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ABSTRACT: Rising global energy costs and environmental concerns highlight the importance of Review History:

renewable energies, especially solar energy. Photovoltaic/thermal systems that simultaneously generate  Received: Aug. 11, 2025
electricity and heat offer an efficient solution. This study investigates the performance of a stand-alone  Revised: Sep. 29, 2025

system and its combination with a thermoelectric generator unit, heat well, and fan under the climatic ~ Accepted: Oct. 12, 2025
conditions of Semnan, Iran, at mass flow rates of 100, 200, and 300 cm3/min. The results showed that ~ Available Online: Oct. 14, 2025
the maximum power output for the stand-alone system was approximately 78.2 W, 78.7 W, and 78.9 W
at the respective flow rates. With the thermoelectric generator unit, the maximum power was 79.1 W,
81.7 W, and 84. 4 W, respectively. The highest thermal efficiency for the stand-alone system was 31.9%
at 100 cm3/min, while the maximum electrical efficiency was 14.1% at 300 cm3/min. The integrated
system achieved efficiencies 0f 27.3% (thermal) and 14. % (electrical). Furthermore, the Nusselt number
shows an average improvement of 28. % in flow rates compared to the stand-alone system. This increase
in efficiency and heat transfer highlights a promising future for these systems in providing simultaneous
power and heating for buildings and commercial applications.
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1- Introduction

Burning fossil fuels contributes significantly to global
warming and climate change, which necessitates a shift
towards cleaner energy sources to reduce greenhouse gas

photovoltaic panel due to the temperature drop [4].

2- Methodology
2- 1- Governing equations

emissions. As a result, renewable energy sources have grown
significantly, and solar energy has emerged as a widespread
and accessible option. Solar energy is considered one of the
most powerful energy sources in the world due to its vast
potential and easy availability [1]. Solar energy is one of
the most widely used renewable energy sources because it
is abundant and easy to use. One of the most popular ways
to use this energy is to convert it into two different forms:
heat and electricity [2]. Solar photovoltaic systems can
be used, which use photovoltaics to directly convert solar
energy into electricity. As it can achieve silent operation,
cheap maintenance, and pollution-free energy, this effect is
considered as one of the most acceptable responses to the
demand for electrical energy and clean energy [3].

New methods for combining solar systems and
thermoelectric technologies are being developed. These
techniques include heating photovoltaic/thermoelectric
systems with concentrated or decentralized solar radiation,
which allows the thermoelectric units to produce more
electrical energy and increase the efficiency of the solar
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Governing equations are essential for evaluating the
system efficiency and measuring various parameters.
Equation (1) is used to calculate the thermal efficiency [5].

-l

The following equation is used to calculate electrical
efficiency [6].

Tipp *Vim
_ Lmpp *Vmpp 2

el = Gx A,

2- 2- Research method and geometry

This research integrated a monocrystalline photovoltaic
(PV) panel with an innovative system for both heat recovery
and power generation. The core of the system is a copper
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Fig. 1. Photovoltaic/thermal laboratory system with
thermoelectric generators, heat sink, and fan.

plate welded to a thin spiral channel network on the back
of the panel, designed to absorb heat, cool the panel, and
facilitate fluid flow. To boost heat transfer, a coating of
graphene nanoparticles mixed with black dye was applied.
Additionally, six Thermoelectric Generator (TEG) units
were installed to convert the panel’s waste heat into extra
electricity, thus improving overall efficiency. To optimize
the TEG performance and enhance cooling, each TEG unit
was backed by a heat sink and a fan, which provided forced
airflow to maximize the heat transfer rate and maintain
the necessary temperature difference. Figure 1 shows the
fabricated photovoltaic/thermal system and the thermoelectric
unit together with the heat sink and fan.

3- Results and Discussion

Figure 2 shows the changes in the power generation of
the photovoltaic/thermal system over time. The method of
direct measurement of voltage and current at the maximum
point was used to calculate the electric power. Usually, higher
ambient temperature and increased solar radiation led to an
increase in the values of these parameters in the system. The
maximum electric power generated at different flow rates
was approximately 78.2 W, 78.7 W, and 9.7 W. The total
power generated at flow rates of 300 cm*/min increased by
0.2% compared to 200 cm*/min and by 1.02% compared to
100 cm?*/min.

Figure 3 also shows the changes in the power generation
of the system with the combination of thermoelectric, heat
sink and fan over time. In this system, the higher ambient
temperature and increased solar radiation also led to an
increase in the values of these parameters in the system. As
a result, the maximum electric power generated at different
flow rates was approximately 79.1 W, 81.7 W and 84.4 W.
The total power generated at flow rates of 300 cm?min
increased by 3.2% compared to 200 cm?/min and by 6.5%
compared to 100 cm*/min.
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Fig. 2. Electricity generation by photovoltaic/thermal
system.
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Fig. 3. Electricity generation by thermoelectric + heat
sink + fan combination

4- Conclusion
This experimental study successfully developed and

evaluated a novel hybrid photovoltaic/thermal system

integrated with thermoelectric generators, a heat sink, and
forced air cooling (fan) for simultaneous enhancement
of electrical efficiency and heat transfer. The system

incorporated an innovative heat exchanger design featuring a

graphene nanoparticle-coated copper plate and spiral copper
tubing. The key findings are:

e Superior Electrical Performance: The combined system
achieved a maximum total power output of 84.4 W (at 300
cm®/min), showing a clear advantage over the standalone
PV/T system.

e Significant Efficiency Gain: The highest electrical
efficiency recorded for the hybrid system was 14.9% (at
300 cm®*/min), representing an 11.2% improvement over
the standalone PV/T system at the same flow rate.
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Table 1. Photovoltaic panel specifications.
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Table 2. Technical specifications for the manufacture of thermal plate.
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Table 3. Thermoelectric generator unit specifications.
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Fig. 1. Photovoltaic/thermal laboratory system with thermoelectric generators, heat sink, and fan.
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Fig. 2. Thermoelectric generator unit with heat sink and fan.
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Fig. 3. Refrigeration-condensation cycle device.
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4. Uncertainty Analysis
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Table 4. Measurement instruments and standard uncertainties.
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Fig. 4. Measuring devices during the experiment.
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Fig. 5. Different points selected to measure solar radia-
tion intensity and photovoltaic panel temperature
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Fig. 6. Ambient temperature and solar radiation intensity a) Photovoltaic/thermal system b) Combination
with thermoelectric + heat sink + fan.
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Fig. 7. Temperature and solar radiation intensity of the plate surface a) Photovoltaic/thermal system b)
Combination with thermoelectric + heat sink + fan
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Fig. 9. a) Voltage b) Current c¢) Electricity generation by photovoltaic/thermal system.
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Fig. 10. a) Voltage b) Current c) Electricity generation by thermoelectric + heat sink + fan combination.
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Fig. 12. Thermal efficiency with different mass flow rates a) Photovoltaic/thermal system b) Combination
with thermoelectric + heat sink + fan
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Fig. 13. Electrical efficiency with different mass flow rates a) Photovoltaic/thermal system b) Combination
with thermoelectric + heat sink + fan
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Fig. 14. Nusselt number variations for photovoltaic/thermal system and combination with thermoelectric,
heat sink and fan.
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