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the collector and the desiccant unit. Results indicate that the control system manages air
distribution effectively across a temperature control range of 40 °C to 4 3°C. The system
demonstrated high responsiveness with a mechanical actuation speed of 3 seconds for a full
90-degree valve rotation. During the adsorption phase, the silica gel's moisture content rose
from 23.57% to 27.38%. Furthermore, the silica gel adsorption unit contributed to thermal
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Corresponding Author: stability by maintaining a temperature gradient of 3-7 °C between the plenum and the
B putri20arsyafdini@apps.ipb.ac.id environment, effectively recycling adsorption heat to enhance the drying air temperature
(Putri Arsyafdini Oktavionry) even during low solar radiation.

1. INTRODUCTION

Solar energy is considered one of the most promising renewable energy sources. The conversion through Photovoltaic
Thermal (PV/T) technology has been proven to significantly increase energy efficiency (Kong et /., 2020; Ludin et al.,
2018; Santika ef al., 2019). Solar PV/T collectors are capable of collecting solar radiation energy and converting it into
thermal energy to provide sufficient heat for drying and electrical energy (Putra ez a/., 2019; Samykano, 2023). In this
study, a PV-T system and solar collector for drying agricultural products are proposed (Kazem et al., 2023; Tonadi et
al., 2024). The main challenges of solar-powered drying systems lie in the instability of energy supply and the risk of
humid air wetting the products. One solution to overcome this problem is to use silica gel as an adsorbent (Rambhad et
al., 2023). Silica gel not only aids in mass and heat transfer (Jimoh et a/., 2023), but also functions as a heat storage
medium (Ayisi & Frana, 2020; Mitran ez al., 2021). Unlike sensible media such as water, which is prone to heat loss,
silica gel stores energy through adsorption, resulting in very little static heat loss and enabling long-term energy storage
(Ayaz et al., 2021).

The research gap addressed in this study lies in the integration of real-time environmental monitoring with an
automated decision-making system for PV/T-adsorption drying. While previous studies, such as Nelwan et al. (2024),
successfully utilized adsorption storage but relied on manual operation, and Khalil ef a/. (2016) used basic thermal
triggers for water-based storage, but there has been no research on loT-integrated systems that can dynamically switch
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between solar-thermal and adsorption-heat modes based on instantaneous RH and temperature changes. In contrast to
these existing studies, this research introduces an automated airflow control system that eliminates manual intervention
and optimizes heat recovery from the adsorption process. This provides a more robust solution to the instability of solar
energy, ensuring a stable drying temperature even during low-radiation periods.

This research aims to design and evaluate an automated, decision-logic-based control system for a PV/T solar dryer
integrated with a silica gel adsorption channel. By processing real-time multi-sensor data, the system optimizes airflow
management to maximize heat storage and silica gel regeneration. This approach ensures consistent drying efficiency
and effectively mitigating energy supply instabilities during periods of low-to-moderate solar radiation.

2. MATERIALS AND METHODS

This research was conducted at the Instrumentation and Control Laboratory and the Renewable Energy Laboratory,
Department of Mechanical and Biosystems Engineering, Faculty of Agricultural Technology, IPB University.

2.1. Tools and Materials

The main material used in this study was 24 kg of silica gel. The tools used in this study consisted of equipment for
testing the control system included a dryer and a pyranometer. In addition, equipment for creating a control system
circuit included jumper cables, AWG cables, blowers, DHT22 sensors, ESP32 Wroom, expansion board shields, DC
worm gear boxes with high torque, BTS7960-43A high power motor driver modules, Dservo DS3225 metal gear high
torque, duct volume dampers, 12V power supplies, 2-channel relays, and computer software.

2.2. Research Procedures

This research consisted of three stages, namely: (1) Creating a control system circuit, which includes compiling a system
flow chart, creating modules, and calibrating sensors; (2) Testing the control system on the solar collector and adsorption
dryer; and (3) Analyzing and processing data to determine the performance of the control system in the drying process.

2.3. Solar Drying System

This drying machine uses a tray-type dryer with a solar collector and adsorption. The parts of the drying machine are a
photovoltaic collector, a drying tub, and a silica gel tank for heat storage. The overall system and the drying machine
with a solar collector and heat storage can be seen in Figure 1. In this study, the control system is the main component
for controlling the drying and heat storage processes. The role of the control system is to control the actuators, which
consist of seven valves and two blowers. The control process is carried out based on the readings from the temperature
and humidity sensors, which are detected and then processed by a microcontroller, and the readings result are sent to a
Google spreadsheet. Figure 2 illustrates the air flow in the drying system.

Photovoltaic (PV)

Collector
Distribution panel box:
Drying tub Housing box
Tank
Dryer blower

Blower exhaust

Figure 1. Drying machine with solar collector and heat storage
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Figure 2. Schematic diagram of a dryer with a solar collector and heat storage unit

Table 1. Air flow diagram of the drying system

Air flow Scheme Opened Valve
1 PV/T-Collector-A-C-D-E-Drying Tub 7 and 5
2 PV/T-Collector-A-B-Tank 1 and 2 1,7,and 5
3 Tank 1 or 2-D-E-Drying Tub 2or3,and 5
4 Tank 1 or 2-D-C-Blower Exhaust 20r3,7,4,and 5
5 E-Drying Tub 6 and 5

The air flow diagram for this system can be seen in Table 1 showing the first air flow, which transfers heat directly
from the photovoltaic collector to the drying chamber. The second air flow transfers heat from the collector to the drying
chamber and to the silica gel tanks (1 and 2) through valve 1. In the third air flow, if the heat from the collector decreases,
valve-1 will close, then the stored heat is released sequentially: valve-2 opens to use tank 1, and after it is empty, valve-
3 opens to transfer heat from tank 2. The fourth air flow is used for silica gel regeneration using a blower; in this process,
valve 4 opens and the blower turns on until the silica moisture content returns to normal. The fifth air flow involves
valve 6, which opens when sensor 7 reads a temperature below 43 °C, while valve 5 remains open during the drying
process. Valve 7 functions to regulate air flow at position K.7.1 with a rotation angle of 45°, K.7.2 with a rotation angle
of 135°, and K.7.3 with a rotation angle of 90° in the control system schematic diagram of the dryer with a solar collector
and adsorption, as shown in Figure 3 and Valve position at point 7 can be seen in Figure 1. Therefore, Table 1 shows
that air flows 1, 3, and 5, 1 and 2, and 3 and 4 can occur simultaneously.

Figure 3 clearly shows that the air flow in this drying system is dynamic and determined by an automatic control
system based on operational requirements. The air flow is not static but can occur under several conditions because the
control system intelligently activates the actuator according to the detected parameters. For example, when the
equilibrium water content (M,) T1 (tank 1) is lower than M, plenum, the system will open valve 2 to flow dry air into
the drying chamber. This proves that the air flow is managed precisely based on programmed control logic.

The temperature and humidity data read by the sensor is converted into equilibrium water content (M) for control
purposes using Equation 1. Equation 1 is used to measure air conditions at all points in order to simplify and focus the
control logic on product quality. When comparing different units, the system converts air temperature and humidity into
M., allowing the system to directly compare the potential water absorption capacity of the air at one location to another.
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Figure 3. Control system diagram for a dryer with solar collector and adsorption
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Figure 4. Valve position at point 7

The equilibrium water content equation is based on Henderson (Thomson, 1967) in (Sadaka, 2022). The constants K,
C, and N in the Henderson equation are empirical product constants specific to the material being dried (grain).

—K(1.8xT+C)

where M, is dry basis equilibrium moisture content (% d.b), RH is relative humidity (%), T is absolute air temperature
expressed in (C), K (grain) is 4.726x10, C (grain) is 491.7, and N (grain) = 2.386.

Me=[ In(1 — RH) ]1/N 1

The automated control and data acquisition system operates through an ESP32 microcontroller-based software
designed for real-time monitoring and operational regulation. As illustrated in Figure 5, the control mechanism detects
critical parameters, including temperature, relative humidity, and equilibrium moisture content (M,) calculated via the
Henderson equation. These sensor inputs are processed to execute precise commands for actuators specifically servo
motors, DC motors, and blowers to optimize airflow distribution. Beyond simple connectivity, the ESP32 serves as a
critical gateway for real-time data synchronization with a Google Spreadsheet, ensuring high data integrity by
eliminating manual logging errors and enabling continuous remote oversight via smartphones or laptops. The overall
system of the dryer with a solar collector and heat storage can be seen in Figure 6.
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Figure 6. Overall system of the dryer with solar collector and heat storage

2.4. Data Collection

Data collection was conducted from 8:00 a.m. to 5:00 p.m. for three days. The data collected in this observation included
temperature, humidity, and equilibrium moisture content in the dryer using a control system with data transmission every
10 seconds. The data was then processed further every 5 min. Solar radiation data was collected using a pyranometer.

2.5. Data Analysis
2.5.1. Control System Performance Test

Testing for system performance was conducted to evaluate the performance of integrated control and mechanical
components in achieving efficient drying objectives. This step included monitoring and controlling air temperature and
humidity of the dryer, and observation water content changes in the silica gel. The first was conducted to monitor the
distribution of dryer air temperature and humidity occurring in the drying machine. The purpose is to observe
temperature fluctuations that occur from the start of the system operation until the end. The changes in silica gel water
content was performed to determine the time required to detect changes in silica gel water content from the start of the
system operation until the end. The analysis results show the distribution of water content over time, measured hourly
from start to finish.

2.5.2. Data Validation

The accuracy of the sensors was evaluated using the Coefficient of Determination R? to determine the strength of the
linear relationship between the DHT22 sensor readings and the standard reference instrument as shown in Equation 2.

2 _ 4 Loi-9)?
k=1 S(i-)? 2)
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The absolute error magnitude of the sensor readings was measured using the Root Mean Square Error (RMSE). This
analysis quantifies the average deviation between the sensor’s predicted values and the actual reference values,
expressed in degrees Celsius (°C) for temperature or percentage (%) for relative humidity as shown in Equation 3.

n (5.—v:)2
RMSE = ’lel(}; Vi) (3)

where y; is reference value (standard instrument), §; is measurement value (DHT22 sensor), j is mean of the reference
values, n is total number of data samples.

3. RESULTS AND DISCUSSION
3.1. Control System Design Results

The structure of the valve used in this system is a duct volume damper made of sheet iron with dimensions of 15 cm X
15 cm. Each duct volume damper is equipped with a DC motor and motor driver to move the valve. One duct volume
damper is controlled using a servo motor. All components of the control system work well to regulate air flow through
the valve. The valve actuation system, utilizing both DC and servo motors, achieved a 3-second response time for full
90-degree rotations with high positioning reliability. During 15 hours of continuous operation, all units exhibited zero
mechanical failures or signal latency, ensuring precise synchronization between the airflow and control logic. The results
of the valve control system design can be seen in Figure 7.

17

Figure 7. Valve control system design results (a) valve closed by DC motor, (b) valve open by DC motor, (c) valve open 45° by servo
motor, (d) valve open 90° by servo motor, 1) Micro limit switch, 2) BTS7960 motor driver, 3) DC worm gear motor, 4) 6A10 diode,
5) Valve, 6) Ducting, 7) DSservo DS3225

3.2. Sensor Calibration Results

Calibration of the DHT22 sensor was performed to evaluate accuracy by comparing the sensor reading (predicted value)
with the actual measurement data (true value) using a thermohygrometer. The average calibration results for the eight
sensors can be seen in Figure 8. The sensor readings are displayed in actual units, namely temperature in degrees Celsius
(°C) and humidity in percent (%), then converted into equilibrium water content (M,) (%).

Figure 8 shows the average calibration values of the DHT 22 sensor at temperature and humidity. The sensors were
formally calibrated within a temperature range of 31 °C to 47 °C and a Relative Humidity (RH) range of 40% to 67%.
Although the actual drying process reached extremes of 70 °C and 99% RH, the sensor's reliability across the extended
range is justified by the near-perfect linearity shown in the calibration plots, with an R? of 0.9998 and regression slopes
of 1.0014 for temperature and 0.9962 for RH. These statistical indicators confirm that the DHT22 sensors maintain a
highly consistent response, allowing for valid data extrapolation throughout the entire experimental period. The
calibration values obtained indicate that the sensor readings compared to the thermohygrometer are accurate because
the values obtained are close to 1. This means that the sensor used can function properly. Research (Putri ef al., 2024;
Rustami et al., 2022), obtained sensor calibration values with average values of 0.97 and 0.96 for temperature and
humidity and 0.9999 and 0.9996 for temperature and humidity. The sensor calibration results demonstrated high
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precision for the automated control system. The RMSE for the temperature sensor was 0.47 °C, while the RMSE for the
relative humidity sensor was 0.64%. These low RMSE values indicate that the sensors provide reliable real-time data
with minimal deviation from reference instruments, ensuring the accuracy of the decision-logic used for airflow
management.
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Figure 8. Average calibration graph of the DHT 22 sensor: (a) temperature, (b) humidity

3.3. Control System Performance Testing
3.3.1. Overall System Testing and Analysis

Overall system testing was conducted to evaluate the integrated performance of the control and mechanical components
in achieving efficient drying objectives. This test focused on the system's ability to respond automatically to
environmental conditions and maintain optimal operating parameters. The test results showed that the designed control
system worked effectively, as can be seen in Figure 9. The test data showed that the control system worked effectively
in managing air flow through valves and blowers to achieve optimal operating conditions.
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Figure 9. Control system performance testing

Figure 9 illustrates the dynamic responsiveness of the automated control system in managing airflow based on real-
time environmental data. Between 08:01 and 08:11 WIB, the system executed selective valve operations driven by the
differential between Equilibrium Moisture Content (M,) in the storage tanks and the plenum. When M, in Tank 1 was
lower than the plenum, Valve 2 opened (Servo at 45°, K.7.1) to introduce dry air and reduce plenum humidity;
conversely, the system shifted to a desorption cycle (Servo at 90°, K.7.3) by opening Valve 1 when Tank 1 became more
saturated. Simultaneously, the system triggered Valve 5 and the drying blower whenever the inlet air was detected to be
drier than the internal dryer environment, ensuring a continuous influx of optimal drying air. Furthermore, Figure 8b
demonstrates the temperature regulation mechanism, where Valve 6 automatically modulated ambient air intake to
stabilize the blower temperature around a 40—43 °C threshold. This precise modulation is reflected in the overall system
efficiency; the thermal performance of the drying system was evaluated using the Drying Air Stability Index, which
yielded a value of 3.65. While conventional solar drying operations without automated control modules exhibit high
humidity fluctuations of approximately +17% (Siagian et al., 2025), the current system achieved a much lower
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fluctuation with a standard deviation of 8.53%. This represents a 49.82% percentage reduction in humidity fluctuation.
Such stability, maintained even during off-sunlight periods, proves the effectiveness of the ESP32-based control logic
in regulating the drying air.

3.3.2. Monitoring and Controlling the Temperature and Humidity of the Drying Air

The control system test observation on the dryer was conducted from 08:00 to 17:00 WIB. The data presented is only
for one day because it represents the most extreme meteorological conditions, which are very important for testing the
adaptive capabilities of the system. These variations made it possible to directly observe and analyze complex technical
phenomena that could not be observed on other days. Therefore, this data was the most appropriate choice because it
provided strong evidence of the effectiveness and reliability of the control system in facing challenges in the field. The
performance of solar dryers is influenced by meteorological conditions, especially ambient air temperature and solar
radiation (Gupta et al., 2021). The operational precision of the system was quantified through the Average Temperature
Deviation, which was recorded at 3.65 °C. This low deviation indicates high thermal consistency within the drying
chamber. Consequently, the Control Accuracy Band was maintained at +3.65 °C, demonstrating the system's ability to
suppress external thermal shocks. Variations in the temperature profile of the drying air entering the drying chamber (in
blower), hot air exiting the collector (out collector), plenum temperature, and ambient air temperature along with solar
radiation data are shown in Figure 10. Figure 10 shows that solar radiation peaks at noon and then decreases. The out
collector temperature was recorded between 30.1-65.1 °C and the in blower temperature in the range of 28.8—43.9 °C.
The radiation value was recorded between 6-1016.8 W/m?, while the ambient air temperature was in the range of 28—
33.6 °C. These fluctuations affect the variation in the drying air temperature, but with the control system in place, the
temperature inside the drying chamber can still be maintained at optimal conditions (Yang et al., 2023). Test results
consistently prove an inverse relationship between temperature and equilibrium moisture content (M,). A significant
increase in air temperature causes a decrease in M, values, indicating that the air has greater drying potential. This
confirms the important role of automatic control in minimizing the influence of radiation variability on drying quality.
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Figure 10. Variations in the air temperature profile during drying

The test was conducted by monitoring the internal temperature of the silica gel stack in tanks 1 and 2, and the ambient
temperature can be seen in Figure 11. During the test, heat from tank 1 was actively transferred to the dryer, while tank
2 remained closed. The data shows that the average temperature in tank 2, which was 33.62 °C, was consistently higher
than the average temperature in tank 1, which was 31.71 °C. This is an important indicator that tank 2 successfully stored
the heat absorbed from the environment without significant heat release for the drying process. The slightly lower
temperature in tank 1 shows that the heat energy inside has been successfully transferred to the dryer and can be used
for the drying process. The temperature fluctuations in both tanks show a response to the ambient temperature, which
averaged 35.06 °C. Tank 1, which actively provides heat, shows a temperature that is influenced by its rate of heat
release, while tank 2 represents the thermal capacity of the system when heat is retained. This test proves the important
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role of the control system in ensuring effective heat transfer for the drying process, even though the ambient temperature
fluctuates. The thermal test results show that despite the fluctuating ambient temperature, the system is able to effectively
absorb and store heat energy. The decrease in temperature in the silica gel stack during the day, when the ambient
temperature reached its peak, showed that heat energy was absorbed to drive the endothermic desorption process (Musa
et al.,2025). This proves that the solar drying system works efficiently in utilizing ambient heat energy to dry materials.
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Figure 11. Comparison of ambient temperature with silica gel temperature in the tank

3.3.3. Changes in Silica Gel Moisture Content

Changes in water content in silica gel media show a dynamic response to thermal conditions and air humidity flowing
in the system. Variations in equilibrium water content, temperature, and relative humidity of the inlet air play a
significant role in regulating the adsorption-desorption equilibrium that occurs in silica gel during the operating period
(Hraiech et al., 2025), as shown in Figures 12 to 14.

The observations in Figures 12 to 14 show that at 10:00 a.m., the collector temperature reached its peak of 54.80 °C,
while the temperature of the silica gel in tanks 1 and 2 also increased to 31.40 °C and 35.20 °C, respectively. The analysis
of the silica gel moisture content also showed a decrease in tank 1 from 28.96% to 22.2% and in tank 2 from 27.88% to
22.8% during the daytime period, namely from 08:00 to 14:00 WIB. This shows that even though the incoming air was
very hot, the heat energy was used to trigger the desorption process due to the flow of hot and dry air from the collector
(Yuliasdini et al., 2020), not just to increase the temperature. However, in the afternoon, from 15:00 to 17:00 WIB, the
silica gel moisture content increased again. This occurs because the air supply from the collector is stopped, causing
adsorption more stable M. values, indicating that this tank successfully stores heat energy. Fluctuations
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Figure 12. Changes in silica gel tank temperature in response to collector temperature fluctuations
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Figure 13. (a) Changes in silica gel water content, and (b) Changes in equilibrium water content (M.) in the collector and silica gel

in the M, data for tank 1, such as increases in value at certain times, can be linked to thermal data. This data confirms
that the performance of the solar collector is the dominant factor controlling the mass transfer process in silica gel and
that the control system plays an important role in maintaining these optimal conditions.

4. CONCLUSIONS

This study successfully implemented an automated airflow control system for a photovoltaic thermal collector integrated
with a silica gel adsorption medium. The system demonstrated robust performance in stabilizing the drying microclimate
through real-time ESP32-based monitoring and actuation. Key quantitative achievements include a high sensor
reliability with an R? 0of 0.9998 and a low thermal RMSE of 0.47 °C. The control system effectively maintained a Drying
Air Stability Index of 3.65. Furthermore, the integration of the adsorption channel led to a 49.82% reduction in humidity
fluctuation. Despite these results, the study acknowledges certain limitations, specifically its dependence on sensor
accuracy for valve triggering and the current small-scale prototype design which may require further optimization for
industrial-scale applications. Future research directions should focus on implementing advanced control algorithms,
such as PID (Proportional-Integral-Derivative) control or Al-based optimization. Additionally, long-term drying tests
on various agricultural products are recommended to evaluate the system's impact on nutritional quality and energy
efficiency over extended operational cycles.
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