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Abstract: The efficiency of photovoltaic (PV) solar panels declines significantly
with increasing temperature due to the thermal sensitivity of semiconductor
materials. To mitigate this issue, various cooling strategies—particularly
water-based systems—have been explored. This study presents the design
and implementation of an Internet of Things (loT)-based monitoring system to
assess the impact of water cooling on PV panel performance. Experiments
were conducted in a laboratory environment using observational methods,
with data collected at 30-second intervals and visualized via the ThingSpeak
platform. Results show that panels equipped with water cooling maintained
lower operating temperatures and generated higher average voltage outputs
than non-cooled counterparts. These findings confirm a positive correlation
between temperature reduction and enhanced panel efficiency. While current
measurements were not directly analyzed due to the system’s solar charge
controller (SCC) configuration, the overall setup proved effective for real-time
performance monitoring and demonstrates the potential of 1oT integration in
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1. Introduction

The growing need for sustainable energy solutions has prompted a global shift
toward renewable sources. Among them, solar energy stands out for its abundance
availability [1]. However, one of the key challenges in optimizing the performance of solar
panels lies in their susceptibility to temperature increases [2]. The efficiency of
photovoltaic panels decreases as the panel temperature rises, due to the temperature-
sensitive nature of semiconductor materials, which impairs the flow of electrons and
reduces voltage output [3], [4], [5], [6].

Studies have shown that solar panels without temperature regulation can
experience a noticeable drop in efficiency [7]. To address this issue, various cooling
techniques have been explored, ranging from passive solutions to active cooling methods
[8]. For instance, Chanpavong et al. showed that an active cooling system using water
circulation improved solar panel efficiency by up to 12.76% compared to panels without
cooling [9].

To maintain optimal performance, continuous monitoring of solar panel
parameters such as temperature, voltage, and current is essential. Manual monitoring,
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however, is impractical for large scale solar installations. This is where the Internet of
Things (loT) offers a compelling solution. By integrating loT into solar panel systems, it
becomes possible to automate data collection and remotely supervise performance in
real time [10]. This research proposes the development of an loT-based monitoring
system designed to track the operational conditions of solar panels, with a focus on
temperature induced efficiency loss. Such a system is particularly beneficial in large scale
solar farms, where centralized oversight is essential for efficient energy production.

2. Materials and Methods

2.1. System Components

This study employed a variety of electronic components to develop an loT-based
monitoring system for evaluating the influence of water cooling on photovoltaic (PV)
panel efficiency. The main hardware components are as follows:

e NodeMCU ESP32 module: The NodeMCU is a development tool utilizing the ESP32,
capable of connecting to both Wi-Fi and Bluetooth. NodeMCU is an open-source
software that can be programmed via the Arduino IDE.

e RTC DS3231 Module: The RTC module is an electronic component capable of
providing information on hours, minutes, and seconds, as well as details about the
date and year through 12C communication [11]. The RTC (Real-Time Clock) module
is also equipped with a 3V battery to maintain functionality when the main power
source is unavailable.

e SD Card Adapter Module: The SD Card Adapter module enables reading SD cards
through SPI communication and can function as offline data storage [12]. Although
data can be stored online via the Thingspeak server, which is used as the loT
platform, this module is required as a backup for offline data storage.

e INA219 Sensor: The INA219 sensor is a module used to measure both voltage and
current in an electrical circuit. The INA219 sensor can connect to various devices
through 12C communication. This sensor is capable of measuring currents up to 3.2
A and detecting voltages ranging from 0 to 26 Vdc [13]. Previous research showed
that the INA219 sensor has an accuracy of 99.96% for voltage and 98.39% for
current [14].

e DS18B20 Sensor: The DS18B20 sensor is an electronic device capable of detecting
temperature changes and converting them into electrical quantities. This digital
sensor connects through one-wire communication. Its unique feature is that each
DS18B20 sensor has a serial code, allowing multiple DS18B20 sensors to be used
on a single one-wire communication line [15]. Previous research has shown that
the DS18B20 sensor has a measurement accuracy of 99.05%, higher than the
DHT22 (98.15%) and DHT11 (97.19%) [16].

e Solar Charge Controller: The Solar Charge Controller (SCC) is a crucial component
in photovoltaic systems, serving to regulate the electrical current from the solar
panel to the battery and load. The SCC also acts as a safeguard to prevent the
battery from overcharging [17].

e DC Lamp: Direct current lamp is a light source that operates using a DC power
supply. The DC lamp is utilized as a load in this circuit.

e Solar Panel: A solar panel is a collection of several solar cells that convert solar
energy into electrical energy through the photovoltaic process [18].

e Lead-acid battery: The battery is used as a power storage device for the energy
generated by the solar panel.
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Figure 1. Study location at
Universitas Maritim Raja
Ali Haji.

Figure 2. Solar panel
position.

o DCwater pump: The DC water pump is an electronic device that pumps water using
a DC motor as its main component. The DC water pump is used to pump water to
the surface of the solar panel.

e Power supply: The power supply is a component that functions to step down or
step up voltage and convert alternating current (AC) into direct current (DC). The
power supply is used as the voltage source for the DC water pump.

This system setup integrates various components to monitor and optimize the solar
panel’s efficiency through temperature regulation.

2.2. Experimental Method

This research employed an observational methodology, wherein system
performance was directly observed and recorded [19]. The study was conducted in the
Renewable Energy Laboratory at Universitas Maritim Raja Ali Haji, from 09:00 to 16:00
WIB. Data was logged every 30 seconds and visualized through the ThingSpeak loT
platform to assess variations over time. Figures 1 and 2 show the study location and solar
panel position.

)

69



BimaJaya et al., Journal of Power, Energy, and Control (2025) vol. 2 no. 1

2.3. System Flowchart and Schematic Design
A flowchart illustrating the operational workflow of the device is provided in Figure
3. The system’s schematic design, showing the integration of all hardware components,

is shown in Figure 4.
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To validate sensor functionality, individual components were tested using
calibrated instruments. The INA219 sensor was tested using a multimeter, while the

DS18B20 was compared against a thermometer.
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Figure 5. Experimental
setup for INA219 sensor
testing.

2.4.1. INA219 sensor testing

Two INA219 sensors were evaluated for accuracy by comparing their output to
multimeter readings at three voltage levels: 10 V, 15 V, and 20 V. Each level was tested
three times using a 100 W dummy load with 1-ohm resistance. Sensor readings were
displayed via the Arduino IDE serial monitor. Error values were calculated using the
following equations:

error = |A — Ai| (1)

A—Ai

Y%error = x 100% (2)

where A is the actual data from the measuring Instrument and Ai is the measured data
from the sensor. Figure 5 shows the experimental setup for INA219 sensor testing.

4

Table 1 summarizes the accuracy of the voltage and current sensors. The average
error of the INA219 sensor (1) used to measure the panel with water cooling is
approximately 0.11% for voltage and 0.73% for current, indicating high accuracy. The test
results for the INA219 sensor (2) are shown in Table 2. The average error of sensor (2) is
0.85% for voltage and 1.26% for current.

2.4.2. DS18B20 Sensor Testing

The DS18B20 sensor was evaluated by comparing its readings to those of a
thermometer. Both were attached to a heated metal rod, and the outputs were
compared via the Arduino IDE serial monitor. The error was calculated using the same
formulas as for the INA219 sensor. The testing process is documented in Figure 6.
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Table 1. INA219 sensor (1) testing results.

Voltage Voltage (V) Current (Amp)

Source Multimeter INA219 Sensor Error (%) Multimeter INA219 Sensor Error (%)

10V 2.1 2.08 0.95 2.02 2.02 0.00

2.1 2.10 0.00 2.03 2.02 0.49

2.1 2.10 0.00 2.03 2.02 0.49

15V 2.1 2.10 0.00 2.02 2.02 0.00

2.1 2.10 0.00 2.02 2.02 0.00

2.1 2.10 0.00 2.02 2.02 0.00

20V 2.1 2.10 0.00 2.00 2.02 1.00

2.1 2.10 0.00 1.99 2.02 1.51

2.1 2.10 0.00 1.96 2.02 3.06

Average Error Percentage 0.11 0.73

Table 2. INA219 sensor (2) testing results.

Voltage Voltage (V) Current (Amp)

Source Multimeter INA219 Sensor Error (%) Multimeter INA219 Sensor Error (%)

10V 2.1 2.08 0.95 2.08 2.02 2.88

2.1 2.09 0.48 2.04 2.02 0.98

2.1 2.09 0.48 2.04 2.02 0.98

15V 2.1 2.08 0.95 1.96 2.02 3.06

2.1 2.08 0.95 2.05 2.02 1.46

2.1 2.08 0.95 2.00 2.02 1.00

20V 2.1 2.08 0.95 2.02 2.02 0.00

2.1 2.08 0.95 2.03 2.02 0.49

2.1 2.08 0.95 2.03 2.02 0.49

Average Error Percentage 0.85 1.26

Figure 6. Testing process
of DS18B20 sensor.
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The accuracy of the DS18B20 temperature sensor (1) is summarized in Table 3,
where the average erroris 0.54°C, and the percentage erroris 1.23%. The DS18B20 sensor
(2) shows an average error of 0.64°C and a percentage error of 1.46% as shown in Table
4,

Table 3. Temperature accuracy of DS18B20 sensor (1).

Thermometer DS18B20 Error (%)
Measurement (°C) Measurement (°C)

50 49.44 1.12
49 48.61 0.80
48 47.75 0.52
47 46.79 0.45
46 45.55 0.98
45 44.70 0.67
44 43.25 1.70
43 42.12 2.05
42 41.22 1.86
41 40.17 2.02
40 39.44 1.40

Average Error Percentage 1.23

Table 4. Temperature accuracy of DS18B20 sensor (2).

Thermometer DS18B20 Error (%)
Measurement (°C) Measurement (°C)

50 49.44 1.12
49 48.61 0.80
48 47.75 0.52
47 46.79 0.45
46 45.55 0.98
45 44.70 0.67
44 43.25 1.70
43 42.12 2.05
42 41.22 1.86
41 40.17 2.02
40 39.44 1.40

Average Error Percentage 1.23

3. Results and Discussion

The physical appearance of the device is shown in Figure 7, with the internal view
depicted in Figure 8. The web dashboard displayed on the ThingSpeak platform is
provided in Figure 9.
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Figure 7. Physical
appearance of the device.

Figure 8. Components
inside the device.

Figure 9. ThingSpeak
dashboard web interface.
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Figure 10. Comparison of
solar panel with water
cooling vs without water
cooling on day 1: (a)
temperature, (b) output
voltage, (c) output
current.

The temperature, voltage, and current data for the first day of testing are shown in

Figure 10. On the first day, clear trends were observed in the performance of both panels.
The water-cooled panel maintained a lower average temperature of 28.5°C, while the
non-cooled panel averaged 30.3°C, indicating a 1.8°C reduction due to water cooling. This
reduction aligns with previous findings that lower operating temperatures lead to
improved photovoltaic efficiency. The voltage output of the panels supports this trend.
The cooled panel delivered an average voltage of 16.7 V, compared to 16.04 V for the
non-cooled panel — a difference of 0.66 V. This voltage gain represents a significant
improvement in power output, especially when scaled across large installations. Although
the current difference was minimal due to the regulation by the Solar Charge Controller
(SCC), which only increases current flow when the battery requires charging, it still affirms
the primary finding that temperature has a direct influence on panel voltage output.
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Figure 11. Comparison of
solar panel with water
cooling vs without water
cooling on day 2: (a)
temperature, (b) output
voltage, (c) output
current.
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The second day followed a similar pattern but with slightly higher temperatures
overall. The water-cooled panel reached an average temperature of 31.4°C, while the
non-cooled panel rose to 33.4°C, maintaining the ~2°C cooling benefit. Interestingly, the
voltage results showed the opposite trend: the non-cooled panel produced a slightly
higher average voltage of 19.46 V compared to 19.27 V from the cooled panel. This
anomaly may be attributed to external environmental variables such as cloud cover,
irradiance angle, or temporary shading, which were not directly measured in this study.
Despite this, the temperature difference remained consistent, suggesting that the cooling
system functioned reliably, even if its voltage advantage was offset by other factors on
that day. The current output increased noticeably in the afternoon (13:00 to 16:00), likely
because the battery reached a lower charge threshold, prompting the SCC to draw more
current. This illustrates the dynamic nature of current regulation and the importance of
considering system demand in evaluating panel performance. The results of the second
day experiment are shown in Figure 11.
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Day 3 recorded the highest temperature readings across the study. The water-
cooled panel had an average temperature of 34.0°C, while the non-cooled panel reached
36.8°C, maintaining a cooling effect of nearly 3°C — the greatest temperature reduction
observed across all three days. In terms of voltage, the cooled panel again performed
better, averaging 19.58 V versus 19.49 V for the non-cooled panel. While this difference
is modest (0.09 V), it reaffirms that even small temperature reductions can have a
measurable impact on output voltage, particularly under high-irradiance conditions. The
current readings were more erratic on Day 3 due to changes in the type and condition of
the batteries used. This variability complicated direct comparison, but it emphasizes the
need for consistent system configurations when conducting such studies. The results can
be seen in Figure 12.
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Figure 12. Comparison of
solar panel with water
cooling vs without water
cooling on day 3: (a)
temperature, (b) output
voltage, (c) output
current.
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Across all three days, the cooling system consistently reduced the operating
temperature of the solar panels. The voltage performance generally correlated with
temperature, confirming the hypothesis that thermal regulation can enhance
photovoltaic efficiency. The marginal gains in voltage (0.09-0.66 V), though small in
absolute terms, become meaningful in scalable solar arrays, where even fractional
improvements can translate to significant energy and cost savings. Additionally, the real-
time monitoring enabled by the loT system proved essential for capturing and analyzing
these trends.

4. Conclusion

This study, which involved the design, component testing, implementation, and
analysis of an loT-based monitoring system, led to several key conclusions. The system
functioned as expected, effectively evaluating the impact of water flow on solar panel
efficiency. Panels with water circulation maintained lower operating temperatures and
produced higher average voltage outputs compared to those without cooling. This finding
reaffirms the critical role of temperature in photovoltaic efficiency. While current
measurements were not included due to the configuration of the Solar Charge Controller
(SCC), the system successfully facilitated real-time monitoring and data acquisition.

The water-cooling approach demonstrated significant potential for practical
application, especially in regions with high solar irradiance where temperature regulation
is essential for optimizing energy production. Its simplicity and low operational cost make
it an ideal solution for small to medium-scale solar installations. Furthermore, with
appropriate modifications, this cooling system could be scaled for larger setups. Future
research should focus on assessing the long-term effectiveness of this cooling method
under varied environmental conditions, evaluating water resource efficiency, and
exploring the comparison between passive and active cooling strategies. These studies
would provide valuable insights into further optimizing solar energy systems for
enhanced performance and sustainability.
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