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to its material and manufacturing costs, inefficiency under thermal load and relatively
lower performance under low clearness index conditions. By using both properties, a
solar photovoltaic-thermal (PV/T) hybrid could be designed to increase thermal and
electrical efficiency during low clearness index. The study of the potential application
of Thermoelectric Generator (TEG) in PV/T applications is highlighted to see the
opportunities that are available in this field of study. Computational Fluid Dynamics
(CFD) simulation using COMSOL software was carried out.
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1. Introduction

The pursuit for clean and sustainable energy had increased over the years as the depletion of
fossil fuel sources and demand in energy keeps getting larger by the year. This factor plays a crucial
role in determining the price of fossil fuel. Therefore, it is only logical to find an alternative source
which is reliable, sustainable and are not affected by political climate. Solar, wind, hydro, tidal waves,
biomass and geothermal heat are among the sources that are readily available and geographically
specific. With specific technology applications, the renewable energy sources can help reduce the
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dependency to fossil fuel, cut down the carbon emission and provide a sustainable environment for
future generations [1-7].

Solar radiation is the most abundant renewable energy source on this planet with 105 TW solar
rays coming in contact with the earth’s surface. This source actually drives other energy sources
creating wind, ocean tide and thermals, fossil fuels, biomass and biogas, hydro and photosynthesis.
The direct resource could also be harnessed into thermal and electrical energy. Therefore, it should
not to be taken lightly the contribution of solar to our energy resources. The next step is to harness
the solar energy directly by form of light spectrum. This spectrum can produce two energies, thermal
and electricity. Thermal energy is produced by means of thermal radiation from the sun absorbed by
a body while electricity is produced as a result of a thermal difference or reaction of electrons due to
photons travelling to a material and exciting the electrons in it. The past 50 years has seen a steady
advancement in solar renewable energy studies while also gaining interests among the publics for its
applications [8-16]. With this in mind, a future where continuous viable and cheap renewable energy
resource is not too far away.

Solar radiation could be harnessed directly by the form of light spectrum. This spectrum travels
in a form of photons with different wavelengths. It consists of UV light, visible light and Infra-red.
Thermal energy is produced by means of thermal radiation from the sun absorbed by a body while
electricity is produced as a result of a certain amount of bandgap existing in the metal or ceramic
materials and only utilize the visible light.

Extraterrestrial solar radiation will travel into the earth’s atmosphere at a certain constant. To
arrive on a module, the radiation will be filtered by various weather factors and pollution, while
dependent of the earth’s orbital position, the module’s location and its position towards the sun.
These factors will determine the amount of solar irradiation that arrives onto the module. Figure 1
shows the methods that can be used to harness energy from solar radiation.

The past 50 years has seen a steady advancement in solar renewable energy studies while also
gaining interests among the publics for its applications. With this in mind, a future where continuous
viable and cheap renewable energy resource is not too far away.

Solar energy currently employs two methods in harnessing the solar radiation, thermal energy
and electrical energy [17-18]. Thermal energy has been discovered since the early human civilizations
for drying foods, clothes, creating drafts, etc. Today, the applications had advanced into cooking,
mass drying, building heating and cooling, food cooking and processing, hot water supply etc. Some
of the most advanced type of solar thermal technology is using an array of heliostats focused on a
tower to heat salt until it is molten and used the heat stored to produce superheated steams and run
a steam turbine. Another form of method is by using the change in electrical charges in a solid state
material to move electrons through materials. This is used in the physics of solar photovoltaic to
create electrical energy. This form of physics uses fewer amounts of materials and mechanical parts
than a thermal energy application [19]. It is a relatively new form of knowledge and its full potential
has only been fully discovered in the 70’s. The only backside of it is its lower efficiency and will
continue to reduce under thermal stresses compared to a thermal application [20-23]. To avoid this
problem, a new method is needed to maintain the efficiency of a photovoltaic system while
harnessing the solar thermal energy. Therefore, this paper will analyze the potential application of
thermoelectric generators and their performances in solar PV/T applications.
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2. Methodology
2.1 Thermoelectric Generators Working Principles

A thermoelectric generator (TEG) takes the advantage of having two dissimilar metals having
temperature difference at its joints resulting in a flow of current perpetuated by an electromotive
force existing in the circuit established by the two joints [24]. Negative charge electrons in the n-leg
and positive charge holes in the p-leg will move from the side with the heat source to a colder side
creating temperature gradient. Hence, this produces the current flow. The amount of voltage
difference increases as more temperature difference available. This is called the Seebeck effect
founded in 1821 by Thomas Johann Seebeck. It has a constant, S, proportional to its voltage and
temperature difference and it is expressed in V/K.

AT = — (1)

However, there will be no electromotive force in the thermoelectric module if the p and n leg
have similar material even if their Seebeck constant is high. Metals usually have smaller Seebeck
constant compared to semiconductor materials which is why more of semiconductor materials are
being applied in this application.

A thermoelectric could also be used for heating by connecting to an electrical supply. The current
flow will determine the side which will reject or absorb the heat in the TE. This is then called the
Peltier effect. This effect was discovered in 1834 by Jean Charles Athanase Peltier. It also uses the
same layout as a Seebeck TE where two joints of dissimilar material excited by current. The Peltier
performance can be determined by a dimensionless parameter, ZT, when heat is absorbed in the
area of the joint per second [25].

SZ
2T =S 6T 2)
k

In Eq. (2), o represents electrical conductivity, k as thermal conductivity and T as absolute
temperature. A TE thermocouple can be arrange into a TE module that will consists of arrays of p and
n legs electrically connected in series but stacked thermally in parallel [26-27]. This module is capable
of operating with both Seebeck and Peltier effects. To measure the efficiency of the TEG,
temperature at the hot and cold side is needed and known Seebeck coefficient of the material used
[28].
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(3)

where T1 is the temperature for the hot side and T2 is the temperature for cold side. This equation
describes the Peltier and Seebeck. The Seebeck effect creates electrical current in the solid state
material when temperature difference between the material surfaces is available. Meanwhile, the
Peltier effect uses the energy supplied flowing through the thermoelectric material and results in an
energy consumption and turning one side of the material hotter.

2.2 Materials Configurations

Based on current researches, it can be concluded that there are multiple configurations that can
be used in a PVT-TEG module and can be tabulated as in Table 1.

Table 1

Configurations available for a PV/T hybrid assembly that can also be applied to thermoelectric generator
configuration [29-38]

Types of Components

PV Cell Concentrator  Heat Exchanger Absorber Fluid Medium  Glazings
Monocrystalline Fresnel Heat sink Selective surface  Air Non-reflective glass
Polycrystalline Flat Reflectors Heat Pipes Spectrum filter Water Vacuum tube
Amorphous Parabolic Microchannel Flat plate Oil
Multi-Junction Through Finned Nanofluid
Thermo- photovoltaic Optical lenses  Corrugated Methanol

Channeled

Based on the hybrid systems that had been studied before, there were two main areas that were
directly affecting the TEG module, the absorber and heat exchanger. The absorber functions as the
main heat collector that will distribute the heat evenly before transferring to TEG via conduction or
convection processes. This will be connected to the TEG on its hot side. The design will determine
how effective solar radiation will be absorbed without having too much heat loss. Some studies
would also ignore using and absorber and directly connects with a TEG surface.

The heat exchanger meanwhile will function as a mechanism that will have a continuous heat flux
from the TEG to the environment, thus providing efficient cooling on its cold side [39-40]. The
optimization of these two areas will increase the effectiveness of the TEG side of the hybrid system
by increasing the temperature difference. This is important as ZT is linearly dependent of AT.

3. Simulation Study

Figure 2 shows the 2-D Simulation setup of a TEG on PV/T application using COMSOL. The study
of TEGs under the application of solar PV/T would indicate to get a sense of thermal energy removed
from an average solar cell, through the temperature of PV panel and increasing the PV panel’s
efficiency, at the same time, the amount of electricity generated from the waste heats. The PV panel
temperature would start at 345.15K, a typical temperature accumulated under 800-1000W/m? solar
irradiance [41-43]. The ambient temperature will be at 303.5K. A single channel single pass air-based
solar collector will be constructed underneath the PV panel as a means of heat extractor and
providing the temperature difference needed by the TEG to start generating electricity. The size of
the collector will be 1.6m by 1m, the size of a 120W PV panel. The inlet and outlet design of the air
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collector was to be in diverging-diverging configuration. The side and back walls were assumed to be
well-insulated with no loss of energy.

The inlet speed of the solar collector was 0.01m/s and outlet speed at 0.4m/s assuming that a
forced flow was created at the end of the collector to remove heat from the system. Heat will only
be transferred through the TEGs as insulation was assumed to be present under the panel except
around the TEGs. Heat loss was also assumed to be negligible behind the panel.
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Fig. 2. 2-D Simulation setup of a TEG on PV/T application using COMSOL
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27 TEGs represented in by a circular shape and assemble in a half dropped fashion. The TEG's
have a diameter of 0.04m each. This results in a total of 0.035m? of the total surface area of the PV
panel. The air flow rate will be simulated at 1 m/s. The air movement and amount of temperature
difference that will be achievable in this setup was investigated. This was necessary to predict the
amount of power that can be generated by the TEGs and also efficiency gained from the drop in cell
temperature.

Figure 3 shows the mesh sizes and it will be set to automated normal distribution and controlled
by the physics of the simulation. A time-dependent study was made to see the heat flux removed
from a stagnant solar collector panel with the presence of TEGs. This will also determine the
movement of air and to identify any areas that were not affected by the air flow.
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Fig. 3. Physics generated Mesh generated by COMSOL which will demonstrate
the heat flux

4. Results

The result from this simulation showed the distribution of temperature inside the single channel
single pass air based solar collector. Figure 4(a)-(f) showed the temperature distributions at 0, 4, 8,
12, 16 and 30s. The initial temperature started at 345.15K for the entirety of the system to simulate
the condition of stagnant air under the solar collector. As the outlet flow started to increase to 0.4
m/s, we could see the temperature started to decrease to ambient at the inlet.

As the air moved around the TEGs, air temperature increased, removing the heat from TEG. The
TEG created small vortices shape upon the temperature distribution as the air flow started to
increase around the TEG. Small trails of higher temperature could still be seen at the 16™ second
where heat was still being removed. Finally, at the end of the simulation, at the 30t second, all the
temperatures had arrived to a steady state. It was observed there was still a small portion of the area
that was not affected by the heat removal process located to the side of the solar collector. This was
due to the boundary layer created by the friction between the air and material of the side collector.
It was also affected by the previous assumption that there was no heat loss at the side walls.

The highest temperature difference achievable at the end of the simulation was 41.65K. This
temperature was distributed evenly on the surface of the solar collector. The TEG could generate
electricity by using this temperature difference. The highest possible efficiency of the TEG was 4.65%.
From the observed results, it can be concluded that the TEG surfaces may also act as an extended
surface with moderate performance.

The use of TEG effected the efficiency of PV panel resulted in 9.1% overall efficiency increment.
The TEG efficiency can be added to the PV panel’s efficiency with cell temperatures at a lowered
value resulting in higher total electrical efficiency. The maximum air speed achievable in this
simulation was 0.745m/s as it approached at the end of the diverging nozzle, at each corner and in
between the TEGs. This speed dropped back to its outlet speed of 0.4m/s shown in Figure 5.
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Fig. 4. (a)-(f) Simulation demonstrating the surface temperature distribution using time-dependent analysis
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5. Conclusions

A CFD analysis was carried out to investigate the performances of TEGs under solar PV/T system.
27 TEGs were located normal to the non-generating surface of a PV panel and a forced air flows on
the surface of the panel through two diverging ducts at the inlet and outlet of the PV/T system. This
simulation showed the potential application of TEG in PV/T applications.

i. It was possible to generate more electricity, 4.65% efficiency achieved by TEGs
ii.  Cool down the temperature of solar PV panel from 345.15K down to 305.7K at most of the
area.
iii.  Resulted in a higher overall efficiency system, 9.1% increment by the PV.
iv.  TEG was also seen as a good thermal conductor, acting as an extended surface.

In future studies, thermal conduction in the PV/T-TEG sandwich will be simulated with more
information using the thermal properties of each material. The energy balance equation will also be
implemented to derive the efficiency of the system. This will further improve on the simulation and
provide a better result on the system’s efficiency.

Applications in the solar thermal energy field are promising as the potential to harness the
balance energy from the back of a solar panel is significant. It also increases the efficiency of the solar
panel as it acts as a type of extended surface.

Acknowledgement
The authors would like to thank the UKM for funding (GUP-2018-038) and (GGP-2017-045).

References

[1]  Nazri, Nurul Syakirah, Ahmad Fudholi, Bardia Bakhtyar, Chan Hoy Yen, Adnan lbrahim, Mohd Hafidz Ruslan, Sohif
Mat, and Kamaruzzaman Sopian. "Energy economic analysis of photovoltaic—thermal-thermoelectric (PVT-TE) air
collectors." Renewable and Sustainable Energy Reviews 92 (2018): 187-197.

[2]  Nazri, Nurul Syakirah, Ahmad Fudholi, Mohd Hafidz Ruslan, and Kamaruzzaman Sopian. "Mathematical modeling
of photovoltaic thermal-thermoelectric (PVT-TE) air collector." International Journal of Power Electronics and Drive
Systems 9, no. 2 (2018): 795-802.

[3] Fudholi, Ahmad, Muhammad Zohri, Goh Li Jin, Adnan Ibrahim, Chan Hoy Yen, Mohd Yusof Othman, Mohd Hafidz
Ruslan, and Kamaruzzaman Sopian. "Energy and exergy analyses of photovoltaic thermal collector withV-
groove." Solar Energy 159 (2018): 742-750.

[4] Fudholi, Ahmad, and Kamaruzzaman Sopian. "Review on exergy and energy analysis of solar air
heater." International Journal of Power Electronics and Drive Systems 9, no. 1 (2018): 420-426.

[5]  Fudholi, Ahmad, and Kamaruzzaman Sopian. "Review on solar collector for agricultural produce." International
Journal of Power Electronics and Drive Systems 9, no. 1 (2018): 414-419.

[6] Fudholi, Ahmad, Lim Chin Haw, and Kamaruzzaman Sopian. "A primary study of tracking photovoltaic system for
mobile station in Malaysia." International Journal of Power Electronics and Drive Systems 9, no. 1 (2018): 427-432.

[71  Fudholi, Ahmad, and Kamaruzzaman Sopian. "R&D of photovoltaic thermal (PVT) systems: An
overview." International Journal of Power Electronics and Drive Systems 9, no. 2 (2018): 803-810.

[8] Fudholi, Ahmad, Kamaruzzaman Sopian, Mohd Hafidz Ruslan, M. A. Alghoul, and M. Y. Sulaiman. "Review of solar
dryers for agricultural and marine products." Renewable and sustainable energy reviews 14, no. 1 (2010): 1-30.

[9] Fudholi, Ahmad, Kamaruzzaman Sopian, Mohammad H. Yazdi, Mohd Hafidz Ruslan, Adnan Ibrahim, and Hussein A.
Kazem. "Performance analysis of photovoltaic thermal (PVT) water collectors." Energy conversion and
management 78 (2014): 641-651.

[10] Fudholi, Ahmad, Kamaruzzaman Sopian, Mohd Hafidz Ruslan, and Mohd Yusof Othman. "Performance and cost
benefits analysis of double-pass solar collector with and without fins." Energy conversion and management 76
(2013): 8-19.

[11] Fudholi, Ahmad, B. Bakhtyar, Habibis Saleh, Mohd Hafidz Ruslan, Mohd Yusof Othman, and Kamaruzzaman Sopian.
"Drying of salted silver jewfish in a hybrid solar drying system and under open sun: Modeling and performance
analyses." International journal of green energy 13, no. 11 (2016): 1135-1144.

230



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 56, Issue 2 (2019) 223-232

(12]

[13]

(14]

(15]

(16]
(17]
(18]

(19]

(20]
[21]
(22]
(23]
(24]
[25]
(26]
(27]
(28]
[29]
(30]
(31]

(32]

(33]
(34]
(35]

(36]

Ibrahim, Adnan, Ahmad Fudholi, Kamaruzzaman Sopian, Mohd Yusof Othman, and Mohd Hafidz Ruslan.
"Efficiencies and improvement potential of building integrated photovoltaic thermal (BIPVT) system." Energy
conversion and management 77 (2014): 527-534.

Yahya, M., Ahmad Fudholi, Hadyan Hafizh, and Kamaruzzaman Sopian. "Comparison of solar dryer and solar-
assisted heat pump dryer for cassava." Solar Energy 136 (2016): 606-613.

Sharma, Shivangi, Asif Tahir, K. S. Reddy, and Tapas K. Mallick. "Performance enhancement of a Building-Integrated
Concentrating Photovoltaic system using phase change material." Solar Energy Materials and Solar Cells 149
(2016): 29-39.

Zohri, Muhammad, Nurato Nurato, and Ahmad Fudholi. "Photovoltaic Thermal (PVT) System with and Without Fins
Collector: Theoretical Approach." International Journal of Power Electronics and Drive Systems 8, no. 4 (2017):
1756.

Zohri, Muhammad, Lalu Darmawan Bakti, and Ahmad Fudholi. "Exergy Assessment of Photovoltaic Thermal with
V-groove Collector Using Theoretical study." TELKOMNIKA 16, no. 2 (2018): 550-557.

Kumar, Rakesh, and Marc A. Rosen. "A critical review of photovoltaic—thermal solar collectors for air
heating." Applied Energy 88, no. 11 (2011): 3603-3614.

Hasan, M. Arif, and K. Sumathy. "Photovoltaic thermal module concepts and their performance analysis: a
review." Renewable and sustainable energy reviews14, no. 7 (2010): 1845-1859.

Zheng, X. F., C. X. Liu, Y. Y. Yan, and Q. Wang. "A review of thermoelectrics research—Recent developments and
potentials for sustainable and renewable energy applications." Renewable and Sustainable Energy Reviews 32
(2014): 486-503.

Van Sark, W. G. J. H. M. "Feasibility of photovoltaic—thermoelectric hybrid modules." Applied Energy 88, no. 8
(2011): 2785-2790.

Kraemer, Daniel, Kenneth McEnaney, Matteo Chiesa, and Gang Chen. "Modeling and optimization of solar
thermoelectric generators for terrestrial applications." Solar Energy 86, no. 5 (2012): 1338-1350.

Liao, Tianjun, Bihong Lin, and Zhimin Yang. "Performance characteristics of a low concentrated photovoltaic—
thermoelectric hybrid power generation device." International Journal of Thermal Sciences 77 (2014): 158-164.
Chavez-Urbiola, E. A., Yu V. Vorobiev, and L. P. Bulat. "Solar hybrid systems with thermoelectric generators." Solar
energy 86, no. 1 (2012): 369-378.

Blumberg H, Flushing, Pachter IJ, Woodbury, Matossian Z & Jamaica (1967). United States Patent Office 3,332,950.
United Sates Patent Office, no. 518: 1-3.

Riffat, Saffa B., and Xiaoli Ma. "Thermoelectrics: a review of present and potential applications." Applied thermal
engineering 23, no. 8 (2003): 913-935.

Snyder, G. Jeffrey, and Eric S. Toberer. "Complex thermoelectric materials." In Materials For Sustainable Energy: A
Collection of Peer-Reviewed Research and Review Articles from Nature Publishing Group, pp. 101-110. 2011.

Cai, K. F., E. Mueller, C. Drasar, and C. Stiewe. "The effect of titanium diboride addition on the thermoelectric
properties of B-FeSi2 semiconductors." Solid state communications 131, no. 5 (2004): 325-329.

Huen, Priscilla, and Walid A. Daoud. "Advances in hybrid solar photovoltaic and thermoelectric
generators." Renewable and Sustainable Energy Reviews 72 (2017): 1295-1302.

Yin, Ershuai, Qiang Li, and Yimin Xuan. "Thermal resistance analysis and optimization of photovoltaic-
thermoelectric hybrid system." Energy Conversion and Management 143 (2017): 188-202.

Xiao, Jinsheng, Tiangi Yang, Peng Li, Pengcheng Zhai, and Qingjie Zhang. "Thermal design and management for
performance optimization of solar thermoelectric generator." Applied Energy 93 (2012): 33-38.

Zhu, Wei, Yuan Deng, Yao Wang, Shengfei Shen, and Raza Gulfam. "High-performance photovoltaic-thermoelectric
hybrid power generation system with optimized thermal management." Energy 100 (2016): 91-101.

Attivissimo, Filippo, Attilio Di Nisio, Anna Maria Lucia Lanzolla, and Manosh Paul. "Feasibility of a photovoltaic—
thermoelectric generator: performance analysis and simulation results." IEEE Transactions on Instrumentation and
Measurement 64, no. 5 (2015): 1158-1169.

Bjgrk, Rasmus, and Kaspar Kirstein Nielsen. "The performance of a combined solar photovoltaic (PV) and
thermoelectric generator (TEG) system." Solar Energy 120 (2015): 187-194.

Wou, Ying-Ying, Shuang-Ying Wu, and Lan Xiao. "Performance analysis of photovoltaic—thermoelectric hybrid system
with and without glass cover." Energy Conversion and Management 93 (2015): 151-159.

Cui, Tengfei, Yimin Xuan, and Qiang Li. "Design of a novel concentrating photovoltaic—thermoelectric system
incorporated with phase change materials." Energy Conversion and Management 112 (2016): 49-60.

Makki, Adham, Siddig Omer, Yuehong Su, and Hisham Sabir. "Numerical investigation of heat pipe-based
photovoltaic—thermoelectric generator (HP-PV/TEG) hybrid system." Energy conversion and management 112
(2016): 274-287.

231



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 56, Issue 2 (2019) 223-232

(37]

(38]
(39]
(40]
(41]
[42]

(43]

Gomez, Miguel, Rachel Reid, Brandon Ohara, and Hohyun Lee. "Influence of electrical current variance and thermal
resistances on optimum working conditions and geometry for thermoelectric energy harvesting." Journal of Applied
Physics 113, no. 17 (2013): 174908.

Najafi, Hamidreza, and Keith A. Woodbury. "Modeling and analysis of a combined photovoltaic-thermoelectric
power generation system." Journal of Solar Energy Engineering 135, no. 3 (2013): 031013.

Hashim, Ghasaq Adheed, and NA Che Sidik. "Numerical study of harvesting solar energy from small-scale asphalt
solar collector." J. Adv. Res. Des.2 (2014): 10-19.

Abbas, M. R., D. Y. Dasin, and A. S. Aliyu. "Performance of parabolic concentrated solar cooker used for cooking in
Bauchi-Nigeria." J Adv Res Des 3 (2014): 9-21.

Poulek, V., T. Matuska, M. Libra, E. Kachalouski, and J. Sedlacek. "Influence of increased temperature on energy
production of roof integrated PV panels." Energy and Buildings 166 (2018): 418-425.

Correa-Betanzo, Carlos, Hugo Calleja, and Susana De Ledn-Aldaco. "Module temperature models assessment of
photovoltaic seasonal energy yield." Sustainable Energy Technologies and Assessments27 (2018): 9-16.
Klugmann-Radziemska, Ewa, and Patrycja Wcisto-Kucharek. "Photovoltaic module temperature stabilization with
the use of phase change materials." Solar Energy 150 (2017): 538-545.

232



