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INTRODUCTION

The increasing global population demands 
higher agricultural productivity, but this sector 
faces serious challenges, including limited wa-
ter resources and the impacts of climate change 
(Lemfarrak et al., 2025; Mahdaoui et al., 2025; 
Nhemachena et al., 2020). In many developing 

countries, conventional irrigation systems still 
dominate horticultural land, but this method is of-
ten inefficient, causing uneven nutrient distribu-
tion (Fauzan et al., 2025; Orsini et al., 2013). Fur-
thermore, excessive and uneven water application 
under conventional irrigation creates conditions 
favorable for massive weed proliferation (Ku-
mar et al., 2025; Zahaf et al., 2025; Zhang et al., 
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ABSTRACT
Conventional irrigation and fertilization methods often lead to resource inefficiency and uncontrolled weed pro-
liferation, which negatively impacts crop productivity and ecological balance. This study aimed to evaluate the 
effectiveness of a smart drip fertigation system integrated with Internet of Things (IoT) and powered by photo-
voltaic (PV) solar energy in managing water-fertilizer delivery and its subsequent impact on pakcoy (Brassica 
rapa L.) growth and weed vegetation. The research utilized an experimental design comparing the PV-IoT-based 
drip system with conventional surface irrigation. Parameters measured included soil moisture stability, water use 
efficiency, crop yield quality, and weed analysis (species diversity and density). The results indicated that the IoT-
controlled system maintained optimal soil moisture levels, leading to a significant increase in pakcoy growth pa-
rameters and most yield quality indicators (plant height, leaf number, fresh and dry weight, and ash content), while 
vitamin C content remained statistically stable, compared to conventional methods. Notably, the localized water 
distribution of the drip system substantially suppressed weed growth. The weed analysis revealed a significant 
reduction in weed density and a shift in species composition, where the smart system prevented the dominance 
of competitive water-demanding weed species such as T-Grass and Kremah, commonly found in conventional 
irrigation. The PV-integrated system was designed to operate entirely on solar power without grid dependency, 
supporting its potential as a sustainable solution for precision agriculture. This study concludes that the integration 
of PV-IoT in drip fertigation not only optimizes resource conservation but also serves as an effective ecological 
tool for weed management in vegetable cultivation.
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2025). This uncontrolled weed growth triggers 
intense nutrient competition with key crops such 
as pakcoy (Brassica rapa L.), ultimately reducing 
crop biological quality (Hassan et al., 2021).

Traditional weed management often relies on 
chemical herbicides that negatively impact soil 
ecosystems. Therefore, an ecological engineering 
approach through drip irrigation offers a crucial 
solution by delivering water directly to the root 
zone (Widowati et al., 2024; Xing and Wang, 
2024). The integration of Internet of Things (IoT) 
technology and solar energy (photovoltaic) en-
ables real-time soil moisture monitoring and en-
ergy independence in remote areas (Kumaragu-
rubaran et al., 2025). The use of industrial sen-
sors based on the RS485 protocol has been shown 
to minimize data errors caused by sensor drift, 
which is crucial for maintaining nutrient homo-
geneity in the root zone (Abdullah et al., 2025). 
Recent studies have also emphasized that the 
practical value of IoT-based environmental sens-
ing extends beyond measurement accuracy alone. 
Continuous sensor networks enable early detec-
tion of environmental changes, improve opera-
tional decision-making, and support sustainable 
resource management, although periodic labora-
tory validation remains necessary for quantita-
tive assessments. Furthermore, the combination 
of autonomous photovoltaic energy supply with 
IoT monitoring enhances the feasibility of preci-
sion agriculture in remote areas by reducing de-
pendence on conventional power infrastructure 
and improving long-term system sustainability 
(Oladosu et al., 2026; Alsufyani, 2025)

Although drip irrigation efficiency has been 
widely discussed, there is still a research gap 
regarding the impact of IoT-PV automation on 
weed community dynamics (Bouali et al., 2021). 
Most studies focus on hardware aspects without 
evaluating ecological shifts in weed species (Ma-
cLaren et al., 2020) This study aims to evaluate 
how IoT-PV-based drip irrigation control can 
improve water and nutrient use efficiency while 
ecologically regulating weed density and diver-
sity. Unlike previous studies that have primarily 
focused on the engineering performance of smart 
irrigation systems, the present research investi-
gates whether the integration of photovoltaic-
powered IoT-controlled drip fertigation can si-
multaneously enhance agronomic productivity 
and modify weed community structure through 
ecological regulation of water availability. We 
hypothesize that precise localization of water and 

nutrient delivery creates a more favorable micro-
environment for crop development while limit-
ing resource availability for competitive weed 
species, thereby producing measurable ecologi-
cal as well as agronomic benefits. Consequently, 
this study seeks to fill the current knowledge gap 
regarding the ecological consequences of auto-
mated IoT-PV fertigation systems by integrating 
engineering performance, crop productivity, and 
weed community responses within a single ex-
perimental framework.

MATERIAL AND METHODS

System architecture and design

The construction of the device is illustrated 
in Figure 1, showcasing a schematic of this smart 
irrigation system using solar panels (PV) as the 
main energy source to drive the IoT-based control 
unit (Okomba et al., 2023). The system architec-
ture consists of a soil moisture sensor connected 
to a microcontroller to process environmental data 
in real-time (Tan et al., 2022). To complement the 
localized moisture tracking, an industrial-grade 
RS485 NPK electrochemical sensor was strategi-
cally integrated within the mainlines of the fer-
tilizer distribution pipeline and cross-validated 
with periodic in-situ insertions into the crop root 
zone. This configuration ensures that real-time 
monitoring captures both the macro-nutrient con-
centration of the incoming fertigation liquid and 
the dynamic nutrient availability directly within 
the solid-liquid soil matrix of the plant beds. Data 
transmission is carried out via a wireless com-
munication protocol to a cloud platform, which 
allows remote monitoring (Iranpak et al., 2021). 
The solenoid valve is activated automatically ac-
cording to a pre-programmed schedule managed 
through the IoT control system, ensuring efficient 
and consistent water use (Benbatouche and Kadri, 
2022; Ferrarezi et al., 2015).

To ensure the reproducibility of the system, 
the complete technical specifications of the hard-
ware components are described as follows. The 
control unit is built around a Wi-Fi-enabled 
ESP32-DEVKITC-32U microcontroller, which 
reads sensor data and executes the fertigation 
and irrigation control logic. Soil nutrient and 
moisture status are monitored using an industrial-
grade 7-in-1 multi-parameter soil sensor commu-
nicating via the RS485 Modbus protocol, which 
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simultaneously measures nitrogen (N), phospho-
rus (P), potassium (K), pH, electrical conduc-
tivity (EC), soil moisture, and soil temperature. 
Ambient temperature and humidity are monitored 
using a DHT22 sensor, a water flow sensor mea-
sures the discharge of the fertigation and irrigation 
lines, and an ultrasonic sensor monitors the liquid 
level in the water and fertilizer reservoirs. Water 
and fertilizer delivery to the drip lines is regu-
lated by ½-inch solenoid valves actuated through 
a multi-channel relay module and an AC power 
relay/contactor, which switch the water and fer-
tilizer pumps on and off according to commands 
issued by the microcontroller. The system is pow-
ered by a 200 Wp monocrystalline photovoltaic 
(PV) panel (module dimensions 1188 × 880 × 35 
mm, weight 10.7 kg; optimum operating voltage 
35.6 V and current 5.62 A; open-circuit voltage 
42.6 V; short-circuit current 5.95 A; power toler-
ance 0/+3%; maximum series fuse rating 20 A) 
connected to an MPPT solar charge controller and 
a bank of two 12 V 50 Ah VRLA batteries, sup-
plying the ESP32 unit through a 5 V DC-DC step-
down converter, while the RS485 soil sensor is 
separately powered by a 12 V AC-DC power sup-
ply unit (PSU) connected to the local electrical 
grid. AC and DC protection is provided by MCBs 
and a DC surge protective device (SPD) installed 
on the photovoltaic, battery, and load lines.

The fertigation and irrigation control algo-
rithm is based on time-based scheduling executed 
through a web-based dashboard, rather than a 
continuous soil-moisture feedback threshold. The 
system provides two selectable operating modes: 
a Local/Manual mode, in which the pump and 
solenoid valves are operated directly through the 
control panel while the microcontroller continues 

to acquire and upload sensor data for monitor-
ing; and a Remote/IoT mode, in which the mi-
crocontroller retrieves a pre-set schedule from 
the cloud server and automatically activates the 
relay module, solenoid valves, and pumps at the 
programmed times. In this study, irrigation was 
scheduled twice daily (morning and afternoon), 
while fertigation was scheduled once a week at 7, 
14, and 21 days after transplanting. At each ferti-
gation event, 3 g of NPK (16-16-16) fertilizer per 
plant was dissolved in 350 mL of water (a con-
centration of approximately 8.57 g L⁻¹) and deliv-
ered through the drip line equipped with emitters, 
applying a total of 10 L per plot. For comparison, 
the conventional treatment received manual irri-
gation using a watering can twice daily at 350 mL 
per plant per application (700 mL plant⁻¹ day⁻¹, 
equivalent to 63 L day⁻¹ per plot), with fertilizer 
applied manually at the same dose and schedule. 
All sensor data, including soil nutrient concentra-
tion, soil moisture, ambient temperature and hu-
midity, water flow, and reservoir level, together 
with valve and pump activation status, were trans-
mitted wirelessly to a cloud server (Firebase Re-
altime Database) and displayed on a web-based 
dashboard for real-time and historical monitor-
ing. System firmware for the microcontroller and 
each sensor/actuator module was developed and 
calibrated individually prior to integration into 
the complete control system.

Sensor calibration and laboratory 
validation

Each RS485-based 7-in-1 soil sensor was 
checked against its factory calibration cer-
tificate and cross-checked with a handheld 

Figure 1. Fertigation and drip irrigation design scheme, showing the solar photovoltaic panel, battery
and control panel, water and fertilizer reservoirs, and the drip line network delivering water and

nutrient solution to the crop root zone
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reference meter prior to field deployment, with 
correction applied where systematic offset was 
detected. Sensor readings were logged automat-
ically at fixed intervals, in parallel with periodic 
destructive soil sampling for laboratory valida-
tion. Composite soil samples from the root zone 
of each plot were air-dried and sieved before 
chemical analysis. 

The sensor-laboratory comparison (Table 1) 
rests on the principle that the two methods tar-
get different nutrient pools: the sensor measures 
the ionic activity of nutrients in the soil solution 
under field-moisture conditions (an index of in-
stantaneously plant-available nutrients), where-
as laboratory analysis quantifies total extract-
able nutrients in an oven-dried matrix following 
digestion, including chemically bound fractions. 
Because the two are not numerically equivalent, 
the comparison was intended to assess the con-
sistency of relative trends rather than absolute 
agreement. Given the weak, non-significant cor-
relations obtained and the small paired sample 
(n = 6), raw sensor readings should not be in-
terpreted as calibrated absolute concentrations 
without a site-specific calibration curve, and the 
sensors are susceptible to drift from soil tem-
perature, salinity, and EC. The IoT NPK sen-
sor should therefore be regarded as a tool for 
continuous, relative, real-time monitoring to 
support operational decisions, not as a validat-
ed substitute for laboratory-grade quantitative 
NPK determination.

Experimental design and crop management

The experiment was conducted from 20 April 
to 10 July 2026 at the Prototype Laboratory, Fac-
ulty of Engineering, Universitas Islam Malang, 
located on a rice-field site on Jl. Green Tombro, 
Tasikmadu, Lowokwaru, Malang City, at an el-
evation of approximately 500 m above sea level. 
The comparison between plots was illustrated in 
Figure 2. The study was conducted by comparing 
IoT-PV-based drip irrigation systems and conven-
tional surface irrigation using a randomized block 
design (RBD). Each treatment consisted of 3 
replications and each replication consisted of 30 
plant samples, resulting in a total of 180 plants. 
pakcoy plants were cultivated following standard 
horticultural practices, and their morphological 
responses to precise nutrient application were 
measured accordingly (Afifah et al., 2024; Mo-
hamad et al., 2022). Fertigation was regulated 

automatically through a sensor-based NPK con-
trol system to ensure stable nutrient availability 
(Noerhayati et al., 2026).

Weed and physiological analysis

Weed vegetation analysis was conducted 
using the quadrat method to determine species 
density and frequency (Rahayu et al., 2018). Di-
versity data were analyzed using the Shannon-
Wiener index to examine ecological shifts re-
sulting from different water distribution patterns 
(Zhao and Xu, 2019). Furthermore, plant qual-
ity analysis included measuring chlorophyll and 
vitamin C levels to evaluate the physiological 
impacts of intelligent water management (No-
erhayati et al., 2022; Rodriguez-Ortega et al., 
2017). All observed data were statistically ana-
lyzed using a paired-samples t-test, treating the 
three replicate blocks of the Randomized Block 
Design as matched pairs between the IoT-PV and 
conventional treatments (Yu et al., 2022). The 
paired t-test was selected over an independent-
samples design because it accounts for block-to-
block variation inherent in the RBD structure, 
thereby increasing statistical power given the 
limited number of replicates (n = 3 per treatment; 
df = 2). The assumptions underlying the paired 
t-test were considered as follows: observations 
within each block were treated as dependent 
(paired) by design, while the blocks themselves 
were assumed independent of one another; the 

Figure 2. Comparison of conventional and
IoT-PV drip irrigation plots. Field photographs

of (left)the conventional surface-irrigated plot and 
(right) the IoT-PV drip-irrigated plot, illustrating 

the visible difference in plant canopy development 
between treatments during the observation period
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distribution of paired differences was assumed 
to be approximately normal, although this as-
sumption could not be formally verified given the 
small sample size (n = 3), which is acknowledged 
as a limitation of the statistical inference in this 
study. All statistical computations, including the 
paired T-test, Pearson correlation between paired 
observations, and the associated test statistics, 
were performed in Microsoft Excel (Microsoft 
365, Data Analysis ToolPak add-in). Statisti-
cal significance was set at a two-tailed α = 0.05, 
with results classified as significant (*) when p ≤ 
0.05 and not significant (ns) when p > 0.05. To 
complement the p-values and provide a measure 
of the magnitude and precision of the treatment 
effect, the 95% confidence interval (CI) of the 
mean difference and Cohen’s dz effect size (mean 
paired difference divided by the standard devia-
tion of the paired differences) were calculated for 
each comparison and are reported alongside the 
t- and p-values in Table 2.

RESULTS AND DISCUSSION

IoT system performance and nutrient 
precision

Table 1 presents the average daily sensor read-
ings compared with destructive laboratory analy-
sis for the three primary macronutrients (N, P, K). 
While the absolute values differ substantially be-
tween the two methods due to their different mea-
surement baselines, the IoT sensor system pro-
vided continuous, real-time data throughout the 
observation period, offering practical value for op-
erational monitoring, as examined further below.

A comparison between the conventional and 
automated moisture dynamic trends over the 
7-day observation period shows significant varia-
tions (Figure 3). In the conventional system, soil 
moisture fluctuated drastically, dropping to 71% 

on days 3, 5, and 6 due to rapid surface evapora-
tion and intermittent manual watering. Converse-
ly, the Solar PV-IoT drip irrigation system dem-
onstrated superior capacity in maintaining stable 
and optimized soil moisture levels, particularly 
from Day 5 onwards, maintaining it steadily be-
tween 73% and 74%. This stability is attributed 
to the scheduled operation of the automated sys-
tem, in which the microcontroller activates the 
solenoid valve to deliver precise, localized water 
release at the pre-programmed irrigation times 
(morning and afternoon), effectively prevent-
ing water-logged conditions and drought stress 
simultaneously. 

As presented in Table 1, a noticeable discrep-
ancy was observed between the absolute numeri-
cal values yielded by the real-time IoT sensors 
and the destructive laboratory chemical analysis 
for all three macronutrients. Pearson correlation 
analysis revealed weak and statistically non-sig-
nificant relationships between sensor and labora-
tory readings for nitrogen (r = 0.102, p = 0.847), 
phosphorus (r = -0.597, p = 0.211), and potassium 
(r = 0.044, p = 0.935; n = 6 paired observations 
each). This lack of a strong linear association does 
not necessarily indicate sensor malfunction, but 
rather reflects fundamentally different measure-
ment principles between the two methods. The 
in-situ IoT electrochemical/optical NPK sensors 
detect ionic activities and mobile, plant-available 
nutrient fractions directly dissolved within the 
dynamic soil solution at current field moisture 
levels (Reza et al., 2025) which fluctuate con-
tinuously with irrigation events, temperature, and 
root uptake.

Conversely, standard laboratory analysis 
evaluates the absolute total macro-nutrient con-
tent from oven-dried solid soil matrices, extract-
ing both tightly bound (immobilized) and ex-
changeable chemical pools through intensive acid 
or salt displacement (Gürbüz, 2025). Given the 
limited number of paired observations (n = 6) and 

Table 1. Comparison of IoT sensor readings vs. laboratory analysis

Nutritional parameters Sensor average (X) Lab average (Y) Pearson r (p-value)

Nitrogen (N) 43.8 ppm 1035.0 ppm r = 0.102 (p = 0.847)

Phosphorus (P) 61.8 ppm 15.05 ppm r = -0.597 (p = 0.211)

Potassium (K) 123.6 ppm 70.38 ppm r = 0.044 (p = 0.935)

Note: X = mean IoT sensor reading (ppm); Y = mean destructive laboratory measurement (ppm); n = 6 paired 
sensor-laboratory observations per nutrient; Pearson correlation coefficients (r) and associated p-values indicate 
the strength and significance of the linear association between the two methods.
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the conceptual mismatch between the two mea-
surement targets, this study cannot claim that the 
IoT sensors are a valid quantitative substitute for 
laboratory analysis. Instead, their practical value 
lies in providing continuous, real-time relative in-
formation operational reliability, providing con-
tinuous real-time relative nutrient flux data that 
supports operational decision-making and com-
plements periodic destructive laboratory analy-
sis. Future studies with a larger number of paired 
sensor-laboratory samples and site-specific cali-
bration curves are recommended to establish the 
quantitative reliability of low-cost IoT NPK sen-
sors for precision fertigation (Liu et al., 2025; 
Reginald, 2024).

Agronomic performance and yield quality

Based on statistical analysis (t-test), the IoT-
based drip irrigation system had a significant im-
pact on the growth parameters measured during 
the generative phase (Table 2).

Data showed that plant height at 21 days 
after planting (DAP) differed significantly be-
tween treatments. This suggests that precise 
water management through IoT reduces the risk 
of plants experiencing water stress. Significant 
increases in plant fresh and dry weights suggest 
that localized nutrient distribution improves bi-
ological efficiency (Fauziah et al., 2026; Xing 
and Wang, 2024; Zahra et al., 2025). Similar ag-
ronomic responses have been reported in stud-
ies evaluating nutrient management under field 
conditions, where improved nutrient availabil-
ity resulted in enhanced plant growth, biomass 
accumulation, and mineral uptake. In addition, 

recent reviews have highlighted that stable soil 
environmental conditions, particularly within 
the crop root zone, promote root development 
and beneficial soil biological processes, thereby 
improving crop performance under precision ir-
rigation systems. These findings are consistent 
with the present study and further support the 
ecological advantages of localized drip fertiga-
tion (Oladosu et al., 2026, 2026); (Patah and 
Othman, 2024) 

Weed ecological dynamics

The variation in water distribution mecha-
nisms between conventional surface irrigation 
and the solar PV-IoT drip system fundamentally 
altered the weed community structure and bio-
mass accumulation. A detailed summary of spe-
cies weights is provided in Table 3.

As illustrated in Figure 4, the conventional 
method accelerated the proliferation of highly 
competitive weeds, with T-Grass (wild grass) 
reaching a substantial average biomass of 14.28 
g and Kremah (crumbs) at 4.88 g. Conversely, 
the localized, sub-surface water delivery of the 
IoT drip system restricted moisture access out-
side the crop root zone, significantly suppressing 
T-Grass and Kremah biomass by 69.8% (to 4.30 
g) and 77.0% (to 1.12 g), respectively. Interest-
ingly, a minor niche shift occurred in the IoT-
drip plots, where Tradescantia emerged at 2.22 g 
due to altered micro-climate dynamics. Overall, 
these findings confirm that smart drip micro-ir-
rigation provides an efficient, non-chemical eco-
logical engineering tool to control weed density 
and mitigate crop-weed nutrient competition.

Figure 3. Fluctuations in soil moisture content over the experimental period. Lines represent mean
daily soil moisture content (%) under conventional surface irrigation and solar PV-IoT drip irrigation

across the observation period
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Study limitations

This study has several limitations. First, the 
small number of replicates (n = 3 blocks per 
treatment) limits the statistical power and the 
reliability of the normality assumption underly-
ing the paired T-test. This is reflected in the rela-
tively wide 95% confidence intervals for several 
variables in Table 2 (e.g., 0.61–78.19 g for fresh 

weight of plants), indicating that the reported 
treatment effects and Cohen’s dz values should 
be regarded as indicative rather than precise until 
confirmed with more replicates.

Second, the weak, non-significant correlations 
between IoT sensor readings and laboratory anal-
ysis for N, P, and K (Table 1) mean that the sen-
sor’s absolute nutrient values cannot be assumed 
to quantitatively track true soil nutrient status. As 

Table 2. Summary of T-test analysis of pakcoy growth and quality

No Observation variables (unit) Mean ± SD
(IoT-PV)

Mean ± SD
(conventional) t df p

(2-tailed) Sig. Ecological 
interpretation

1 Plant height (21 DAP) (cm) 19.77 ± 0.10 14.25 ± 1.98 4.639 2 0.043 * Superior growth

2 Number of leaves 
(28 DAP units) 15.03 ± 0.60 13.17 ± 0.12 4.557 2 0.045 * Optimal 

photosynthesis

3 Fresh weight of plants (g) 117.53 ± 2.89 78.13 ± 12.88 4.370 2 0.049 * Water absorption 
efficiency

4 Plant dry weight (g) 5.86 ± 0.20 4.39 ± 0.37 4.682 2 0.043 * Biomass 
accumulation

5 Ash content (%) 26.31 ± 2.24 20.48 ± 2.14 5.652 2 0.030 * High mineral 
absorption

6 Vitamin C levels (mg/100 g) 82.13 ± 10.16 76.27 ± 10.16 1.000 2 0.423 ns Stable quality

Note: * = significant at p ≤ 0.05; ns = not significant. Mean difference and 95% CI were calculated as (mean IoT-
PV − mean conventional); a CI that excludes zero indicates a statistically significant difference. Cohen’s dz was 
interpreted following conventional benchmarks (0.2 = small, 0.5 = medium, 0.8 = large), and values above 0.8 as 
observed here reflect very large effect sizes, consistent with the small number of 	replicate blocks (n = 3) used in 
this study.

Table 3. Weed biomass based on species in various irrigation systems. Values represent the mean fresh weight (g) 
of each weed species per plot, averaged across n = 3 replicate plots per treatment

Weed species Average weight (g) - conventional Average weight (g) - IoT-drip

T-Grass (wild grass) 14.28 4.30

Kremah (crumbs) 4.88 1.12

Cyperus rotundus L. (teki) 1.13 0.45

Tradescantia 0.00 2.22

Figure 4. Comparison of average weed biomass across different irrigation systems.
Bars represent the mean fresh weight (g) of each weed species under conventional and IoT-PV drip irrigation, 

averaged across n = 3 replicate plots per treatment (data as presented in Table 3)
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discussed in the Sensor calibration and laboratory 
validation section, this likely reflects the concep-
tual difference between plant-available and total 
extractable nutrient fractions, compounded by the 
small paired sample (n = 6). The nutrient moni-
toring results should therefore be interpreted as 
evidence of the sensor’s utility for relative, opera-
tional trend monitoring rather than as laboratory-
equivalent quantitative measurement.

Third, the experiment covered a single, short 
growing cycle (about one month) at one site under 
uncontrolled weather conditions, so it does not 
capture seasonal variation, different soil types, or 
long-term system performance (e.g., panel degra-
dation, sensor drift, emitter clogging). The find-
ings should therefore not be generalized beyond 
the specific conditions examined here. Overall, 
these results provide preliminary evidence of the 
benefits of the IoT-PV drip fertigation system, 
which should be corroborated by future studies 
with more replicates, multiple seasons or sites, 
and a validated sensor calibration curve.

CONCLUSIONS

This research successfully demonstrated that 
the integration of Internet of Things technology 
and solar energy (photovoltaic) into a drip irri-
gation system provides significant technical and 
ecological solutions for horticultural cultivation. 
Based on the data analysis, several key conclu-
sions can be drawn:
	• The irrigation system was designed to operate 

entirely on photovoltaic solar power without 
dependency on grid electricity, while the IoT-
based control system demonstrates high op-
erational reliability, providing continuous real-
time relative nutrient flux data that comple-
ments periodic destructive laboratory analysis.

	• The application of smart drip irrigation signifi-
cantly improved most pakcoy growth param-
eters, particularly during the generative phase 
(21–28 days after planting), and increased 
fresh weight and ash content, although vita-
min C content did not differ significantly be-
tween treatments. This indicates better overall 
nutrient uptake efficiency compared to con-
ventional methods.

	• The IoT-PV drip irrigation system evaluated in 
this study drastically suppressed weed growth 
by limiting water distribution to the root zone. 
The biomass of dominant weeds such as 

T-Grass and Kremah is reduced by over 60%, 
minimizing biotic competition and reliance on 
manual and chemical control.

In contrast to previous studies that primarily 
emphasized the engineering performance of smart 
irrigation systems, this study provides novel evi-
dence that integrating photovoltaic-powered, 
IoT-controlled drip fertigation simultaneously en-
hances crop productivity and reshapes weed com-
munity structure through ecological regulation of 
water availability. This integrated engineering, 
agronomic, and ecological perspective has not 
been jointly addressed in previous IoT-PV fer-
tigation research, representing the key scientific 
contribution of this study.

Overall, this system not only increases ag-
ricultural productivity through precise resource 
management, but it also supports land ecosystem 
sustainability through natural weed control.
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