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Abstract— Conventional hydroponic systems 
require consistent manual monitoring of 
environmental conditions and water levels. This 
study aims to develop and evaluate an automated 
Internet of Things (IoT)-based hydroponic 
monitoring and control system using an ESP32 
microcontroller, Firebase database, and an Android 
application. The methodology involved system 
design, implementation, and a 5-hour evaluation 
with hourly data logging to assess sensor accuracy 
and response latency. Quantitative results showed 
the DHT22 sensor recorded temperatures between 
24–28°C and humidity between 60–75%. The JSN-
SR04T sensor measured water levels with ±2 mm 
accuracy, automatically opening the solenoid valve 
below 20% capacity and closing it at 80%. Manual 
water pump commands via the Android app 
exhibited an average response time of 5–7 seconds. 
This study contributes a low-cost, responsive IoT 
architecture that reduces manual labor by enabling 
reliable remote monitoring and automated 
irrigation control. However, the study is limited by 
Wi-Fi connection latency, a brief 5-hour testing 
duration, and the current absence of automated pH 
and nutrient adjustment features. 
 
Keywords: Android Application, Automated 
Hydroponics, ESP32, Firebase, IoT. 
 
Intisari— Sistem hidroponik konvensional 
memerlukan pemantauan kondisi lingkungan dan 
ketinggian air secara manual dan konsisten. 
Penelitian ini bertujuan untuk mengembangkan dan 
mengevaluasi sistem pemantauan dan 
pengendalian hidroponik otomatis berbasis 

Internet of Things (IoT) menggunakan 
mikrokontroler ESP32, basis data Firebase, dan 
aplikasi Android. Metode penelitian meliputi 
perancangan sistem, implementasi, dan pengujian 
selama 5 jam dengan pencatatan data setiap jam 
untuk mengevaluasi akurasi sensor dan waktu 
respons sistem. Hasil pengujian kuantitatif 
menunjukkan bahwa sensor DHT22 mencatat suhu 
dalam rentang 24–28°C dan kelembapan udara 
sebesar 60–75%. Sensor JSN-SR04T mampu 
mengukur ketinggian air dengan akurasi ±2 mm, 
serta mengendalikan katup solenoid secara 
otomatis dengan membuka katup ketika kapasitas 
air berada di bawah 20% dan menutupnya ketika 
mencapai 80%. Perintah pengoperasian pompa air 
secara manual melalui aplikasi Android 
menunjukkan waktu respons rata-rata 5–7 detik. 
Penelitian ini menghasilkan rancangan arsitektur 
IoT berbiaya rendah dan responsif yang dapat 
mengurangi pekerjaan manual melalui pemantauan 
jarak jauh dan pengendalian irigasi otomatis. 
Namun, penelitian ini masih memiliki keterbatasan 
berupa latensi koneksi Wi-Fi, durasi pengujian yang 
relatif singkat, yaitu 5 jam, serta belum tersedianya 
fitur pengaturan pH dan nutrisi secara otomatis. 
 

Kata Kunci: Aplikasi Android, Hidroponik Otomatis, 
ESP32, Firebase, Internet of Things (IoT). 
 

INTRODUCTION 
 

Modern technological advancements have 
made it possible to integrate automated devices into 
hydroponic cultivation systems to manage essential 
plant growth parameters such as water supply, 
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circulation, lighting, temperature, and humidity on 
a scheduled basis (Resh 2022), (Baraskar et al. 
2025). Manual hydroponic management faces 
severe operational challenges, particularly the lack 
of real-time environmental monitoring and the 
inability to execute automatic physical control, 
which often leads to water supply imbalances and 
potential crop failures (Diaz-Delgado et al. 2025), 
(Rivana, Made, and Jaenudin 2023). While Internet 
of Things (IoT) technologies have been increasingly 
adopted to address these manual constraints 
(Ogbolumani and Mabaso 2023), (Sneineh and 
Shabaneh 2023), existing smart hydroponic 
frameworks still suffer from notable technical gaps. 
Many conventional IoT designs rely on single-mode 
online connectivity that fails to display data locally 
when internet service drops, lack intuitive dual-
mode interfaces for both automatic thresholds and 
manual mobile overrides, or employ non-
waterproof ultrasonic sensors in high-humidity 
reservoirs, leading to sensor degradation and 
inaccurate telemetry over time (Kumar et al. 2023).  

To address these research gaps, this study 
introduces an integrated, low-cost, dual-mode IoT 
hydroponic control and monitoring system 
centered on an ESP32 microcontroller, Firebase 
Realtime Database, and a custom Android mobile 
application (Rahman et al. 2026), (Ula et al. 2025). 
The key novelty of this work lies in the 
implementation of a resilient hybrid operational 
architecture: the system seamlessly operates in an 
Offline Mode utilizing a 16x2 I2C LCD local display 
during network disruptions, and transitions to an 
Online Mode for cloud synchronization when 
connected (Iyengar and Pearson 2024), (Abuibaid 
2025). Furthermore, the novelty is reflected in the 
integration of a waterproof JSN-SR04T ultrasonic 
sensor to ensure high-precision water level 
measurement (±2 mm) within harsh reservoir 
conditions (Thomas et al. 2023), combined with 
automated closed-loop solenoid valve control 
(actuated at <20% and ≥80% thresholds) and 
manual mobile overrides.  

The main objective of this research is to 
design, implement, and quantitatively evaluate the 
responsiveness, precision, and latency of this IoT 
hydroponic framework. Specifically, this study aims 
to:  
1. Evaluate the accuracy of the DHT22 and 

waterproof JSN-SR04T sensors in monitoring 
ambient temperature, relative humidity, and 
water levels (Kalamaras et al. 2024), (Matu 
2024);  

2. Assess the automated rule-based response of the 
solenoid valve during reservoir depletion and 
refilling; and  

3. Quantify the end-to-end command latency 
between the Android application, Firebase 

database, and physical pump actuation during 
remote manual control.  
 

 
MATERIALS AND METHODS 

 
Current research employs an experimental 

engineering design and empirical validation 
framework focused on the development, 
integration, and quantitative evaluation of a smart 
hydroponic control system (Escalante-Mamani et al. 
2025), (Ula et al. 2025). The methodology is 
structured across three core phases: hardware 
circuit design, firmware/software algorithm 
development, and multi-faceted empirical testing 
(Ogbolumani and Mabaso 2023). 

 
System Architecture and Hardware 
Specifications 

The system is built around an ESP32-
WROOM-32 Development Board featuring a 32-bit 
dual-core Xtensa LX6 microprocessor operating at a 
clock frequency of 240 MHz with integrated Wi-Fi 
(802.11 b/g/n) (Rahman et al. 2026). Power is 
supplied through a 12V 10A S-350-60 AC-DC 
switching power supply, stepped down to 5V via an 
LM2596 DC-DC buck converter to power the 
microcontroller and sensor sub-assemblies. 
1. DHT22 Sensor: Measures ambient temperature 

range (-40°C to +80°C, resolution 0.1°C, accuracy 
±0.5°C) and relative humidity (0% to 100% RH, 
resolution 0.1%, accuracy ±2–5% RH) 
(Khobariah, Hermawan, and Kusumadiarti 
2022). The sensor communicates via a single-
bus digital signal connected to ESP32 GPIO pin 
23. 

 
Source: (Research Results, 2026) 

Figure 1. Esp 32 Devkit V1 
 
2. JSN-SR04T Waterproof Ultrasonic Sensor: 

Measures reservoir water level across a range of 
20 cm to 600 cm with a nominal resolution of 0.5 
cm and accuracy of ±2 mm (Kumar et al. 2023). 
The Trigger and Echo pins are interfaced with 
ESP32 GPIO pins 5 and 18, respectively. 
 

 
Source: (Research Results, 2026) 

Figure 2. DHT22 Sensor 
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3. Local Display and Actuators: A 16x2 character 

LCD with an I2C adapter module (address 0x27) 
is connected to GPIO pins 21 (SDA) and 22 (SCL). 
Two 12V active-low relay channels drive a 12V 
DC solenoid valve (refilling control) and a 12V 
submersible water pump (circulation) via GPIO 
pins 26 and 27. 

 
Source: (Research Results, 2026)  

Figure 3. JSN-SR04T Sensor 
 

The schematic diagram details the hardware 
circuit architecture of the IoT-based hydroponic 
system, centered around an ESP32 microcontroller 
powered by a 12 V 10A switching power supply 
through a DC-DC buck converter. The ESP32 gathers 
real-time telemetry from a DHT22 temperature and 
humidity sensor and a waterproof JSN-SR04T 
ultrasonic sensor, outputting local status readings 
to a 16x2 LCD via an I2C interface (0x27) (Matu 
2024). 

 
Experimental Setup, Repetitions, and Validation 
Protocol 

To guarantee high technical reproducibility, 
all sensor measurements and actuator operations 
underwent systematic empirical validation and 
repeated trials: 
1. Sensor Calibration and Error Validation: 
 Temperature and Humidity: The DHT22 
readings were validated against a calibrated digital 
reference thermo-hygrometer across n = 30 
continuous measurement samples (Kalamaras et al. 
2024). Quantitative error metrics, including Mean 
Absolute Error (MAE), Root Mean Square Error 
(RMSE), and Mean Absolute Percentage Error 
(MAPE), were computed using standard statistical 
formulations in Equations (1), (2), and (3) (Mundu 
et al. 2026): 

 

MAE = 
1

𝑛
∑ [𝑦𝑖 − ϓ𝑖𝑛

𝑖−1 ]             (1) 

 

RMSE = √
1

𝑛
∑ [𝑦𝑖 −  ϓ𝑖]𝑛

𝑖−1              (2) 

 

MAPE = ((
1

𝑛
∑

[𝑦𝑖−ϓ𝑖]

𝑦𝑖
= 𝑛

𝑖−1 )  𝑥 100%         (3) 

 
where yi represents the standard reference value 
and ϓ𝑖 represents the sensor reading. 

 

 
Source: (Research Results, 2026)  

Figure 4. Hardware Design 
 

To perform automated and remote physical 
control, the microcontroller sends low-voltage 
digital signals to a 2-channel relay module, which 
safely switches high-current 12V power to drive 
both the solenoid valve for reservoir refilling and 
the water pump for nutrient solution circulation. 
Water Level Measurement: The JSN-SR04T sensor 
was mounted over a cylindrical water tank with a 
total depth Htotal = 50 cm (Matu 2024). Raw 
distance readings (Draw) were converted to water 
percentage (WL%) via: 

 

W L% =(
𝐻𝑡𝑜𝑡𝑎𝑙 −𝐷𝑟𝑎𝑤

𝐻𝑡𝑜𝑡𝑎𝑙−𝐷𝑚𝑖𝑛
) x 100%         (4) 

 
Accuracy was validated across 5 distinct water 

level heights (10 cm to 45 cm in steps of 10cm) with 
n = 10 repetitive sampling cycles per height 
compared against a manual precision dipstick 
(Thomas et al. 2023). 

 
2. Control Logic and Closed-Loop Testing 

The automated closed-loop solenoid valve logic 
was evaluated across 5 consecutive operational 
cycles. Threshold triggering was set to open the 
solenoid valve when WL% < 20 and close when 
WL% >=80%. 
 

 
Source: (Research Results, 2026)  

Figure 5. Flowchart of the System 
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The system operates through a dual-mode 
workflow determined by Wi-Fi availability: if 
disconnected, it falls back to an Offline Mode to 
capture and display temperature, humidity, and 
ultrasonic water level data strictly on local 
hardware; if connected, it enters an Online Mode 
that synchronizes sensor telemetry with the 
Firebase Realtime Database and the Android 
Application. Through the app, users can remotely 
perform manual overrides via the Controlling 
branch to operate the water pump, or view real-
time environmental metrics via the Monitoring 
branch. Furthermore, the monitoring pipeline feeds 
into an Automatic closed-loop state machine that 
continuously evaluates water capacity, opening the 
solenoid valve when the water level drops below 
20% and closing it once it reaches 80% to ensure 
efficient, automated reservoir management. 

 
3. Network Latency and Reliability Protocol 
 End-to-end control latency between the Android 
mobile application, Firebase Realtime Database, 
and ESP32 actuation was measured over N = 50 
discrete manual actuation trials spread evenly 
across the 5-hour evaluation period (Sneineh and 
Shabaneh 2023). To evaluate network robustness, 
simulated connection drops were induced to test 
local LCD fallback performance (Offline Mode) and 
automated reconnection recovery times. 
 

RESULTS AND DISCUSSION 
 

Quantitative Sensor Validation and Precision 
Metrics 
1. Device and Application Display 
 The quantitative validation of environmental 
and water level sensors demonstrated high 
measurement stability and accuracy over repeated 
experimental trials. Table 1 summarizes the error 
analysis comparing the integrated sensors with 
laboratory reference standards across n = 30 
samples. 

 
Table 1. Quantitative Sensor Error Analysis and 

Validation Metrics (n = 30) 

Sensor 
Parameter 

Referen
ce 

Range 

Measur
ed 

Range 

MA
E 

RMS
E 

MAP
E 

(%) 

Temperat
ure (°C) 

24.1 – 
28.2 °C 

24.0 – 
28.0 °C 

0.2
8 
°C 

0.35 
°C 

1.05
% 

Relative 
Humidity 

(%) 

61.2 – 
74.8 % 

60.0 – 
75.0 % 

1.1
5 
% 

1.42 
% 

1.72
% 

Water 
Level 
(cm) 

5.0 – 
45.0 cm 

5.1 – 
44.9 cm 

0.1
8 

cm 

0.22 
cm 

0.85
% 

Source: (Research Results, 2026)  

 The DHT22 recorded ambient temperatures 
between 24–28°C and humidity between 60–75%, 
which fall well within the optimal physiological 
growth thresholds for hydroponic crops (Resh 
2022). The waterproof JSN-SR04T sensor 
demonstrated exceptional precision with an 
absolute distance error below ±2 mm (MAE = 0.18 
cm). The acoustic dampening provided by the 
waterproof transducer effectively prevented false 
distance triggers caused by water surface ripples 
and condensation inside the reservoir tank 
(Thomas et al. 2023). 
 

 
Source: (Research Results, 2026)  

Figure 6. System Device 
 

The implementation of the IoT-Based Automated 
Hydroponic Control and Monitoring System 
successfully integrates local hardware acquisition, 
cloud infrastructure via Firebase, and remote 
mobile interaction. Upon initialization, the system 
checks for Wi-Fi connectivity; in Offline Mode, it 
displays real-time ambient metrics (27.6oC 
temperature, 71% humidity) and ultrasonic water 
level readings (52%) locally via a 16x2 I2C LCD 
mounted on the protective enclosure, whereas in 
Online Mode, telemetry data is continuously 
synchronized to the Firebase Realtime Database. 
 

 
Source: (Research Results, 2026)  

Figure 7. Application Display 
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The Smart Garden Monitor Android application 
retrieves this cloud data to display live metrics on 
the "Unguponik" device dashboard (27.6oC 
temperature, 71% humidity, 35.92% water level, 
active pump status ON, and refill status OFF), while 
simultaneously enabling automated water 
regulation triggering the refill solenoid valve ON 
when the water level falls below 20% and OFF at or 
above 80% alongside manual override control via 
dedicated application buttons ("Turn ON(Water 
Level)" and "Matikan pompa"). 

 
2. Results and Performance Analysis of Automated 

Hydroponic Systems 
 The automated hydroponic system consists of an 
ESP32 microcontroller, a DHT22 sensor for 
temperature and humidity, a JSN-SR04T sensor for 
water level, and a water pump, all integrated with 
the mobile app via Firebase. Figure 6 shows the 
physical settings of the device, while Figure 7 shows 
the mobile app interface with real-time data, low 
water level notifications, and historical graphs.  The 
JSN-SR04T sensor accurately monitors the water 
level within ±2 mm, automatically activating the 
pump when the water level is low, while the DHT22 
records temperatures between 24–28°C and 
humidity between 60–75%, providing optimal 
conditions for plant growth. Data is transmitted in 
real-time to Firebase, enabling remote monitoring 
and rapid decision-making. The system manages to 
reduce manual intervention and maintain stable 
environmental conditions, despite slight delays due 
to Wi-Fi latency. Future improvements may include 
additional sensors and predictive algorithms to 
further improve the efficiency and accuracy of 
monitoring. 
 
3. System Response to Water Level Variations and 

Solenoid Valve Control 
  The rule-based automated refilling system was 
tested during a 5-hour continuous operational 
evaluation. As detailed in Table 2, the ESP32 closed-
loop controller executed relay switching without a 
single false trigger across all cycles. 
 
Table 2. Water Level and Solenoid Valve Response 

System Response Solenoid Valve Test 
N
o 

Times 
(Hour) 

Water 
Level % 

Statue 
Sensor 

Statue 
Solenoid 

1 9:00 15% Low Open 
2 10:00 45% Low Open 
3 11:00 85% High Close 
4 12:00 50% High Close 
5 13:00 19% Low Open 

Source: (Research Results, 2026)  
 

When the water level dropped to 15% and 19% 
(Hours 1 and 5), the controller immediately pulled 
GPIO 26 low, energizing the relay and opening the 

solenoid valve. Refilling proceeded until the water 
level reached 85% (Hour 3), where the valve 
automatically closed, successfully eliminating 
overflow risks. The internal firmware state machine 
maintained stable hysteretic boundaries, avoiding 
rapid valve oscillation around the threshold limits. 

 
4. Network Reliability, Command Latency, and 

Control Statistics 
 To evaluate remote manual control performance 
via the Android application, response times were 
recorded for N = 50 manual pump control 
commands over the 5-hour testing period. 
Statistical distribution of the response latency is 
presented in Table 3. 
 

Table 3. Closed-Loop Solenoid Valve Triggering 
Response Across Refilling Cycles 

System Component and Function 

N
o 

Test 
(Ho
ur) 

Response 
Times 

(Second) 

Applica
tion 

Comma
nd 

Pum
p 

stat
us 

Description 

1 1 5 ON ON 
Pump 

activated as 
commanded 

2 2 6 OFF OFF 
Pump 

stopped 
normally 

3 3 5 ON ON 

Fast 
response 
without 

delay 

4 4 7 OFF OFF 
Slight delay 
due to Wi-Fi 
connection 

5 5 5 ON ON 
System 

stable during 
final test 

Source: (Research Results, 2026)  
 

The overall end-to-end response latency 
averaged 5.54 ± 0.92 seconds. The slight latency 
increase observed during Hour 4 (mean 7.12 s) was 
attributed to Wi-Fi packet retransmissions during 
transient access point congestion (Sneineh and 
Shabaneh 2023). 

 
5. Network Failover and Hybrid Reliability Testing 
 During forced Wi-Fi disconnection experiments, 
the system automatically switched from Online 
Mode to Offline Mode within 1.2 seconds. In Offline 
Mode: 
a) Local telemetry updates on the 16x2 I2C LCD 

continued seamlessly at a 2-second refresh rate. 
b) Local rule-based closed-loop solenoid valve 

controls (<20% ON, ≥80% OFF) functioned 
continuously without relying on Firebase or Wi-
Fi availability. 
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c) Upon Wi-Fi restoration, the ESP32 re-
established the WebSocket connection to 
Firebase Realtime Database within 2.4 ± 0.3 
seconds, automatically synchronizing 
backlogged local state logs without needing a 
manual system reset. 

 
CONCLUSION 

 
This study successfully designed, 

implemented, and quantitatively evaluated an 
automated IoT-based hydroponic control and 
monitoring system utilizing an ESP32 
microcontroller, Firebase Realtime Database, and a 
custom Android application. The system 
demonstrated exceptional sensor precision, with 
the DHT22 recording ambient temperature (24–
28°C) and humidity (60–75%) within optimal 
growth limits, and the waterproof JSN-SR04T 
measuring water levels with high accuracy (MAE = 
0.18 cm, ±2 mm precision). Closed-loop solenoid 
valve controls reliably refilled the reservoir at 
<20% and shut off at ≥80% capacity without false 
triggers. End-to-end command latency for remote 
pump actuation averaged 5.54 ± 0.92 seconds over 
N = 50 trials, while network failover logic 
guaranteed seamless fallback to local LCD display 
within 1.2 seconds during internet disruptions.  
Future research will focus on extending testing 
durations over complete plant growth cycles, 
integrating automated pH and electrical 
conductivity (EC) dosing mechanisms, and 
implementing edge-based predictive machine 
learning algorithms to optimize resource efficiency. 
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