + Wie + CoCe + FyF, + UpUg + AgAc + GoGe + KinKie + Cue + Ko (Ko + Sc + Coe + Cone + Ape) + (L+ ML + D, +
Coe) (NipNy) + Ny (Y, + Eo + E)] (12)

B. Financial Indicators

The base price for the Tilapia fish produced in RAS and IoT farms changes based on demand seasonality and
sales deals. For this analysis, the traditional fish farm selling price was taken as $2 per kg (sold to the local market).
The targeted selling price for the IoT farm high-quality fish is $3.5 per kg (sold for the export and premium
markets), with the opportunity to increase the total production output from the farm due to the improved
aquaculture environment [52].

A 20-tank farm will produce 4000 kg of fish per cycle as every tank produces 200kg/cycle. Three cycles per year
give 12,000 kg/year.

1) Profit: Gross profit (GP) = Revenue (R)- OpEx (13)
Traditional farm

GPrras = 12,000 kg x $2 — 11,050 = $12,950/year
IoT farm

GPrras = 12,000 kg x $3.5 — 23,157 = $18,843/year
That is about a 45% increase in gross profit above the traditional farm.

2) Benefit-to-Cost Ratio (BCR): BCR is an evaluation technique for projects to judge the effect of a project
in terms of the benefits of investment related to the investment cost, which is a decision-making tool in
the field of aquaculture [53].

NPV of benefit expected from the project
BCR = XEVorbenes from the proj (14)
PV of the cosrt of the project

NPV =S, 5 (15)

Where PV is the Present Value and NPV is the Net Present Value, Rt is the net cash inflows-outflows
during a single period t, i is the return rate and ¢ is the number of periods, taken as 10 years.

Rtrras = 12,950, Rtior = 18,843, 1= 10%, t = 10, PVrras = 20665, PVier = 23159
10

12950
NPVTRAS = mz 79572
t=1 '
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18843
NPVIDT = m = 115782
t=1

The benefit-to-cost ratio for the traditional fish farm is calculated as follows:

9572
BCRygas = 5o oo = 3.85
79572

BCRior = 50665 =

This means that the benefits-to-cost ratio of the IoT farm is higher by 29.87% than the traditional farm.
3) Payback Period (PBP)

PBP is defined as the number of years required to recover the original cash investment.

PBP = Cost of Investment ( 1 6)
Average Annual Cash Flow
20665
PBPygas = 12950 1.6 years
23159
PBP,yp = 18843 — 1.2 years

This means that it takes 1.6 years for the traditional RAS to recover its investment, while it takes only 1.2 years
for the IoT farm.

VI. CONCLUSION

Mankind has a responsibility to produce quality food and reduce the consumption of water and energy. The
amounts of fish types that come from seas, rivers, and lakes have dropped significantly due to environmental
changes, the limitations of wild catch, and the contamination of water resources. Aquaculture is a valuable source
of fish. Aquaculture fish farming can provide a suitable environment where the fish can be farmed, thus
contributing to food security. The fact that farmed fish production and quality are affected by environmental
changes; leads to an important conclusion that monitoring the water quality parameters is vital to improving
growth rates, and avoiding the loss of the farmed fish and the loss of water. This work introduces the development
and application of a real-time management system, to monitor and control the values of four water characteristics,
namely; temperature, pH, turbidity, and water level. Real-time monitoring of the aquaculture environment and the
autonomous intervention to control those changes are core to providing a smart solution to common aquaculture
problems. The main goal of this work is to introduce the IoT as an application in the aquaculture environment
which gives advantages of finding solutions for the aquaculture industry limitations.

The development of an effective smart water quality management system for the recirculating aquaculture
system (RAS) aims to improve the aquaculture environment, leading to more output, improving food quality,
utilizing limited water resources, and eliminating human errors in production operations. This should lead to the
reduction of the operational cost and increase the profit of the fish farms. In addition, the suggested system gives
arobust control of the water quality characteristics to avoid any diseases that may affect the farmed fish and hence
the farm productivity and fish quality. The system's components usage is optimized to not be used unless needed
to reduce the utilization of the system components and the energy. The system also saved 42% of the water.

In conclusion, the work provides a foundation for advancing the aquaculture industry through loT-driven
solutions, offering a glimpse into the potential for autonomous and efficient fish farming practices. The findings
encourage further research and development to address evolving challenges in aquaculture and promote
sustainability in food production.
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