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Abstract - The rapid advancements in the
Internet of Things (loT) have revolutionized various
industries, including agriculture, by enabling real-time
monitoring and automation. This research focuses on
implementing an loT-based embedded web server for
smart agriculture, allowing real-time climate monitoring
to enhance productivity and sustainability. The proposed
system integrates multiple sensors to measure
environmental parameters such as temperature,
humidity, soil moisture, and atmospheric pressure.
These data points are transmitted to an embedded web
server, which provides farmers with instant access to
real-time analytics via an interactive web interface. The
system aims to improve decision-making by offering
remote monitoring, early warning alerts, and historical
data analysis, thus promoting efficient resource
utilization.

The embedded web server architecture ensures
seamless data acquisition, processing, and visualization,
making it highly scalable and adaptable for different
agricultural applications. By leveraging cloud-based
data storage and artificial intelligence-driven analytics,
the system offers predictive insights that help in crop
management, irrigation scheduling, and climate
adaptation strategies. Moreover, the use of wireless
communication technologies such as Wi-Fi and LoRa
enhances the system’s connectivity, making it suitable
for both small-scale farms and large agricultural
enterprises. The integration of automation and real-time
monitoring significantly reduces manual intervention,
thereby minimizing human error and operational costs.

This study also addresses key challenges,
including data security, power management, and
network reliability, which are critical for large-scale
deployment in remote agricultural regions. The proposed

loT-enabled web server system provides a cost-effective
and energy-efficient solution to enhance precision
farming and climate resilience. Experimental results
demonstrate that the system effectively improves real-
time climate monitoring and supports data-driven
decision-making, ultimately leading to increased
agricultural productivity and sustainability. Future
research will focus on integrating blockchain for data
security, Al-based predictive analytics, and the
expansion of sensor networks to cover diverse climatic
conditions.
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Internet of Things

1. INTRODUCTION
1.1 Background & Motivation

Agriculture is a crucial sector that sustains the
global population by providing food, raw materials, and
economic stability. However, climatic variations,
unpredictable weather patterns, and environmental
changes significantly impact crop yield and farming
efficiency. Traditional climate monitoring methods rely
on manual observations, which are often time-
consuming, error-prone, and lack real-time accuracy. As
a result, farmers struggle to make timely and informed
decisions regarding irrigation, fertilization, and pest
control, leading to inefficient resource utilization and
reduced productivity.
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The advancement of the Internet of Things (IoT)
has transformed various industries, and its application in
agriculture has led to the emergence of smart farming
solutions. loT-based climate monitoring systems
leverage real-time sensor networks, cloud computing,
and web-based interfaces to provide farmers with instant
access to environmental data. By integrating embedded
web servers with 10T devices, agricultural stakeholders
can remotely monitor and analyze climatic conditions,
enabling precision farming. This technological shift
enhances efficiency, reduces manual intervention, and
promotes  sustainable agricultural practices by
optimizing resource consumption.

1.2 Problem Statement

Existing agricultural climate monitoring systems
face several challenges, including limited automation,
high  operational costs, and poor scalability.
Conventional weather monitoring stations are often
expensive and require periodic maintenance, making
them inaccessible to small and medium-scale farmers.
Furthermore, these systems typically lack real-time data
transmission capabilities, leading to delays in decision-
making and increased vulnerability to adverse weather
conditions.

Another significant challenge is the lack of
integration between climate monitoring systems and
modern digital platforms. Traditional methods often fail
to provide user-friendly access to real-time data, making
it difficult for farmers to interpret and act upon the
information effectively. Additionally, data security and
system reliability remain key concerns, as many loT-
enabled solutions lack robust encryption protocols,
making them susceptible to cyber threats. Addressing
these challenges requires an innovative approach that
combines loT technology, embedded web servers, and
cloud-based analytics for a more accessible, cost-
effective, and scalable climate monitoring system.

1.3 Research Objectives

The primary objective of this research is to develop and
implement an loT-based embedded web server for real-
time agricultural climate monitoring. This system aims
to provide farmers with continuous and reliable
environmental data to support informed decision-
making. The specific objectives of this study include:

e Developing a real-time monitoring framework
that integrates temperature, humidity, soil
moisture, and other climate-related sensors with
an embedded web server.

e Enhancing data accessibility and visualization
through a user-friendly web-based interface that
allows remote access to climate metrics from
any internet-enabled device.

e Improving system scalability and cost-
effectiveness by using open-source hardware
and software to ensure affordability for small-
scale and large-scale farmers alike.

e Ensuring data security and reliability through
secure transmission protocols and cloud-based
storage solutions to prevent data loss and
unauthorized access.

¢ By achieving these objectives, the research aims
to bridge the gap between conventional
agricultural monitoring methods and modern
digital solutions, ultimately contributing to
increased productivity and sustainability in the
farming sector.

1.5 Scope of the Study
This study focuses on the design,
implementation, and evaluation of an loT-based

embedded web server system for real-time climate
monitoring in agriculture. The system integrates
multiple environmental sensors to collect data on
temperature, humidity, soil moisture, and atmospheric
pressure. These parameters are processed and stored on
an embedded web server, which provides real-time data
visualization through an interactive web-based
dashboard.

Additionally, the study explores the use of
wireless communication technologies such as Wi-Fi,
LoRa, and MQTT to ensure seamless data transmission
over long distances. The system is designed to be
scalable and adaptable, making it suitable for various
agricultural applications, including precision farming,
greenhouse automation, and weather forecasting. The
research also addresses challenges related to power
management, data security, and network reliability,
providing a comprehensive analysis of the potential
improvements required for large-scale deployment.
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2. LITERATURE REVIEW

Ramesh, M. V. (2014). “Design and Development
of a Wireless Sensor Network System for Precision
Agriculture.” Computers and Electronics in
Agriculture, 103, 41-49. In this study, Ramesh
proposed a Wireless Sensor Network (WSN) system
tailored for precision agriculture, incorporating multiple
sensor nodes deployed across farmland to monitor
temperature, humidity, soil moisture, and rainfall. The
system used ZigBee communication for low-power data
transmission and relied on a centralized base station to
collect and process environmental data. Compared to
traditional manual data collection methods, this
technique provided real-time data, increased accuracy,
and remote monitoring capabilities, thus significantly
improving agricultural decision-making. However, the
system faced limitations in terms of scalability and
internet accessibility, especially in rural areas lacking
robust network infrastructure. This limitation highlights
the need for embedded web server solutions integrated
with 10T for broader access and better performance.

Jawad, H. M., Nordin, R., Gharghan, S. K,
Jawad, A. M., & Ismail, M. (2017). “Energy-Efficient
Wireless Sensor Networks for Precision Agriculture:
A Review.” Sensors, 17(8), 1781. This comprehensive
review explored modern energy-efficient weather
monitoring systems using loT-enabled wireless sensor
networks in agriculture. The authors analyzed numerous
low-power communication technologies such as LoRa,
ZigBee, and Bluetooth Low Energy (BLE) and their
applications in real-time climate tracking. The paper
emphasized that modern loT-based systems outperform
traditional methods by providing automated, high-
frequency sampling, cloud integration, and mobile/web
access. However, challenges such as energy
consumption, data accuracy, and system deployment in
harsh field conditions were also discussed. The study
concluded that integrating loT with embedded web
servers can significantly enhance data visualization,
control, and interaction—providing a practical
foundation for real-time climate monitoring systems in
smart agriculture.

Jayaraman, P. P., Yavari, A., Georgakopoulos,
D., Morshed, A., & Zaslavsky, A. (2016). “Internet of
Things Platform for Smart Farming: Experiences
and Lessons Learnt.” Sensors, 16(11), 1884. In this
paper, the authors presented a cloud-based loT platform

that collects, stores, and analyzes environmental data in
real-time from sensor nodes deployed in agricultural
fields. The system integrates sensor devices, data
analytics, and decision support systems to monitor
climate factors such as soil moisture, temperature,
humidity, and atmospheric pressure. The study
concluded that loT platforms greatly enhance the
predictive accuracy of weather conditions and optimize
water usage, ultimately contributing to sustainable
agriculture. One key takeaway was the importance of
web-based interfaces to visualize and manage farm data
efficiently, reinforcing the relevance of embedded web
servers in climate monitoring.

Kamilaris, A., Kartakoullis, A., & Prenafeta-
Boldu, F. X. (2017). “A Review on the Practice of Big
Data Analysis in Agriculture.” Computers and
Electronics in Agriculture, 143, 23-37. This review
paper evaluated the role of loT-generated big data in
improving  agricultural  practices. The authors
emphasized that 10T devices, such as weather stations,
soil sensors, and drones, continuously collect vast
amounts of environmental and crop-specific data.
Through real-time analytics and cloud integration,
farmers gain actionable insights into microclimate
variations, crop health, and weather forecasts. The study
also discussed how loT enhances early warning systems
for drought, pests, and diseases by using real-time
environmental parameters. It identified the integration of
IoT with embedded computing systems as a critical
factor in building robust smart agriculture platforms,
paving the way for more intelligent and autonomous
farming systems.

3. SYSTEM ARCHITECTURE

The overall system architecture consists of
distributed sensor nodes deployed across agricultural
fields. These nodes are connected to microcontrollers
that collect data from various environmental sensors.
The data is then transmitted wirelessly to an embedded
web server, either locally hosted or cloud-based, where
it is processed and displayed on a user-accessible web
interface.

Main Components in the Architecture:
Sensor Nodes: Measure temperature, humidity,

soil moisture, rainfall, and wind speed. Microcontroller
Unit (MCU): Controls sensors, processes data, and
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handles communication (e.g., ESP32). Communication
Module: Sends data from field to the server using Wi-
Fi, LoRa, or GSM. Embedded Web Server: Hosts real-
time data dashboard and manages data logging and
alerts. Power Source: Ensures uninterrupted operation
using solar panels and rechargeable batteries.

Hardware Components

To build a robust and reliable smart agriculture system,
the following hardware components are utilized:

Sensors: Temperature Sensor (e.g., DHT11,
DS18B20): Measures ambient temperature, essential for
crop growth monitoring. Humidity Sensor (e.g.,
DHT11, AM2302): Detects atmospheric humidity levels
that affect plant transpiration. Soil Moisture Sensor
(e.g., YL-69, Capacitive Sensor): Monitors soil water
content to prevent over- or under-watering. Wind Speed
Sensor (Anemometer): Measures wind velocity,
important for disease prediction and spray efficiency.
Rain Sensor (Tipping Bucket or Resistive Type):
Monitors rainfall to help with irrigation planning. Light
Sensor (e.g., LDR, BH1750): Tracks sunlight exposure
to support plant photosynthesis monitoring.

Microcontrollers: ESP32: A powerful, energy-
efficient microcontroller with built-in - Wi-Fi and
Bluetooth. Ideal for hosting an embedded web server
and connecting multiple sensors. Arduino Uno/Nano:
Often used in early-stage prototypes for handling basic
sensor input. Raspberry Pi: For more advanced
processing, storage, or when a graphical interface or
large storage is required.

Communication Modules: Wi-Fi (Built-in in
ESP32/ESP8266): Ideal for areas with stable local
internet access. LoRa (Long Range Radio — SX1278):
Used for remote or rural farms due to its long-range,
low-power  capabilities. GSM/GPRS  Modules
(SIM800/SIM900): Enables internet connectivity via
cellular network, helpful when Wi-Fi or LoRa gateways
are unavailable.

Power Sources: Solar Panels with Battery
Backup: Provide sustainable, off-grid power for remote
deployments. Lithium-lon Batteries: Rechargeable and
compact, ensuring long-lasting operation. Voltage
Regulators and Power Management Units: Protect
electronics and optimize energy consumption.

Software Components

The software stack includes embedded firmware for
hardware control, server-side logic for data processing,
and web technologies for visualization and remote
access.

Firmware Development: Written in C/C++ or
MicroPython, the firmware handles: Sensor data
acquisition,  Signal  filtering and  conversion,
Communication and transmission protocols, Power
management routines.

Embedded Web Server: For real-time data access,
an embedded server (e.g., hosted on ESP32 or Raspberry
Pi) is configured using: HTTP/HTTPS protocol for web
access, ESPAsyncWebServer or Flask/Node.js for
serving web pages, Data is presented via dynamically
updated HTML/CSS dashboards

Web and Cloud Technologies: Front-end:
HTML, CSS, JavaScript, and libraries like Chart.js or
D3.js for data visualization, Back-end: MQTT broker
(e.g., Mosquitto), Node.js or Python Flask for data
handling, Cloud Integration (optional): ThingSpeak,
Google Firebase, or AWS loT for real-time remote
monitoring and storage, Supports alerting and predictive
analytics using cloud-hosted models

Communication Protocols

Data from the field is transmitted through a structured,
layered communication protocol stack.

Sensor to MCU Communication: 12C, SPlI,
UART: Digital communication interfaces used to
connect sensors with microcontrollers.

MCU to Server Communication: Wi-
Fi/GSM/LoRa: Based on the availability of local or
wide-area networks, Protocols Used: HTTP/HTTPS:
For RESTful communication between microcontroller
and web server, MQTT (Message Queuing Telemetry
Transport): Lightweight protocol used for real-time,
publish-subscribe-based communication, ideal for low-
power devices

Remote Access: The web server is accessible via
local IP or through dynamic DNS (DDNS) setup. Users
can log into the web interface to View real-time
environmental data, Configure sensor thresholds,
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Receive alerts via email/SMS (integrated through APIs
like Twilio or IFTTT)

4. IMPLEMENTATION AND METHODOLOGY
Sensor Deployment and Data Acquisition

The effectiveness of climate monitoring in
agriculture largely depends on strategic sensor
placement and optimal data sampling frequency. Sensor
Placement: Sensors are deployed in the agricultural
field at specific depths and heights to represent
environmental variables accurately: Soil Moisture
Sensor (e.g., YL-69 or capacitive type): Placed at 10 —
15 cm depth, near plant roots. Temperature and
Humidity Sensor (e.g., DHT22): Positioned 1.5-2
meters above ground level to measure ambient
conditions. Light Intensity Sensor (e.g., BH1750):
Mounted at the canopy level, fully exposed to sunlight.
Atmospheric Pressure Sensor (e.g.,, BMP280):
Mounted with a weather shield.

Data Collection Frequency: Sensors collect
data at regular intervals. The sampling interval Ts is
selected based on the dynamics of environmental
changes.

1
kT
Where: fs is the sampling frequency in Hz. Ts is
the sampling period (e.g., every 10 minutes, Ts=600
seconds, fs~0.00167 Hz). This frequency balances real-
time monitoring and power efficiency. Redundant
sensors are used for fault tolerance and accuracy.

Embedded Web Server Setup

The embedded system (e.g., ESP32) acts as a
micro web server capable of hosting HTML pages and
processing sensor data. Web Server Configuration:
The microcontroller is configured as an HTTP server
with endpoints like /temp, /humidity, and /soil_moisture.
Server responses are structured in JSON format for easy
integration. Hosting: The ESP32 can act as a Wi-Fi
Access Point (AP) or connect to an existing Wi-Fi
network (Station Mode). IP Address allocation is
handled dynamically (DHCP) or assigned statically.
Data Visualization Techniques: Sensor data is
displayed using real-time visualization technigues such

as: AJAX + JavaScript for live updates without page
refresh. Chart.js for rendering line charts and gauges.
To display values uniformly across different ranges:

X~ Xmin

Xnorm = —— -
Xmix~ Xmin

Where: x is the raw sensor value. Xmin, Xmax are the

expected min and max sensor readings.
Data Processing and Storage

Data undergoes preprocessing, noise reduction, and is
stored for real-time and historical analysis. Data
Processing: Raw analog readings are converted using:

ADC
V = Value X Vref
1023

Where: V is the voltage output. ADCyaie is the analog
input from the sensor. Vs is the reference voltage
(typically 3.3V for ESP32).

Filtered values are computed using:
1 - .
yInl == it xln — ]

This moving average filter smooths out noise in
readings.

Storage Options: Local: Data is logged in CSV format
on an SD card. Cloud: Data is uploaded using HTTP
POST to Firebase or MySQL databases.

Data Analysis: Daily and seasonal trends can be
analyzed using:

1 1
ot Show, o= 2 ot — 102

Where: p is the mean. o is the standard deviation,
indicating variability.

User Interface and Remote Access

The system includes a real-time dashboard for
monitoring and control through both web and mobile
platforms. Web Access: Accessed via IP address or
domain name (DDNS). Dashboard built using
HTML/CSS/JavaScript with embedded sensor values.
Mobile Access: Developed using Flutter or MIT App
Inventor. Mobile notifications use Firebase Cloud
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Messaging (FCM) or IFTTT. Control Mechanism:
Actuators (pumps/fans) are controlled through the
interface using GPIO logic:

1, if Soil Moisture < Threshold

Relaystats = { 0, Otherwise

This basic logic automates irrigation based on soil
conditions.

Experimental Setup

The system is validated under field conditions to
ensure reliability and robustness. Test Locations:
Deployed in a semi-automated polyhouse and open
field plot for comparison Geolocation coordinates
logged using GPS module. Environmental
Conditions: The setup is tested under: High humidity
(80-90%), Temperature range (25-42°C), Different
soil types (sandy, loamy), Validation Methods: Sensor
accuracy is compared with standard instruments
(hygrometers, soil testers). Data consistency is
measured using Mean Absolute Error (MAE):

1 — ~
MAE == X5 Lyi— 9i |

Where: i is the observed value. ¥ ;is the system output.
System uptime, response time, and packet loss rate are
logged to evaluate performance under real-world
constraints.

5. RESULTS AND DISCUSSION
System Performance Evaluation

The developed system was tested for real-time
responsiveness, accuracy, and reliability. Results
indicate: System Uptime: 98.4%, Average Response
Time: 250400 ms per HTTP request, Mean Absolute
Error (MAE): Temperature Sensor: +0.7°C, Humidity
Sensor: +2.5% RH, Soil Moisture Sensor: +3%

Data Analysis and Visualization

Sensor data trends were visualized using line
charts and gauges, providing insights into the real-time
conditions of the monitored environment. Below are
sample trends for Temperature, Humidity, and Soil
Moisture data over a 24-hour period:

Temperature Trend: This graph shows the fluctuations in
temperature, ranging from 25°C to 42°C throughout the
day. Peaks and troughs indicate the natural diurnal
variation, with higher temperatures during midday and
lower temperatures at night.

Humidity Trend: Humidity remains relatively high,
ranging between 80% and 90%, showing how the
system tracks fluctuations in atmospheric moisture.

Soil Moisture Trend: Soil moisture levels remain in the
optimal range for crop growth (25-40%). The data
shows peaks during irrigation and troughs as moisture
levels decrease.

femperature Trend Over 7 Days

-~

e

Visualization Summary:

e Temperature Trend: Shows gradual increase
mid-week, peaking around Day 4 (likely due to
high sunlight exposure).

o Humidity Levels: Stayed relatively stable, with
slight increase during cooler days, peaking at
80%.

e Soil Moisture: Values drop below the 30%
threshold on multiple days, triggering the
automated irrigation system.
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Challenges and Limitations

While the loT-based monitoring system offers
significant advantages, several challenges and
limitations were observed during its deployment:
Hardware Constraints: The ESP32, while powerful, has
limited processing and memory capabilities, making it
difficult to scale the system for a large number of
sensors. Future systems may require more powerful
microcontrollers or dedicated cloud processing. Network
Reliability: Since the system relies on Wi-Fi or mobile
networks, network disruptions can lead to data loss or
delayed updates, especially in remote or rural areas with

poor connectivity.

Power Consumption: Although the system
operates efficiently, constant sensor monitoring and Wi-
Fi connectivity lead to relatively high power
consumption. Solar panels and energy-efficient
components are potential solutions for remote, off-grid
installations. Scalability: As the number of sensors
increases, the system's ability to handle multiple data
performance
degradation needs optimization. Future work will focus
on enhancing scalability through cloud computing and

streams simultaneously  without

edge processing.

Comparison with Existing Systems

Compared to traditional climate monitoring
systems (manual monitoring or standalone weather
stations), this loT-based solution offers several
advantages: Real-Time Data Access: Traditional
systems often require manual data collection and are
limited to local access. In contrast, the loT-based
system allows farmers to monitor climate conditions
remotely via web or mobile applications in real
time. Automation: Traditional systems provide only
data, leaving farmers to manually interpret and act
upon it. The loT system, however, automates
processes like irrigation control based on soil
moisture data, reducing the need for constant human
intervention. Cost Efficiency: Although initial costs
for 10T setup might be higher, long-term operational
costs are reduced due to automated monitoring, fault
tolerance through redundant sensors, and efficient

resource management (e.g., optimized irrigation).

Traditional Proposed 10T
Feature
System System
Real-Time Instant Web
. M I/Del
Monitoring anual/Delayed Access
Via Web &
Remote A Not availabl .
emote Access ot available Mobile App
Automation Manual Soil  moisture—
(Irrigation) based
Data Logging & Graphs, Trends
Visualization | NOUSUPPOMEd o rats
Energy High power | Optimized with
Efficiency usage Sleep Modes
Scalability Stati c _ Expandable
configuration sensor support

6. CONCLUSION AND FUTURE WORK
CONCLUSION:

The implementation of an loT-based embedded
web server for real-time climate monitoring in smart
agriculture has demonstrated significant potential in
enhancing environmental awareness and improving
resource management. The system effectively collects,
processes, and visualizes data from multiple sensors
(temperature, humidity, soil moisture) through a
lightweight embedded server hosted on the ESP32
microcontroller. Real-time access via web and mobile
interfaces, coupled with automated control logic, has
enabled timely interventions such as irrigation control,
ensuring optimal crop growth conditions. The use of
normalization, filtering algorithms, and storage
mechanisms has improved the reliability, accuracy, and
historical traceability of environmental data. Field
testing under varied climatic and soil conditions
confirmed system robustness and reliability, with a low
mean absolute error and high uptime.

FUTURE WORK:
To further advance this system and align it with next-

generation smart farming solutions, the following
enhancements are proposed:
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Al-Driven Predictive Analytics: Integrate machine
learning models to forecast weather trends, soil moisture
needs, or pest/disease risks based on historical data
patterns, improving decision-making and reducing
manual oversight.

Drone Integration: Employ UAVs (drones) equipped
with cameras and sensors for large-scale aerial
monitoring, enabling crop health assessment, precision
spraying, and terrain mapping.

Blockchain-Based ~ Security: ~ Utilize  blockchain
technology to secure and validate sensor data, ensuring
tamper-proof logging and increasing trustworthiness in
distributed farming networks.

Energy  Optimization:  Implement  solar-powered
modules and sleep modes to enhance energy efficiency,
especially in remote or off-grid agricultural
environments.

Advanced Mobile Applications: Develop intelligent
mobile apps with voice commands, offline capabilities,
and multilingual support to improve accessibility for
farmers.

Scalability and Interoperability: Design modular
hardware and software architectures to support a wider
range of sensors and protocols, making the system
adaptable across various crops and regions.
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