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ABSTRACT

IoT-powered climate intelligence is redefining protected hydroponics by delivering dynamic, real-time orchestration of temperature, humidity,
and nutrient environments where even subtle micro-variations can decisively shape plant performance, yield potential, and system efficiency.
This experiment, conducted in the Hi-Tech polyhouse at Lovely Professional University, Punjab, assessed the combined influence of loT-reg-
ulated microclimate and nitrogen supply on hydroponic bokchoy (Brassica rapa var. chinensis). The experiment was conducted in a Split-Plot
Design (SPD) with three replications, where three microclimatic regimes [MCC; (16—-18°C; 80-85% RH), MCC, (21-23°C; 70-75% RH), and
MCC; (26-28°C; 60-65% RH)] were assigned to the main plots, and three nitrogen levels [N; (100 ppm), N, (150 ppm), and N3 (200 ppm)]
were allocated to the sub-plots, resulting in nine treatment combinations. The IoT-based monitoring system demonstrated high precision (R? >
0.90), ensuring reliable environmental control. Growth, yield, and water productivity were significantly influenced by both factors and their in-
teraction. A moderate regime of 21-23°C and 70—75% RH combined with 150 ppm nitrogen consistently delivered superior outcomes, including
earlier maturity, enhanced vegetative growth, higher yield (370 g plant™), and improved water productivity (118 g L™"). In contrast, suboptimal
combinations reduced productivity by nearly half. The findings emphasize that synchronized climate automation and balanced nitrogen manage-
ment are essential for maximizing efficiency and sustainability in smart hydroponic systems.

Keywords: IoT-based climate control, Hydroponics, Bokchoy, Microclimatic regulation, Nitrogen concentration, Water productivity, Precision
fertigation.

Intelligent sensor-based systems are increasingly 2007). Hydroponics, a key component of controlled environment

transforming modern agriculture by enabling continuous agriculture (CEA), offers a soil-free system where plants receive

monitoring and automated regulation of microclimatic variables. nutrient solutions within regulated conditions. Sensor-based

In hydroponics, fluctuations in temperature, humidity, or light
instantly activate fans, foggers, or cooling pads to maintain optimal
growth conditions. With rising global population and pressure on
food systems, innovative controlled environment technologies are
essential to enhance productivity and sustainability (Vinod Kumar
et al., 2024; Hasan et al., 2025). Traditional soil-based agriculture
faces constraints such as land scarcity, soil degradation, climate
variability, pest pressure, labor demand, and excessive water use,
while open-field cultivation suffers from uncontrolled environmental
variability that reduces yield and quality (Kumar et al, 2024;
Sharma V, 2025). These limitations emphasize the need for climate-
resilient and resource-efficient systems (Toit & Labuschagne,

automation enables real-time adjustment of ventilation, fogging,
and evaporative cooling, stabilizing the microclimate, reducing
labor dependency, and improving crop productivity (Mahesh et al.,
2025). The expansion of hydroponics is increasingly viewed as a
solution for food and nutritional security, particularly in regions
facing climatic stress and limited land and water availability (Kano
et al., 2021). Bokchoy (Brassica rapa var. chinensis) is a short-
duration leafy vegetable valued for its high biomass production and
nutrient-rich profile, including antioxidants and anticancer bioactive
compounds (Bhat et al., 2025). Its rapid growth, sensitivity to the
environment, and shallow root morphology make it well suited for
hydroponic production systems. Nitrogen is a key determinant of
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leafy vegetable performance, influencing chlorophyll formation,
photosynthesis, leaf expansion, and metabolic activity (Sharma et
al., 2025). In hydroponics, nitrogen uptake efficiency is closely
linked to microclimate: high temperatures and low humidity
elevate vapor pressure deficit, reducing stomatal conductance and
nutrient transport, whereas cooler and more humid conditions
favor transpiration and nitrogen use efficiency. The integrated
optimization of nitrogen management and sensor-controlled
microclimate in hydroponic systems remains inadequately explored.
Most previous studies have examined these factors independently,
overlooking their interactive effects under defined temperature
humidity regimes and graded nitrogen levels. Addressing this gap,
the present study systematically evaluates the combined influence
of loT-driven microclimate regulation and differential nitrogen
supply on growth, physiology, and yield of hydroponic bokchoy to
develop a precision-based climate—nutrient management framework
for controlled-environment agriculture.

MATERIAL AND METHODS

Experimental Site and Design: The experiment was conducted in
a Hi-Tech polyhouse (fan pad cooling based) at the Research Farm
of Lovely Professional University, Jalandhar, Punjab (31.25°N,
75.70°E; 280 m AMSL). The facility featured a fan—pad evaporative
cooling system for hydroponic cultivation, with temperature and
relative humidity regulated using fogging, forced ventilation, and
evaporative cooling based on treatment requirements. Bokchoy was
evaluated during the same seasonal window in two consecutive years
(Cycle 1: 01 Sept—03 Nov 2024 and Cycle 2: 01 Sept—03 Nov 2025)
to minimize seasonal variability and ensure uniform microclimatic
conditions. Although the controlled system allows multiple cycles
per year, a single cycle per season was maintained to ensure
environmental consistency and improve the reliability of treatment
comparisons across years. Future studies may include multiple crop
cycles within a year to further strengthen statistical robustness and
assess seasonal interactions under controlled environments. The
study followed a split-plot design with three microclimatic levels
as main factors and three nitrogen concentrations as sub-factors,
generating nine treatment combinations (Table 1), each replicated
three times for statistical validity.

The treatments were selected to represent realistic
microclimatic regimes commonly encountered under protected
cultivation. The combinations of low temperature with high
humidity and high temperature with low humidity reflect natural
environmental gradients and enable the assessment of plant
responses under contrasting physiological conditions. The high
temperature low humidity regime was specifically included to
evaluate heat and evaporative stress effects on growth, whereas the
low temperature high humidity regime represents comparatively
favorable yet distinct conditions. These treatment combinations
ensured agronomic relevance and experimental validity. During
the experimental period, the mean ambient temperature outside the
protected structure ranged from 27 to 35 °C, while the corresponding
relative humidity varied between 58 and 72% in the study area.

Development of the Hydroponic System: A nutrient film technique
(NFT) hydroponic system was established in a climate-controlled
greenhouse for Bokchoy (Brassica rapa var. chinensis). The
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structure consisted of a painted, corrosion-resistant square iron—
frame design, supporting food-grade PVC NFT channels arranged
in 8 rows. Channels were spaced 35 cm apart, with 15 cm plant
spacing, and seedlings were placed in 75-mm UV-stabilized net pots
to support aerated root development. A 100-L underground reservoir
supplied the nutrient solution, maintained at 22-27°C. Continuous
circulation was provided by a 55-W submersible pump, ensuring
uniform nutrient delivery, water-use efficiency, and adequate root-
zone aeration through a closed-loop system. This configuration
enabled a controlled and sustainable growth environment.

Sensor based Microclimate Monitoring and Control: Microclimatic
regulation within the hydroponic structures was implemented
according to the respective treatments using aloT Based automated
monitoring and control system. The system dynamically activated
or deactivated the exhaust fan, cooling pad pump, and fogging units
in response to fluctuations in air temperature and relative humidity
relative to preset thresholds, thereby maintaining the desired growth
environment. Relative humidity was monitored and controlled using
an Arduino-based system integrated with a DHT-11 sensor and
relay module to automate the exhaust fan and cooling pad pump.
However, because the DHT-11 has limited temperature accuracy and
resolution, an independent XH-W1219 (12 V) digital temperature
controller equipped with a high-accuracy waterproof NTC 10K
thermistor (—30 °C to 110 °C) was used for precise air temperature
regulation. The additional temperature sensor ensured greater
accuracy, stability, and reliable feedback control, which was critical
for maintaining the defined microclimatic regimes. The controller
included a temperature sensor, a control algorithm, and an output
mechanism to regulate fogger pump operation via a relay. A carbon
dioxide concentration was recorded at ambient levels (350-380
ppm), as no external enrichment was applied. Supplemental lighting
was not provided; crop growth was entirely dependent on natural
solar radiation. Incident light availability was quantified using a
quantum sensor, with average daytime photosynthetic photon flux
density (PPFD) ranging from 205 to 410 pmol m™ s™! during the
experimental period, a range previously reported to be sufficient for
optimal Bokchoy growth (Lee & Lee, 2015).

Nutrient Management in Hydroponic: To get optimal growth in
hydroponic systems, electrical conductivity (EC) and pH were
closely monitored and maintained. The target pH range was 5.5—
6.5, while EC was kept below 2.5 dSm™! (Budiman et al., 2022).
Both parameters were recorded four times daily, and the nutrient
solution was renewed every five days to ensure stability. The
nutrient solution was formulated following Hoagland’s protocol
(Hoagland and Arnon, 1950), with nitrogen concentrations adjusted
between 100 and 200 ppm according to treatment requirements.
Macronutrients were prepared by dissolving calcium nitrate
tetrahydrate and potassium nitrate (as per nitrogen specification),
along with 136.1 g mono-potassium phosphate and 246.5 g
magnesium sulfate heptahydrate per liter of distilled water.
Micronutrient supplementation comprised 2.8 g boric acid, 1.8 g
manganese chloride tetrahydrate, 0.2 g zinc sulfate heptahydrate,
0.1 g copper sulfate pentahydrate, and 0.025 g sodium molybdate
per liter. Iron was supplied in chelated form, prepared by dissolving
56.1 g potassium hydroxide in distilled water, followed by sequential
addition of ethylenediaminetetraacetic acid (EDTA) and iron sulfate
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Table 1: Details of treatments

IoT-Based Microclimatic Regulation and Nitrogen Effects on Bokchoy

June 2026

Main plot factor: IoT Based Microclimatic condition (MCC)

Sub plot factor: Nitrogen concentration in nutrient solution

MCC, 16 to 18°C Temp & 80 to 85% RH N, Low (100 ppm N)
MCC, 21t0 23°C Temp & 70 to 75% RH N, Medium (150 ppm N)
MCC, 26 to 28 °C Temp & 60 to 65% RH N, High (200 ppm N)

heptahydrate, ensuring optimal bioavailability for plant uptake.

Seedling germination and transplanting: Bokchoy (Brassica rapa
var. chinensis, Choko F1 hybrid) seeds were procured from a local
market and germinated in a soilless substrate composed of cocopeat,
vermiculite, and perlite in a volumetric ratio of 3:1:1, respectively,
as recommended by Hasan et al., (2018). Seedlings were initially
raised in plastic trays under controlled greenhouse conditions
to ensure uniform germination and to prevent nutrient solution
leaching from the hydroponic system.

Performance Evaluation of the Sensor-Based Model: The
Arduino-based sensor system was calibrated before deployment to
verify accuracy in measuring temperature and humidity. Readings
from the DHT11 and NTC 10K thermistor were compared with
those from a calibrated digital thermo-hygrometer (Fig. 1). After
confirming strong agreement, the system was installed in the
polyhouse for continuous monitoring of temperature and relative
humidity throughout both cropping cycles.

Observation to be recorded: To achieve the research objectives,
growth and productivity parameters were systematically recorded by
randomly selecting five representative plants from each treatment.
Observations included days to maturity, plant height, number of
leaves per plant, and leaf area measured using an automatic leaf
area meter (Model 211, Systronics). Chlorophyll content was
assessed using a SPAD meter to evaluate physiological status,
while marketable yield was recorded on a per-plant basis. Water
productivity, a key efficiency indicator, was calculated as the ratio
of biomass produced to total water consumed and expressed as kg of
bokchoy per unit of water applied (Sharma ef al., 2025).

Statistical Analysis: The experimental data from two consecutive
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growing seasons were analyzed using analysis of variance
(ANOVA) with CVSTAT, an MS Excel-based statistical package.
All statistical tests were evaluated at a significance level of p <
0.05. A two-factorial ANOVA model was applied to examine the
main effects of treatment combinations, growing season, and their
interaction (GS x T).

RESULT AND DISCUSSION

The accuracy of the developed sensing system was
evaluated by comparing the recorded temperature and humidity
values with those obtained from standard reference instruments. For
temperature validation, readings from the NTC 10K thermistor-based
sensor module were correlated with a calibrated digital temperature
meter, resulting in a strong linear relationship (Fig. 1). The regression
equation (Y = 0.952x + 2.372) with a coefficient of determination
(R? = 0.965) confirms that the sensor output closely matches the
standard measurements, indicating high precision in temperature
detection. Similarly, humidity data recorded through the DHT11-
driven model were statistically compared with a digital hygrometer
(Fig. 1), yielding a regression equation of Y = 0.983x + 1.998 and
an R? value of 0.978. The high correlation coefficient demonstrates
reliable agreement between both datasets, validating the efficiency
of the developed model for real-time humidity monitoring. The high
degree of concordance observed may be attributed to appropriate
sensor calibration prior to experimentation, stable power input, and
optimal sensor positioning within the controlled environment, which
minimized measurement drift and external interference. The near-
unity regression slopes indicate negligible systematic bias, while the
high R? values reflect strong predictive accuracy and consistency
across the measurement range. Collectively, these findings confirm
that the integrated low-cost sensing system provides dependable and
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Fig. 1: Correlation of air temperature and humidity measured by sensors with standard instruments: air temperature measured by NTC 10K
thermistor sensor versus digital temperature meter, and humidity measured by DHT11-driven model versus digital humidity meter.
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Table 2: Effect of Sensor-Driven Microclimate and Nitrogen Levels on Growth of Hydroponic Bok Choy

Growth parameters

Day taken to Harvesting Plant height (cm) Leaf area (cm?)
C, C, Pooled C C, Pooled C, C, Pooled
MCC, x NC, 59 56 57.5 14.3 14.9 14.6 113 119 116
MCC, x NC, 56 53 54.5 17.6 17.6 17.6 129 132 130.5
MCC, x NC, 62 59 60.5 Wl14.1 15.2 14.65 117 123 120
MCC, x NC, 55 52 53.5 19.1 20.3 19.7 132 135 133.5
MCC, x NC, 44 42 43 25.9 27.4 26.65 151 156 153.5
MCC, x NC, 49 47 48 21 21.8 21.4 143 149 146
MCC, x NC, 61 60 60.5 16 17.1 16.55 124 127 125.5
MCC, x NC, 54 51 52.5 20.1 19.8 19.95 146 151 148.5
MCC, x NC, 58 55 56.5 18 18.6 18.3 134 135 134.5
CV (%) 6.1 5.2 5.8 7.1 5.2 5.4 5.2 5.7 6.1
CD at 5% 0.59 3.7 1.9 ns 1.1 1.3 2.4 1.7 1.8
GS X T(MCC x
MCC X NC ok ok ok NS ok *% sk *% s
NC sk kK 3k k3k sk kk koK k3k k3k

GS: Growing Seasons (C, and C,) ,T: Treatment combination (MCC X NC), MCC:Sensor Driven Micro-climatic conditions, NC: Nitrogen
concentration in nutrient solution,CV: Coefficient of variation, **: Significant (p < 0.05), NS: Non Significant

precise environmental parameter monitoring suitable for controlled
agricultural applications and experimental research.

Effect of different treatment combination on plant growth of
bokchoy: The pooled data revealed that the days required for
harvesting of Bokchoy were significantly affected by microclimatic
conditions (MCC), nitrogen concentration (NC), and their interaction
(Table 2). Among the individual effects of MCC, the maximum
number of days to harvest was recorded under MCC, (57 days),
followed by MCC, (56 days), while the minimum duration was
observed under MCC, (48 days). The favorable microclimatic range
of 21-23 °C temperature and 70-75 % relative humidity (MCC))
likely enhanced metabolic activity and accelerated physiological
processes, resulting in shorter crop duration, whereas exposure to
extreme conditions (high temperature and low humidity) may have
induced greater transpiration losses and partial leaf senescence,
thereby delaying harvest under MCC,. With respect to nitrogen
concentrations, NC, required the longest period to harvest (57 days),
followed by NC3 (55 days), while the shortest duration was observed
under NC, (50 days). The reduction in growth period at the medium
nitrogen level (150 ppm) may be attributed to improved vegetative
vigor and faster canopy development, which facilitated early
attainment of harvestable maturity. The interaction effect showed
that MCC, x NC, (60.5 days), similar to MCC, x NC,, required the
maximum time to reach harvestable stage, whereas MCC, x NC, (43
days) resulted in the earliest maturity. This confirms that moderate
temperature—humidity conditions combined with optimum nitrogen
concentration substantially accelerated growth and reduced crop
duration. Plant height was also significantly influenced by MCC,
NC, and their interaction in pooled analysis, although the interaction
effect was non-significant during the first crop cycle. Among MCC
levels, the tallest plants were recorded under MCC, (22.58 cm),
followed by MCC, (18.25 cm), while the shortest plants were

observed under MCC, (15.62 cm). The moderate temperature
regime of 21-23 °C with 70-75 % RH likely provided favorable
conditions for shoot elongation through enhanced cell expansion.
Regarding nitrogen concentrations, plant height increased with
nitrogen level up to NC, (150 ppm), beyond which a decline was
recorded. The maximum height was noted in NC, (21.41 cm),
followed by NC, (18.10 cm), while the lowest height occurred
under NC, (16.94 cm). The improvement in plant height at medium
N level may be associated with higher chlorophyll formation and
enhanced photosynthetic efficiency. The similar result was reported
for nitrogen effect by Sharma ez al., 2025. The pooled interaction
data indicated that the tallest plants (26.65 cm) were produced
under MCC, x NC,, followed by MCC, x NC, (21.4 cm), whereas
the shortest plants (14.6 cm) were recorded under MCC, x NC,,
demonstrating the synergistic role of moderate microclimate and
balanced nitrogen supply in promoting shoot elongation. The
variation in crop duration and plant height under different treatments
is attributed to the combined effects of microclimate and nitrogen on
physiological processes. The moderate regime (21-23 °C and 70—
75% RH) likely enhanced photosynthesis, stomatal regulation, and
metabolic activity, resulting in faster growth and earlier maturity.
In contrast, extreme conditions induced stress, delaying harvest
and reducing growth (Mahesh et al., 2025). Nitrogen at 150 ppm
promoted optimal chlorophyll synthesis and canopy development,
whereas lower or higher levels caused nutrient limitation or
imbalance. The significant interaction effects indicate that
balanced nitrogen supply under favorable microclimatic conditions
synergistically improves growth performance and crop duration in
protected cultivation.

Leaf area was significantly influenced by MCC, NC,
and their interaction, with season x treatment effects also being
significant. Under individual effects, the maximum leaf area was
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Fig. 2: Effect of different treatment combination on chlorophyll content in leaves.

recorded under MCC, (144.33 c¢m?), followed by MCC, (136.17
cm?), while the smallest leaves were recorded under MCC, (122.17
cm?). The moderate temperature range (21-23 °C) appeared
to support optimal cell expansion and photosynthetic activity,
resulting in greater leaf area. Among nitrogen treatments, the
maximum leaf area was observed under NC, (144.17 cm?), followed
by NC, (133.50 cm?), whereas the minimum value (125.00 cm?)
occurred under NC|. The enhanced leaf area at medium nitrogen
concentration may be attributed to increased chlorophyll synthesis
(Table 3) and improved nutrient assimilation. In the interaction
response, MCC, x NC, recorded the highest leaf area (153.5 cm?),
closely followed by MCC3 x NC2 (148.5 cm?), while the lowest
value (116.00 cm?) was noted under MCC, x NC,. Overall, the
growth attributes days to harvesting, plant height, and leaf area
were strongly governed by both microclimatic regimes and nitrogen
levels in the nutrient solution. The results clearly demonstrate that
Bokchoy achieved superior vegetative performance under MCC,
(21-23 °C, 70-75 % RH) in combination with NC, (150 ppm
N), which significantly enhanced plant height and leaf expansion
while moderately reducing the crop duration. Thus, the optimum
treatment combination MCC, x NC, ensured balanced physiological
functioning and improved crop establishment under controlled
hydroponic conditions. Fig. 2 illustrates the effect of the interaction
between loT Based Microclimatic Conditions (MCC) and Nitrogen
concentrations (N) in the nutrient solution on the chlorophyll
content of bokchoy. A noticeable variation was observed across
both main and sub-treatments, indicating that chlorophyll synthesis
was strongly influenced by microclimate and nitrogen availability.
Among the microclimatic treatments, MCC, (21-23°C and 70-75%
RH) recorded the highest chlorophyll content across nitrogen levels,
with the maximum value observed under MCC, x N, (150 ppm N).
The results are inline with Vinod et al., 2024.

This treatment showed a substantial increase compared
to all other combinations, suggesting that a moderately warm and
moderately humid microclimate favored optimal physiological
functioning and photosynthetic pigment formation. In contrast,
MCC, (16-18°C and 80-85% RH)andMCC, (26-28°C and 60—
65% RH) exhibited comparatively lower chlorophyll content across

treatments, indicating that both excessively low temperatures with
high RH and high temperatures with lower RH were less favorable
for chlorophyll accumulation. Across nitrogen treatments, medium
nitrogen concentration (N,: 150 ppm) consistently performed
better within each MCC group than both low (N,: 100 ppm) and
high (N,: 200 ppm) concentrations. The decline observed at N, in
some MCC combinations suggests that excessive nitrogen may
have triggered oxidative or metabolic stress, reducing chlorophyll
synthesis efficiency. This aligns with findings from Gobilik et al.,
(2021) for bokchoy. Overall, the trend highlights a clear synergistic
effect between microclimatic control and nitrogen optimization,
where MCC, combined with N, demonstrated the most conducive
environment for maximum chlorophyll development in bokchoy.

Effect of different treatment combination on yield, growth and
water productivity of bokchoy:

The pooled analysis (Table 3) revealed that the growth, yield, and
water-use efficiency of hydroponically cultivated bokchoy were
significantly modulated by IoT Based microclimatic conditions
(MCC), nitrogen concentrations (NC), and their interactive
effects (MCC x NC), underscoring the critical role of integrated
environmental and nutrient management in controlled cultivation
systems. Among the microclimatic treatments, MCC, consistently
outperformed the others, producing the highest number of leaves
per plant (11.33), marketable yield (0.30 kg/plant), and water
productivity (93.37 g/1), whereas MCC1 exhibited the lowest values,
indicative of suboptimal environmental conditions that limited
vegetative growth and biomass accumulation. Nitrogen application
at 150 ppm (NC,) similarly optimized plant performance, enhancing
leaf initiation (10.17 leaves/plant), assimilate partitioning into
harvestable biomass (0.30 kg/plant), and water-use efficiency
(89.07 g/l), relative to both deficient (NC,) and supra-optimal (NC,)
levels, highlighting the importance of precise nitrogen nutrition in
promoting cellular division, shoot elongation, and efficient resource
utilization. The interaction between MCC and NC revealed a
pronounced synergistic effect, with the MCC, x NC, combination
achieving the highest values for leaves (11/plant), yield (0.37 kg/
plant), and water productivity (118.0 g/1), whereas combinations such
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Table 3: Effect of Sensor-Controlled Microclimate and Nitrogen Levels on Yield Parameters of Hydroponic Bok Choy.
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Yield Contributing parameters and overall yield

Number of leaves/plant

Marketable Yield (kg/plant)

Water Productivity (gm/lit)

C, C, Pooled C, C, Pooled C, C, Pooled
MCC, x NC, 7 7 7 0.17 0.19 0.18 60.7 61.3 61.0
MCC, x NC, 7 8 7 0.19 0.23 0.21 73.1 76.7 75.0
MCC, x NC, 8 9 8 0.22 0.23 0.23 84.6 80.5 82.4
MCC, x NC, 8 9 8.5 0.21 0.29 0.25 65.6 86.3 76.3
MCC, x NC, 13 14 11 0.35 0.39 0.37 112.9 122.9 118.0
MCC, x NC, 10 11 12 0.26 0.31 0.28 78.8 92.9 85.9
MCC, x NC, 7 9 9 0.21 0.22 0.22 51.2 51.2 51.2
MCC, x NC, 10 12 9.5 0.29 0.33 0.31 69.0 79.4 74.2
MCC, x NC, 8 10 10 0.25 0.27 0.26 58.1 62.8 60.5
CV (%) 7.2 6.3 6.4 52 54 4.1 52 5.6 4.1
CD at 5% 1.1 1.1 1.0 0.02 0.03 0.02 6.7 7.5 54
GS X T (MCC x NC) NS *ok *k
MCC ko k% k% k% k% k% k% k% k%
NC sk skk sk sk sk skk sk sk sk

GS: Growing Seasons (C, and C,) ,T: Treatment combination (MCC X NC), MCC: Sensor Driven Micro-climatic conditions,
NC: Nitrogen concentration in nutrient solution,CV: Coefficient of variation, **: Significant (p < 0.05), NS: Non Significant

as MCC, x NC, and MCC, x NC, recorded the lowest performance,
emphasizing that optimal nitrogen-mediated growth is contingent
upon favorable microclimatic conditions. The results also highlight
the pivotal role of IoT-based microclimatic control in hydroponic
systems. By continuously monitoring and adjusting environmental
parameters such as temperature, humidity, and light intensity, IoT-
enabled sensors can create precise growth conditions that optimize
plant physiological responses and resource use efficiency.

These results are consistent with the findings of Hasan e?
al., (2025), who reported that sensor-based microclimate regulation
significantly improves crop growth and performance under controlled
cultivation conditions. The superior performance observed under
MCC2 suggests that dynamic, loT Based regulation allows for
rapid correction of suboptimal conditions, minimizing stress and
promoting consistent vegetative and reproductive growth. This real-
time environmental modulation, combined with precise nutrient
management, not only maximizes yield and water-use efficiency but
also reduces wastage of resources and enhances the sustainability of
soilless cultivation systems. Collectively, these findings underscore
that integrating IoT-based microclimatic control with optimized
nutrient regimes provides a robust strategy to enhance hydroponic
crop productivity and efficiency, demonstrating a transformative
approach for modern controlled-environment agriculture.

CONCLUSION

This study establishes that hydroponic productivity
is maximized only when microclimate automation and nitrogen

management operate in synergy rather than isolation. A precisely
regulated environment of 21-23°C with 70-75% RH combined
with 150 ppm nitrogen emerged as the optimal operational
benchmark, delivering earlier harvests, superior vegetative growth,
higher yield, and markedly improved water productivity. The
significant interaction effects confirm that nutrient efficiency is
strongly dependent on environmental precision. Accordingly, smart
hydroponic systems should prioritize integrated climate—nutrient
calibration, maintaining moderate thermal humidity regimes
alongside balanced nitrogen supply as a standard management
protocol. Future system design should incorporate adaptive nutrient
algorithms and predictive climate automation to further enhance
resource-use efficiency and scalability in precision-controlled
cultivation.
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