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Abstract

This study presents the development and implementation of an IoT-enabled smart greenhouse
system designed not only for rice cultivation but specifically as a controlled experimental platform
for evaluating fertilizer application methods. Traditional greenhouse rice farming faces persistent
challenges such as unpredictable weather, pest infestations, and inefficient resource use. To address
these limitations, a smart farming greenhouse system was developed to optimize environmental
conditions and enable precise monitoring and control. The system successfully tracked temperature,
humidity, and sunlight intensity via the Thingsboard IoT platform, providing real-time data and
analytical capabilities. The cultivation process included preparation of Inceptisol soil, slurrying,
fertilization, seeding, transplantation, and continuous monitoring. A key novelty of this system lies
in its design as a comparative testing platform: with automated temperature control and humidity
regulation, the greenhouse enables parallel experimentation under identical environmental
conditions. This allows for rigorous evaluation of nano-silica fertilizer applied via root (soil) and
foliar (leaf) methods. The system moves beyond simulation, offering a valid and replicable
framework for experimental agronomy. The potential to connect this platform with machine learning
models opens new avenues for forecasting plant responses based on historical data. Overall, this
study demonstrates how advanced technology can be leveraged to enhance agricultural precision,
sustainability, and experimental reliability.
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1. Introduction

Global demand for rice has continued to rise in recent years, prompting the need for innovations
in agricultural practices to ensure sustainable and efficient production. Traditional rice cultivation is
challenged by unpredictable weather, pest infestations, and limited resource availability, all of which
can adversely affect crop yield and quality. To overcome these limitations, the integration of
technology into agriculture, particularly through smart farming systems, has emerged as a promising
solution. Smart farming leverages Internet of Things (IoT) technology, automation, and data analytics
to enhance agricultural efficiency, optimize resource management, and improve crop productivity
[1,2].

Recent developments in smart farming systems have introduced advanced sensor technologies,
automated control mechanisms, and real-time data processing capabilities [3]. IoT-enabled
greenhouses are specifically designed to monitor and regulate environmental parameters such as
temperature, humidity, and soil moisture, thereby creating optimal conditions for plant growth [4].
These systems often incorporate machine learning algorithms to interpret data and generate
actionable insights, supporting better decision-making and resource allocation [5]. Furthermore,
improvements in wireless communication and cloud computing have enabled seamless integration
of IoT devices, forming a responsive and interconnected agricultural ecosystem [6,7].

The convergence of IoT and artificial intelligence (AI) technologies has significantly advanced
smart agriculture. In greenhouse applications, IoT systems integrate diverse sensors and
communication protocols to optimize crop production and resource efficiency [1]. AloT enhances
intelligent decision-making, predictive analytics, and real-time monitoring [2]. Despite challenges
such as data security and infrastructure costs, IoT continues to drive precision farming and smart
irrigation [3]. Hardware and communication innovations contribute to improved productivity and
sustainability [4], while IoT applications in early fire detection and water management bolster
agricultural resilience [6,7]. Nonetheless, economic and technical barriers remain in deploying smart
sensors across agricultural settings [8-12]. The integration of Al and IoT supports enhanced data
analysis and decision-making in precision agriculture [13], with ongoing research highlighting the
transformative potential of IoT in improving efficiency, reducing resource consumption, and
increasing yields [14].

Despite these advancements, several gaps persist in the development of intelligent farming
systems. High implementation and maintenance costs pose challenges for small-scale farmers [3],
and interoperability issues among IoT devices hinder widespread adoption due to the lack of
standardized protocols [2]. Moreover, long-term studies are needed to assess the impacts of IoT-
based agriculture on crop performance, soil health, and environmental sustainability [4,15].

In parallel, nano-silica has emerged as a promising fertilizer, with foliar spraying proving more
effective than soil or root application. Foliar application enhances rice plant height and biomass under
both normal and stress conditions [16], as nano-silica is absorbed through leaf apoplast and
distributed efficiently [17]. Soil application, by contrast, suffers from adsorption, desorption, and
polymerization reactions influenced by concentration and pH, leading to significant losses and higher
dosage requirements [18]. Foliar spraying also boosts proline levels and antioxidant enzyme activity,
improving tolerance to abiotic stress [17], particularly in saline and alkaline soils [19].

However, to rigorously evaluate the comparative effectiveness of these application methods, a
precision-controlled farming system is essential. Most existing greenhouse systems are designed for
production or simulation, not for structured experimentation. This study addresses that gap by
developing an IoT-equipped smart greenhouse system specifically designed as a comparative testing
platform. With automated temperature control and humidity regulation, the system enables parallel
testing of nano-silica fertilizer via soil and foliar application under identical environmental
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conditions. This transforms the greenhouse into a valid and replicable research environment, capable
of supporting experimental agronomy and input optimization.

By integrating advanced technologies into a structured experimental framework, this research
contributes to the development of sustainable, efficient, and data-driven rice farming practices. The
system also holds potential for broader applications, including testing various fertilizer formulations,
optimizing dosage and timing, and enabling predictive modeling of plant responses through future
integration with machine learning.

2. Design of Control and Monitoring System

2.1. Design of Greenhouse Smart Farming System

The research scenario is a test rice plant with an integrated greenhouse system with an IoT-based
instrumentation system. The Greenhouse was built according to standards and is carried out in the
design and build stages. The design begins with designing the greenhouse according to standards
referring to the minimum greenhouse standards of the Ministry of Agriculture of the Republic of
Indonesia as shown in Figure 1.

Right View

Figure 1. Greenhouse Design.

The Greenhouse design is divided into two rooms, namely the control room and the planting
room. In the planting room, there are 8 containers and 4 drums (one drum 200L, three drums 120L).
The containers will be used for various treatments of rice plants, while the drums are filled with
fertilizer and water for irrigation and fertilization. Each container is divided into 2 partitions, creating
3 rows. Each row contains 10 clumps of rice, with each clump containing 3 rice seeds. The containers
and drums are designed in such a way that they can easily flow water and fertilizer. The irrigation
and fertilization design can be seen in Figure 2.
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Figure 2. Greenhouse, wiring, and piping design enable water and fertilizer spray management and

environment control.

Irrigation and fertilization used a pump from a drum by setting the duration of the automatic
valve opening and the duration of the pump on. The treatment was divided into 3 parts, namely via
the root path and via the path. The division plan for the planting room was shown in Figure 2 which
was divided into 3 parts, namely the root scheme test section, the foliar scheme test section and the
control scheme test section.

The supporting schematic design for the greenhouse irrigation process is shown in Figure 3. The
design showed a diagram of the irrigation process through the roots and leaves. Water through the
leaves with a sprayer. Irrigation and fertilization systems in rice crops are designed to be supported
by instrumentation and IoT systems. Instrumentation and IoT-based systems can help users control
the amount of irrigation and fertilization in specific doses depending on the planting substrate plot
and its treatment. Plant treatment is carried out in two parts, namely through the roots (drip) and the
leaves (foliar spray). Meanwhile, the dosage for plants is divided into four dosages: low, medium,
high and control doses.

Silica spray on foliar
AN /N /N /N NN AN NN

( - ]

Silica drip on soil
Paddy

( l

Figure 3. General Process Scheme: drip and spray system.

In tank one, which contains silica nanoparticles (SNPs), both irrigation and foliar spray schemes
will be delivered from this tank. Irrigation is alternated during the fertilizer application process.
Then, the other two tanks contain standard fertilizers (urea, KCl, etc.) and are applied by the flood
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method. The fourth tank contains only water, also applied by the flood method. The application of
SNP fertilizers is developed by spraying with a nozzle.

Greenhouse Smart Farming System using sensor systems to measure temperature, humidity,
and sunlight intensity for optimizing plant growth control as shown in Figure 4. Where this
temperature value will be used as a control parameter to turn on the mist blower. By precisely
regulating those environmental factors in real-time can enable precise management of environmental
conditions, which leads to improved crop quality, increased yields, and resource efficiency. The
system used consists of an Arduino ESP32 as the microcontroller built with wifi module, DHT11
sensor module for measuring temperature and environmental humidity, LDR sensor module SEN-
0012 for measuring sunlight intensity and mist blower with SSR driver as a tool that will turn on if
the greenhouse temperature gets too hot. The measurement results from all sensors can be monitored
and viewed in real-time on the display located in the greenhouse control room and also stored in the
cloud based on the Thingsboard application.

In addition, Greenhouse Smart Farming System also uses a microcontroller Mega2560,
Automatic Valve, Relay module driver and Nextion HMI display (Figure 5) to applied irrigation flow
from the tank using a water pump.

£

ThingsBoard

LCD Display

Mist Blower

LDR Sensor

5 R
evaes 1.
. v

Humidity & Temperature
Sensor

Controller

Figure 4. IoT monitoring and control temperature system.

NEXTION
HMI Display

- { i&
Controller

Figure 5. Watering and fertilizing system.
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2.2. Sensors

2.2.1. Temperature and Humidity Sensor

The DHT11 temperature and humidity sensor has a temperature and humidity sensor complex
with a calibrated digital signal output. By using exclusive digital signal acquisition technology as
well as temperature and humidity sensor technology, it ensures high reliability and excellent long-
term stability. This sensor includes a resistance component for humidity measurement and an NTC
temperature measurement component and is connected to a powerful 8-bit microcontroller, which
provides excellent quality, fast response, anti-interference capability and cost-effectiveness.

Each DHT11 element is rigorously calibrated in the laboratory, making the humidity calibration
extremely accurate. The calibration coefficients are stored as programs in OTP memory that are used
by the sensor’s internal signal detection process. The single-wire serial interface enables quick and
easy system integration. Its small size, low power consumption and signal transmission distance of
up to 20 meters make it the best choice for various applications, even the most demanding ones. The
component is a single row 4-pin package. The connection is convenient, and special packages can be
provided depending on the user’s needs. The DHT11 sensor module provides a temperature range
from 0°C to 50°C and a humidity range from 20% to 90%, with high reliability due to factory
calibration. The DHT11 is easy to connect with microcontrollers like Arduino and Raspberry Pi. [20]

2.2.2. Light Dependent Resistance (LDR) Sensor

A cost-effective digital and analog sensor module that can measure and detect light intensity is
the LDR sensor module SEN-0012. Another name for this sensor is photoresistor sensor. The light
dependent resistor (LDR) integrated into this sensor supports light detection. There are four
connections on this sensor module. where the pins “DO” and “AO” stand for the digital and analog
output, respectively. When there is no light, the performance of the module increases, and when there
is light, it decreases. The sensitivity of the sensor can be changed using the integrated potentiometer.

The LDR sensor module consists mainly of the LDR, LM393 Comparators, Variable Resistor
(Trim-pot), Power LED, output LED. LDR or light dependent resistor is a type of variable resistor. It
is also called a photoresistor. The light-dependent resistor (LDR) works on the principle of
“photoconductivity”. The LDR resistance changes according to the intensity of light falling on the
LDR. As the light intensity on the LDR surface increases, the LDR resistance decreases and the
element conductivity increases. As the light intensity on the LDR surface decreases, the LDR
resistance increases and the element conductivity decreases.

The LDR sensor module has an integrated variable resistor or potentiometer. This variable
resistor is preset to 10 kQ. This sets the sensitivity of this LDR sensor. Rotate the preset knob to adjust
the sensitivity of light intensity detection. If we rotate the preset knob clockwise, the sensitivity of
light intensity detection will increase. If it is rotated counterclockwise, the sensitivity of light intensity
detection will decrease [21].

2.3. Control and IoT System

2.3.1. Control System

e Temperature Control

The temperature control system utilized a SSR (Solid State Relay) module that opens and closes
a switch due to an input signal applied to the control circuit. The SSR module connects the DC+
terminal to the positive pole of the 5 Volt power supply. Then, DC- terminal connects to the negative
pole of the power supply. The CH terminal serves as the relay module’s signal trigger terminal, which
is connected to the digital output of Arduino esp32. The normally closed (NC) SSR was connected
to an AC source, and the SSR’s COM pin was connected to the mist blower. The input signal is the
temperature read from Arduino. When the temperature is more than 30 °C, Arduino sends the signal

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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LOW to the SSR, activating the SSR and allowing current to flow through the circuit. When the
temperature is less than 30 °C, the arduino will send a signal HIGH to the SSR then the circuit closes.
The control flow chart of the system can be seen in Figure 6. Figure 7 shows a block diagram of the
temperature room control system. The controller will keep the temperature of the greenhouse to not
exceed 40 °C so that the set point temperature is set at 30 °C to turn on the blower.

==lN0

Read
Temperature
from sensor

Data Storage

¥

Data processing
in Arduino

Turn off Mist
Yes Blower
Turn on Mist ‘

Blower Data Storage

OIS

Figure 6. Mist blower on—off control flowchart.

Controller |—» Bll\g\lr?:a . .
Desired Green
temperature House
30°C
Temperature
Sensor

Figure 7. Block diagram of temperature room control system.

¢ Flow Water Control

Watering and fertilizing the planting medium are measured using a timer to determine the flow
rate in units of time or the flow rate of the liquid (Figure 8). The flow rate time of the liquid to be
distributed to each planting medium is used as the delay time for each automatic valve or solenoid
valve (SV) to activate the ON/OFF control. Thus, the liquid is distributed to only one SV at a time and
so on based on the delay time

Settin Driver Green
| Controller Ti 9 b Pum =| Pump | = House
Desired iImer P
Volume

Figure 8. Block diagram of watering and fertilizing system.
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The ESP32 Wi-Fi module allows Arduino to connect to a wireless network. The algorithm used
by Arduino to send data to the Thingsboard is shown in Figure 10. After integrating the library, the
variables humidity, light intensity, temperature as control variable, WiFi access and Thingsboard
configuration access were defined and initialized to provide the functionality. The Arduino read the
sensor measurement data every three minutes and transmitted it automatically and without external
interference to ThingsBoard IoT viaa WLAN AP. Thingsboard IoT’s opensource application program
interface (API) provides an Internet of Things platform that uses the MQTT publish-subscribe
network protocol to store and retrieve temperature, humidity, and light intensity data. The three
main actors in the message exchange process are the publisher, the MQTT broker and the subscriber

[22,23].

Library:

1. DHTh

2. WiFih

3. HTTPClient.h

4. WiFiClientSccure.h
5. LiquidCrystal 12C.h
6. ThingsBoard.h

]

9

Read:
1. Temperature, Humidity.

> Light intensity

2. Prepare JSON payload
3. Send Payload

Connect to

Declaration:

1. Set variable:
Temp,Humidity, LDR

2. Set Temp Range

3. Set Access WiFi

4. Set Thingsboard loT
API token Key

Set up:

1. WiFi

2. Begin sensor
3. Output pin

WiFi

Yes
Reconnect
No
Data Sendto
thingsboard
Finish

Figure 10. The data collection and transmission algorithm using an Arduino esp32 to the Thingsboard IoT

platform.
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2.3.3. Sensor Characteristics

The experiment to obtain sensor characteristics was conducted by comparing the sensors with
handheld sensors with better accuracy. The characteristics of sensors include accuracy, precision, and
error. The accuracy of the DHT11 sensor was compared with a Ace hardware hygrometer, which has
range temperature -20-70 °C, range humidity 10%-99%, accuracy +1C and 5%RH for temperature and
humidity, respectively. The Light Intensity was measured compared with the Sanwa Mobiken
Illuminance meter.

2.4. Planting Design

During the growth period, standard urea fertilizer was applied three times, at 7, 21, and 36 days
after planting. SP36 fertilizer was applied once, at 7 days after planting, while KCL fertilizer was
applied twice, at 7 and 36 days after planting. Meanwhile, the application of silica nanoparticle (SNP)
fertilizer was carried out 2 times, at 56 and 63 days after planting. The SNP application was regulated
based on different doses, namely low, medium, high, and control, where the concentrations used
were 100, 200, and 300 kg/ha. The application was also carried out with two different treatments: root
(flood irrigation) and foliar (foliar spray). Therefore, 8 planting media were needed to conduct the
treatment test on these plants. Based on statistical treatment calculations, the number of plants to be
tested for each planting medium was 10 plants with 3 replicates (30 plants).

3. Results & Discussion

3.1. loT-Based Environmental Monitoring for Controlled Cultivation

Environmental monitoring in this study was conducted using the Thingsboard IoT platform,
which served as the central interface for real-time data acquisition and visualization. The dashboard
menu on Thingsboard provided access to graphical displays of key environmental parameters,
including temperature (°C), relative humidity (%RH), and light intensity (bit ADC). These parameters
were plotted with time intervals on the horizontal x-axis and respective measurement values on the
vertical y-axis, enabling continuous observation of microclimatic conditions within the greenhouse.

Figure 11 illustrates a one-day monitoring display with a data grouping interval of 3 minutes,
showcasing the system’s capability to capture high-resolution environmental fluctuations. This
granularity is essential for precision agriculture, as it allows for the detection of subtle changes that
may influence plant physiology and growth dynamics. The data were not only visualized in real-time
but also archived and exported to Google Excel for further analysis, as shown in Figure 12. This dual-
mode accessibility—live monitoring and retrospective data logging, enhances the analytical
robustness of the system and supports longitudinal studies.

The integration of Thingsboard with ESP32 microcontrollers and sensor arrays reflects the
broader trend in smart agriculture toward cyber-physical systems that combine sensing, control, and
data analytics [1-4]. Such systems enable researchers to maintain environmental parameters within
tightly controlled thresholds, which is particularly critical when conducting comparative
experiments, such as evaluating the efficacy of nano-silica fertilizer via foliar versus soil application.
By minimizing external variability, the greenhouse functions as a replicable and scalable platform for
experimental agronomy.

Moreover, the ability to export structured datasets facilitates statistical analysis and modeling,
allowing researchers to correlate environmental conditions with plant responses. This supports the
development of predictive frameworks and decision-support tools, as emphasized in recent literature
on AloT applications in agriculture [2,5,13]. The system’s responsiveness and data fidelity thus
contribute not only to operational efficiency but also to scientific rigor in agricultural
experimentation.

In summary, the environmental monitoring infrastructure established through Thingsboard and
supporting technologies provides a foundation for precision-controlled cultivation. It transforms the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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greenhouse from a passive growing space into an active research environment, capable of supporting
complex experimental designs and advancing the frontiers of smart farming.

data dwindra
Tenant administrator

%ThingsBoard 23 Dashboards > 3§ environment Green House A e

# Home environment Green House environment Green House v (O Realtime-lastShours [} | / Editmode ¥ X

/A Alarms

Left Sensors Qm 2 Temperature
23 Dashboards
(O -y @ Reatime- st day
s
i Entities Timestamp ¢ humi3  humi4  Idr3  Ildrd T3 T4
[0 Devices 2221208 9 98 4095 409
22:55:31 ® 9 95
B Assets 3‘32"" ‘.2. 04 28
m Entity views f4 > >l - T4 218°C
- T3 22'c
g Profiles
2= Customers Light Intensity L o Humidity
(© Realtime - last day (© Realtime - last day

<> Rule chains

A Edge management

#% Advanced features
8 Resources - ldrd 4095 - humid 9%8%

- lar3 4095 = humi3 98%
S Notification center

Figure 11. Thingsboard IoT platform display.

Environmentdata # & &
File Edit View Insert Format Data Tools Extensions Help

Q 6 2 8 F 100% v~ $ % O 09 123 pefau.. v —-[10|]+ B I 5 A

A s c ) 3 F e
' Date T T2 H1 H2 LDR1 LDR2

O SEUZS T zr wz i o Sozr Zo5
12 06/19/2024 16:11 271 262 47 85 3799 2343
3 06/19/2024 16:12 271 %2 47 & 4049 2051
4 06/19/2024 16:12 271 262 47 85 3618 2359
15 06/19/2024 16:12 271 %2 47 8 3850 2366
1 06/19/2024 1613 271 22 a7 £ 3883 2399
171 06/19/2024 16:13 267 262 47 86 3639 2383
1 06/19/2024 16:13 %7 %2 a7 £ 3764 2345
19 06/19/2024 1613 %7 %2 a7 £ 3338 2320
20 06/19/2024 16:13 %7 %2 a7 £ an 2307
21 06/19/2024 16:13 27 %2 a7 87 3309 2317
2 06/19/2024 16:13 %7 %2 47 87 3325 2320
23 06/19/2024 16:14 267 262 a7 87 3208 2315
24 06/19/2024 16:14 %7 %2 47 14 3357 2323
25 06/19/2024 16:14 267 262 47 88 3926 2795
26 06/19/2024 16:14 267 262 47 88 3883 2550
27 0611912024 16:14 27 262 a7 88 3745 237
28 06/19/2024 16:14 267 262 47 88 3760 2373
2 06/19/2024 16:114 27 262 48 88 3856 2529

+ = Sheet! v

Figure 12. Data display in Google Sheet.
3.2. Planting Design

3.2.1. Greenhouse with IoT System

The developed greenhouse system, integrated with an IoT-based instrumentation and control
framework, is shown in Figure 13. This system was designed to support precision rice cultivation
through a structured sequence of agronomic processes. The cultivation began with the preparation
of the planting medium, which involved soaking Inceptisol soil, slurrying, and organic fertilization
using manure. The soil was first dried and finely ground, then placed in trays and submerged with
water approximately 1 cm above the surface. This soaking phase lasted seven days, followed by
uniform stirring to initiate the slurry process, which was allowed to settle for another seven days.
Subsequently, manure was mixed evenly into the sludge and left to stabilize for two weeks, forming
a nutrient-rich medium. High-quality rice seeds were then sown into this prepared substrate,
marking the transition to the seedling and transplantation phases. These steps are documented in
Figure 13.
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Figure 13. Instrumentation and Control System in the Green House (IC4G).

Following transplantation, the cultivation process progressed into the monitoring phase,
supported by scheduled irrigation and fertilization. Throughout these stages, the IoT system played
a central role in maintaining optimal environmental conditions. Real-time monitoring of
temperature, humidity, and sunlight intensity was conducted via the Thingsboard IoT platform,
which provided continuous data visualization and logging capabilities. These parameters were
displayed on the dashboard interface and stored for retrospective analysis, enabling researchers to
correlate environmental fluctuations with plant growth responses [1,3,4]. The rice cultivation
workflow within the greenhouse is illustrated in Figure 14.

rice grains emerge
2

?’:R‘

VN

Irrigation / \ "g‘?e grains emei"gg-

Figure 14. The rice cultivation process in the Greenhouse with the IoT system.

The integration of IoT technology into the greenhouse system exemplifies the transformative
potential of smart farming in modern agriculture. By enabling precise control over microclimatic
variables, the system enhances resource efficiency and supports optimal plant development. This
aligns with the broader objectives of precision agriculture, where data-driven approaches are
employed to improve productivity and sustainability [2,5,6]. The successful implementation of this
system demonstrates how traditional agricultural practices can be augmented through technological
innovation, paving the way for scalable and replicable smart farming models.

3.2.2. Control Temperature Performance

Temperature regulation within the greenhouse was successfully achieved through an advanced
IoT-integrated control system, which consistently maintained the internal temperature at 30°C

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(Figure 15). This level of precision is critical for rice cultivation, as temperature directly influences
physiological processes such as photosynthesis, respiration, and nutrient uptake. The system’s
performance was documented both before and after implementation, clearly demonstrating its
effectiveness in stabilizing the microclimate and minimizing plant stress.

50

Before After
Control o o o Control

N
o

Temperature (°C)
w w B
o (9] o
SRSEENERIDCBIETTD

-t Smemmeo o
o Smmm °

S
fe—
-

N
o

15

10
08-Sep 13-Sep 18-Sep 23-Sep 28-Sep 03-Oct
Time

Figure 15. Temperature Performance before and after Control.

The temporal consistency of temperature throughout the planting process is further illustrated
in Figure 16, which shows the system’s ability to maintain optimal conditions over time. This stability
is essential for experimental agriculture, where environmental uniformity ensures that observed
plant responses can be attributed to specific treatments, such as fertilizer application, rather than
uncontrolled external factors.

In addition to temperature, humidity levels were also monitored and maintained within optimal
ranges, as shown in Figure 17. This dual-parameter control reinforces the greenhouse’s role as a
precision platform for agricultural experimentation.
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Figure 16. Temperature performance along planting process.
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Figure 17. Humidity performance along planting process.

IoT-based systems offer significant advantages in greenhouse management by enabling
continuous monitoring and dynamic adjustment of environmental conditions [2—4]. In regions with
pronounced diurnal temperature variations, such as tropical climates, maintaining a stable internal
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temperature can be challenging. The system’s ability to respond to real-time sensor data and
automatically regulate heating or cooling inputs ensures that rice plants are not exposed to thermal
stress, which could compromise growth and yield.

Moreover, the integration of machine learning algorithms enhances the system’s predictive
capabilities, allowing it to anticipate environmental changes and adjust proactively [6]. This
intelligent control mechanism supports long-term sustainability by reducing energy consumption
and optimizing resource use.

Consistent temperature regulation is not only beneficial for plant physiology but also
contributes to improved crop quality and productivity [5]. The success of this control system
underscores the feasibility of deploying IoT technologies in precision agriculture and highlights their
potential for broader adoption in both to support precision rice cultivation, structured
experimentation research and commercial farming contexts. By ensuring environmental stability, the
system enables rigorous testing of agronomic interventions, such as nano-silica fertilizer application,
under controlled conditions, thereby advancing the scientific understanding of crop responses and
supporting data-driven agricultural innovation.

4. Conclusions

This study successfully designed and implemented a smart greenhouse system equipped with
IoT technology to support precision rice cultivation and structured experimentation. The system
demonstrated consistent performance in monitoring and regulating key environmental parameters —
temperature, humidity, and light intensity —ensuring optimal and stable growing conditions
throughout the cultivation process. Beyond its role as a cultivation space, the greenhouse was
purposefully developed as a comparative research platform, enabling parallel testing of nano-silica
fertilizer application via foliar and soil methods under identical environmental conditions. This
design minimizes external variability and enhances the reliability of treatment evaluation, addressing
a critical gap in agricultural experimentation where environmental inconsistency often limits the
validity of comparative studies. The successful deployment of this system highlights the potential of
smart farming technologies to improve agricultural productivity, resource efficiency, and
sustainability. It also demonstrates how traditional farming practices can be transformed through
digital innovation, offering scalable and replicable models for both research and commercial use.

In conclusion, the IoT-enabled greenhouse system provides a robust foundation for future
agricultural experimentation. Its precision control and data-driven architecture support advanced
input testing, including dosage optimization and interaction studies, and open pathways for
integration with predictive analytics—contributing meaningfully to the advancement of sustainable
and intelligent food production systems.
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