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Abstract—This paper presents an IoT-based smart
greenhouse monitoring system powered by renewable
energy to enhance agricultural productivity and
sustainability. The system utilizes sensors to
continuously monitor key environmental parameters
such as temperature, humidity, soil moisture, and light
intensity. An ESP32 microcontroller processes the
collected data and transmits it to a cloud-based platform
via Wi-Fi, enabling real-time monitoring and analysis.
Automated control mechanisms are implemented to
regulate irrigation and environmental conditions,
ensuring optimal plant growth while minimizing
resource wastage. The integration of solar energy
provides a reliable and eco-friendly power source,
reducing dependency on conventional electricity. The
proposed system improves efficiency by reducing
manual intervention, optimizing water usage, and
maintaining stable greenhouse conditions. Experimental
results demonstrate the system’s effectiveness in real-
time monitoring and automation, making it suitable for
small-scale and large-scale farming applications. This
solution offers a cost-effective, scalable, and sustainable
approach to modern agriculture, contributing to
increased crop yield and resource conservation.

Index Terms—IoT, Smart Greenhouse, Precision
Agriculture, Temperature and Humidity Sensor,
Automated Irrigation System, Renewable Energy, Solar-
Powered System, ESP32, Wireless Communication,
Real-Time Monitoring, Sustainable Agriculture, Crop
Yield Optimization

[. INTRODUCTION

Agriculture is undergoing a significant transformation
with the adoption of smart technologies aimed at
improving productivity, resource efficiency, and
sustainability [1], [2]. Greenhouse farming plays a
vital role in modern agriculture by enabling controlled
environmental conditions for optimal plant growth.
However, traditional greenhouse management relies
heavily on manual monitoring and control, which is
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time-consuming, labor-intensive, and prone to human
error [3].

With the advancement of Internet of Things (IoT)
technologies, automated greenhouse systems have
emerged as an effective solution to these challenges.
IoT-based systems facilitate real-time monitoring of
critical environmental parameters such as temperature,
humidity, soil moisture, and light intensity [4], [5].
These systems not only reduce human intervention but
also ensure precise control over the growing
environment, leading to improved crop yield and
resource optimization [6].

This project proposes a smart greenhouse monitoring
and control system powered by IoT and renewable
energy. The system integrates multiple sensors,
wireless communication, and cloud-based data
processing to provide real-time insights and automated
decision-making [7], [8]. Additionally, the use of solar
energy ensures sustainable and uninterrupted
operation, making the solution both eco-friendly and
cost-effective [9].

The proposed system is designed to be scalable,
efficient, and accessible to farmers, particularly in
regions with limited access to reliable power sources.
By combining automation, real-time analytics, and
renewable energy, this solution aims to enhance
agricultural productivity while promoting sustainable
farming practices [10].

II. LITERATURE REVIEW

Recent advancements in smart agriculture have
demonstrated the significant potential of Internet of
Things (IoT) technologies in improving farming
efficiency and sustainability [11], [12]. Various
studies have explored the use of Wireless Sensor
Networks (WSNs) for continuous monitoring of
environmental parameters such as temperature,
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humidity, soil moisture, and light intensity within
greenhouse environments [13]. These systems enable
data-driven decision-making and reduce dependency
on manual intervention.

Several researchers have also developed automated
irrigation systems that optimize water usage by
delivering precise amounts of water based on real-time
soil moisture levels [14], [15]. Such systems
contribute to water conservation and enhance crop
productivity. In addition, cloud-based platforms have
been increasingly utilized to store, process, and
visualize agricultural data, allowing remote
monitoring through web or mobile applications [16].
Despite these advancements, many existing solutions
face certain limitations. A significant number of
systems rely on conventional power sources, making
them less suitable for rural or energy-scarce regions
[17]. Moreover, some systems lack real-time data
analytics and efficient automation capabilities,
reducing their overall effectiveness and scalability
[18].

The proposed system addresses these gaps by
integrating loT-based monitoring with automated
control mechanisms and renewable energy sources. By
incorporating solar power along with real-time cloud
analytics, the system ensures continuous operation,
improved efficiency, and enhanced sustainability,
making it a more robust and practical solution for
modern greenhouse farming [19], [20].

III. SYSTEM ARCHITECTURE

The proposed smart greenhouse system is designed
using an Internet of Things (IoT) framework that
integrates sensing, processing, communication, and
actuation layers [1], [2]. The system continuously
monitors  environmental parameters such as
temperature, humidity, soil moisture, and light
intensity, and processes this data using a
microcontroller [3]. Based on predefined threshold
values, appropriate actions such as irrigation or
ventilation are automatically triggered [4].

The processed data is transmitted to a cloud platform
via Wi-Fi, enabling real-time monitoring and remote
access [5]. Additionally, the system is powered by
solar energy to ensure sustainability and uninterrupted
operation [6].
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3.1 Hardware Components

The hardware implementation forms the backbone of

the system, consisting of sensors, control units, and

actuators [7].

e ESP32 Microcontroller: Acts as the central
processing unit, handling sensor data processing
and wireless communication [8].

e DHTI1 Sensor: Measures temperature and
humidity inside the greenhouse [9].

e  Soil Moisture Sensor: Detects the water content in
soil to optimize irrigation [10].

e [ DR Sensor: Monitors light intensity for
maintaining optimal plant growth conditions [11].

e Relay Module & Water Pump: Enables automated
irrigation control based on soil conditions [12].

e Fan: Regulates temperature and airflow within the
greenhouse environment [13].

e Solar Panel: Supplies renewable energy, reducing
dependency on conventional power sources and
supporting sustainable agriculture [6], [14].
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3.2 Software Design

The software component is responsible for data
acquisition, processing, decision-making, and cloud
communication. The system is programmed using the
Arduino IDE, where sensor readings are periodically
collected and analyzed. Based on threshold conditions,
control signals are sent to actuators.
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The cloud platform provides real-time visualization
and remote monitoring capabilities, allowing users to
track greenhouse conditions from anywhere.

IV. METHODOLOGY

The methodology of the proposed smart greenhouse
system is structured into four major stages: data
acquisition, data processing, data transmission, and
automated control. These stages work together to
ensure continuous monitoring and intelligent decision-
making for maintaining optimal greenhouse
conditions.

4.1 Data Acquisition

In this stage, environmental parameters are
continuously monitored using sensors installed inside
the greenhouse. The DHTI11 sensor measures
temperature and humidity, the soil moisture sensor
detects water content in the soil, and the LDR sensor
measures light intensity.

All sensors are interfaced with the ESP32
microcontroller, which collects real-time data at
regular intervals. This continuous sensing ensures
accurate monitoring of environmental changes
affecting crop growth.

4.2 Data Processing

The ESP32 microcontroller processes the acquired

sensor data. The collected values are compared with

predefined threshold levels stored in the system.

For example:

e Soil moisture values are checked to determine
irrigation needs

e Temperature readings are analyzed to control
ventilation

Based on these comparisons, logical decisions are

made to maintain optimal greenhouse conditions.

4.3 Data Transmission

After processing, the data is transmitted to a cloud
platform using the ESP32’s built-in Wi-Fi module.
This enables real-time monitoring and remote access.
The cloud platform stores the data and presents it
through a user-friendly dashboard, allowing farmers
to:

e  Monitor environmental conditions

Analyze trends

Make informed decisions remotely
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4.4 Automated Control

The system performs automated actions based on the

processed data:

e Ifsoil moisture is below threshold — Water Pump
is turned ON

e If temperature exceeds threshold — Cooling
system (Fan) is turned ON

Once optimal conditions are restored, the system

automatically turns OFF the actuators, ensuring

efficient resource utilization and energy savings.
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V. IMPLEMENTATION

5.1 Working Principle

The proposed smart greenhouse system operates based
on a continuous monitoring and control loop, ensuring
real-time environmental management and automated
decision-making. The integration of sensors,
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microcontroller, cloud platform, and actuators enables
efficient and intelligent operation.

Initially, environmental data is collected using sensors
installed within the greenhouse. These include
temperature, humidity, soil moisture, and light
intensity sensors. The collected data is transmitted to
the ESP32 microcontroller, which acts as the central
processing unit of the system.

The ESP32 processes the incoming sensor data and
evaluates it against predefined threshold values. Based
on this analysis, the system determines whether any
corrective action is required to maintain optimal
conditions for plant growth.

Once the decision-making process is completed, the
processed data is sent to a cloud platform via Wi-Fi.
This allows users to monitor greenhouse conditions
remotely through a dashboard interface, ensuring
transparency and accessibility.

If any parameter deviates from the desired range, the
system automatically activates the corresponding
actuators. For instance, the water pump is turned ON
when soil moisture is low, and the cooling fan is
activated when the temperature exceeds the threshold.
After achieving the required conditions, the system
switches OFF the actuators to conserve energy.

This entire process runs continuously in a loop,
enabling real-time monitoring, automation, and
efficient resource utilization.

5.2 Circuit Implementation
The circuit implementation of the smart greenhouse
system is designed to ensure reliable data acquisition,
processing, and automated control. The ESP32
microcontroller serves as the central unit, interfacing
with sensors and actuators.

Circuit Description

e DHTI1 Sensor is connected to a GPIO pin of the
ESP32 to measure temperature and humidity.

e Soil Moisture Sensor is connected to an analog
input pin to monitor soil water content.

e LDR Sensor is interfaced via a voltage divider
circuit to measure light intensity.

e The Relay Module is connected to a digital output
pin to control the water pump.
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e DC Fan is connected through a relay or transistor
driver circuit for temperature regulation.

e Power Supply is provided using a solar panel
integrated with a battery and voltage regulator to
ensure continuous operation.

All components share a common ground, and proper

voltage regulation is maintained to protect the ESP32

and sensors.

5.3 Software Implementation

The software implementation is developed using
embedded programming on the ESP32 platform. The
system integrates sensor data acquisition, decision-
making logic, cloud communication, and actuator
control.

Development Environment

e Arduino IDE is used for coding and uploading the
program to ESP32.

e Libraries for Wi-Fi connectivity and sensor
interfacing are included.

Working of the Code

1. Initialization

e GPIO pins for sensors and actuators are defined.

e  Wi-Fi credentials are configured to enable cloud
connectivity.

e Sensors are initialized for data collection.

2. Data Acquisition
e The ESP32 continuously reads:
o  Temperature and humidity from DHT11
o  Soil moisture values (analog input)
o Light intensity from LDR
3. Data Processing
e Sensor values are compared with predefined
threshold values:
o Soil moisture threshold — irrigation control
o  Temperature threshold — cooling control
4. Decision Logic
e If soil moisture is below the threshold:
o Relay is activated — Water pump ON
e If temperature exceeds the threshold:
o  Fan is activated
o Otherwise, devices remain OFF to conserve

energy
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5. Cloud Communication

e Sensor data is transmitted to an IoT cloud
platform via Wi-Fi.

e Data is displayed on a real-time monitoring
dashboard.

6. Continuous Loop Execution
e The entire process runs in a loop for real-time
monitoring and control.

Pseudo Code Representation
Start
Imitialize sensors and Wi-Fi
Loop:
Eead temperature, humidity
Fead soil moisture
Flead light imtensity
If soil moisture < threshold:
Turn ON water pump
Else-
Turn OFF water puamp
If temperature = threshold:
Turn ON fan
Else:
Turn OFF fan
Send data to cloud
Fepeat

Emnd

VI. RESULTS AND DISCUSSION

The developed smart greenhouse system was
successfully implemented and tested under controlled
conditions. The system demonstrated reliable
performance in monitoring environmental parameters
and executing automated control actions based on real-
time sensor data.
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6.1 System Performance

The system continuously monitored key parameters

such as temperature, humidity, soil moisture, and light

intensity using integrated sensors. The ESP32

microcontroller effectively processed the collected

data and transmitted it to the cloud platform for real-

time visualization.

Automated responses were triggered based on

predefined threshold values:

e The irrigation system activated when soil
moisture levels dropped below the set threshold.

e The ventilation system (fan) operated when
temperature exceeded optimal limits.

This ensured that the greenhouse environment

remained within ideal conditions for plant growth

without manual intervention.

6.2 Key Observations

e Reduced Water Consumption The automated
irrigation system significantly minimized water
wastage by supplying water only when required,
improving overall water efficiency.

e Improved Crop Environment Control Continuous
monitoring and timely actuation maintained
stable environmental conditions, which is
essential for healthy plant growth.

e Real-Time Monitoring and Decision Making The
IoT-based dashboard enabled users to remotely
monitor greenhouse conditions and make
informed decisions instantly.

e Energy Efficiency through Renewable Sources
The integration of solar power ensured
uninterrupted system operation while reducing
dependency on conventional electricity, making
the system eco-friendly.

6.3 Data Analysis

The collected data was analyzed using graphical

representations on the IoT dashboard. The analysis

showed:

e Stable temperature and humidity trends within
optimal ranges

e Efficient soil moisture regulation with minimal
fluctuations

e Reduced resource consumption compared to
traditional manual methods

The system responded quickly to environmental

changes, demonstrating low latency in sensing,

processing, and actuation.
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Compared to traditional greenhouse management systems:

Parameter Traditional System Proposed System
Monitoring Manual Real-time (IoT-based)
Irrigation Control Time-based Sensor-based (automated)
Energy Source Conventional electricity Solar-powered
Efficiency Moderate High
Labor Requirement High Low

The proposed system clearly outperforms conventional methods in terms of efficiency, automation, and sustainability.

6.5 Discussion

The results validate that integrating loT and renewable
energy in greenhouse systems enhances productivity
while reducing resource consumption. The system is
scalable and can be adapted for different types of crops
and environmental conditions.

However, minor limitations such as sensor calibration
and dependency on internet connectivity were
observed, which can be addressed in future
improvements.

Combined Sensor Data Analysis
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VII. ADVANTAGES

The proposed smart greenhouse system offers several
practical and technological benefits that enhance
modern agricultural practices:

e Energy-Efficient Operation: The integration of
solar power ensures sustainable energy usage,
reducing dependency on conventional electricity
and lowering operational costs.

e Reduced Manual Labor: Automation of irrigation
and environmental control minimizes the need for
continuous human intervention, saving time and
effort for farmers.

e Improved Crop Yield: By maintaining optimal
temperature, humidity, and soil moisture levels,
the system promotes healthier plant growth and
higher productivity.
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e Real-Time Monitoring: IoT-enabled sensors
provide continuous data updates, allowing users
to monitor greenhouse conditions remotely
through a cloud-based dashboard.

e Scalable and Cost-Effective: The system can be
easily expanded with additional sensors and
modules, making it suitable for both small-scale
and large-scale agricultural applications while
remaining affordable.

VIII. LIMITATIONS

While the proposed smart greenhouse system
demonstrates  significant  advantages, certain
limitations must be considered:

e Initial Setup Cost: The installation of sensors,
microcontrollers, and solar panels requires an
initial investment, which may be a barrier for
small-scale farmers.

e Dependence on Internet Connectivity: The system
relies on Wi-Fi for real-time data transmission
and cloud access. Poor or unstable network
connectivity can affect system performance and
monitoring.

e Sensor Accuracy and Maintenance:
Environmental sensors may experience drift or
inaccuracies over time, requiring periodic
calibration and maintenance to ensure reliable
data.

e Limited Power Storage: Although solar energy is
used, insufficient battery storage during low
sunlight conditions (e.g., cloudy or rainy days)
may impact continuous operation.

e Scalability Challenges in Large Farms:
Expanding the system over large agricultural
areas may require additional networking
infrastructure and increased system complexity.

e Security Concerns: IoT-based systems are
vulnerable to cyber threats if proper encryption
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and authentication mechanisms are not
implemented.

IX. FUTURE SCOPE

The proposed smart greenhouse system can be further
enhanced with advanced technologies to improve
efficiency, scalability, and intelligence:

e Al-Based Predictive Analytics: Future systems
can integrate machine learning algorithms to
analyze historical sensor data and predict
environmental changes. This enables proactive
decision-making, such as forecasting irrigation
needs and preventing crop stress.

e Mobile Application Integration: A dedicated
mobile application can be developed to provide
farmers with real-time notifications, remote
control of actuators, and an intuitive interface for
monitoring  greenhouse  conditions  from
anywhere.

e Advanced Sensors for Precision Farming:
Incorporating high-precision sensors such as CO2
sensors, pH sensors, and nutrient monitoring
systems can provide deeper insights into plant
health, enabling more accurate and optimized
farming practices.

e Expansion to Large-Scale Farms: The system can
be scaled using technologies like LoORaWAN and
mesh networking to cover large agricultural
fields, making it suitable for commercial farming
and smart agriculture ecosystems.

e Edge Computing Integration: Implementing edge
computing can reduce latency by processing data
locally on the device, ensuring faster response
times and reduced dependence on cloud
connectivity.

e Integration with Weather Forecasting Systems:
Linking the system with real-time weather APIs
can help adjust greenhouse conditions based on
external environmental changes, improving
overall efficiency.

X. CONCLUSION

The IoT-based smart greenhouse monitoring system
presents an effective and sustainable solution for
modern agricultural challenges. By integrating
environmental sensors, an ESP32 microcontroller,
cloud-based monitoring, and automated control
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mechanisms, the system enables real-time tracking
and precise management of greenhouse conditions.
The use of renewable energy through solar power
further enhances the system’s reliability while
reducing dependency on conventional energy sources.
The implementation demonstrates significant
improvements in water conservation, reduction of
manual labor, and optimization of crop growth
conditions. Automated irrigation and climate control
ensure that plants receive the required resources at the
right time, thereby increasing overall productivity and
efficiency.

Moreover, the system is designed to be scalable and
cost-effective, making it suitable for both small-scale
farmers and large agricultural applications. With the
integration of future technologies such as artificial
intelligence, advanced sensors, and mobile-based
control systems, the proposed solution has the
potential to evolve into a fully autonomous and
intelligent farming system, contributing to sustainable
agriculture and food security.
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Appendix A.
Abbreviations
Abbreviation Full Form
IoT Internet of Things
WSN Wireless Sensor Network
Al Artificial Intelligence
CO: Carbon Dioxide
ESP Embedded System Platform
Appendix B.
System Components and Specifications
Component Specification
ESP32 Microcontroller Dual-core processor with built-in Wi-Fi and Bluetooth for IoT communication

DHT11 Sensor

Measures temperature (0—50°C) and humidity (20-90% RH)

Soil Moisture Sensor

Detects soil water content using analog output

LDR Sensor Measures light intensity based on resistance variation
Relay Module Electrically operated switch used to control pump and fan
Water Pump Small DC pump used for automated irrigation
Fan Used for ventilation and temperature regulation
Solar Panel Converts sunlight into electrical energy for sustainable power supply
Power Supply Unit Regulates and distributes power to all components
Connecting Wires & PCB Used for circuit connections and system integration
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