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1. Introduction

The continuously increasing energy demand drives the development of renewable energy systems that can be
utilized directly in the productive sector. Solar energy is one of the most relevant energy sources to be studied
in Indonesia due to its relatively high availability throughout the year. In practice, photovoltaic panels not only
generate electricity but also experience a temperature increase, as a portion of the received radiation is
converted into heat. This temperature rise can decrease the electrical performance of the panels, thus requiring
an approach capable of extracting heat from the panels and utilizing it as thermal energy (Fudholi et al., 2019).
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Photovoltaic thermal (PV/T) systems were developed to combine the functions of a photovoltaic and a thermal
collector into a single unit. In air-based PV/T systems, air as the working fluid is channeled through the
collector duct so that heat from the panels and the absorber can be carried to the utilization space. This concept
allows the panels to continue functioning as electricity generators, while the heat that was initially a thermal
loss can be utilized as hot air for further applications (Fudholi et al., 2021).

The performance of air-based PV/T systems is determined not only by solar radiation but also by the inlet and
outlet air temperatures, collector component temperatures, air flow velocity, and the air duct's capacity to
transfer heat. Therefore, testing air-based PV/T systems requires simultaneous recording of radiation and
temperature responses to determine whether the collector genuinely increases the outlet air temperature
compared to the inlet (Dunne et al., 2023).

The integration of PV/T with a greenhouse is essential because the hot air from the collector actively modifies
the microclimate conditions of the planting space. While existing literature has extensively explored PV/T-
based greenhouse systems for general ventilation and heating applications (Gorjian et al., 2021; Jadallah et al.,
2020), there remains a critical theoretical gap regarding the dynamic isolation of the system's thermal
contribution under fluctuating tropical climates. Evaluating PV/T performance strictly through isolated
collector efficiency fundamentally overlooks the thermal retention dynamics of the greenhouse envelope.
Consequently, a direct indoor-outdoor temperature comparison is theoretically imperative. This specific
comparative configuration isolates the thermal energy actively injected by the PV/T system from passive
natural ambient heating, thereby defining its exact efficacy as a microclimate actuator.

Addressing this gap, the objective of this study is to comprehensively analyze the thermodynamic performance
of an air-based PV/T system integrated with a greenhouse, utilizing three days of experimental data. This
evaluation goes beyond descriptive temperature gradients by explicitly calculating the mass flow rate, useful
heat transfer, and system thermal efficiency to establish its concrete engineering viability. The analysis
systematically encompasses solar radiation intensity, the temperature response of the PV/T components, the
outlet-inlet air temperature difference, and the dynamic indoor-outdoor greenhouse temperature comparison.
To ensure measurement accuracy, the internal greenhouse temperature is calculated from the average of the
DHTS5, DHT6, and DHT7 sensors, while the DHT8 sensor records the external ambient temperature. By
integrating these comprehensive thermal and thermodynamic parameters, this study aims to determine the
actual capacity of the PV/T system to function as an active space heater and microclimate controller for
agricultural applications (Al-Waeli et al., 2021; Zhou et al., 2025).

2. Method

2.1 Equipment Configuration and Airflow

The system used is an air-based PV/T with a forced-flow configuration. Ambient air enters the collector
through an inlet fan on the front side of the PV/T, then passes through the duct space beneath the panels,
absorbing heat from both the panels and the absorber. The air that has increased in temperature is channeled
through an outlet duct to the greenhouse. On the greenhouse side, the air enters the test chamber and forms an
internal circulation before the thermal condition of the space is read by the DHTS5-DHT?7 sensors. The outdoor
reference temperature is recorded using the DHTS sensor. The research flowchart is shown in Figure 1.
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Figure 1. Flowchart of the PV/T-Greenhouse system research from preparation to conclusion.

A three-dimensional design model is used as a reference for the positions of the PV/T collector, air ducts,
greenhouse, fans, and sensor points. The design illustrates the connection between the PV/T module, the outlet
duct, and the greenhouse as the airflow receiving space. The design model is presented in Figure 2, while the
actual equipment setup during testing is shown in Figure 3.

Figure 2. 3D design model of the PV/T-Greenhouse system and component positions.
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Figure 3. Annotated schematic of the PV/T-Greenhouse field-test configuration, including sensor positions

and airflow direction.

2.2 Equipment, Materials, and Sensor Positions
The primary equipment consists of the PV/T panel, greenhouse, temperature sensors, solar radiation sensor,

anemometer, fans, air ducts, and a data logger. Table 1 consolidates the specifications of the PV/T and

greenhouse to provide a more concise overview of the equipment configuration.

Table 1. Specifications of the PV/T-Greenhouse research equipment and materials.

No. Equipment/Material Specification Function
1 Air PV/T Panel 585 Wp PV/T, double-pass air collector; Converts solar radiation and provides a heat
effective collector area 2.58 m? transfer space for the air.
2 Greenhouse Length 215 cm, width 196 cm, total height 238  Test chamber and receiver of the hot airflow
cm, floor area +4.21 m?, volume +9.3 m? from the PV/T system.
3 PV/T Inlet Fan Fan on the input side of the collector; measured  Pushes air through the PV/T collector.
outlet velocity is approximately 3.70 m/s
4 Outlet Duct Flexible circular duct from the PV/T outlet to  Channels hot air from the collector to the
the greenhouse; internal diameter 0.15 m; greenhouse space.
outlet area 0.01767 m?
5 Type-K Points T1-T8 Measures the temperatures of the glass, bottom
Thermocouple of the PV, and zinc absorber; PCM is not
discussed in the main graphs.
6 DHT Sensor Points DHT1-DHTS8 Measures the inlet, outlet, indoor greenhouse,
and outdoor greenhouse temperatures.
7 Radiation Sensor Solar radiation reading range Measures the solar radiation intensity received
by the system.
8 Anemometer Air/wind speed reading Measures ambient wind speed and outlet air
velocity.
9 Data Logger Periodic data recording Records sensor data during testing.
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Table 2. Sensor positions and data processing parameters.

Sensor Group Position Processed Parameter
T1-T2 Glass/top surface of the T glass=average of T1 and T2
collector
T3-T4 Bottom of the PV T PV bottom = average of T3 and T4
T5-T6 PCM area/internal thermal Not displayed in the main graphs because the discussion is focused on
space the air-based PV/T system.
T7-T8 Zinc absorber T absorber = average of T7 and T8
DHTI1-DHT2  Collector inlet air T in=average of DHT1 and DHT2
DHT3-DHT4  Collector outlet air T out = average of DHT3 and DHT4
DHTS5-DHT7  Air inside the greenhouse T GH = average of DHTS, DHT6, and DHT7
DHTS Environment outside the T outdoor =DHTS
greenhouse

2.3 Testing Procedure and Data Processing

The testing was conducted over three days: Monday (08-06), Tuesday (09-06), and Wednesday (10-06). The
processed data consists of minute-by-minute recordings with a 10-minute interval between 09:00 and 15:00.
The recorded parameters include solar radiation, ambient wind speed, outlet air velocity, T1-T8 thermocouple
temperatures, and DHT1-DHT8 temperatures. The data were then averaged and compared to determine the
collector air temperature increase, the indoor-outdoor greenhouse temperature difference, and the temperature
change trends relative to solar radiation.

2.4 Analytical Equations

The analytical equations used for data processing are presented in Table 3. Average sensor-temperature
equations establish the spatial thermal mapping, while the thermodynamic equations calculate the mass flow
rate, useful heat transfer, incident solar power, and thermal efficiency of the air-based PV/T system. The air
properties were selected from standard heat-transfer and psychrometric data (Duffie et al., 2020; Geary, 2014).
By incorporating the effective collector area, outlet cross-sectional dimensions, and measured outlet velocity,
this mathematical approach quantifies the thermal energy conversion capability and the system's contribution
to the greenhouse microclimate.

Table 3. Data processing equations and basic calculations for PV/T-Greenhouse.

No. Parameter Equation
1 Glass temperature T glass=(T1+T2)/2
2 Bottom PV temperature T PV=(T3+T4)/2
3 Absorber temperature T abs=(T7+T8)/2
4 Inlet air temperature T in=(DHT1 + DHT2)/2
5 Outlet air temperature T out=(DHT3 + DHT4)/2
6 Indoor greenhouse temperature T GH=(DHTS5 + DHT6 + DHT7) /3
7 Outdoor greenhouse temperature T outdoor = DHTS
8 Collector air difference AT air=T out-T in
9 Air mass flow rate m=p. A, V_out
10 Useful heat transfer Qu=mc, (T out-T in)
11 Incident solar power Qs=GAc
12 Thermal efficiency N th=Q./(G A _c)*x 100%
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For the thermodynamic calculation, the air density was taken as 1.184 kg/m? and the specific heat capacity of
air as 1005 J/kg-K. The measured outlet air velocity was 3.70 m/s. Using the circular outlet duct internal
diameter of 0.15 m, the outlet cross-sectional area was 0.01767 m2. The effective PV/T collector area used in
the incident solar energy calculation was 2.58 m?. These parameters were applied to calculate the mass flow
rate, useful heat transfer, and thermal efficiency.

3. Result

3.1 Solar Radiation Conditions During Testing

The changes in solar radiation intensity during the test are presented in Figure 4. The data are displayed at 10-
minute intervals so that radiation fluctuations due to changing cloud conditions can be observed. The highest
average radiation occurred on Monday at 768.65 W/m? with a maximum value of 1018 W/m?. Tuesday had an
average radiation of 710.22 W/m?, while Wednesday had an average radiation of 676.84 W/m?. The afternoon
radiation decrease indicates that solar energy input to the PV/T system was unstable throughout the testing.
This condition aligns with the characteristics of solar air collectors, which are highly influenced by changes in
incoming radiation on air temperature rise and thermal efficiency (AL-Jaafari et al., 2025).

Comparison of Solar Radiation Intensity
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Figure 4. Comparison of minute-by-minute solar radiation intensity over the three days of testing.

3.2 Temperature Response of PV/T Components

Figure 5 presents the glass temperature, bottom PV temperature, and zinc absorber temperature to describe the
air collector's thermal performance. Using Wednesday as an example, the bottom PV temperature was the
highest because this part receives the direct heat effect of the panel. The absorber temperature remained below
the bottom PV temperature but still increased as radiation increased. This indicates that the heat from the panel
and the absorber acts as the source of air heating in the collector duct.

PV/T Component Temperature Response - Wednesday 10-06
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Figure 5. Temperature response of PV/T components on Wednesday 10-06.

3.3 PV/T Outlet-Inlet Air Temperature Difference
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The air heating performance of the collector can be observed from the outlet-inlet air temperature difference.
Figure 6 shows that air AT generally increased during periods of strong radiation and decreased when radiation
weakened. The highest average air AT occurred on Monday at 6.36°C, while Tuesday and Wednesday
produced 5.81°C and 5.87°C, respectively; the instantaneous maximum was 8.35°C on Wednesday. Using the
measured outlet velocity of 3.70 m/s, an outlet area of 0.01767 m?, and an air density of 1.184 kg/m?, the
calculated mass flow rate was 0.0774 kg/s. With an air specific heat capacity of 1005 J/kg-K, the average
useful heat transfer was 494.82 W on Monday, 452.03 W on Tuesday, and 456.70 W on Wednesday, giving
an overall average of 467.85 W. Based on the effective collector area of 2.58 m?, the corresponding average
thermal efficiencies were 24.95%, 24.67%, and 26.15%, with an overall average of 25.24%. These results

confirm that the forced airflow served as an active and continuous thermal energy source for modifying the
greenhouse microclimate.

PV/T Outlet-Inlet Air Temperature Difference
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Figure 6. PV/T outlet-inlet air temperature difference at 10-minute intervals.

3.4 Comparison of Indoor and Outdoor Greenhouse Temperatures

The main focus of this revised analysis is the comparison of the air temperature inside the greenhouse and
outside the greenhouse. The indoor greenhouse temperature is calculated from the average of DHTS, DHT®6,
and DHT7, while the outdoor greenhouse temperature is read from DHTS. Figure 7 shows that the temperature
inside the greenhouse is generally higher than the outdoor temperature. This difference occurs because the
greenhouse functions as an enclosed space that retains heat and receives a supply of hot air from the PV/T
outlet. The heat retention mechanism in the greenhouse is also influenced by the enclosure, ventilation, and
heat exchange with the environment (Gadhesaria et al., 2020).

Indoor and Outdoor Greenhouse Temperature Comparison
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Figure 7. Comparison of indoor greenhouse (DHT5-DHT7) and outdoor greenhouse (DHTS8) temperatures.

On Monday, the average greenhouse temperature reached 43.70°C, while the average outdoor temperature was
39.08°C. On Tuesday, the average greenhouse temperature was 42.39°C and the outdoor temperature was
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37.66°C. On Wednesday, the average greenhouse temperature was 41.89°C and the outdoor temperature was
37.84°C. Thus, the average indoor-outdoor temperature difference ranges from 4.05°C to 4.73°C. This
condition confirms that the hot air from the PV/T and the greenhouse enclosure effect influence the
microclimate of the test chamber.

Figure 8. Outdoor greenhouse temperature based on the DHTS sensor.
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Figure 9. Summary of average indoor-outdoor greenhouse temperatures and their differences.

3.5 Summary of PV/T-Greenhouse Performance
A summary of the measured performance is presented in an integrated table so that the PV/T and greenhouse
variables can be evaluated together. Table 4 combines solar radiation, PV/T component temperatures, collector
air temperature differences, greenhouse temperatures, outdoor temperatures, and indoor-outdoor temperature
differences. Table 5 summarizes the DHT sensor averages, while Table 6 presents the calculated mass flow
rate, useful heat transfer, and thermal efficiency.

Table 4. Integrated Summary of PV/T and Greenhouse Performance

Day n AvgG MaxG Avg Avg Avg Max Avg Avg Avg
(W/m?») (W/m?) Bottom Absorber Air Air T _GH Outdoor T GH-
PVT T (°C) AT AT ©O) T (°C) Outdoor

(9) O (O O
Monday 08- 37 768.65 1018 58.07 41.95 6.36 8.30 43.70 39.08 4.62
06
Tuesday 37 710.22 959 55.19 39.88 5.81 8.15 42.39 37.66 4.73
09-06
Wednesday 37 676.84 989 55.27 38.99 587 835 41.89 37.84 4.05
10-06
Table 5. DHT Sensor Summary for Indoor and Outdoor Greenhouse Comparison
Day Avg Avg Avg Avg Avg Difference
DHTS5 DHT6 DHT7 Outdoor T_GH T_GH -
(°C) (°C) °C) DHTS (°C) (°C) DHTS (°C)
Monday 08-06 44.65 44.07 42.39 39.08 43.70 4.62
Tuesday 09-06 42.90 43.32 40.96 37.66 42.39 4.73

Wednesday 10-06 41.76 43.34 40.56 37.84 41.89 4.05
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3.6 Thermodynamic Performance Calculation

Table 6. Calculated thermodynamic performance of the PV/T air collector.

Day Avg G  Avg AT Mass flow rate Avg useful heat Thermal efficiency
(W/m?) °C) (kg/s) W) (%)
Monday 08-06 768.65 6.36 0.0774 494.82 24.95
Tuesday 09-06 710.22 5.81 0.0774 452.03 24.67
Wednesday 10-06 676.84 5.87 0.0774 456.70 26.15
Overall average 718.57 6.01 0.0774 467.85 25.24

Calculation basis: p, = 1.184 kg/m?, ¢, = 1005 J/kg-K, V_out = 3.70 m/s, outlet duct diameter = 0.15 m, A, = 0.01767 m? and A _c =
2.58 m?.

Based on Tables 4-6, peak solar radiation did not correlate linearly with the most stable maximum greenhouse
temperature. The interaction between convective heat transfer from the PV/T outlet and heat retention within
the greenhouse enclosure governed this non-linear response. The 4.05°C to 4.73°C indoor-outdoor temperature
gradient confirms successful microclimate modification. At a mass flow rate of 0.0774 kg/s, the forced-
convection airflow extracted an average of 467.85 W of useful thermal energy and produced an overall average
thermal efficiency of 25.24%. The day-specific efficiency was highest on Wednesday (26.15%) because useful
heat transfer remained relatively stable despite the lower average solar radiation. Continuous thermal
extraction also reduced heat accumulation around the photovoltaic module; however, electrical efficiency was
not quantified because electrical output data were not included in the present dataset. The thermal results
therefore validate the engineering benefit of integrating an air-based PV/T collector with an agricultural
greenhouse (Sadeghi et al., 2022; Wang et al., 2020).

A hotter greenhouse condition compared to the outside environment can be beneficial if the system is directed
towards space heating or drying. However, if the system is used for crop cultivation, excessively high
temperatures can become a constraint, making it necessary to consider fan settings, ventilation openings,
operation times, and airflow control. Thus, the PV/T-Greenhouse system needs to be designed not only to
maximize heat utilization but also to maintain microclimate conditions to suit the application needs. For future
development, the addition of heat storage or phase change materials can be studied as temperature stabilization
options, but these need to be re-tested according to the equipment configuration and operational objectives
(Entezari et al., 2026; Naghdbishi et al., 2021).

4. Conclusion

The air-based PV/T-greenhouse system consists of a PV/T collector, an inlet fan, an outlet duct, a greenhouse,
T1-T8 thermocouples, DHT1-DHTS sensors, a radiation sensor, an anemometer, and a data logger. The highest
average radiation occurred on Monday, 08-06, at 768.65 W/m?, followed by Tuesday, 09-06, at 710.22 W/m?,
and Wednesday, 10-06, at 676.84 W/m?. The average outlet-inlet air temperature difference ranged from
5.81°C to 6.36°C, showing that the PV/T collector consistently increased the outlet air temperature. The
calculated mass flow rate was 0.0774 kg/s. Average useful heat transfer was 494.82 W, 452.03 W, and 456.70
W for Monday, Tuesday, and Wednesday, respectively, with an overall average of 467.85 W. The
corresponding thermal efficiencies were 24.95%, 24.67%, and 26.15%, giving an overall average of 25.24%.
The greenhouse temperature, calculated from DHT- DHT7, remained 4.05°C to 4.73°C above the outdoor
temperature recorded by DHTS. These findings demonstrate a quantitatively measurable thermal-management
benefit from integrating an air-based PV/T collector with a greenhouse under tropical conditions. Future
studies should verify electrical output simultaneously and optimize phase change material integration for
thermal stabilization under fluctuating solar radiation.
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