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Abstract. Lagoons have a great importance for society, and activities such as fishing or tourism are

essential for these areas, for this reason it is important to have a monitoring system in terms of wa-

ter quality. The central axis of this project was the design and implementation of a sensor network

based on the Internet of Things, collecting data using an ESP32 and the Thingspeak platform for data

visualization and storage. Data is analyzed using MATLAB, allowing to obtain an estimation of the

water quality index of Laguna Jucutuma indicating an average rating of 40, as well as using Machine

Learning techniques to obtain a models with an error margin below 3%.

Introduction

Laguna Jucutuma is one of the most important wetland ecosystems for the region and for the

country in general, being habitat for different species of flora and fauna, as well as economic activities

such as fishing or tourism. However, in recent years it has been strongly affected by the pollution that

surrounds it, either by construction in nearby areas, sewage drainage, forest fires or the cultivation of

African palm.

Currently, it is common knowledge that lakes and lagoons are polluted daily. In contrast to this

problem, it is important to use a network of sensors to measure variables such as: temperature, turbid-

ity, pH, TDS or amount of dissolved solids and oxidation potential. These variables are sensed and

sent to an online platform called ThingSpeak, where they will be stored and historical records can be

observed in the form of graphs, in order to have an easier data analysis. Subsequently, these data will

be analyzed using MATLAB and where a water quality index will be obtained to finish with the use

of a form of Artificial Intelligence, for the prediction of useful data within the network.

One of the differential factors of the project is its low power consumption. Being designed and

tested so that a 6W power panel is enough to energize the whole electronic circuit; using sensors

that can be energized between 3.3V and 5V. In this way the prototype and subsequent buoy will

be self-sufficient to have a continuous data measurement. With the implementation of long-range

communication modules (LoRa), data collection can be done at any point within the range of the

module, allowing an easy connection to the Internet for data visualization on the ThingSpeak platform.

Theorical Framework

Water quality analytics is essential for defining and monitoring the safety and health of water

sources, requiring evaluation of chemical, biological, and physical variables to meet standards for

drinking, recreation, and ecosystem preservation [1]. Maintaining water quality is challenging, but

using sensors and technologies like AI and computer vision can help collect essential data and im-

prove natural resource management techniques [2]. Exploiting the potential of Machine Learning and

the Internet of Things (IoT) to solve environmental problems has gained popularity in recent years.

Water quality analysis and forecasting, a crucial area for human wellbeing, agriculture, and ecological

sustainability, exemplifies this trend [3]. Water and air are vital for Earth’s quality of life. Monitoring

pH, temperature, and pollution in aquatic resources is crucial to reduce their impact.
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Sensor network

Wireless sensor network (WSN) systems are highly regarded for water monitoring due to their

real-time, wide-area monitoring capabilities. The deployment of numerous sensor nodes is facilitated

by the current affordability and compactness of WSN sensors and wireless communication modules

[4]. These devices enable grab sampling reporting and facilitate quantitative analytical approaches at

specific times and locations, addressing cost concerns by establishing a cost-effective network that

offers valuable qualitative water quality information, thereby supporting informed decision-making

[5]. The system’s applications extend to live water quality assessment with minimal complexity, en-

ergy consumption, and cost, utilizing RF frequencies for direct data transmission without local power

supply or node-level signal processing. The system’s design and evaluation leverage low-cost printed

circuit board (PCB) technology and traditional microwave architecture [6]. The integration of sensor

networks is crucial for effective monitoring systems, particularly for collecting data on variables nec-

essary to establish a water quality index for specific areas of Laguna Jucutuma, which also informs

predictive modeling efforts.

Water quality

Water quality indicators are recognized for their ability to promptly and accurately detect annual

cycles, regional and temporal variations, and current trends in water quality, even at low concentra-

tions [7]. A comprehensive detection system capable of monitoring pH, free chlorine (Cl), tempera-

ture, and micro-organic contaminants necessitates a novel design approach to develop an integrated,

cost-effective system that can assess multiple water quality parameters simultaneously [8]. In addition

to physicochemical parameters like pH, turbidity, temperature, oxidation-reduction potential (ORP),

electrical conductivity, and flow rate, microbiological measurements offer a faster and more econom-

ical means to evaluate water quality [9]. Traditional monitoring methods reliant on sample collection

and laboratory analysis are costly and lack real-time data capture capabilities. Addressing these limi-

tations can significantly enhance water quality monitoring and management capabilities.

Internet of Things

The Internet of Things (IoT), also referred to as the Industrial Internet, Internet of Everything, or

simply IoT, represents a transformative paradigm that envisions a globally interconnected network of

devices and objects [10]. An IoT-based water quality testing network addresses this concept by con-

tinuously monitoring and evaluating water properties using IoT solutions tailored for water quality

monitoring [11]. IoT enables real-time access to information from physical objects, fostering innova-

tive services that enhance productivity and efficiency. Key technologies associated with IoT include

ubiquitous computing, RFID, wireless sensor networks, and cloud computing [12]. IoT proves cru-

cial for monitoring systems due to its inherent advantages, particularly when integrated with sensor

networks that provide continuous data collection. This setup ensures ongoing monitoring of water pa-

rameters, accessible globally, which is beneficial for both public awareness and scientific research on

water quality management, including treatment plants.

LoRa

For Internet of Things applications requiring low-power, battery-operated embedded devices that

must transmit small amounts of data over great distances quickly, the LoRa (Long Range) family of

wireless communication is gaining popularity [13]. LoRa is an attractive option for smart sensing in in-

dustrial and civil infrastructure applications such as environmental monitoring, because to its extended

range and low power consumption [14]. LoRa can communicate reliably over long distances using un-

licensed ISM frequency channels. This physical layer contains FEC and CSS. LoRa has emerged as

the most popular physical layer for Low PowerWide Area Networks due to its versatility and strength.

As a result, LoRaWan was designed to work at higher layers [15]. Continuing with the technology for

the internet of things, LoRa communication allows to have that distance factor. It is important that

the buoy does not connect directly to the ThingSpeak platform to avoid possible coverage or connec-

tivity problems. LoRa allows to send data from the buoy to a receiving device, which is in charge of

uploading the data.
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Machine learning

Machine Learning is increasingly indispensable for analyzing data, predicting outcomes, and clas-

sifying patterns, especially given the burgeoning volume of aquatic environmental data [16]. Com-

pared to traditional models used in water research, machine learning-based data-driven models excel

in addressing complex nonlinear challenges. Leveraging statistical analysis and current data, machine

learning plays a critical role in predicting water quality, contamination levels, and implementing pre-

ventive measures to maintain cleanliness [17, 18]. Machine learning models can effectively simulate

pollutant movements and hydrological processes when sufficient large-scale datasets are available,

facilitating the detection and monitoring of dissolved contaminants in water using sensors that mea-

sure changes in capacitance values [19]. When a data set with high capabilities is available, Machine

Learning technologies can efficiently capture the movement of contaminants and hydrological pro-

cesses with the integration of sensors can provide important data to identify and monitor a variety of

dissolved contaminants in water.

Methodology

This work consists of the design, integration and implementation of a water sensor network with

two significant approaches, the first one is the IoT approach consisting of data collection and visual-

ization in real time, and the second one is Machine Learning where different techniques were used to

get the best predictive model of water quality index.

Approach

A quantitative research based on data collection of the variables as potential of hydrogen, total

dissolved solids, turbidity, temperature and oxidation-reduction potential collected by the sensor net-

work. This data is analyzed with the use of MATLAB and using the weighted arithmetic water quality

index method to estimate the quality of water. The approach focuses on the use of the water quality

index to evaluate how the variables affect water quality.

Study area

Laguna Jucutuma is situated in San Pedro Sula City, Cortés Department, Honduras, with geo-

graphical coordinates at approximately 15°31’12.32”N latitude and 87°54’22.27”W longitude. The

lagoon is located in the northern part of the country, near the urban center of San Pedro Sula.

Fig. 1: Satellite Image of Laguna Jucutuma
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Applied techniques and tools

• Arduino: The use of the Arduino IDE allowed us to create a code in C++ for the microcontroller

to allow data collection and integration to the cloud layer. In addition, it was used to perform

AT commands to program the LoRa modules.

• ThingSpeak: It is an online platform which allows users to store data in the cloud, visualize the

data and perform data analysis within the online site.

• MATLAB: Is a powerful tool that is widely used to analyze data. It was used to determine

the water quality index and the use of Machine Learning techniques to create different linear

regression predictive models.

• Proteus: It is a useful CAD program that is used to design electronic circuits, simulate them and

create PCB schematics and layouts to make electronic boards.

• SolidWorks: Is a CAD that is used for 2D and 3D modeling for manufacturing, it was used to

design a prototype.

Materials

The materials used in the sensor network required to be waterproof and submergible, different

interfaces were used to isolate the electronic board with the sensors. Also, the interfaces and micro-

controller required a voltage function of 3.3V or 5V to be powered by a solar panel.

• ESP32: Is themainmicrocontroller programmed tomake data collection via ADC and command

the LoRa module to send data to other ESP32 which serves as the access point to the cloud.

• pH sensor: Is a sensor that detects ions of hydrogen and by electrical potential measures the pH

of a body of water, determining if the water is alkaline or acid.

• TDS sensor: Total suspended solids sensors that indicate how many soluble solids are dissolved

in water.

• Turbidity sensor: A sensor which uses light to detect suspended solids in water, measured to

indicate the opaqueness of water.

• DS18B20: A digital temperature sensor that is suited to work in the water.

• ORP sensor: Submergible sensor used to measure the oxidation-reduction potential of water.

• - Solar panel: A 5V/1.2A/6W panel was used as the main power supply of the sensor network.

• 3.7V LiPo Battery: Is the secondary power supply of this project, the battery supply is 3.7V and

its capacity is 2000mAh.

• Solar Power Manager: Is a high efficiency solar power management module that gives us con-

trollable 5V 1A outputs and provides a space to connect the solar panel and connect a LiPo

battery to supply the board and charge while the solar panel is active.

• RYLR993 Lite: Is a LoRa module which acts as a transceiver, two of them were used, one as

transmitter and other as receiver, it is low-consumption, and the communication range is up to

20km.

• 868/915 MHz Antenna: Is an antenna that operates with radiofrequency usually in a range of

868 to 915 MHz.
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Data collection and sampling

For this project the analogue-digital converter was used to convert voltage readings to under-

standable parameters except for the DS18B20 temperature sensor, which is digital. The ESP32 ADC

converter is of 12-bit resolution and with coding provided by the manufacturer which includes voltage

conversion, sensor calibration and temperature compensation to get accurate values from the respec-

tive sensors.

Two LoRa modules were used to transmit and receive data, with the use of UART communication

with the microcontroller and the transmitter, AT commands are used to communicate with the receiver

via radiofrequency, in Laguna Jucutuma it was used a frequency of 915MHz which is the frequency

band set aside for ISM (Industrial, Scientific, andMedicine) in America. The receiver was connected to

another microcontroller located in a Wi-Fi access point available to upload to the ThingSpeak server.

The data sampling for this study was conducted over a period from May 1st, 2024, to June 3rd,

2024. During this timeframe, Laguna Jucutuma was systematically monitored to gather comprehen-

sive water quality data. To ensure a robust dataset representing various conditions within the specified

period, data collection occurred on 20 different days. On each of these days, sampling was performed

between 11:00 AM and 1:00 PM GMT-6. This specific time window was chosen to maintain consis-

tency and reduce variability caused by diurnal changes in water quality.

Data samples were taken at intervals of 40 seconds, resulting in approximately 100 data samples

being collected each day. This high-frequency sampling approach yielded a total of around 2000 sam-

ples over the entire period. The consistent timing and frequent sampling intervals were designed to

capture detailed and reliable measurements, providing a comprehensive understanding of the water

quality dynamics in Laguna Jucutuma during the study period.

Data processing

The first step in data processing is the pre-processing which consists in the preparation of data,

with ThingSpeak we download a .csv file that contained the whole dataset, in MATLAB a code was

developed to clean data and normalize to perform better Machine Learning models.

Water Quality Index

Water Quality Index (WQI) is a valuable tool in water resource management, helping to monitor

and improve water quality through systematic evaluation and informed decision-making by converting

different parameters into a single value. This simplification makes it possible to compare the water

quality in various locations and times by condensing vast amounts of data into an understandable

manner.WQI assists in clearly communicating the state of water quality tomanagement and the public.

The Weighted Arithmetic Water Quality Index (WAWQI) is a widely used method to assess over-

all water quality by providing a consolidated view of water quality, considering the relative importance

of each parameter through assigned weights. In order to calculate the water quality index, the next for-

mula was used [20]:

WQI =
X

WiQi (1)

whereWi is the unit weightage for each parameter denoted by the following formula:

Wi = k/Si (2)

Si is the recommended standard of each parameter and k is a proportional constant calculated by:

k = 1/
X

(1/Si) (3)

following Eq. 1, Qi is the subindex of each parameter which is determined by:

Qi = 100(Vi � Vo)/(Si � Vo) (4)

Vi is the monitored value of each parameter and Vo is the ideal value of each parameter values can be

visualized in [20]. After calculating the result can be classified according to Table 1:
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Table 1: WQI Status

WQI Status

0-25 Excellent

26-50 Good

51-74 Poor

76-100 Very Poor

>100 Unfit

Machine learning techniques

Support Vector Machine (SVM) Regression

SVM regression leverages the same core principle as SVM classification - finding a hyperplane

that maximizes the margin between the predicted values and a margin of error. In regression, this

margin of error represents the allowed deviation between predicted and actual values. Unlike linear

regression, SVM regression can handle non-linear relationships between features and the target vari-

able by employing kernel functions that map the data into higher-dimensional spaces. However, SVM

regression can be computationally expensive for large datasets and requires careful parameter tuning

for optimal performance.

Gaussian Process Regression

Gaussian Process (GP) regression is a probabilistic approach that assumes the data follows a Gaus-

sian distribution. It utilizes a kernel function to model the covariance between data points, enabling

predictions with uncertainty quantification. This provides information about the model’s confidence

in its predictions. GP regression is flexible and can handle complex relationships but can also be com-

putationally expensive for large datasets and may require expertise for effective parameter selection.

Kernel Approximation

Kernel Approximation methods represent a family of techniques that employ kernel functions to

capture non-linear relationships in the data. These methods often involve approximating a complex

function using a combination of simpler basis functions. While offering more flexibility than linear

regression, they can be computationally expensive for high-dimensional data and require careful se-

lection of the kernel function and its hyperparameters.

Neural Networks

Artificial Neural Networks (ANNs) are powerful tools capable of modeling complex relationships

between features and the target variable. In regression tasks, ANNs learn these relationships through

a series of interconnected layers of processing units (neurons). By adjusting the weights and biases of

these connections during training, ANNs can capture intricate patterns in the data. However, ANNs

require significant training data and computational resources, and their interpretability can be chal-

lenging due to their complex internal structure.

Model performance

The evaluation of a machine learning model’s performance is a crucial step in the development

process. This section explores various metrics employed to assess the efficacy of the proposed models:

Mean Squared Error (MSE), Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), Mean

Absolute Percentage Error (MAPE), and R-Squared (Coefficient of Determination) [21].

R-Squared

Shows how much the dependent variable’s variance that the model’s independent variables can

account for. A higher number indicates a better fit. Its range is 0 to 1. It is important to note that R-

Squared does not directly reflect the magnitude of errors but rather the model’s ability to capture the

overall trend in the data.

R2 = 1�
nX

i=1

(yi � ŷi)
2/

nX
i=1

(yi � �y)2 (5)
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MSE

Calculates the average squared difference between the predicted values and the actual values,

lower MSE values signify a better model fit, with a value of 0 indicating a perfect fit. However, MSE

is sensitive to outliers, as large errors are squared and contribute more significantly to the overall error.

MSE =
1

n

nX
i=1

(yi � ŷi)
2 (6)

RMSE

Is easier to interpret in the same units as the predicted values, making it a more intuitive metric.

However, it inherits the limitations of MSE regarding sensitivity to outliers.

RMSE =

vuut nX
i=1

(ŷi � yi)2

n
(7)

MAE

Determines the mean of the absolute variations between the values that were anticipated and those

that were observed. Unlike MSE, MAE is less sensitive to outliers, providing a clearer picture of the

average magnitude of errors.

MAE =
1

n

nX
i=1

jyi � ŷij (8)

MAPE

Is beneficial for comparing errors across different data ranges, particularly when dealing with

percentages or proportions. However, it is not ideal for scenarios with zero actual values, as it can

lead to division by zero errors.

MAPE =
1

n

nX
i=1

jŷi � yij
yi

(9)

In these formulas, n is the total number of observations in the dataset, yi is the monitored value of
the dependent variable, ŷ is the predicted value of the dependent variable and ŷ is the mean value of

yi.
Study methodology

In this study, we employed a hierarchical method to systematically evaluate and optimize a three-

layered water quality sensor network system. This system architecture is designed to enhance the mon-

itoring and management of water quality parameters across various environments. The three distinct

layers—device, edge, and cloud—each contribute uniquely to the overall functionality and perfor-

mance of the sensor network.

A. Device Layer

The device layer forms the foundational level of the sensor network, encompassing physical sen-

sors, power supply mechanisms, and microcontroller units. These components are deployed directly

within the water bodies or monitoring points to capture real-time data on crucial parameters such as

pH levels, total dissolved solids, turbidity, temperature and oxidation reduction potential. Calibration

processes within this layer ensure the accuracy and reliability of sensor readings, crucial for generating

precise environmental data.

B. Edge Layer

Situated between the device and cloud layers, the edge layer acts as a pivotal hub for data ag-

gregation and preliminary processing. Here, data from multiple sensors is consolidated and format-

ted before transmission to the cloud for further analysis and storage. Integration of technologies like
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Long-Range (LoRa) communication modules enables efficient and low-power data transmission over

extended distances, facilitating seamless connectivity between remote sensor nodes and the central

cloud infrastructure.

C. Cloud Layer

At the apex of the hierarchy lies the cloud layer, where vast volumes of sensor data are stored, man-

aged, and analyzed. Cloud-based storage solutions provide scalability and flexibility, accommodating

the continuous influx of real-time data streams from distributed sensor nodes. These insights can in-

form timely decision-making processes related to water quality management, resource allocation, and

environmental remediation strategies.

Fig. 2: Hierarchical Method Framework

Validation methodology

To validate the effectiveness and reliability of the three-layered water quality sensor network sys-

tem, encompassing the device layer, edge layer, and cloud layer, we implemented a rigorous validation

methodology. This approach aimed to assess the accuracy of sensor readings, the efficiency of data

transmission, and the robustness of data analysis and decision-making processes facilitated by the

cloud-based infrastructure. A. Sensor Calibration and Validation

• Calibration Procedures: Sensors at the device layer underwent meticulous calibration proce-

dures to ensure consistency and accuracy in measuring water quality parameters. Calibration

standards were established based on laboratory benchmarks and manufacturers information.

• Validation Tests: Validation tests were conducted under varying environmental conditions to

verify sensor accuracy and reliability that included comparison against standardized reference

measurements.

B. Edge Layer Data Transmission Evaluation

Resilience tests were conducted to simulate scenarios of network congestion or interference, en-

suring the robustness of data transmission mechanisms in adverse conditions.

C. Cloud Layer Data Collection and Machine Learning Evaluation

• Data Collection: We ensured that data was sent to ThingSpeak by guaranteeing the microcon-

troller an access point to upload data to the cloud.

• Analytical Accuracy: Machine learning models and analytical algorithms deployed in the cloud

layer were subjected to validation tests to assess their predictive accuracy and reliability.
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Design

For the correct operation, a design was made around three important parts or stages for the correct

operation: Electronics, Communication and Data Processing.

Electronics

After selecting the variables to be measured and selecting the corresponding sensors, an electronic

circuit is designed together with a microcontroller for data processing. The information is collected

by the five sensors and then processed by the ESP32 microcontroller, which is then sent to another

microcontroller through the REYAX RLYR 993 Lite module. The emitter device will be powered

with 5V from the solar panel, having a maximum load capacity of 1.2A, being more than enough for

the 147.5mA consumed by the emitter buoy.

In turn, the receiving device has the same module and controller, as well as five LED lights that

indicate the receipt of the information. Once the two circuits are designed, the PCB design was done

in the Proteus software.

Fig. 3: IoT Architecture

Communication

To send data, both the transmitting and receiving devices use the REYAX RLYR 993 Lite LoRa

modules. These modules use LoRa (Long Range) technology and communicate by AT commands

through the UART serial protocol and radio frequency, using the air as a means of transport, so in

this section the devices are wireless. Subsequently, the transmitter device, upon receiving the data

obtained by the sensors, the micro-controller is responsible for sending the data to the ThingSpeak

platform, using the MQTT protocol (Message Queuing Telemetry Transport), a protocol that allows

the sending of light messages, which travel through reduced bandwidths and designed for devices that

occupy small codes and communication between machines, M2M, and IOT.

Data processing

For this stage, ThingSpeak is in charge of graphing and saving the data; this allows to have a

historical count of the information, as well as the ease of visualization of such data.MATLAB oversees

using these data so that, by using Eq.1, a response can be generated, and, in turn, predictive models

can be generated from the data obtained.
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Results

This section shows the results obtained during the whole period, as well as the manufacture of

elements described in the design part. Starting with the electronic part, as shown in Fig. 7, a PCB

board was manufactured where the 5 sensors, the microchip, the radio frequency module and the

power supply from the solar panel are concentrated. This part was fundamental since in this way there

is a better conduction of the information, this due to the medium through which the energy circulates,

leaving aside the cables and working on copper tracks. This also avoids loss of information, so the

measurements are more accurate.

Continuing with the manufacturing section in the electronic part, as can be seen in Fig. 8, a PCB

board was also made for the receiver device; device that is responsible for sending data through IoT,

so it is crucial to maintain a stable and adequate current and voltage.

Fig. 4: Final Prototype Deployment

For the communication part, Fig. 8 shows an antenna which is used to transport the radio frequency

information from the transmitting device located in the buoy to the receiving device. For data process-

ing, the data is sent from the module to the ESP32 with serial communication (UART). Subsequently,

as shown in Fig. 9, these data are sent to ThingSpeak, where they can be displayed in the form of

graphs, facilitating a study of these same. This platform also offers the benefit of saving these values,

to be later downloaded and used by MATLAB.

Fig. 5: ThingSpeak Interface
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In the final stage of the project, in the data processing, all the collected information is used in

MATLAB, where it shows us different results, in the first place it shows statistical information of

the collected data of each variable, such as the average, the median or the standard deviation. Differ-

ent machine learning models were used to find the most suitable model. As can be seen in Table 2

the model with better fit and less magnitude of errors was the Gaussian Process, SVM showed very

good efficacy but not better than Gaussian Process, both ANN and Kernel were good, but they were

susceptible to errors.

Table 2: Model Performance Results

Model RMSE R-Squared MSE MAE MAPE

Gaussian Process 0.78544 0.98 0.61692 0.33159 0.80%

Support Vector Machines 0.91823 0.98 0.84315 0.55446 1.30%

Neural Networks 1.133 0.97 1.2836 0.68593 1.70%

Kernel Approximation 1.3339 0.95 1.7792 0.88599 2.10%

Fig. 6: (a) Rational Quadratic GPRModel, (b)Fine Gaussian Model, (c)Wide Neural Network Model,

(d)Least Squares Regression Kernel Model
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Around the 20 days the range of the WQI was between 29 and 52, at the beginning of May, water

quality index was at 40 and started increasing due to the rise of air pollution and smog, the highest

value was registered in May 15. At the beginning of June, WQI index was low because air pollution

turned better. Other studies implement statistically based methodologies with which a good level of

accuracy is achieved but are dependent on people-based processes [22, 23]. In this case we propose

a device capable of monitoring water quality by applying artificial intelligence techniques capable of

operating in site. This project is low cost and can be developed in different lakes and rivers where

water quality is having adverse effects on nature.

Fig. 7: Water Quality Index rate per day

Conclusions

The implementation of IoT sensors and Machine Learning allows the collection and analysis of

real-time data on water quality, improving environmental management in Laguna Jucutuma, facilitat-

ing the protection and prevention of pollution problems in the lagoon.

The maximum value of the water quality index was calculated as 52 on May 15 when the air

pollution was at its highest point and the lowest index of 29 was recorded on June 6.

The Gaussian Process regression learner model was the most fitted model with an RMSE of

0.78544, R-squared of 0.98, MSE of 0.61692, MAE of 0.33159 and MAPE of 0.80%.
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