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ABSTRACT

The integration of Internet of Things (IoT) technology into agricultural systems has emerged
as a transformative approach to addressing the global challenges of food security, water
scarcity, and inefficient resource utilization. This research paper presents the comprehensive
design and experimental validation of a Smart Agriculture System (SAS) that leverages an
ESP32 microcontroller, capacitive soil moisture sensors, DHT11 temperature and humidity
sensors, an OLED display module, a relay-controlled motorized irrigation pump, and a real-
time web monitoring dashboard. The proposed system autonomously monitors soil volumetric
water content, ambient temperature, relative humidity, and environmental conditions, making
intelligent irrigation decisions based on predefined multi-threshold algorithms and machine
learning-aided scheduling. The OLED display provides on-site visual feedback, while the web-
based dashboard — accessible via Wi-Fi — enables remote visualization of sensor data, pump
status, historical trends, and alert notifications. Experimental results demonstrate that the
proposed system achieves a soil moisture measurement accuracy of £2.3%, a temperature
reading accuracy of +0.5°C, and a system response latency of less than 1.8 seconds from sensor
trigger to pump actuation. Comparative analysis reveals that the [oT-based automated irrigation
reduces water consumption by 37.4% while improving crop yield indicators by 22.6%
compared to conventional manual irrigation practices. The system achieved 97.8% uptime over
a 90-day field trial, demonstrating its reliability and robustness for real-world agricultural
deployment. The proposed solution directly addresses United Nations Sustainable
Development Goal 2 (Zero Hunger) and SDG 6 (Clean Water and Sanitation) by promoting
precision agriculture and resource-efficient farming techniques.

Keywords: IoT, Smart Agriculture, ESP32, Soil Moisture Sensor, Automated Irrigation,
DHT11, OLED Display, Precision Farming, Crop Health Monitoring, Web Dashboard, Relay
Control, Embedded Systems.

1. INTRODUCTION

Agriculture remains the backbone of global civilization, providing sustenance to over 8 billion
people while supporting the livelihoods of approximately 1.3 billion farmers worldwide.
However, modern agriculture faces unprecedented challenges driven by rapid population
growth, climate change-induced weather variability, shrinking arable land, and the increasing
scarcity of freshwater resources. According to the Food and Agriculture Organization (FAO)
of the United Nations, agriculture accounts for approximately 70% of global freshwater
withdrawals, with a significant portion wasted through inefficient and poorly timed irrigation
practices. In developing nations, where smallholder farming dominates, this inefficiency is
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particularly acute, contributing to soil degradation, reduced crop yields, and economic hardship
for farming communities.

The traditional paradigm of agriculture, characterized by manual observation, intuition-
based irrigation scheduling, and reactive pest and disease management, is increasingly
inadequate in the face of these challenges. Farmers rely on subjective assessments of soil
conditions and weather patterns, leading to either over-irrigation — which causes soil nutrient
leaching, root diseases, and waterlogging — or under-irrigation, resulting in drought stress,
stunted growth, and significant yield losses. This trial-and-error approach not only wastes
precious water resources but also fails to optimize crop productivity or promote sustainable
land use.

The advent of the Internet of Things (IoT) has opened transformative possibilities for
precision agriculture. IoT-enabled systems can continuously collect, transmit, process, and act
upon real-time data from the farm environment, eliminating subjectivity and enabling data-
driven decision-making at a granular scale. By embedding low-cost, low-power sensors
throughout the agricultural field and connecting them to a central processing unit with internet
connectivity, farmers can gain unprecedented visibility into soil conditions, microclimate
variables, crop health indicators, and irrigation system performance — all accessible from a
smartphone or computer anywhere in the world.

This research focuses on the design, implementation, and experimental validation of a
comprehensive loT-integrated Smart Agriculture System (SAS) built around the ESP32
microcontroller — a powerful dual-core 32-bit processor featuring integrated Wi-Fi and
Bluetooth capabilities. The system architecture incorporates four major functional subsystems:
(1) soil condition sensing using capacitive soil moisture sensors and DHTI11
temperature/humidity sensors; (2) automated irrigation control through relay-actuated water
pumps governed by intelligent threshold algorithms; (3) local data visualization via a 0.96-inch
12C OLED display mounted near the field; and (4) remote monitoring and analytics through a
responsive web dashboard that provides real-time data, historical trends, alert notifications, and
manual override capabilities.

The novelty of this work lies in the holistic integration of these subsystems into a
cohesive, energy-efficient, and scalable platform that is specifically designed for resource-
constrained agricultural environments. Unlike previous systems that address only one or two
aspects of farm monitoring, the proposed SAS provides end-to-end coverage from field-level
sensing to cloud-assisted decision support. Furthermore, the system incorporates a multi-zone
irrigation management capability, allowing independent control of up to four distinct field
zones from a single ESP32 node, thereby significantly reducing hardware costs and system
complexity compared to distributed single-node architectures.

The remainder of this paper is organized as follows: Section 2 presents the problem
statement and research objectives; Section 3 provides a comprehensive literature review of
existing loT-based agricultural systems; Section 4 details the proposed system methodology
including hardware design, software architecture, and communication protocols; Section 5
presents experimental results, performance analysis, and comparative evaluations; Section 6
offers a detailed discussion of findings, limitations, and future work directions; and Section 7
concludes the paper with key contributions and implications.
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2. PROBLEM STATEMENT AND RESEARCH OBJECTIVES
2.1 Problem Statement
Despite the availability of modern agricultural technologies, a significant proportion of small
and medium-scale farmers — particularly in South Asia, Sub-Saharan Africa, and Southeast
Asia — continue to rely on manual, unscientific, and resource-intensive farming methods. The
key problems identified through extensive field surveys conducted across 120 farming
households in rural agricultural zones can be categorized as follows:
Firstly, Water Mismanagement: Approximately 63% of surveyed farmers reported practicing
flood irrigation or timed fixed-schedule irrigation, completely disregarding actual soil moisture
levels. This results in chronic over-irrigation during monsoon seasons and severe under-
irrigation during dry spells, with surveyed farmers losing an estimated 25-45% of potential
crop yield annually due to moisture-related stress.
Secondly, Lack of Real-Time Environmental Monitoring: None of the surveyed small-scale
farms had any form of automated sensor-based monitoring. Farmers assessed soil conditions
by physical touch or visual inspection, leading to inaccurate and inconsistent moisture
estimates. Temperature and humidity data — critical for predicting disease outbreaks and
irrigation evapotranspiration — were entirely absent from the decision-making process.
Thirdly, High Labor Costs and Inefficiency: Manual irrigation management requires constant
human presence, leading to high labor costs, fatigue-related errors, and inability to respond
promptly to rapidly changing weather conditions, particularly overnight or during adverse
weather events.
Fourthly, Data Absence for Long-Term Planning: Without systematic data collection and
storage, farmers cannot identify seasonal patterns, optimize irrigation schedules, track crop
health trends over time, or make evidence-based agronomic decisions for future planting
cycles.
The core problem, therefore, is the absence of an affordable, reliable, easy-to-deploy, and
remotely accessible IoT-based system that integrates multi-parameter sensing, intelligent
actuation, local display, and web-based remote monitoring into a unified platform tailored for
resource-constrained agricultural environments.
2.2 Research Objectives
Based on the identified problem statement, this research establishes the following primary and
secondary objectives:

1. To design and implement a low-cost, energy-efficient IoT node using the ESP32
microcontroller that integrates soil moisture, temperature, and humidity sensing
capabilities.

2. To develop an intelligent multi-threshold irrigation control algorithm that automates
pump activation and deactivation based on real-time soil moisture readings.

3. To implement a local OLED display interface for real-time on-field visualization of key
environmental parameters without requiring internet connectivity.

4. To design and deploy a responsive web-based monitoring dashboard enabling remote
visualization, historical data analysis, and manual control override.

5. To validate the system's accuracy, reliability, and energy efficiency through controlled
laboratory experiments and extended 90-day field trials.
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3. LITERATURE REVIEW
3.1 Overview of IoT in Agriculture
The application of IoT in agriculture, often termed 'Precision Agriculture' or 'Smart Farming,'
has been a rapidly growing research domain over the past decade. Sundmaeker et al. (2010)
were among the early proponents of applying IoT to the food and agriculture sector, identifying
key use cases including livestock monitoring, crop condition sensing, and supply chain
traceability [1]. Their vision of an interconnected agricultural ecosystem laid the groundwork
for subsequent hardware-focused implementations.
Gubbi et al. (2013) provided a comprehensive framework for IoT deployment in smart
environments, including agriculture, emphasizing the critical importance of edge computing
and cloud integration for scalable data management [2]. Their classification of IoT
architectures into perception, network, and application layers remains the standard reference
framework for agricultural [oT system design.
Farooq et al. (2019) conducted a systematic survey of IoT-enabled precision agriculture,
reviewing over 200 studies and identifying ESP-based microcontrollers, LoRa wireless
protocols, and MQTT communication as the most frequently adopted technologies for field-
level deployments in resource-constrained environments [3]. Their analysis highlighted the
critical gap between research prototypes and commercially deployable solutions.
3.2 Soil Moisture Sensing Technologies
Adeyemi et al. (2017) conducted a comparative evaluation of soil moisture sensing
methodologies, including gravimetric, neutron probe, time-domain reflectometry (TDR),
frequency-domain reflectometry (FDR), and capacitance-based sensing. Their study concluded
that capacitance-based sensors offer the optimal balance of cost, accuracy, power consumption,
and ease of deployment for IoT applications, reporting accuracy figures of +3.2% for
volumetric water content measurement [4].
Raza et al. (2021) specifically evaluated the performance of MEMS capacitive soil moisture
sensors integrated with ESP32 nodes, reporting a mean absolute error (MAE) of 2.1% across
five different soil types under laboratory conditions [5]. Their work is directly relevant to the
present study as it validates the sensor technology employed in our proposed system.
Sakthivel and Karthikeyan (2022) demonstrated an improvement in soil moisture measurement
accuracy by applying temperature-compensation algorithms to capacitive sensor readings,
reducing temperature-induced measurement drift from +4.5% to +1.8% across a temperature
range of 10°C—45°C [6]. This finding informed the temperature-compensated moisture reading
algorithm implemented in the present work.
3.3 ESP32-Based Agricultural IoT Systems
Nandurkar et al. (2014) presented one of the early embedded microcontroller-based automated
irrigation systems using Arduino and GSM modules. While their system demonstrated the
feasibility of automated irrigation, it suffered from high power consumption (>500 mW idle)
and limited processing capability [7]. The ESP32 addresses these limitations with its dual-core
architecture and ultra-low-power modem-sleep modes consuming as little as 10 mA in sleep
state.
Patel and Shah (2020) developed an ESP32-based soil monitoring system with a web server
interface, achieving a data refresh rate of 2 Hz and Wi-Fi communication range of 120 meters
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in open field conditions [8]. However, their system lacked automated actuation capabilities,
limiting its practical utility for irrigation control.

Bhatt and Bhatt (2021) implemented a dual-sensor (soil moisture and DHT22) ESP32
node with ThingSpeak cloud integration for precision irrigation in wheat cultivation. Their 60-
day field trial demonstrated a 28% reduction in water usage, though crop yield improvements
were not quantified [9]. The present work extends this approach with additional sensor
parameters, local OLED display, custom web dashboard, and multi-threshold control
algorithms.
3.4 Automated Irrigation Control Systems
Goldberg et al. (2016) developed a fuzzy logic-based irrigation controller that incorporated soil
moisture, air temperature, evapotranspiration estimates, and weather forecast data into an
integrated decision model. Their system achieved a 41% reduction in water consumption
compared to scheduled irrigation, establishing the performance benchmark for intelligent
irrigation controllers [10].
Rawal (2017) implemented a threshold-based automated drip irrigation system using wireless
sensor networks, demonstrating that simple hysteresis-based control with dual moisture
thresholds (trigger ON at <40% VWC, trigger OFF at >70% VWC) can achieve near-optimal
irrigation efficiency for most common crops without the computational complexity of fuzzy or
model-predictive approaches [11].
Nikolidakis et al. (2015) proposed an loT-based intelligent farm management system
incorporating ZigBee wireless sensors, a central Arduino gateway, and cloud analytics. Their
study emphasized the importance of relay isolation circuits for protecting low-voltage
microcontrollers from high-voltage pump systems, a design principle incorporated into our
relay module design [12].
3.5 Web Dashboard and Remote Monitoring
Krishnan et al. (2020) developed a web-based agriculture monitoring system using Node.js and
Socket.IO for real-time bidirectional data streaming, achieving dashboard update latencies of
less than 500 ms [13]. Their user interface design principles for field worker accessibility
informed the design of the web dashboard presented in this work.
Muangprathub et al. (2019) implemented a comprehensive [oT smart farm management system
with a mobile application interface, cloud database integration, and SMS alert capabilities [ 14].
Their evaluation of 50 farmers using the system demonstrated that remote monitoring
capability reduced the frequency of field visits by 68%, validating the practical utility of web-
based monitoring.
3.6 OLED Display Integration in IoT Systems
Abadal et al. (2013) evaluated various local display technologies for IoT field devices and
concluded that 0.96-inch SSD1306-based OLED displays optimally balance power
consumption (12 mW active, <I mW standby), outdoor visibility, and cost for agricultural IoT
applications [15]. The SSD1306 OLED's wide operating temperature range (—40°C to +85°C)
and 12C interface with only two signal wires make it particularly well-suited for the present
application.
3.7 Energy Management in Agricultural IoT
Verdone et al. (2008) analyzed energy consumption patterns in wireless sensor networks for
agriculture, establishing design guidelines for extending battery life through adaptive duty

326



International Journal of Innovation Studies 10 (1) (2026)
cycling, transmission power control, and sleep mode scheduling [16]. Their framework guided
the power management implementation in the present system, which achieves an average
current consumption of 45 mA during normal operation.

Jawad et al. (2017) conducted a comprehensive review of energy harvesting techniques for
agricultural IoT, evaluating solar, vibration, thermal gradient, and RF energy harvesting
modalities [17]. Their conclusion that solar photovoltaic combined with LiFePO4 battery
storage provides the most cost-effective and reliable off-grid power solution for agricultural
IoT aligns with the power architecture adopted in the present work.

3.8 Crop Health Monitoring

Mohanty et al. (2016) demonstrated that deep learning models trained on leaf image datasets
can identify 26 distinct plant disease categories with 99.35% accuracy using smartphone
cameras, establishing the potential for Al-assisted crop health monitoring [18]. While the
present system does not incorporate image-based disease detection, its temperature and
humidity data provide early warning indicators for environmental conditions conducive to
common fungal and bacterial diseases.

Boursianis et al. (2022) recently reviewed 150+ IoT applications for precision agriculture,
highlighting the trend toward integrated multi-parameter systems that combine soil, weather,
and plant physiological sensing with cloud analytics and decision support tools [19]. Their
analysis positions multi-sensor ESP32-based systems as the state-of-the-art for cost-effective
precision agriculture implementation.

3.9 Research Gaps Identified

Analysis of the existing literature reveals several significant gaps that the present research
addresses: (1) Most existing systems focus on either soil monitoring OR automated irrigation
control, but not both in a single integrated platform; (2) Local display interfaces for offline
operation are largely neglected, creating usability barriers in areas with intermittent internet
connectivity; (3) Multi-zone irrigation control from a single node remains underexplored; (4)
Comprehensive 90-day field validation studies with quantified crop yield impacts are rare; and
(5) Energy-optimized system designs suitable for solar-powered operation in remote farm
locations are insufficiently addressed. Table 1 summarizes the comparative positioning of the
proposed system against key related works.

Table 1: Comparative Analysis of Existing loT Agriculture Systems vs. Proposed System

Patel & ESP32 Soil, Temp No No Yes 30 days
Shah [8]
Bhatt & ESP32 Soil, DHT22 Yes No ThingSpe 60 days
Bhatt [9] ak

Rawal [11] = Arduino Soil only Yes LCD No 45 days
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Muangprat =~ Raspberr Multi-param Yes No YestMob  Simulati
hub [14] y Pi ile on
Krishnan NodeM Soil, Temp Partial No Yes None

[13] CU

Proposed ESP32 Soil+DHT11+ Yes (4- OLE Custom 90 days
System Multi Zone) D Real-time

4. PROPOSED METHODOLOGY
loT Smart Agriculture Circuit Diagram
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4.1 System Architecture Overview

The proposed Smart Agriculture System (SAS) is designed around a three-tier [oT architecture:
(1) the Perception Tier, comprising physical sensors and actuators embedded in the agricultural
field; (2) the Processing Tier, centered on the ESP32 microcontroller that aggregates sensor
data, executes control logic, and manages local display; and (3) the Application Tier, consisting
of the web-based monitoring dashboard accessible via Wi-Fi. This layered architecture ensures
modularity, fault tolerance, and scalability while maintaining low system cost and power
consumption.

4.2 Hardware Components and Specifications

4.2.1 ESP32 Microcontroller

The ESP32 (Espressif Systems, ESP-WROOM-32) serves as the central processing and
communication hub of the proposed system. Its key specifications relevant to this application
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include: dual Xtensa 32-bit LX6 processors running at up to 240 MHz; 520 KB SRAM and 4
MB flash memory; integrated 802.11 b/g/n Wi-Fi and Bluetooth 4.2 BLE; 18 channels of 12-
bit successive-approximation register (SAR) ADC; multiple hardware UART, SPI, 12C, and
12S interfaces; operating voltage range of 3.0-3.6 V with 3.3 V regulated output for sensor
supply; and sleep current of 10 pA in deep-sleep mode, enabling battery-powered operation.
4.2.2 Soil Moisture Sensor (Capacitive)
The capacitive soil moisture sensor (model: HL-69 upgraded capacitive variant) operates on
the principle of measuring changes in dielectric permittivity of soil as moisture content varies.
Unlike resistive sensors, capacitive sensors do not expose bare electrodes to the soil
environment, eliminating electrolytic corrosion and extending operational lifespan. The sensor
outputs an analog voltage (0—3.3 V) proportional to soil volumetric water content, which is
read by the ESP32 ADC on pin GP1034. Factory calibration maps 3.3 V output to 0% VWC
(dry air) and 1.2 V output to 100% VWC (fully saturated soil), with sensor sensitivity of 3.5
mV per percent VWC change.
4.2.3 DHT11 Temperature and Humidity Sensor
The DHT11 (Aosong Electronics) is a single-wire digital sensor that measures ambient
temperature and relative humidity using a calibrated digital signal output protocol. The sensor
incorporates a resistive-type humidity measurement element and an NTC thermistor for
temperature sensing. Its specifications include: temperature measurement range 0—50°C with
+2°C accuracy; humidity measurement range 20-90% RH with £5% RH accuracy; single-wire
serial data interface; operating voltage 3.3—5.5 V; sampling interval 1 second (minimum). The
DHT11 connects to the ESP32 on GPIO4 with a 10 kQ pull-up resistor on the data line.
4.2.4 OLED Display (SSD1306, 0.96-inch, 12C)
The 0.96-inch OLED display module based on the SSD1306 driver IC provides a 128x64 pixel
monochrome display with 12C interface (address 0x3C). The display connects to the ESP32
12C bus (SDA: GP1021, SCL: GPI022) and consumes only 12 mW during active display. The
OLED module presents four rotating screens refreshed every 3 seconds: Screen 1 shows soil
moisture percentage with a graphical progress bar; Screen 2 displays temperature (°C) and
humidity (%RH); Screen 3 shows pump status (AUTO ON/OFF, MANUAL ON/OFF) and
system uptime; Screen 4 displays Wi-Fi connection status and IP address for dashboard access.
4.2.5 Relay Module and Water Pump
A 5V single-channel relay module (rated 10A/250VAC, 10A/30VDC) provides electrical
isolation between the 3.3V ESP32 control signal and the 12VDC submersible water pump
motor. The relay module incorporates an optocoupler (PC817) for signal isolation, protecting
the ESP32 from back-EMF and voltage spikes generated during motor switching. A flyback
diode (IN4007) across the relay coil further suppresses switching transients. The relay control
input connects to ESP32 GP1026, with active-LOW logic (GPIO LOW = pump ON). The
pump (12V, 3W, maximum flow rate 240 L/hr) operates from a dedicated 12V battery rail,
completely isolated from the 3.3V microcontroller rail.
4.2.6 Power Supply Architecture
The system is powered by a 12V/7Ah sealed lead-acid (SLA) battery charged by a 10W solar
panel through an SLA charge controller (PWM type, 10A). The 12V rail powers the relay
module and pump motor directly. A 7805 linear voltage regulator (or alternatively an LM2596
buck converter for improved efficiency) steps down 12V to 5V for the DHT11 and OLED
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module. A dedicated AMS1117-3.3 LDO linear regulator provides a clean 3.3V supply for the
ESP32 and soil moisture sensor. Total average system current consumption was measured at
47 mA during normal operation (Wi-Fi active, display on) and 12 mA in reduced-power mode
(Wi-Fi in modem-sleep, display off between updates).

4.3 Circuit Design and Pin Configuration

Table 2: ESP32 Pin Configuration and Sensor Connections

Soil Moisture GPIO34 Analog 033V Input only, 12-bit ADC
Sensor (ADC1_CH6)
DHTI11 Data Pin GPIO4 1-Wire 33V 10 kQ pull-up required
Digital
OLED SDA GPIO21 12C Data 33V 12C addr: 0x3C
OLED SCL GP1022 12C Clock 33V 400 kHz fast mode
Relay Control GPIO26 Digital 33V Active LOW logic
Output
Status LED GPIO2 Digital 33V Built-in LED indicator
Output
GND GND Power ov Common ground for all
Ground
VCC (Sensor) 3V3 Power 33V From AMS1117-3.3
Supply

4.4 Software Architecture and Firmware Design

4.4.1 Firmware Overview (Arduino Framework for ESP32)

The ESP32 firmware is developed using the Arduino framework within PlatformlO IDE,
providing access to a rich ecosystem of libraries while maintaining low-level hardware control.
The firmware architecture follows an event-driven, non-blocking design pattern using
FreeRTOS task scheduling to ensure concurrent operation of sensor reading, display updating,
web serving, and irrigation control without blocking delays. Key firmware libraries employed
include: Adafruit SSD1306 (v2.5.7) and Adafruit GFX (v1.11.5) for OLED display rendering;
DHT sensor library (v1.4.4) for DHTI11 interfacing; ESPAsyncWebServer (v1.2.3) for
asynchronous non-blocking HTTP server operation; ArduinoJSON (v6.21.0) for JSON data
serialization; and Preferences library for non-volatile storage of configuration parameters.
4.4.2 Irrigation Control Algorithm

The irrigation control logic implements a multi-threshold hysteresis algorithm to prevent pump
short-cycling and accommodate soil moisture measurement noise. The algorithm defines three
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moisture zones: Dry Zone (<30% VWC) where irrigation is mandatory; Optimal Zone (30—
70% VWC) where irrigation maintains current status; and Wet Zone (>70% VWC) where
irrigation is suspended. The hysteresis band of £5% around threshold boundaries prevents relay
chatter. Additionally, a maximum continuous run time limit of 15 minutes and a minimum OFF
time of 5 minutes are enforced to protect the pump motor from thermal overload. The algorithm
also incorporates a DHTI1I1-based evapotranspiration correction factor: when ambient
temperature exceeds 35°C and humidity falls below 40% RH, the moisture ON threshold is
raised by 5% to compensate for increased evaporative demand.
4.4.3 Web Dashboard Design
The web dashboard is served directly by the ESP32 using ESPAsyncWebServer, eliminating
the need for external cloud services or internet connectivity — the system operates entirely on
a local Wi-Fi network. The dashboard HTML, CSS, and JavaScript are stored in the ESP32
flash using SPIFFS (SPI Flash File System) and served as static files. The dashboard interface
includes: real-time gauge displays for soil moisture, temperature, and humidity updated via
WebSocket connections at 2-second intervals; a line chart (rendered using Chart.js served from
CDN) showing 24-hour historical trends stored in ESP32 SRAM circular buffer; a pump
control panel with AUTO/MANUAL mode toggle and manual ON/OFF override buttons; a
system status panel showing Wi-Fi signal strength, battery voltage, uptime, and total pump
runtime; and an alert notification panel displaying threshold violations and sensor fault
warnings.

4.5 System Installation and Field Deployment Protocol

The hardware enclosure consists of a weatherproof IP65-rated ABS plastic junction box
housing the ESP32, relay module, and power supply components. The soil moisture sensor
probe is inserted vertically into the root zone soil at a depth of 15-20 cm (corresponding to the
active rooting zone for most vegetable and cereal crops). The DHT11 sensor is mounted in a
radiation shield to prevent solar heating bias, positioned at canopy height (0.5-1.2 m above
ground). The OLED display is mounted in a separate waterproof sub-enclosure attached to a
pole at eye level for convenient farmer access. Field deployment followed the 90-day trial
protocol across three experimental plots: Plot A (IoT-automated irrigation, proposed system),
Plot B (scheduled irrigation, control), and Plot C (traditional manual irrigation, baseline).

5. RESULTS AND ANALYSIS

5.1 Sensor Accuracy Validation

Sensor calibration and accuracy validation experiments were conducted in a controlled
laboratory environment prior to field deployment. Soil moisture sensor readings were validated
against gravimetric moisture content measurements (the gold standard method) using 30 soil
samples with moisture contents ranging from 0% to 100% VWC in 5% increments. DHT11
temperature readings were cross-validated against a calibrated Pt100 RTD reference
thermometer, while humidity readings were validated against a chilled mirror hygrometer
reference instrument.
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Table 3: Sensor Accuracy Validation Results

Soil Moisture 0—-100% +2.3% +4.1% 2.8% 0.9921
(VWC%)
Temperature (°C) 15 -45°C +0.5°C +0.9°C 0.6°C 0.9987
Relative Humidity 30-90% RH +4.2% RH +6.8% RH 4.9% RH 0.9874
(%RH)
Response Latency N/A 1780 ms avg 2340 ms N/A N/A
(ms) max

The soil moisture sensor achieved a mean absolute error of +2.3% VWC across the full
measurement range, exceeding the target accuracy specification of +3.0%. The coefficient of
determination (R?) of 0.9921 confirms a strong linear correlation between sensor output and
gravimetric reference measurements. Temperature measurement accuracy of £0.5°C represents
a marked improvement over the DHT11 datasheet specification of +2°C, attributable to the
temperature calibration offset correction applied in firmware. Relative humidity accuracy of
+4.2% RH met the +5% RH target specification. System response latency — measured from
moisture threshold breach detection to relay actuation — averaged 1.78 seconds, well within
the 3-second design target.

5.2 Water Consumption Analysis

Water consumption measurements were conducted over the 90-day field trial period across all
three experimental plots (total area 900 m? each) cultivating identical tomato varieties under
identical soil conditions. Water delivery was metered using calibrated flow meters on all three
plots. The results demonstrate a 37.4% reduction in water consumption by the loT-automated
system compared to the traditional manual baseline, and a 22.1% reduction compared to
scheduled timer-based irrigation.

Figure 1: Monthly Water Consumption Comparison (Liters/m*Month)

Water Consumption — Monthly Average (Liters per m* per Month)

Manual Irrigation
Scheduled Timer

IoT Automated (SAS)

Table 4: 90-Day Water Consumption Comparison Across Irrigation Methods
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Month 1 45.2 37.8 28.4 37.2%
(June)

Month 2 51.6 40.1 31.7 38.6%
(July)

Month 3 44.9 37.8 28.8 35.9%

(August)

Average 473 38.6 29.6 37.4%

5.3 Crop Yield Analysis

Tomato crop yield was assessed at harvest by measuring total fresh weight of marketable fruit
per plot. The IoT-automated system produced a mean yield of 6.84 kg/m?, representing a 22.6%
improvement over the manual irrigation baseline (5.58 kg/m?) and a 12.3% improvement over
scheduled timer irrigation (6.09 kg/m?). The yield improvement is attributed to more consistent
root-zone moisture maintained within the optimal 40-65% VWC range, minimizing both
drought stress during critical flowering and fruit-set stages and waterlogging stress that impairs
root oxygen availability.

Table 5: Crop Yield and Quality Comparison Across Irrigation Methods

Total Yield (kg/m?) 5.58 6.09 6.84
Marketable Yield (%) 72.3% 79.6% 88.4%
Avg Fruit Weight (g) 124.5 138.2 156.7
Brix (Sugar Content) 4.8°Bx 5.2°Bx 5.9°Bx

Fruit Firmness (N) 8.2 9.1 10.4
Disease Incidence (%) 18.4% 12.7% 6.3%

5.4 System Reliability and Uptime

System reliability was assessed over the full 90-day field trial period. The system achieved
97.8% uptime (88.0 days of continuous operation out of 90 days), with two brief outages
totaling 1.98 days: one caused by a 27-hour power outage due to sustained overcast weather
depleting the solar battery, and one caused by a sensor connectivity issue requiring firmware
reflash (9 hours). No hardware failures of any sensor, relay, or ESP32 components occurred
during the trial period.

Figure 2: System Uptime and Sensor Reliability Over 90-Day Field Trial
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System Reliability Metrics (90-Day Field Trial)

System Uptime I, o737
Soil Sensor Availability _ 99.2%
DHT11 Availability - KA
Relay Actuation Success - [RIA
Web Dashboard I o4

Availability

Data Logging Success Rate | 991

5.5 Power Consumption Analysis

Power consumption measurements were conducted using a precision current data logger
(resolution: 0.1 mA) across all operating modes. The solar charging system provided an
average of 8.2 Wh/day, sufficient to maintain positive energy balance throughout the trial
period except during the extended overcast episode. Average daily energy consumption was
measured at 6.9 Wh, providing a daily energy surplus of 1.3 Wh that maintains battery state of
charge above 60% under typical conditions.

Table 6: System Power Consumption in Different Operating Modes

Full Active (WiFi TX 3.3V/12V 47 + 250 155 + 3000 ~5% pump
+ Pump)
Normal (WiFi Active, 33V 47 mA 155 mW ~80% time
No Pump)
WiFi Modem-Sleep 33V 12 mA 40 mW ~10% time
Deep Sleep (All off) 33V 0.01 mA 0.033 mW ~5% time
Average Daily — — 287 mW avg 6.9 Wh/day
Consumption

5.6 Web Dashboard Performance

The ESP32-hosted web dashboard was evaluated for response time, concurrent user capacity,
and data update latency. Dashboard page load time averaged 1.24 seconds over local Wi-Fi (2.4
GHz, 20 MHz channel). WebSocket data update latency averaged 210 ms from sensor reading
completion to browser gauge update. The ESP32 web server successfully handled up to 3
concurrent client connections without performance degradation. Chart.js historical data
visualization rendered smoothly with 144-point datasets (24 hours at 10-minute resolution).
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Table 7: Web Dashboard Performance Metrics

Dashboard Page Load 1.24 s <3.0s PASS
Time
WebSocket Update 210 ms <500 ms PASS
Latency
Max Concurrent Clients 3 users >= 72 users PASS
Data Points Stored (RAM) 144 144 points PASS
points/sensor
Uptime (Web Server) 96.4% >95% PASS
Alert Email Latency Not implemented Future work N/A

5.7 Comparative Performance vs. Existing Systems

Table 8: Comprehensive Comparison of Proposed System with State-of-the-Art

Microcontroller ESP32 ATmega328 ESP8266 ESP32 (Dual-core)
Sensing Parameters 2 1 2 4 (multi-zone)
Local Display None LCD 16x2 None OLED 128x64
Web Dashboard ThingSpeak None Custom Custom ESP32
Node.js hosted
Sensor Accuracy +3.1% +5.2% +3.8% +2.3% (best)
(Soil)

Water Saving (%) 28% 22% N/A (sim) 37.4% (best)
Field Trial Duration 60 days 45 days None 90 days (longest)
Internet Required? Yes No Yes No (LAN only)
System Cost (USD) ~$45 ~$30 ~$55 ~$38 (optimal)

5.8 Novelty Analysis

The proposed system demonstrates several key novelties that differentiate it from existing
work. First, it is the only system in the reviewed literature that combines all four functionalities
— multi-parameter sensing, automated relay-based irrigation, OLED local display, and ESP32-
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hosted (internet-independent) web dashboard — in a single integrated node costing under $40
USD. Second, the multi-threshold hysteresis irrigation control with DHT11-based
evapotranspiration correction is a new contribution not present in comparable low-cost
systems. Third, the ESP32-hosted web server approach eliminates cloud service dependencies,
providing data privacy, zero recurring subscription costs, and operation even without internet
access. Fourth, the 90-day field trial with quantified crop yield and water consumption
measurements provides one of the most comprehensive experimental validations reported for
an ESP32-based agricultural IoT system.

6. DISCUSSION

6.1 Interpretation of Key Findings

The experimental results confirm that the proposed Smart Agriculture System delivers
statistically significant improvements across all primary performance metrics compared to both
manual and scheduled irrigation baselines. The 37.4% water consumption reduction is
particularly noteworthy given that it was achieved under real field conditions with natural
weather variability, rather than the controlled simulation environments often reported in the
literature. This finding surpasses the 28% saving reported by Bhatt and Bhatt (2021) for a
comparable ESP32-based system, and approaches the 41% savings achieved by the more
computationally complex fuzzy logic controller of Goldberg et al. (2016) [10]. This suggests
that well-designed threshold-based control with appropriate hysteresis and environmental
correction factors can achieve near-optimal water efficiency without the implementation
complexity of model-predictive or fuzzy control approaches.

The 22.6% yield improvement over manual irrigation validates the agronomic hypothesis that
consistent root-zone moisture maintenance within the crop-specific optimal VWC range
significantly outperforms irregular manual irrigation practices. Analysis of irrigation event logs
reveals that the IoT-SAS system triggered irrigation 1.8 times more frequently but for shorter
durations than manual practice — a pattern consistent with optimal deficit irrigation principles
that keep soil moisture in the capillary water zone rather than gravitational water zone,
maximizing plant-available water while minimizing deep percolation losses.

The 97.8% system uptime over 90 days, with both outages attributable to external causes
(extended overcast weather and firmware bug) rather than hardware failure, demonstrates the
robustness of the proposed hardware design for real-world agricultural deployment. The power
outage incident highlights the importance of battery capacity sizing for extended overcast
periods, particularly in monsoon-affected agricultural regions. For deployment in areas with
extended low-irradiance periods, the battery capacity should be increased to at least 20 Ah or
a backup mains charging capability added.

6.2 Limitations and Challenges

Several limitations of the current implementation warrant discussion. The DHT11 sensor's
humidity accuracy of £5% RH is insufficient for precision evapotranspiration calculations;
replacement with the higher-accuracy DHT22 (2% RH) or SHT31 (+2% RH, +0.3°C) would
improve the environmental correction factor precision. The single soil moisture sensor per zone
represents a point measurement that may not capture spatial variability in heterogeneous soils;
deployment of 23 sensors per zone with averaged readings would improve representativeness.
The ESP32's SRAM limitation (520 KB) constrains the historical data buffer to 144 data points
per sensor (24 hours at 10-minute resolution); longer-term data logging would require external
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SPI flash memory or MQTT transmission to a separate data server. Finally, the absence of
cellular (GSM/LTE) communication capability limits the system to Wi-Fi range of the farm
router, which may be insufficient for large farms.
6.3 Scalability and Future Enhancements
The proposed system architecture is designed for horizontal scalability through ESP-MESH
networking, wherein multiple ESP32 nodes can form a self-organizing mesh network covering
large farm areas while sharing a single internet uplink. Future enhancements identified include:
integration of NPK (nitrogen-phosphorus-potassium) electrochemical sensors for complete soil
fertility monitoring; incorporation of a camera module (OV2640) for Al-assisted plant disease
detection using TensorFlow Lite models deployed on the ESP32; addition of GPS coordinates
to each sensor node for precision field mapping; integration with weather forecast APIs for
predictive irrigation scheduling; and development of a native Android/iOS mobile application
with push notification support for remote alerts.
7. CONCLUSIONS
This paper has presented the design, implementation, and comprehensive experimental
validation of an loT-integrated Smart Agriculture System (SAS) based on the ESP32
microcontroller with capacitive soil moisture sensing, DHT11 environmental monitoring,
OLED local display, relay-controlled automated irrigation, and a custom ESP32-hosted web
monitoring dashboard. The system demonstrates that sophisticated precision agriculture
capabilities can be delivered at a total hardware cost of approximately USD 38, making the
technology accessible to smallholder farmers in developing economies.

Key contributions of this research include: (1) a novel integrated multi-parameter
agricultural IoT platform combining sensing, actuation, local display, and internet-independent
web monitoring in a single ESP32 node; (2) a multi-threshold hysteresis irrigation control
algorithm with DHT11-based evapotranspiration correction that achieves 37.4% water
consumption reduction; (3) an ESP32-hosted web dashboard architecture that eliminates cloud
service dependencies while maintaining real-time remote monitoring capability; (4)
comprehensive 90-day field validation demonstrating 97.8% system uptime, +2.3% soil
moisture accuracy, and 22.6% crop yield improvement; and (5) a detailed comparative
evaluation establishing the proposed system as superior to existing comparable works across
cost, functionality, field validation rigor, and practical deployability metrics.

The results validate that loT-enabled precision irrigation can simultaneously conserve water,

improve crop yields, and reduce farmer labor requirements — directly addressing the

interconnected challenges of agricultural sustainability and food security. Future work will

focus on integrating NPK soil fertility sensing, Al-based plant disease detection, and cellular

communication for large-farm scalability. The proposed system provides a practical, proven,

and cost-effective foundation for the widespread adoption of precision agriculture technologies

in resource-limited farming environments.
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