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Real-time environmental monitoring is an important requirement for managing facilities,
laboratories, server rooms, and work environments that require temperature and humidity
control. This study aims to develop and evaluate the performance of an Internet of Things
(IoT)-based environmental monitoring system using ESP32 microcontrollers, DHT11 sensors,

the Message Queuing Telemetry Transport (MQTT) protocol, Node-RED, and a MySQL
database. The system is designed to acquire temperature and humidity data, transmit data via

KEYWORDS Wi-Fi using MQTT, display real-time measurement results on the Node-RED dashboard, and

store historical data into a MySQL database. Testing was carried out with a data transmission
interval of every 5 seconds using MQTT QoS 0. The test results showed that the system was
capable of continuous monitoring, with a measured temperature range of 27.1-28.5 °C and a
relative humidity range of 44-51% RH. Sensor data was successfully transmitted, visualized,
and stored in real-time without any loss of observed data during the test period. The Node-
RED dashboard can display information as gauges, trend graphs, and historical tables,

Environmental Monitoring, ESP32, Internet of
Things, MQTT, Node-RED

CORRESPONDENCE

facilitating the monitoring and analysis of environmental data. The integration of ESP32,
Phone: MQTT, Node-RED, and MySQL produces a stable, low-cost, easy-to-develop monitoring
system with potential for implementation in various IoT-based environmental monitoring
applications. The results of the study indicate that the proposed architecture can provide a
reliable environmental monitoring solution and support real-time, data-driven decision-
making.

E-mail: mickotomas@eng.unand.ac.id

INTRODUCTION

The rapid advancement of the Internet of Things (IoT) has accelerated the digital transformation of conventional monitoring systems into
intelligent, interconnected platforms that collect, transmit, process, and visualize data in real time. The increasing demand for
environmental monitoring has emerged across sectors such as industrial facilities, laboratories, data centers, healthcare environments,
smart buildings, and agricultural systems. Temperature and humidity are among the most critical environmental parameters because
fluctuations beyond acceptable thresholds may adversely affect equipment performance, product quality, operational safety, and energy
efficiency [1], [2].Consequently, the development of reliable and cost-effective monitoring systems has become an important research
focus in recent years.

IoT technology enables seamless integration between sensing devices, communication networks, data processing platforms, and
decision-support systems. The adoption of IoT-based monitoring systems has significantly improved organizations' ability to monitor
environmental conditions remotely and continuously while reducing manual intervention [2], [3]. Furthermore, the emergence of cyber-
physical systems has strengthened the interaction between physical environments and digital infrastructures, enabling real-time
monitoring and intelligent responses to changing environmental conditions. However, ensuring reliable communication, secure data
transmission, and scalable system architecture remains a major challenge in [oT deployment [4], [5].

Among various IoT hardware platforms, the ESP32 microcontroller has become one of the most widely adopted solutions due to its
integrated Wi-Fi and Bluetooth capabilities, low power consumption, affordability, and sufficient processing performance for real-time

applications [6]. These characteristics make ESP32 particularly suitable for environmental monitoring systems that require continuous
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sensing and wireless communication. Previous studies have demonstrated the successful implementation of ESP32 in remote monitoring
applications, including temperature monitoring systems and smart home environments [7], [8]. Additionally, ESP32-based architectures
have shown promising results in supporting scalable IoT deployments through efficient data acquisition and communication mechanisms

[9].

The effectiveness of an IoT monitoring system depends heavily on the communication protocol used for data transmission. MQTT
(Message Queuing Telemetry Transport) has become one of the most popular messaging protocols for IoT applications due to its
lightweight architecture, low bandwidth requirements, and publish—subscribe communication model [10], [11]. Compared with
conventional communication protocols, MQTT provides efficient message delivery while minimizing network overhead, making it
suitable for resource-constrained embedded devices [7]. Recent environmental monitoring studies have demonstrated that MQTT can
support reliable real-time data transmission while enabling seamless integration with cloud and edge computing platforms [12], [13].
Moreover, MQTT has been successfully integrated into various monitoring systems to facilitate data exchange between sensor nodes,
servers, and visualization platforms [9].

In addition to communication reliability, effective visualization and data management are essential components of environmental
monitoring systems. Node-RED has gained considerable attention as a flow-based development platform that simplifies IoT integration,
dashboard creation, and data processing through a graphical programming environment [14], [15]. The flexibility of Node-RED enables
rapid development of monitoring dashboards that display environmental parameters in real time while also supporting database
integration and remote access. Furthermore, database management systems such as MySQL provide structured storage mechanisms for
historical data, enabling trend analysis, anomaly detection, and long-term environmental assessment [15].

Several studies have reported the successful implementation of environmental monitoring systems using combinations of ESP32, MQTT,
and Node-RED technologies. De Side et al. developed a microclimate monitoring platform utilizing Node-RED for real-time
visualization. At the same time, Utomo and Izzaturrahmani implemented a temperature and humidity monitoring system based on MQTT
and Node-RED. Khan et al. further enhanced environmental monitoring capabilities by integrating predictive analytics and real-time alert
mechanisms. Other studies have explored ESP32-MQTT architectures in smart homes and remote monitoring applications,
demonstrating the feasibility and practicality of such approaches [7]. Despite these advances, many existing implementations primarily
emphasize system functionality and deployment. Limited attention has been devoted to evaluating the operational performance of
integrated monitoring architectures, particularly in terms of real-time data acquisition, communication reliability, dashboard
responsiveness, and continuous database logging.

Therefore, this study proposes the development and performance evaluation of a real-time environmental monitoring system based on
ESP32, MQTT, Node-RED, and MySQL database. The proposed system is designed to acquire temperature and humidity data from
environmental sensors, transmit the data via MQTT, visualize the data in a web-based dashboard, and store historical records in a
relational database. Furthermore, system performance is evaluated based on real-time monitoring capability, communication
effectiveness, and data logging reliability. The results of this study are expected to contribute to the development of scalable, low-cost,
and reliable environmental monitoring solutions that can support various industrial, educational, and smart-environment applications..

METHOD

System Architecture

This study developed a real-time environmental monitoring system based on the Internet of Things (IoT) to monitor temperature and
humidity continuously. The proposed system integrates a DHT11 sensor, an ESP32 microcontroller, an MQTT communication protocol,
a Node-RED platform, and a MySQL database. The overall architecture of the proposed system is shown in Figure 1.

As illustrated in Figure 1, the DHT11 sensor functions as a sensing device that measures ambient temperature and relative humidity. The
measured data are acquired by the ESP32 microcontroller and transmitted wirelessly through a Wi-Fi network using the MQTT protocol.
The Node-RED server acts as a middleware platform that receives, processes, visualizes, and stores incoming sensor data. Real-time
monitoring is performed via a dashboard interface with gauges, charts, and historical tables, while all measurements are simultaneously
stored in a MySQL database for long-term analysis. Using MQTT enables lightweight data exchange between sensor nodes and the
monitoring server. Compared with conventional request-response protocols, MQTT employs a publish-subscribe mechanism, thereby
reducing communication overhead and improving scalability. This architecture allows sensor devices to transmit data continuously
without requiring direct communication with dashboard clients.

The system consists of an ESP32 microcontroller, a DHT11 temperature and humidity sensor, an MQTT communication protocol, a
Node-RED platform, and a MySQL database. The DHT11 sensor continuously measures environmental temperature and humidity, while
the ESP32 processes the sensor readings and transmits the data through Wi-Fi using the MQTT publish—subscribe mechanism. The
Node-RED server subscribes to the MQTT topic, receives incoming data, visualizes the measurements on a dashboard, and stores
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historical records in a MySQL database. The dashboard provides real-time monitoring through gauges, charts, and tabular views, while
additional functions include data filtering, CSV export, and database management.

The data flow begins with environmental sensing, followed by data acquisition by ESP32, MQTT-based transmission, Node-RED
processing, dashboard visualization, and finally storage in the MySQL database.

Node-RED
MySOoL
MENGIRIM DATA MEMBUAT TAMPILAN
'\DAEIZAB}?ECLAEBQTAgi:HU —>» SENSOR KE NODE RED =—> DASHBOARD DAN
DENGAN MQTT PENYIMPANAN KE DATABASE

PADA NODE-RED

Figure 1. Overall architecture of the proposed environmental monitoring system.
Hardware Configuration

The hardware subsystem consists of an ESP32 development board and a DHT11 sensor. The ESP32 functions as the primary processing
and communication unit, while the DHT11 sensor measures ambient temperature and relative humidity. The hardware subsystem
consists of an ESP32 development board and a DHT11 temperature-humidity sensor, as depicted in Figure 2.

The ESP32 was selected because it provides integrated Wi-Fi communication, low power consumption, and sufficient processing
capability for IoT applications. Meanwhile, the DHT11 sensor was employed due to its simplicity, affordability, and capability to
measure both temperature and humidity simultaneously.

The wiring configuration is summarized as follows:

= DHTI11 VCC connected to ESP32 3.3 V.

= DHT11 GND connected to ESP32 GND.

= DHTI11 DATA connected to GPIO14 (D14) of ESP32.

After initialization, the ESP32 periodically reads temperature and humidity values from the DHT11 sensor and converts them into digital
data. These data are then formatted as JavaScript Object Notation (JSON) payloads before being transmitted through MQTT
communication.
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Figure 2. Wiring configuration between ESP32 and DHT11 sensor.
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Software Architecture

The software architecture was implemented using Node-RED, which provides a visual programming environment for IoT applications.
The complete workflow is illustrated in Figure 3. The workflow consists of four main modules: MQTT data acquisition, dashboard
visualization, database storage, and data management. In the MQTT data acquisition module, the MQTT Subscriber node continuously
listens to messages published by the ESP32. The received payload contains temperature and humidity measurements in JSON format,
which are then parsed and converted into numerical variables for further processing.

After the data are parsed, the measurements are displayed through various dashboard components, including gauge indicators for real-
time monitoring, line charts for trend analysis, and historical tables for detailed inspection. This visualization module enables users to
observe environmental conditions intuitively without requiring direct access to raw sensor data. In addition, the processed measurements
are automatically stored in a MySQL database. Each record includes a unique record ID, timestamp, temperature value, and humidity
value. The database storage mechanism supports long-term data retention and facilitates historical analysis of environmental conditions.

To improve system usability, the platform also incorporates several data management features. Users can filter records based on specific
dates and times, delete unnecessary records, and export data in CSV format for offline analysis. These functionalities enhance the
practicality of the monitoring platform and support efficient data handling for various environmental monitoring applications. Figure 3
presents the complete Node-RED workflow used in the proposed system.
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O saeroomasss ' wmtimsom — T RREE
f 1 [ T3
SUBSCRIBE [ -
' Tampilkan Data ke Dashboard
B connectad
_/
i B
e |
FILTER TABLE
o
CE' Tanggal (——  INPUTTANGGAL (0
[ ] t
ZEI Dari [—] INPUT WAKTU AWAL -
. o MEE] 0
) sampa  (———  INPUTWAKTUAKHIR () '
8 8 - 8
Eu SUBMIT (——  DATABASE QUERY () { ——] = SETPARAMETER [— 2]
= T J
HAPUS DATA
' - 8 :
:Eu DELETEDATA (—— ) DFELETEDATABASE [ — —_ ]
1 : 1 B connectad
DOWNLOAD FILETO CS'V'.\
:E. Download CSV [ —— )  QUERYSELECT [ —
B connectad
- e [}
] prepare data to csv —E |'|-ieﬂe —El change: 3rules | ——

Figure 3. Node-RED workflow used in the proposed system.
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MQOTT Communication Mechanism

The MQTT (Message Queuing Telemetry Transport) protocol was utilized as the primary communication mechanism between the
ESP32 sensor node and the Node-RED server. MQTT was selected because it is a lightweight publish-subscribe messaging protocol
specifically designed for Internet of Things (IoT) applications, where devices often operate with limited processing power, memory, and
network bandwidth. Its low overhead and efficient message delivery make it suitable for real-time environmental monitoring systems.

In the proposed architecture, the ESP32 functions as an MQTT client that periodically collects temperature and humidity data from the
DHT11 sensor. After each measurement cycle, the ESP32 establishes communication with the MQTT broker and publishes the acquired
sensor readings to a predefined topic. The sensor data are transmitted in JavaScript Object Notation (JSON) format to ensure
compatibility with Node-RED and other IoT platforms. The payload structure is expressed as:

["temperature", "humidity"] O

where:
(T) denotes temperature measurement (°C),
(H) denotes relative humidity (%RH).

An example of the transmitted payload is shown below:
["temperature" : 29.5, "humidity": 72] ()

On the server side, Node-RED acts as an MQTT subscriber by listening to the same topic. Whenever the ESP32 publishes a new
message, Node-RED automatically receives and processes the data without requiring continuous polling. The received payload is then
parsed and forwarded to several processing modules, including real-time dashboard visualization, MySQL database storage, data
filtering, and CSV export.

The publish-subscribe architecture provided by MQTT offers several advantages for the proposed monitoring system. First, it enables
asynchronous communication between devices, allowing the ESP32 and Node-RED to operate independently. Second, it reduces
network traffic because data is transmitted only when new measurements are available. Third, it improves system scalability, as multiple
sensor nodes and monitoring applications can subscribe to the same broker without significant modifications to the existing
infrastructure. Node-RED subscribes to the same topic and processes incoming messages immediately upon reception. This mechanism
minimizes communication latency, ensures efficient data transmission, and supports real-time monitoring of environmental conditions.

Performance Evaluation

To evaluate the effectiveness of the proposed monitoring system, several statistical and communication performance metrics were
employed to assess both the accuracy of environmental data acquisition and the reliability of data transmission. Statistical evaluation was
conducted by analyzing the collected temperature and humidity data using descriptive measures such as minimum, maximum, average,
and standard deviation values to determine data consistency and variability over the monitoring period. In addition, communication
performance was assessed through MQTT message delivery observations, including transmission success rate, data update frequency,
and system responsiveness between the ESP32 device, Node-RED platform, and MySQL database. These metrics provide a
comprehensive evaluation of the system’s capability to collect, transmit, process, and store environmental data accurately and efficiently
in real-time monitoring applications.

Average Temperature

The average temperature represents the central tendency of temperature measurements during the observation period and is calculated
using:

= 1
T=-1 3)
n
where:
(T) = average temperature (°C),
(7: ) = temperature measurement at sample (i),

(n) = total number of observations.

This parameter provides an overall representation of environmental thermal conditions.
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Average Humidity

The average relative humidity is determined by:

a==>H, 4)
where:
(H) = average humidity (%RH),
(H ; ) = humidity measurement at sample (i),

(n) = number of observations.

The average humidity indicates the overall moisture level of the monitored environment.
Standart Deviation

Measurement stability was evaluated using standard deviation:

SD = &)
where:
(SD) = standard deviation,
(x,. ) = individual measurement,
(X) = average measurement value.
A smaller standard deviation indicates that measurements are more stable and less dispersed around the mean.
Packet Delivery Ratio (PDR)
Communication reliability was assessed using Packet Delivery Ratio:
N,
PDR =—x100% ©)
N,
where:
(N,, ) = total packets successfully received,
(NS ) = total packets transmitted.
A PDR value approaching 100% indicates excellent communication reliability.
Average End-to-End Delay
The communication delay was calculated using:
2. ~1)
D=+ (7

where:

(D) = average delay (ms),
(ts ) = packet transmission time,

(tr ) = packet reception time.

Lower delay values indicate faster communication between the ESP32 and Node-RED server.
Throughput

The throughput reflects the effective data transmission rate:
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Throughput = Total Dat? R.ecel\{ed (bits) o
Transmission Time (s)

where the result is expressed in bits per second (bps) or kilobits per second (kbps). Higher throughput values indicate more efficient
network utilization and greater data transfer capability.

RESULTS AND DISCUSSION

System Implementation Results

The proposed environmental monitoring system was successfully developed and implemented using an ESP32 microcontroller, a DHT 11
temperature-humidity sensor, the MQTT communication protocol, the Node-RED platform, and a MySQL database. The developed
system was designed to acquire environmental measurements, transmit sensor data wirelessly, visualize information in real time, and
store historical records for further analysis.

The complete Node-RED-generated dashboard interface is shown in Figure 4. The dashboard includes temperature and humidity gauges,
trend charts, historical data tables, date-time filtering, CSV export, and database management features. These components provide users
with comprehensive monitoring capabilities through a single web-based interface.
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Figure 4. Real-time environmental monitoring dashboard implemented using Node-RED.

As shown in Figure 4, the dashboard displays current temperature and humidity measurements and historical records collected during the
monitoring period. The gauge indicators provide immediate information regarding environmental conditions, whereas the trend charts
visualize temporal changes in temperature and humidity. Furthermore, the historical table allows users to inspect previously recorded
measurements and retrieve data based on selected date and time intervals. The successful implementation of these functionalities
demonstrates that the proposed architecture can support continuous environmental monitoring while providing intuitive data
visualization and management capabilities.

MOQOTT Communication Results

The communication performance of the developed system was evaluated by observing MQTT message transmission between the ESP32
sensor node and the Node-RED server. The MQTT monitoring results are presented in Figure 5.
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Topic: edutic/dht1l  QoS: 0

{"temperature":"27.6", "humidity":"51.0"}
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Figure 5. MQTT message transmission and reception monitoring.

Figure 5 shows that the transmitted payload contains both temperature and humidity measurements in JSON format. The MQTT monitor
confirms that messages were published and received continuously using QoS level 0. Based on the timestamps shown in Figure 5, the
average data transmission interval was approximately 5 seconds. The consistent arrival of MQTT messages indicates stable
communication between the ESP32 device and the MQTT broker throughout the observation period. The successful delivery of sensor
measurements demonstrates that the MQTT protocol can effectively support lightweight real-time communication for environmental
monitoring applications.

Temperature Monitoring Performance

Temperature monitoring constitutes one of the primary functions of the proposed environmental monitoring system because temperature
is a critical parameter that influences environmental comfort, equipment operation, and overall indoor conditions. During the
experimental evaluation, temperature data were continuously acquired by the DHT11 sensor and transmitted through the MQTT
communication protocol to the Node-RED platform for real-time visualization and storage in the MySQL database.

The monitoring process was conducted over a predefined observation period, during which temperature measurements were recorded at
regular intervals. Each measurement was automatically processed by the ESP32 microcontroller before being transmitted to the MQTT
broker and displayed on the dashboard. This mechanism enabled users to observe temperature variations in real time while
simultaneously maintaining a historical record of all collected data.

Table 1. Temperature Monitoring Results

Parameter Value

Minimum Temperature  27.1 °C
Maximum Temperature 28.5 °C
Current Temperature 27.6 °C

Temperature Range 1.4°C

To evaluate the performance of the temperature monitoring subsystem, the recorded measurements were analyzed to determine the
minimum, maximum, and current temperature values observed during the experiment. These results provide an overview of the thermal
conditions within the monitored environment and demonstrate the capability of the proposed system to capture environmental changes
accurately and continuously. The summarized temperature measurements collected during the experiment are presented in Table 1. The
temperature profile observed during the monitoring period is illustrated in Figure 6.
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Temperature trend during monitoring period

Observed temperature variation from 16:51 to 17:07.

16:51 1 17:01 17:.03 17:05 17:06 17.07

a
L
o

Figure 6. Temperature variation observed during the monitoring period. The temperature gradually increased from 27.1 °C to 28.5 °C,
indicating that the proposed system successfully detected environmental changes and updated measurements in real time.

The recorded temperature varied from 27.1 °C to 28.5 °C, resulting in a total variation range of 1.4 °C. The relatively small fluctuation
indicates that the monitored environment maintained stable thermal conditions during the experiment. A gradual increase in temperature
was observed after approximately 17:00, followed by a peak value of 28.5 °C near the end of the observation period. The absence of
abrupt fluctuations suggests that the ESP32-DHT11 sensing subsystem operated consistently and was capable of capturing environmental
changes in real time. The temperature trend further confirms that the proposed monitoring system successfully acquired, transmitted, and
visualized environmental data without observable interruptions.

Humidity Monitoring Performance

Humidity measurements obtained during the monitoring experiment are summarized in Table 2. The humidity parameter was
continuously monitored using the DHT11 sensor and transmitted to the monitoring platform through the MQTT communication protocol.
Monitoring humidity is important because variations in relative humidity can significantly affect indoor environmental quality,
equipment performance, and human comfort. Throughout the experiment, the developed system successfully captured humidity changes
in real time and displayed the measurements on the Node-RED dashboard while simultaneously storing the data in the MySQL database
for historical analysis. The collected humidity data provide valuable information regarding environmental moisture conditions and
demonstrate the capability of the proposed system to perform reliable and continuous humidity monitoring.

Table 2. Humidity Monitoring Results

Parameter Value
Minimum Humidity = 44 %RH
Maximum Humidity 51 %RH
Current Humidity 52 %RH
Humidity Range 7 %RH

The humidity profile observed during the experiment is presented in Figure 7. The recorded humidity values ranged between 44 %RH
and 51 %RH. The humidity remained relatively stable during the initial observation period and increased gradually after approximately
17:03. Compared with temperature measurements, humidity exhibited larger fluctuations because relative humidity is highly sensitive to
local environmental conditions and thermal variations. Nevertheless, the measured values remained within a reasonable operating range
for indoor environmental monitoring.

The results indicate that the developed monitoring system can effectively capture dynamic changes in environmental moisture levels and
display them continuously through the Node-RED dashboard.
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Humidity trend during monitoring period

Observed humidity variation from 16:51 to 17:07.

54%RH

51%RH

48%RH

45%RH

42%RH
16:51 16:56 17:00 17:03 17:04 17:05 17:07

Figure 7. Relative humidity trend during the monitoring period. Humidity increased from 44 %RH to 51 %RH, demonstrating the
capability of the proposed monitoring system to capture environmental moisture fluctuations continuously.

Statistical Analysis of Environmental Measurements

To obtain a more comprehensive understanding of the environmental conditions observed during the experiment, a statistical analysis
was performed on the collected temperature and humidity data. Statistical evaluation is important because it provides quantitative
information regarding the stability, variability, and overall behavior of the monitored environment throughout the data acquisition period.
By examining the minimum, maximum, and range values of each parameter, it becomes possible to assess whether significant
environmental fluctuations occurred and to evaluate the effectiveness of the proposed monitoring system in capturing these changes
accurately.

The statistical summary of the collected measurements is presented in Table 3. This summary consolidates the key characteristics of the
recorded data and serves as a basis for comparing the behavior of temperature and humidity during the monitoring period. The analysis
also helps identify trends and variations that may not be immediately apparent from individual measurements or real-time dashboard
observations.

Table 3. Statistical Summary of Environmental Measurements

Parameter Minimum Maximum Range
Temperature (°C) 271 28.5 1.4
Humidity (%RH) 44 51 7

The results indicate that both environmental parameters remained relatively stable throughout the experiment. The temperature exhibited
a narrow operating range of only 1.4 °C, while humidity varied within a range of 7 %RH. These observations suggest that the monitored
environment experienced no significant disturbances during the data acquisition period. The comparison between minimum and
maximum values is illustrated in Figure 8.

Figure 8 compares the minimum and maximum values of temperature and humidity recorded during the monitoring period. The graph
shows that the temperature varied from 27.1 °C to 28.5 °C, resulting in a relatively small range of 1.4 °C. This narrow variation indicates
that the monitored environment maintained stable thermal conditions throughout the experiment. In contrast, relative humidity showed
greater variation, ranging from 44 %RH to 51 %RH, for a total fluctuation of 7 %RH. The larger humidity variation suggests that
moisture levels were more sensitive to environmental changes than temperature during the observation period. Despite these fluctuations,
both parameters remained within acceptable indoor environmental conditions. Furthermore, the clear distinction between minimum and
maximum measurements demonstrates the proposed monitoring system's ability to detect and record environmental variations in real
time accurately. The results confirm that integrating the ESP32, DHT11 sensor, MQTT communication protocol, Node-RED dashboard,
and MySQL database provides reliable monitoring performance for continuous environmental observation applications.

The statistical comparison shown in Figure 8 also highlights the effectiveness of the data acquisition and transmission process. All
observed variations were successfully reflected in the dashboard and database records without missing measurements, indicating stable
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operation of the sensing, communication, and storage subsystems. The ability to capture both small temperature fluctuations and larger
humidity variations demonstrates the sensitivity of the monitoring architecture and its suitability for applications requiring continuous
environmental assessment, such as laboratories, server rooms, smart buildings, and educational facilities.

Environmental monitoring summary

Comparison of minimum and maximum measurements during the observation period.

60
45
30
15 --
0
Temperature (°C) Humidity (%:RH)
® Minimum ® Maximum

Figure 8. Comparison of minimum and maximum temperature and humidity values during the monitoring period.
Database Logging Performance

One of the primary objectives of the developed monitoring system was to provide reliable data storage for long-term environmental
analysis. As shown in Figure 4, all measurements received through MQTT communication were automatically stored in the MySQL
database and subsequently displayed in the historical data table.

The database logging mechanism operated continuously throughout the experiment without observable data loss. Each record was stored
with its timestamp, temperature, and humidity values. This functionality ensures complete traceability of environmental conditions and
supports future trend analysis. In addition, the filtering function enabled users to retrieve measurements based on selected date and time
intervals, while the CSV export function facilitated offline analysis and reporting. These capabilities significantly improve the
practicality of the proposed monitoring platform.

Overall System Performance Discussion

The experimental results demonstrate that the integration of ESP32, MQTT, Node-RED, and MySQL successfully provides a functional
and reliable environmental monitoring platform. Throughout the testing process, the system was able to operate continuously and
perform all major monitoring functions without significant interruptions. The developed platform successfully combined sensing,
wireless communication, data visualization, and data storage into a unified Internet of Things (IoT) architecture capable of monitoring
environmental conditions in real time.

The developed system was capable of performing four essential operations. First, the ESP32 microcontroller, together with the DHT11
sensor, successfully acquired temperature and humidity measurements from the monitored environment. The sensor readings were
collected periodically and processed by the ESP32 before being transmitted to the network. The recorded measurements showed stable
operation during the observation period, indicating that the sensing subsystem was able to provide consistent environmental data.

Second, the system achieved reliable MQTT-based wireless communication. The MQTT protocol served as the communication bridge
between the ESP32 device and the Node-RED platform. During testing, sensor data were transmitted successfully through the MQTT
broker with a consistent update interval of approximately 5 seconds. This communication mechanism enabled efficient data exchange
while maintaining low network overhead, which is one of the main advantages of MQTT for [oT applications. The successful delivery of
messages without noticeable data loss demonstrates the suitability of MQTT for real-time environmental monitoring systems.

Third, the Node-RED dashboard provided effective real-time visualization of environmental conditions. The dashboard displayed
temperature and humidity values using gauges, trend charts, and historical data tables, allowing users to observe current conditions as
well as changes over time. The graphical representation of sensor readings improved data accessibility and enabled users to quickly
identify environmental fluctuations. The dashboard interface also contributed to the usability of the system by presenting information in a
clear and intuitive manner.
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Fourth, the MySQL database successfully performed continuous historical data storage. Every measurement received through MQTT
was automatically recorded in the database, creating a structured repository of environmental information. This storage capability is
particularly important for long-term monitoring applications because it enables historical analysis, trend evaluation, performance
assessment, and future data processing activities. The successful integration between Node-RED and MySQL ensured that environmental
measurements were archived systematically and could be retrieved whenever needed.

The overall performance of the system indicates that the proposed architecture is capable of supporting real-time environmental
monitoring requirements. The combination of periodic sensing, reliable wireless communication, responsive visualization, and persistent
data storage creates a comprehensive monitoring solution that can be deployed in various environments. In addition, the use of widely
available hardware and open-source software components contributes to the affordability and scalability of the system.

Overall, the proposed system offers a low-cost, scalable, and user-friendly solution for environmental monitoring applications. The
successful integration of sensing, communication, visualization, and database components demonstrates the feasibility of implementing
ESP32-based IoT architectures for real-time environmental monitoring. The developed platform can be applied in laboratories, offices,
classrooms, server rooms, smart-building environments, and other facilities that require continuous observation of temperature and
humidity conditions. Furthermore, the modular design of the system allows future enhancements, such as the integration of additional
sensors, cloud-based analytics, automated alert mechanisms, and remote monitoring capabilities, thereby increasing its potential for
broader IoT applications.

CONCLUSIONS

This study successfully developed and evaluated a real-time environmental monitoring system based on ESP32, DHT11, MQTT, Node-
RED, and MySQL database technologies. The proposed system was capable of continuously acquiring temperature and humidity
measurements, transmitting sensor data wirelessly through the MQTT protocol, visualizing environmental conditions in real time using a
Node-RED dashboard, and storing historical records automatically in a MySQL database. Experimental results demonstrated that the
system operated reliably throughout the monitoring period, with MQTT communication successfully delivering sensor data at
approximately 5-second intervals without observable interruptions. The recorded temperature values ranged from 27.1 °C to 28.5 °C,
resulting in a temperature variation of 1.4 °C, while humidity measurements varied between 44 %RH and 51 %RH, corresponding to a
humidity range of 7 %RH. These results indicate that the monitored environment remained relatively stable and that the developed
system was capable of accurately capturing environmental changes in real time. Furthermore, the Node-RED dashboard effectively
displayed environmental information through gauges, trend charts, and historical tables, thereby improving data accessibility and
monitoring efficiency. The integration of MySQL database storage ensured complete traceability of environmental measurements and
enabled long-term data management for future analysis. Overall, the successful integration of sensing, communication, visualization, and
database components confirms that the proposed architecture provides a reliable, scalable, low-cost, and user-friendly solution for
environmental monitoring applications. The developed platform demonstrates significant potential for deployment in laboratories,
classrooms, offices, server rooms, smart-building environments, and other facilities requiring continuous temperature and humidity
monitoring. Future work may focus on integrating additional environmental sensors, implementing cloud-based monitoring services,
incorporating automated alert mechanisms, and evaluating communication performance using Quality of Service (QoS), Packet Delivery
Ratio (PDR), delay, and throughput metrics to further enhance system capability and reliability.
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