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1. INTRODUCTION

Environmental issues related to the consumption of non-renewable energy resources have attracted
more and more attention. On the other hand, increasing global interest in sustainable energy production is
inevitable. For this reason, various renewable energy resources are explored and exploited as a substitute for
fossil energy [1], [2]. Solar energy is a clean, accessible, limitless, and sustainable energy source that can be
utilized to provide electrical and thermal energy [3]. Solar photovoltaic (PV) industries have expanded
rapidly to reduce energy costs and increase the mass production of solar PV panels to cut prices.
Subsequently, crystalline silicon PV cells become mature technologies, and PV industries are starting to
modify PV cells into half-cut cells to improve the efficiency of PV panels. The PV panels can be installed as
rooftop, ground-mounted, or floating structures [4] to generate electricity. Solar collectors or solar thermal
panels are another way to use solar energy. The collectors absorb heat from solar radiation to heat up water or
air. A solar thermal collector (STC) is commonly used for heating water applications for homes, hotels,
hospitals, swimming pools, and dairy plants. Besides, the STC is also used to produce hot air for building
space heating [5], [6] and process applications such as drying food, fruits, and agricultural products [7].
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Combining solar PV and STC as an integrated system will optimize the benefits of solar energy
[8]-[10]. Solar PV energy conversion efficiency is about 10% to 20% [11], and most of the solar energy is
released into the environment as heat [12]. Various studies [13]-[18] have reported that the efficiency of
converting solar energy to thermal is higher than photovoltaic energy conversion. Thus, solar energy
utilization is maximized when the solar PV is hybridized with an STC into a hybrid photovoltaic-thermal
system (PVT). Consequently, the PVT increases the overall efficiency by converting solar energy into
electricity [19], heat, or both electricity and heat [20].

Solar PV can create electricity and heat using an efficient electric heater. The advantage of solar PV
is that it generates electricity during the day and stores electricity in batteries. The STC has limitations in that
it only works during the day and does not store heat for later use. Moreover, the STC does not function well
on cloudy, rainy, or foggy days. Therefore, the hybridization of solar PV and STC can continuously produce
electrical energy and heat during the day and night [21], [22].

Many investigations have been carried out on developing PVT systems for air heating and their
application as dryers. Solar PV and STC integration can be designed simultaneously or separately to generate
hot air. Hussain et al. [23] developed a PVT system combined with a hexagonal honeycomb heat exchanger
to enhance thermal efficiency. Ciftci et al. [24] designed a vertical structure and fins over the absorber plate
for a PVT dryer to increase the thermal efficiency value. In another study, Giirbiz et al. [25] utilized natural
dolomite powder for thermal energy storage to improve the thermal and electrical efficiencies of a PVT
system. Hadisaputra et al. [26] analyzed the effect of channel dimensions of a PVT with V-groove collector
on thermal and electrical efficiencies. Lamrani et al. [27], [28] investigated a PVT hot air collector system
applied to the wood drying industry to reduce drying time [27] and energy consumption [28] in summer and
winter. Ceylan et al. [29] developed a PVT system for generating hot air to provide high energy efficiency
during cold winter climates. In different study, Tuncer et al. [30], [31] developed a foldable PVT collector
[30] and used a grooved absorber, spherical turbulators, and planar baffles to modify a PVT solar dryer [31].
Experimental results showed that the thermal efficiencies of the PVT collector and the drying chamber
increased significantly. Another experimental investigation of a PVT system for indoor and outdoor
operations to evaluate the exergy and exergy efficiency was reported by Bahtiar et al. [32].

It is obvious that most of the investigations reported are about energy and exergy efficiencies of
PVT systems. Even though the air temperature is a vital parameter in PVT solar air heaters, very few
experimental investigations have reported about hybrid PVT solar air heating systems operating day and
night with specifically controlled temperatures. The hot air temperature must be kept reliably and constant
during the day and night for air heating applications. Moreover, a well-designed PVT energy system is
essential to reduce the incidence of unexpected failures in the hybrid PVT solar air heater and therefore
reduce operating and maintenance costs. This study aimed to propose a novel PVT energy system for hot air
production that could operate continuously during both day and night hours. The proposed PVT energy
system consisted of a solar thermal collector and a photovoltaic panel, which run separately but synergized
with each other to produce hot air continuously. In addition, a hot air temperature controlling mechanism was
introduced in the configuration to maintain the temperature level. Finally, experimental investigations were
conducted to monitor the information obtained from the hybrid PVT solar air heater and the environment to
ensure the proposed configuration worked as expected.

2. METHOD

This study employed a hybrid PVT system to preheat the fresh air required for drying in a hot air
chamber. An operating and monitoring mechanism was built to ensure the PVT air heater system worked
appropriately to produce hot air within the temperature of 50-55 °C. Ambient temperature, solar irradiation,
and air temperature in the hot air chamber were recorded and analyzed for five sample days of operation.

2.1. Photovoltaic-thermal solar air heater

The proposed PVT solar air heater combines two different technologies. One technology provides
electricity, and the other operates to generate heat. Both are designed to heat fresh air and deliver hot air to
the hot air chamber, as seen in Figure 1. A PV panel is used to directly generate electricity and produce hot
air by means of an electric hot air heater/blower. The PV system includes an inverter/controller to manage the
charge and discharge process and a battery to store electrical energy for later use. Charging and storing
electrical energy to the battery lasts throughout the day as long as the PV panels are capable of producing
electrical energy.

Batteries play a significant role in serving the PVT solar air heater system when electrical and heat
energy production decreases in cloudy weather or at night hours. In this study, a 470 Wp monocrystalline
half-cut PV panel was used to generate electricity, while a 200 Ah battery was utilized to store electricity and
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discharge the electricity whenever needed. The half-cut PV panel has the advantages of having high shade
tolerance, minimizing hot spot temperatures, increasing power efficiency, and having good performance in
low light conditions. The specifications of PV panel and battery are provided in Tables 1 and 2, respectively.

PV panel Flat plate STC panel

Pump &
Valve
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Inverter/

Battery controller

[ mm-C
R —
USB interface cable
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Air outlet R
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Figure 1. PVT solar air heater system

Table 1. Specifications of PV panel

Specification Value
Maximum power 470 W
Maximum power voltage 3451V
Maximum power current 13.64 A
Open-circuit voltage 4158V
Short-circuit current 14.37 A

Table 2. Specifications of battery

Specification Value
Nominal voltage 12V
Nominal capacity 200 Ah
Max discharge current 2400 A

According to Farahat et al. [33], flat plate solar collectors are suitable for use in low and medium
temperature (<100 °C) PVT applications. In this study, a flat-plate STC used as a solar thermal device
consists of: i) transparent glass cover, ii) solar radiation absorber, iii) solar radiation reflector, iv) glass wool
thermal insulation, v) frame, vi) fresh air inlet valve, vii) fresh air inlet pump, viii) air temperature sensor, ix)
air pressure sensor, X) air temperature sensor cable, xi) air pressure sensor cable, xii) clamps, xiii) air
circulating space, xiv) fresh air input, xv) hot air output, xvi) hot air outlet valve, and xvii) hot air outlet
pump, as shown in Figure 2. The flat-plate STC and hot air chamber were manufactured in this work to
generate hot air.

The flat-plate STC together with the electric hot air heater/blower powered by electricity from the
PV system, are designed to generate hot air for a hot air chamber. The air temperature in the hot air chamber
is maintained in the range of 50-55 °C. The flat-plate STC operates to heat the fresh air on sunny days, while
the electric heater/blower generates hot air on cloudy days and at night hours. Combining these two elements
can be used to produce hot air for 24 hours every day. In the hybrid PVT solar air heater, the battery supports
hot air generation at night. The electricity from the PV panel is stored in the battery during the day and is
ready for use after sunset. Thermal energy to increase air temperature in the PVT system is absorbed from
solar radiation, electric heater, or both. The thermal energy produced by the flat-plate STC is dependent on
the energy absorbed from solar radiation (Esun). A certain amount of energy will become the heat 10ss (Ejoss)
due to the conductive, convective, and radiative heat transfer losses. The thermal energy generated from the
STC can be expressed by:
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Figure 2. A flat-plate solar thermal collector

Energy from solar radiation are the multiplication of global solar irradiation (G), transmissivity (1), and
absorptivity (o), as (2):

Eqn=0G.T.a )

Separately, electrical energy obtained from the PV panel is used to power the electric heater. The electrical
energy generated by the PV panels is:

EE = V:Jc-lsc-FF (3)

where Vo, s, and FF are the open-circuit voltage, the short-circuit current, and the fill factor of the PV
panel, respectively.
Finally, the overall thermal energy absorbed by hot air in the PVT system is specified as (4) [34]:

Epyr = m. Cp,air- ATy (4)

where m, Cy, air, and ATair are the mass flow rate of air in the PVT system, the specific heat capacity of the air,
and the hot air temperature difference, respectively.

2.2. Experimental setup

The experiment was carried out in July 2022 in Pontianak City of Indonesia. The best tilt angle to
place a PVT collector must be adequately set to get maximum solar radiation. Benkaddour et al. [35] found
the best tilt angle in the daytime when the PVT collector was set at 35° for the site of Tetouan (Morocco).
For solar energy technologies deployed in Pontianak, the PVT air heating system orientation angle is set to
1.69° facing due north to maximize its exposure to the sun [36]. A microcontroller is placed close to the STC
panel, and the information acquired is stored on a secure digital (SD) card. A monitoring system is designed
to provide information through a data acquisition (DA) module. The DA module gives information on the
ambient temperature (Ta), solar irradiation (G), and air temperature in a hot air chamber (T¢). The flow of
hot air temperature is controlled by pumps and valves. A pyranometer is installed to monitor solar irradiation.
The data acquisition system consists of a microcontroller, a battery, a SD card module, a real-time clock
(RTC), and sensors. Figure 3 shows a block diagram of the DA module. The SD card module is used to store
Ta, G, and T¢ data acquired from sensors, while the RTC device performs real-time monitoring. The
microcontroller unit detects the timer every second and records the measurement data in memory. The
microcontroller also regulates an electronic switch to operate pumps and valves. The inlet pump and valve
control fresh air flow from the environment into the STC panel. The heated air is then delivered to the hot air
chamber utilizing the outlet pump and valve. In order to maintain the hot air temperature (T¢), the operation
of the electric heater/blower is controlled by the DA module. The heater/blower is operated when the T¢ is
less than 50 °C and will be turned off when the T¢ is more than 55 °C.
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Figure 3. Configuration of the DA module

3. RESULTS AND DISCUSSION

The experiment is conducted to acquire information and any system errors during operations. In this
section, all measurements are used to determine the performance of the PVT system in generating hot air.
Figure 4 presents the solar irradiation during five sample days. The daylight is about 12 hours from 05.30 to
17.30. The average peak solar irradiation is 1.028 kW/m?, and the STC panel achieves less solar irradiation at
near sunset time. Figure 5 shows the ambient temperature for five days of PVT operations. The ambient
temperatures vary from 25.4-33.1 °C. Evaluation of measurement data showed that the temperature pattern
followed the pattern of solar irradiation, and this was similar to the study performed by Obi et al. [37].
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Figure 4. Hourly average solar irradiation Figure 5. Hourly average ambient temperature

The heat energy produced by the STC panel depends on the environmental conditions. Variations in
environmental conditions change the temperature value of hot air in the PVT solar air heater system. Solar
thermal energy increases the temperature of the air flowing from the STC panels into the hot air chamber.
The measured hot air temperature achieved 54.5 °C at 11.00. However, the hot air temperature could exceed
the ambient temperature by 30 °C or more in full-sun conditions. Further investigation found that at the
full-sun, when the ambient temperature was 38.7 °C, the temperature of the air flowing in the hot air chamber
was 66.5 °C. Conversely, the air temperature dropped to the ambient temperature after sunset and at night.
Regarding performance, the proposed PVT configuration is competitive with PVT air heaters developed in
other study by Tuncer et al. [34] and Aste et al. [38]. In their study, Tuncer et al. [34] found that the PVT air
heater had the capability to generate 40 °C hot air at the full-sun with an ambient temperature of 33.8 °C in
the Mugla Province of Turkey weather conditions, while Aste et al. [38] found that the hot air produced by
the PVT air heater reached more than 40 °C in the warm season at the Politecnico di Milano.

This study aimed to maintain the hot air temperature values ranging from 50-55 °C. The
microcontroller in DA module operates to control pumps and valves if the hot air temperature exceeds 55 °C
at full-sun conditions. Meanwhile, the microcontroller module must turn on the electric heater/blower to
produce heat and raise the air temperature to 50 °C after sunset. The mechanism for producing hot air
temperature in the proposed PVT solar air heater works as follows: i) heat is transferred from the STC panel
into the hot air generator; when the hot air temperature is in the range of 50-55 °C, then the synergy between
the STC panel and the hot air generator goes well, ii) if the air temperature exceeds 55 °C then the hot air
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valve from the STC panel is stopped until the air temperature decreases within a predetermined range
(50-55 °C), iii) if the hot air temperature drops below 50 °C and the STC panel is unable to provide enough
heat, the electric heater element is switched on to raise the air temperature to the specified range (50-55 °C),
and iv) the electric heater element is stopped when the hot air temperature reaches >50 °C. As results, this
mechanism successfully maintains the hot air temperature between 50-55 °C, as shown in Figure 6.
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Figure 6. Hourly average hot air temperature

4. CONCLUSION

A hybrid PVT system has been developed using two leading technologies to produce heat
separately. In this configuration, solar thermal collectors and photovoltaic panels can operate simultaneously
and synergize to generate hot air at a specific temperature range if the hybrid PVT system is managed with an
appropriate mechanism. The proposed PVT system was designed, manufactured, and tested under real
environmental conditions. Experimental investigations were carried out to provide overall knowledge about
PVT operations in producing hot air, including the control equipment, to ensure plant safety and proper
operation. Information on hot air temperature, ambient temperature, and solar irradiation was acquired by
utilizing sensors to provide real-time data. Hence, the users were able to analyze the hot air production.
Experimental results showed that the proposed PVT solar air heater system was capable of producing hot air
up to 66.5 °C at full-sun conditions. The hot air temperatures were less than 30 °C at night hours. The study
demonstrated that with proper operations with the aid of sensors, electronic switches, pumps/valves, and
electric heaters/blowers, the PVT system could be maintained to generate hot air within the range of 50 °C to
55 °C continuously. The advantage of the proposed hybrid PVT configuration is that it is able to create hot
air for 24 hours throughout the day and night. Therefore, future studies can apply the proposed PVT air
heater system to feed the agricultural product drying machine and evaluate the drying performance.
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