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ABSTRACT

In this paper, the development of a portable, multifunctional water quality monitoring system for aquaculture
that is based on loT technology is presented. The system integrates a main control module, sensor module,
Human Machine Interface (HMI) module, Wi-Fi module and power module, and is equipped with system
software based on Real Time Operating System (RTOS) for scheduling tasks. The main control module
collects crucial water quality information, including water temperature (WT), dissolved oxygen (DO), ammonia
nitrogen (NH3-N), and pH, through the sensor module and facilitates data interaction with the HMI module.
The proposed aquaculture water quality evaluation model utilizes water quality parameters as input to assign
a grade based on the evaluation result. These parameters are transmitted wirelessly to the OneNet cloud
platform using Wi-Fi modules, enabling users to remotely monitor the water quality through a visual interface.
The system structure has been meticulously designed to accommodate both portable and fixed-point remote
monitoring applications. The experimental results demonstrate that the system is accurate, stable, and cost-
effective, providing a reliable and efficient solution for intelligent aquaculture in small and medium-sized
enterprises.
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INTRODUCTION

As the Agriculture 4.0 era continues to evolve, the application of IoT technologies in aquaculture is
becoming increasingly prevalent (Prapti et al., 2022). The quality of rearing water is critical for the growth,
development, and survival of aquaculture species, while poor water quality increases the incidence of disease
among species, leading to significant economic losses and environmental pollution (Giacomazzo et al., 2020;
Hongpin et al., 2015). Hence, monitoring water quality for aquaculture is of utmost importance.

Recent years have seen continuous research into environmental monitoring systems using loT
technology (Zhenfeng et al., 2023; Irfan et al., 2022), resulting in significant advancements in water quality
monitoring, as summarized in Table 1.
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The low power consumption, long transmission distance, and easy networking capabilities of NB-loT
and LoRa communication technologies make them ideal for large-scale, multi-node water quality monitoring
applications. Jamroen et al. (2023) proposed a water quality monitoring system based on NB-loT, which is
powered by both photovoltaic energy and battery energy storage (BES). Huiying et al. (2021) proposed a multi-
node aquaculture environment monitoring system based on LoRa technology. Despite their relatively short
communication distance, technologies such as Wi-Fi and Bluetooth are frequently used in water quality remote
monitoring studies due to their cost-effectiveness, high stability, and ease of installation. Lin et al. (2021)
developed a wireless multi-sensor system using an ESP32 Wi-Fi module to monitor temperature, pH, DO, and
EC in freshwater aquaculture. Kelechi et al. (2021) designed a Bluetooth-based IoT water quality monitoring
system that transmitted data to a mobile application for analysis. Water quality monitoring systems are
increasingly incorporating various evaluation methods in addition to remote monitoring of water quality
parameters, providing a more comprehensive assessment of water quality. Le Phuong Truong (2021)
developed a water quality monitoring, evaluation, and warning system for fish farming that includes a mobile
phone short message service and web-based alert function. Sung et al. (2021) developed an loT-based water
quality monitoring system for water sources, proposing a flowing water quality model based on diversion-
method-related experiments.

Table 1
Different studies on water quality monitoring system
Reference Main control Measurement Network Remote monitoring
number platform parameters technology platform

Arduino Mega

[10] 2560 DO, pH, EC NB-loT Grafana

[7] stm32f103c8t6 T, DO, pH LoRa Software platform

[13] ESP32 Wi-Fi T, pH, DO, EC Wi-Fi ThingSpeak

[11] ATmega328p T, pH, turbidity Bluetooth Mobile app
Arduino Mega Wi-Fi and .

[14] 2560 T, pH, DO GSM ThingSpeak
Arduino UNO T, pH, turbidity, - .

[19] board conductivity, TDS Wi-Fi ThingSpeak

Numerous studies have demonstrated the efficiency, cost-effectiveness, and ease of deployment of l0T-
based water quality monitoring systems. DO is one of the water quality parameters most directly related to
water pollution, as well as to aquatic biota (Csébragi et al.,, 2019). High concentrations of NH3-N can
significantly impact the quality of water, and pH and WT are also critical indicators in water quality monitoring
(Santos et al., 2022; Jiaqgi et al., 2019). In this study, the monitoring efforts were focused on four key water
quality parameters: DO, NH3-N, WT, and pH. High-yield, large-scale aquaculture facilities typically use WSN
technology to monitor water quality, using a set of sensors at each monitoring point to measure data and
transmit it to a central monitoring center for real-time online monitoring. However, the cost of these sensors
makes it unaffordable for medium and small-scale aquaculture operations to equip each breeding pool node

with its own set of sensors (Aldo et al., 2022).

After considering the above factors, a portable and multifunctional water quality monitoring system for
aquaculture, which is based on 10T technology, was developed. To enable functional customization, our own
system control circuit was designed instead of utilizing commercial development boards like Arduino.
Compared with traditional water quality monitoring systems, this system is structurally designed to be portable,
making it easy to transport and use. Additionally, a number of sensor interfaces are reserved for functional
expansion according to requirements and loT technology was incorporated to enable fixed-point remote real-
time monitoring, allowing for long-term online monitoring of potential problematic aquaculture areas. To
improve the overall assessment of water quality, an aquaculture water quality evaluation model was developed
based on relevant standards. This model allows for a more comprehensive and accurate evaluation of water
quality in aquaculture settings.

360



Vol. 70, No. 2 / 2023 INMATEH - Agricultural Engineering

MATERIALS AND METHODS
System architecture

The complete system architecture is illustrated in Fig. 1, which consists of three main components: the
perception layer, the network layer, and the application layer. The perception layer comprises the
microprocessor and various water quality sensors. It executes multiple tasks using RTOS to collect water
quality information, evaluate water quality, and transmit resulting data. The network layer connects remotely
to the OneNet cloud platform via Wi-Fi. It uses the Message Queuing Telemetry Transport (MQTT) protocol to
upload water quality parameters acquired by the sensing layer to the cloud platform. The client-oriented
application layer enables users to interact with the system and view water quality information through the HMI.
It also provides visual monitoring interfaces on PC and mobile terminals, allowing users to remotely monitor
water quality information via mobile app and PC.

Users Computer and Phone Cloud Platform
e®e O3
OneNET
HMI
o =N
WiFi module Q

WiFi

VARV AR AN eY,

PH sensor Ammonia nitrogen sensor Dissolved oxygen sensor Water temperature sensor

Fig. 1 - System architecture

Sensors for water monitoring

High-precision water quality monitoring sensors from SINO IoT Company (China) were chosen to
measure DO, NH3-N, and pH, and a temperature sensor manufactured by DALLAS Semiconductor Company
(USA) to measure WT. Table 2 displays the sensors' parameters that support the Modbus transmission
protocol and meet the system requirements with high accuracy. Implementing and maintaining Modbus is
simpler than other standards and allows multiple devices to connect to the same cable, facilitating
communication and enhancing convenience in design (Miao et al., 2022). Modbus also enables the addition
of more sensor types in the future while imposing minimal constraints.

Table 2
Parameters of water quality sensors

Measurement . Transmission Power
Sensor types Accuracy Resolution
range protocol supply mode
Temperature -55~80°C +0.5°C 0.1°C Modbus DC 5V
sensor
Dissolved
1SSV 0~20mg/L +5% 0.01 mg/L Modbus DC 5V
oxygen sensor
PH 0~14PH +3% 0.01PH Modbus DC 5V-9V
sensor
A -
_Ammonia 0~18g/L +5% 0.01 mg/L Modbus DC 5V-12V
nitrogen sensor

Hardware design

Figure 2 illustrates the hardware architecture of the system, which comprises a single-chip
microcontroller module, a RS485 module, an ESP8266 module, and a power module. The GD32F303 series
main control produced by GigaDevice Semiconductor Inc. is adopted as microsystem controller (it is a 32-bit
general microcontroller based on Arm Cortex-M4 core, with abundant peripheral resources and low cost). The
RS485 module transmits the data collected from the sensors to the system master control.
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The ESP8266 module enables a connection to a Wi-Fi network, allowing for the remote transmission of
data. The power module supplies two power sources of 5V and 3.3V to the system to power the various
modules. A design for the connection interface of the HMI module and the debugging download interface,
which facilitates the connection and program debugging of the HMI module, was proposed. In addition, some
functions and input/output (I0) ports are reserved, such as SD card module, relay module and some of the
main controller IO ports, to facilitate the subsequent system function upgrade. The peripheral circuit design of
each functional module is implemented and integrated into a single Printed Circuit Board (PCB).

] ] u ] u ] u u u u Power module ] ] ] ] ] ]

‘Water temperature
- i e

module

'Water temperature
sensor

RS485 GD32F303 <::I Debug download

module Circuit of system interface
pH sensor >

Dissolved oxygen| | | Q:ZD HMI module

Sensor

Fig. 2 - Design block diagram of main control board

The main functional circuits of the system hardware include Wi-Fi communication circuit, 485
communication circuit and power supply circuit. Figure 3a shows the Wi-Fi communication circuit, the controller
transmits AT commands through serial port 0 to the ESP8266 module to establish a Wi-Fi connection. Figure
3b illustrates the 485-communication circuit. The RS485 to UART_TTL module is used to communicate
between the master controller via Serial Port 1 and the external sensors to obtain digital signals. The main
controller board requires an external input voltage of 5V, as well as a 3.3V voltage to power the necessary
modules. The voltage conversion circuit based on AMS1117 chip is shown in Fig. 3c. Adding decoupling
capacitors at the input and output can enhance the transient current response time, minimize output voltage
noise and ripple, and promote a stable 3.3V output.
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Fig. 3 - Schematic diagram of main functional circuits

The PCB design of the main control board was completed using Altium Designer (AD) software, and all
components were reasonably laid out according to the functional modules, in order to facilitate wiring and
ensure the stability of the circuit board, a double-sided board was used in this design. According to the
reasonable electrical rules, the PCB Layout diagram is shown in Fig. 4a, and the actual circuit board is shown
in Fig. 4b. SolidWorks and CAD software were utilized to design the device's structure. This design allows for
both portable and fixed-point usage, as demonstrated in Fig. 5.
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(2)PCB layout
Fig. 4 - The electronic board

(a)for portable usage (b)fixed point of usage
Fig. 5 - A 3D view of the structure of equipment

Software development

The system software process is shown in Fig. 6, which is developed based on the lightweight system
OpenHarmony. OpenHarmony uses a preemptive scheduling mechanism and includes 32 priority task
modules. High-priority tasks can preempt low-priority tasks, while low-priority tasks can only be scheduled after
high-priority tasks have been blocked or completed (OpenAtom).

Upon system startup, hardware initialization is performed, which primarily involves setting the
parameters for GPIO, serial port, timer, and other modules. After, the system kernel is launched, and three
threads with varying priorities are created, from high to low, respectively: (1) the sensor data acquisition thread:
This thread acquires water quality parameter information from temperature, DO, pH, and NH3-N sensors,
based on the sampling frequency set by the timer. (2) water quality assessment thread: This thread processes
the sensor values obtained by the data acquisition thread, using them as inputs to the water quality assessment
model and calculates the pollution index and water quality grade. (3) the Wi-Fi communication thread:
Establishes a connection to a designated Wi-Fi network through HMI, ensures accurate data transmission
using CRC verification algorithm, accesses OneNet cloud platform, and remotely transmits data using MQTT
protocol at a specified frequency.

! | Start | | Connect to
e ) ' . ! OneNet
Initialization | + Initialization |

GPIO

Kernel

System clock
: ] Obtain data
| Thread !

Usart

Timer
WiFi Interrupt
"""""""""""""""""" ¥
Data
encapsulation
Water quality Sensor data Start WiFi
™ assessment i | icati
thread thread thread
E:;;:;;‘:: Data collection “Whetlier ™ N
model e i| commection
Output Yo N Ty
evaluation <Ti > < £ =
result T ~saggeedsd
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Send data
Send to HMI Send to HMI Send to HMI -
to OneNet

Fig. 6 - System software flowchart
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As a leading country in aquaculture, China has maintained its position as the world's top producer of
aquaculture for several years (Kangshun et al., 2021). China has developed a range of aquaculture standards
based on extensive breeding experience and input from numerous experts. Our team established an
aquaculture water quality evaluation model for obtaining the comprehensive pollution index and water quality
grade by calculating the single-item pollution index according to the Specification for Monitoring Environmental
Quality of Farm Water Sources (NY/T 396-2000).

The single-item pollution index of water quality is calculated according to Eqg. (1). To calculate the single-
item pollution index for indicators such as DO, which decrease in concentration with increasing pollution, Eq.
(2) was used. For the indicator with limited range (the allowable range of pH is 6~9), the single-item pollution
index is calculated according to Egs. (3) and (4). The comprehensive pollution index of water quality is
calculated using Eq. (5).

W= @

R @
P,—A

R = Q

Aang = 21 s @

w o J(Wavg)z O’ )

where:

Wi refers to single-item pollution index of water quality, P is a measured value of water pollutant, Ps
refers to pollutant quality standard, P refers to the theoretical maximum value of a pollutant, Aay is an average
value of allowable range, Amivmax refers to the maximum or minimum of allowable range, W, refers to composite
pollution index, W.,, is a value of average single-item pollution index, Wnax is a value of Maximum single-item
pollution index.

If the single-item pollution index is less than 1, its value is equal to the calculated value. However, if the
single-item pollution index is greater than or equal to 1, it is recalculated using Eq. (6).

Wi=M+P=xlg (W) (6)

where P is a constant 5, M is a constant 1.
In the above formula, the standard limit values of each item (Ps, Pt, Aminimax) are determined according to
the Basic Standard Limit Values of Environment Quality of Surface Water (GB 3838-2002) III indicators

(applicable to aquaculture and other fishing waters). According to the Fishery Water Quality Standards (GB
11607-89), and NY/T 396-2000, the water quality is classified based on the comprehensive pollution index
(CPI), as shown in Table 3, divided into three water quality levels (WQL).

Table 3
Water quality classification standard
Classification of grades Composite pollution index Water quality level
1 <0.5 Good
2 0.5~1.0 Qualified
3 21.0 Poor

Interface design of HMI and remote visualization

The HMI design is based on the system's requirements, which consists of four main interfaces: function
selection, water quality monitoring, network connection, and system setting. The function selection interface
allows users to choose the desired system functions. The water quality monitoring interface provides a clear
and intuitive display of water quality parameters. The network connection interface enables users to connect
to a Wi-Fi network. Lastly, the system settings interface allows users to calibrate the system's time setting. The
HMI interface, as depicted in the in Fig. 7, was tailored to support the portable use of the system effectively.
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Fig. 7 - Interface design of HMI

A remote visualization interface for water quality parameters was developed using the data visualization
View service provided by the OneNet cloud platform. The PC-side visual interface comprises several modules,
including the weather module, pollution index module, monitoring module, and parameter display module, as
illustrated in Fig. 8a. This interface allows remote monitoring of the trend of each water quality parameter over
time and provides latest access to key water quality information. Users can also access weather conditions for
the current day and the following three days, as well as individual and composite pollution indices of the water
quality.

To provide a mobile solution, a visualization interface for smartphones was also developed, as depicted
in Fig. 8b. With this interface, users can view the main parameters of the breeding water quality as long as
their mobile device is within network range.

a6 -
quality monitoring system
DL e X K BN -RT-OneNET V

’ 4

é“‘l} 7.06

(a)visualization interface on PC (b)mobile visualization interface

Fig. 8 - Visual interface design

RESULTS

The sensors have been pre-calibrated by the manufacturer. A physical prototype of the equipment is
displayed in Fig. 9 and the sensors are connected to the device through the aviation interface located at the
bottom of the device. Figure 9a displays the front of the device, which primarily comprises the HMI interface.
Figure 9b depicts the internal circuit of the device. The system is powered by a 15V lithium battery, which
outputs a stabilized 5V voltage to the main control board through a voltage stabilized module.
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To test the accuracy of the measurement data in the system, standard solutions with three different
values for NH3-N and pH parameters were used. The corresponding sensors in the system were used to
measure standard solutions, and the measurement average value (MAV) was calculated for each solution by
measuring it five times. The accuracy of the data was compared by comparing the DO and WT parameters
with the AR8010 device (the AR8010 is a high precision DO analyzer produced by SMART SENSOR company
in China, and the DO measurement range is 0-20mg/L, with a resolution of 0.01mg/L). Three different
measurement points in a water body were selected and the DO and WT values were measured using both the
AR8010 device and the system. Each point was measured five times and the average value was calculated
for each measurement separately. The accuracy of the measurement data was evaluated by calculating the
relative error (RE) and the mean relative error (MRE). The final test results are shown in Table 4. The MRE for
pH and WT parameters were respectively 0.37% and 0.7%. The MRE for NH3-N and DO parameters were
1.73% and 1.93%, respectively. These results indicate that the overall measurement error of the system was
low, demonstrating its high accuracy.

{2

/0 ol
£

» (a)equipment frbr{t (b)internal circuit

Fig. 9 - Physical view of the system

Table 4
System accuracy analysis of measurement
Iltems Reference objects Reference values MAV RE/% MRE/%
0.5mg/L 0.51mg/L 2
NH3-N NH3-N standard solution 1mg/L 1.02mg/L 2 1.73
5mg/L 5.06mg/L 1.2
4.0 4.02 0.5
pH pH standard solution 6.86 6.88 0.29 0.37
9.18 9.21 0.33
5.62mg/L 5.54mg/L 1.42
DO AR8010 6.21mg/L 6.12mg/L 1.45 1.93
6.88mg/L 6.68mg/L 2.91
22.6°C 22.5°C 0.44
WT AR8010 23.8°C 23.6°C 0.84 0.7
24.2°C 24°C 0.83

In OneNet, a device is created for the system, and device information and number are added. After the
unique authentication information assigned by OneNet is successfully bound to the system, it can store the
data sent by the system, such as pH, DO, NH3-N and WT. As shown in Fig. 10, the platform can receive real-
time data from the system and query historical data based on a specified time period. Additionally, all data can
be synthesized into exportable files, facilitating storage, viewing, and processing of the data. A stability test of
the platform's data reception capabilities was conducted. During the test, the system sent four parameters to
the platform every 5 seconds, resulting in a total of 150 sets of data. The data received by the cloud platform
were collected and analyzed, and the results are shown in Table 5. The NH3-N and DO parameters did not
experience any data loss, while the pH and water temperature parameters had a data loss rate of 0.7% and
1.3%, respectively. The high overall data reception rate and minimal data loss indicate strong platform stability.
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Total number of device data (pcs)  Newly added(pcs ) yesterday  Newly added (pcs.) in last 7 days
& Panel = List
Data name Latest data value Last updating time Type Operations
> Water_T 244 2023-06-20 12:08:15
> Do 726 2023-08-20 12:08:15
> pH 759 2023-06-20 12:08:15
o NH3_N 14 2023-06-20 12:08:15
Real-ime refresh

2023-06-20 12:08:15

2023-06-20 12:08:12

Fig. 10 - The data management interface of platform

Table 5
Cloud platform stability testing

Items Send data volume Received data volume | Lost datavolume Data loss

rate / %
NH3-N 150 150 0 0
pH 150 149 1 07
DO 150 150 0 0
WT 150 148 2 1.3

CONCLUSIONS

This paper proposes a portable multi-functional aquaculture water quality monitoring system based on
0T, which integrates four sensors to measure WT, DO, NH3-N and pH. The system uploads water quality
information to the OneNet cloud platform through Wi-Fi communication. The portable structure design of this
system simplifies the arrangement of multiple sets of sensors, reducing hardware costs associated with water
quality monitoring. This design better suits the monitoring needs of small and medium-sized aquaculture bases,
while still allowing for fixed-point remote monitoring. The visualization interface designed for PC and mobile
devices clearly and effectively conveys water quality information to aquaculture personnel, enabling timely
detection of any issues in the water area. The establishment of a breeding water quality evaluation model
enables personnel to accurately assess water quality and make necessary improvements. This system also
has some shortcomings, with fewer types of water quality sensors used, but multiple 485 interfaces have been
reserved, and other sensors supporting Modbus protocol can be quickly connected to the system.
Experimental results demonstrate that the system provides accurate measurements, stable data transmission,
and is user-friendly and easy to maintain, which can effectively address water quality monitoring needs for
small and medium-sized aquaculture bases.

ACKNOWLEDGEMENT
This work was supported by Zhejiang Provincial Natural Foundation Public Welfare Project of China
(LGN18C200017).

REFERENCES

[1] Aldo G.O.L., Des C.M., Mauricio L., et al. (2022). Monitoring of water quality in a shrimp farm using a
FANET. Internet of Things, 18, https://doi.org/10.1016/j.i0t.2020.100170

[2] CsabragiA., Molnar S., Tanosa P., et al. (2019). Estimation of dissolved oxygen in riverine ecosystems:
Comparison of differently optimized neural networks. Ecological Engineering, 138, 298-309,
https://doi.org/10.1016/j.ecoleng.2019.07.023

[8] Giacomazzo M., Bertolo A., Brodeur P., et al. (2022). Linking fisheries to land use: How anthropogenic
inputs from the watershed shape fish habitat quality. Science of The Total Environment, 717,
https://doi.org/10.1016/].scitotenv.2019.135377

367


https://doi.org/10.1016/j.iot.2020.100170
https://doi.org/10.1016/j.ecoleng.2019.07.023
https://www.sciencedirect.com/journal/science-of-the-total-environment
https://doi.org/10.1016/j.scitotenv.2019.135377

Vol. 70, No. 2 / 2023 INMATEH - Agricultural Engineering

[4]

[5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

GB 3838-2002. 360doc:http://www.360doc.com/content/21/0522/22/34836513 _97850878.shtml
(accessed December 2022)

GB 11607-89. DOCS88: https://www.doc88.com/p-1018031552042.html (accessed December 2022)
Hongpin L., Guanglin L., Weifeng P., et al. (2015). Real-time remote monitoring system for aquaculture
water quality. International Journal of Agricultural and Biological Engineering, 8(6), 136-143,
https://doi.org/10.3965/j.ijabe.20150806.1486

Huiying C., Fangzhen L., Peng L., et al. (2021). Intelligent aquaculture environment monitoring system
based on LoRa communication technology. INMATEH - Agricultural Engineering, 63(1), 109-120,
https://doi.org/10.35633/inmateh-63-11

Irfan A., Ryan G.C., Nurpilihan B., et al. (2022). An loT-enabled design for real-time water quality
monitoring and control of greenhouse irrigation systems. INMATEH - Agricultural Engineering, 69(1),
417-426, https://doi.org/10.35633/inmateh-69-39

Jiagi W., Bian C., Yang L., et al. (2019). A multi-parameter integrated chip system for water quality
detection. International Journal of Modern Physics B, 33(7), https://doi.org/10.1142/S02-
17979219500413

Jamroen C., Yonsiri N., Odthon N., et al. (2023). A standalone photovoltaic/battery energy-powered
water quality monitoring system based on narrowband internet of things for aquaculture: Design and
implementation. Smart Agricultural Technology, 3, https://doi.org./10.1- 016/j.atech.2022.100072
Kelechi A.H., Alsharif M.H., Anya A.C., et al. (2021). Design and Implementation of a Low-Cost Portable
Water Quality Monitoring System. Computers, Materials & Continua, 69(2), 2405-2424,
https://doi.org/10.32604/cmc.2021.018686

Kangshun Z., Min Z., Kang W., et al. (2021). Aquaculture Impacts on China’s Marine Wild Fisheries Over
the Past 30 Years. Frontiers in Marine Science, 8, https://doi.org/10.338-9/fmars.2021.710124

Lin J.Y., Tsai H.L., Lyu W.H. (2021). An Integrated Wireless Multi-Sensor System for Monitoring the
Water Quality of Aquaculture. Sensors, 21(24), https://doi.org/10.3390/s21248179

Le P.T,, (2021). Cost-effective Evaluation, Monitoring, and Warning System for Water Quality based on
Internet of Things. Sensors and Materials, 33(2), 575-583, https://doi.org/10.18494/1-
0.18494/SAM.2021.2442

Miao H.Y., Yang C.T., Kristiani E., et al. (2022). On Construction of a Campus Outdoor Air and Water
Quality Monitoring System Using LoRaWAN. Applied sciences, 12(10), https://doi.org/10.3390/app12-
105018

NY/T 396-2000. China Standards Online Service: https://www.spc.org.cn/online/262bfcff8828244c7b-
68b08dc7c32c4d.html (accessed December 2022)

OpenAtom: https://docs.openharmony.cn/pages/v3.1/zh-cn/OpenHarmony-Overview_zh.md /
(accessed December 2022).

Prapti D.R., Shariff A.R.M., Man H.C., et al. (2022). Internet of Things (loT)-based aquaculture: An
overview of loT application on water quality monitoring. Reviews in Aquaculture, 14(2), 979-992,
https://doi.org/10.1111/raq.12637

Sung W.T., Fadillah N., Hsiao S.J., (2021). loT-based Water Quality Monitoring. Sensors and Materials,
33(8), 2791-2983, https://doi.org/10.18494/SAM.2021.3342

Santos D., Martins A.C., Silva K.M., et al. (2022). Identifying water factors that are related to ammonia
nitrogen concentrations in Columbia River using a reversed hazard exponential model. River Research
and Applications, 38(2), 256-266, https://doi.org/10.1002/rra.3902

Zhenfeng X., Jiajian Y., Huan Z., et al. (2023). A wireless remote monitoring sensor for agricultural
environment based on NB-loT. INMATEH-Agricultural  Engineering, 69(1), 285-294,
https://doi.org/10.35633/inmateh-69-26

368


https://doi.org/10.3965/j.ijabe.20150806.1486
https://doi.org/10.35633/inmateh-63-11
https://doi.org/10.35633/inmateh-69-39
https://doi.org/10.1142/S02-17979219500413
https://doi.org/10.1142/S02-17979219500413
https://doi.org/10.1016/j.atech.2022.100072
https://doi.org/10.32604/cmc.2021.018686
https://www.frontiersin.org/journals/marine-science
https://doi.org/10.3389/fmars.2021.710124
https://doi.org/10.3390/s21248179
https://doi.org/10.18494/SAM.2021.2442
https://doi.org/10.3390/app12105018
https://www.spc.org.cn/online/262bfcff8828244c7
https://doi.org/10.1111/raq.12637
https://doi.org/10.18494/SAM.2021.3342
https://doi.org/10.1002/rra.3902
https://doi.org/10.35633/inmateh-69-26

