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Abstract

Because of to their versatile energy choice alternatives, immovable elements, and opportunity for effective energy
generation, thermophotovoltaic techniques have a vast range of achievable applications. For illustration, these devices
could help us to offer convenient energy. Nevertheless, first enhance the performance of thermo-photovoltaic cell unit
devices along with decrease system costs and system temperatures. To achieve such objectives, we use simulation to
evaluate and improve their thermo-photovoltaic cell unit models.

This research regarded as the different alternatives of enhancing system operation via successful deal with the
operating circumstances. It examined solutions of the system formation for much better system performance and
energy output and at bare minimum quantity working expenses. The number of mirrors and photovoltaic devices for
employ in the construction had been set at eight as traditional for the procedure. A novel energy technique was
constructed and was used to reproduce the energy effectiveness of the thermal photo voltaic modules. The boundaries
situations utilized for the materials involved were defined and the appropriate physics utilized in the analysis of various
operating circumstances that affected the system effectiveness.

It is possible to reduce the costs of PV systems by using small area PV cells, which require some special mirrors to focus
radiation onto photocells. Based on COMSOL Multiphysics (version 5.5) as a commercial FEM package, this paper
develops a basic thermo-photovoltaic cell unit model. A variety of options examined for optimizing the operation of the
system by controlling operating conditions effectively. For a two-dimensional system, it was demonstrated the correct
physics to apply when studying various operating conditions which affected system performance.
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1. Introduction

A photovoltaic (PV) system converts solar energy directly into electricity. An alternative method is to concentrate high-
temperature heat onto a PV module for electricity generation, such as through the use of devices. It is not the
photovoltaic module itself that receives the solar radiation from photovoltaic but rather the concentrators that do so. It
is called concentrators or solar collectors, and these devices receive the sun's radiation in the form of heat, which is
transferred to the thermos-photovoltaic cells through mirrors or lenses. Thermal considerations are being taken into
account when assessing the potential of thermal photovoltaics.

An electrical power generator is connected to a heat engine (usually a steam turbine) which converts the light to high-
temperature heat [1]. Figure 1 shows that solar energy is collected and converted into high-temperature heat in the first
stage, then the heat energy is converted to electricity in the second. As opposed to photovoltaic plants, which produce

* Corresponding author: Manish Kumar Sharma

Copyright © 2023 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://www.wjaets.com/
https://doi.org/10.30574/wjaets.2023.9.1.0136
https://crossmark.crossref.org/dialog/?doi=10.30574/wjaets.2023.9.1.0136&domain=pdf

World Journal of Advanced Engineering Technology and Sciences, 2023, 09(01), 054-063

electrical power by solar radiation on a photo-voltaic component, photovoltaic plants use concentrators that transform
the radiation immediately into electrical power. A solid-state inverter converts the direct current of the PV cells to
alternating current.

A photovoltaic system requires one or more types of optics: a parabolic dish, a parabolic trough collector, a power tower,
and a compactlinear Fresnel reflector i.e. CLFR [2]. Thermo-photovoltaic systems are most commonly used in California,
where they have been operational for over 20 years [2].

Additionally, a few concentrated technology options have been constructed in recent years, however they seem to be
just as promising. On a large scale, CLFRs could be much cheaper to construct [3,4]. As a source of renewable energy
that produces no greenhouse gas emissions, concentrated solar power is an appropriate technology to reduce climate
change; it produces electricity and does not emit greenhouse gasses. Due to its thermal storage capability and firm
electric capacities, CSP plants are flexible and enhance energy security. So far, a total of 2304 megawatts (MW) of CSP
have been installed throughout the world [4], with Spain and the United States leading the way [2]. Morocco and South
Africa are also building solar plants, and Algeria, Australia, Egypt, and Morocco offer smaller solar fields that are
regularly integrated into larger fossil fuel plants. CSP is still only being considered by a small number of countries
worldwide [4].

Steam turbines, in contrast to PV technologies, generate all the necessary supplementary services and dispatchable
power, such as ramping supplies, control and spinning reserves [4]. Additionally, energy can be located in these plants
for potential transformation to electricity. CSP plants can continue to generate electricity without having disruption
even when clouds prevent the sun, after sundown, or in the earlier morning when electrical power demand increases,
whenever they are put together with thermal storage space capacity of a number of hours of full-capacity systems
[4,13].

A considerable amount of heat can be produced from them for industrial processes, and they also possess the potential
for co-generation of heat, cooling, and power, and desalination of water [4]. To optimize Thermo-Photovoltaic Cell Unit
system operation, this study models, simulates, and analyses the system. As part of this process, a two-dimensional
distribution of temperatures in the Thermo-Photovoltaic Cell Unit panel is determined in order to interpret the results
and apply them in a similar work environment. To increase efficiency, it is important to maximize radiation heat. There
are several reasons why PV efficiency is low, including a lack of conversion of light to electricity and increased
temperatures in the PV cells. Using high-efficiency PV cells is a cost-effective way of reducing the effect of these two
factors [5,6]. Researchers and engineers are now experimenting with smaller-area solar panels and focusing the
radiation on them using mirrors to reduce costs. These cells, however, can only be exposed to a certain amount of
radiation in a safe manner: too much radiation intensity will cause the cells to overheat and burn. To maximize system
performance and power output, the system geometry and operating conditions need to be optimized. In designing and
developing the thermo-photovoltaic cell unit system, modeling and simulation were used. These equations and others
were solved using COMSOL Multiphysics' tool flow.

Based on the developed model, a number of studies were conducted to evaluate the module's electrical and thermal
performance. A powerful integrated desktop environment was provided by COMSOL's basic modelling workflow which
provided access to all functionality and an overview of the model at a glance. Multiphysics models, which facilitate the
solution of coupled physics phenomena, were developed based on the conventional model for the type modelled. In
addition, it supports advanced material properties and has built-in physics interfaces. A two-dimensional model was
built, which integrated physical quantities such as substance attributes, and equations underpinning the design. Solid
and fluid domains, boundaries, edges, and points were instantly influenced by the factors, expressions, or numbers
regardless of the computational mesh. In order to design high-performance cells, two-dimensional and three-
dimensional simulations are necessary since they enable correct interpretation of two-dimensional and three-
dimensional finite element analyses of semiconductor devices with compound and silicon components and provide
reliable results [7]. When solar cells have conventional geometry but are highly concentrated, one-dimensional
simulations are often not sufficient.

2. Energy analysis of a thermal photovoltaic system

Temperature and efficiency of the cells examine the working conditions of the thermo-photovoltaic cell unit system.
Most thermo-photovoltaic cell unit devices have an efficiency between 1 and 20% [8]. PV performance is inversely
associated to working heat range due to the radiation losses not transformed into electric power. The thermo-
photovoltaic cell unit is also unable to maximize radiation heat transfer because heat transfer via conduction within the
system also increases cell temperature. Temperature increases in the cells should be minimized to the greatest extent
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possible. A complex determination of temperature is required due to the characteristics of illumination and the
technology underlying the cell construction. In order to determine the temperature of a cell using the concentration
factor, [1] derived equations based on their experimental findings. According to Equation 1, cell temperature is
expressed [14].

T =T,+ Vool €) Vee (1.Co) (1)
B(C)

Empirical data were obtained about the variables examined in Equation 1 from [9].
Thermophotovoltaic Cell temperature, which represents the unknown, was found to be a significant factor in
determining open circuit voltage. A graphical relationship was found to solve this problem by Cotal et al [8] and Renno

et al [1], which determined that Vo is only dependent on the concentration factor. In Equation 2, Vo is expressed as
follows:

V, (C) = 2.5847 +0.085283.In(C) ............ )

A voltage thermal coefficient is also calculated by Equation 3 according to Steiner et al. (2011), based on C.
(€)=-0.006424 +0.00036233 . In (C) ..cvvvvrerenn. (3)

Equation 4 gives the temperature of the cell based on these assumptions.

TC _ To n Voc (TCC) _Voc (rc,Co)
18(C)|

In order to figure out the performance of the cell, one need to know the cell temperature first. Likewise, Steiner et al. [9]
Utilized some experimental layouts to figure out the theoretical equation between the amounts examined. At the similar
cell temperature, the performance minimizes as the concentration factor improves.

Using Equation 5, we can calculate the efficiency of the cell.

dn
-1 =—(To=T.) ... 5
77(: 77[’ dT ( c r) ( )
dn
_dT =-0.09167 +0.005757.In(C) ...oeevvvevere (6)
where
Tr=25°C

nr = efficiency at reference temperature and

3. Methodology

The Thermo-photovoltaic cell unit system generates electricity through radiation and combustion of fuel. In Figure 1, a
thermo-photovoltaic cell unit system with heat transferred through a medium converts heat to electricity [10], whereas
in Figure 2, we see a mathematical model for the thermo-photovoltaic cell unit system in Figure 1. thermo-photovoltaic
cell unit produce electricity by burning fuel and radiating heat (flame) at the center of concentrators through the heat
they generate. This is shown by the chart that illustrates the geometry of the cells and how they work. The operation
and temperature distribution effects of similar thermo-photovoltaic cell unit systems were analyzed using 2D models,
as shown in Figures 3.

PV cells grabbed the rays and transformed it into electrical power by using fuel inside an emitting device that radiates

intensive heat. As heat distributions rely on materials in common, the material attributes needed to be described
(Yahyavi, et al., 2010). For this product, the subsequent components were included: heater, cell type, and mirrors,
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attached to the PV cells, and environment circumstances. PV cells have a restricted operating heat simply because of the
type of materials used. Using the heat exchange application to make use of surface-to-surface rays interface, Peter et al.
(2015) researched the effect of operating circumstances (flame temperature) on thermo-photovoltaic cell unit
technique performance and component heat [11].

IR-radiation Electricity

Figure 1 Operating principle a thermal photovoltaic system

To reduce the temperature of the PV cells, their back-sides (interfaces with the insulation) were assumed to be water-
cooled. Because heat flowed across the different boundaries, conduction must have taken place . Using a specific
temperature for the emitter. In Table 1, the model indicates the theater on the inner boundary. As a boundary condition
for the outer emitter, surface-to-surface radiation was taken into account. In Table 2, the low emissivity applied to the
mirrors was simulated by considering radiation at all boundaries. In addition to the PV cell inner boundary conditions,
the insulation internal boundary conditions were also applied. There is, however, a greater emissivity in PV cells than
in insulation. A fraction of the irradiation is converted into electricity instead of heat by the PV cells. Equation 6 defines
a boundary heat source q as a source of heat on the inner boundaries of the heat sinks.

q= _anv
............... (6)
where G = irradiation flux (W/m?2)
np = voltaic efficiency of the PV cell.
Table 1 Global parameters
Parameter’s name Expression Value Description
T_heater 1000 [K] 1000 K Temperature,
emitter inner
boundary
eta_pv 1f(T<1600[K], Voltaic efficiency,
0.2*(1-(T/800[K]- PV cell
1H"2).0
Table 2: Material properties for design
Component K[W/(m.K)] p (rho) Cp [J(kg'K) E
[kg/m3]
Emutter 10 2000 900 099
Mirror 10 5000 840 0.01
PV Cell 93 2000 840 0.99
Insulation 0.05 700 100 0.1
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4. Methodology Modelling and simulation of thermo-photovoltaic cell unit system

In COMSOL Multiphysics version 5.1, the geometrical, definition, dimension, and meshing parameters were defined.
Thermo-photovoltaic cell unit was first modeled as a round and the other resources were also modeled as outlines, as
revealed in Figure 2. thermo-photovoltaic cell unit system model parameters are shown in Figure 2. Thermal reduction
was achieved by water-cooling the PV cells on their flipside (the line with the insulation). Since different boundaries
were in contact with each other, conduction was always present. Table 1 indicates how the typical model simulated the
emitter with a temperature, Theater, on the innermost edge. At the exterior emitter edge, radiation (surface-to-surface)
was measured. In Table 1, the heater's global definition is given, while the PV cell's global definition is given in Table 1.
Mirrors, PV cells, insulation, and emitters have been modeled as labelled in Table 2 with radiation occupied into
interpretation at all limitations.

4.1. Outer Model Evaluation

The measurements model was tested at a significance level of 5% with several invalid and unreliable aspects as shown
in Figure 1, with the results of the outer model.

0.04} 8 —— 0 & |
| PV-Cell |
i {
| |
0.02: |
Mirror |
0.01}
+ Emitter

003}

005 004 -003 002 -0.01 0 001 002 003 004 005

Figure 2 System model geometry
In command to model and simulate the materials, we used the specifications and materials described in Table 2.
This includes the emitter on the inner boundary with a specific temperature and the mirrors on all boundaries with low
emissivity assumed. In addition, the primary unit and insulation were assigned high and low emissivity values,

respectively. The relevant material properties are listed in Table 2.

Siddiqui et al. (2012) define Equations 7 and 8 as equations describing heat transfer in solids and fluids (Siddiqui et al.,
2012).

g = —kVT

In Equation 9, the solar cells’ efficiency is defined as a role of the ambient temperature T.
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T 2
oo = {n_z [1— (s0x - 1) ] T < 1600 K}
0T > 1600 K

where p = the density

Cp = Heat capacity

T = temperature,

k = thermal conductivity

q = heat transferred by conduction
Q = internal heat generation

u = fluid velocity

An investigation has been conducted to study the impact of effective environments (flame temperature) on the
productivity of a representative thermo-photovoltaic cell unit and its electric output power. In addition, geometry
changes, such as material usage and specification, were considered when wily the structure. In addition to examining
the effects of temperature distribution, efficiency, and power output of thermo-photovoltaic cell unit, we investigated
the influence of mirror number on mirror number on the temperature distribution, efficiency, and control productivity
of thermo-photovoltaic cell unit. Simulating the emitter with a specific temperature on its innermost edge, Theater, Was
included in the model. Boundary conditions included surface-to-surface fallout at the outer emitter boundary.

Simulations were conducted using low emissivity and radiation taking into account all boundaries. All boundaries are
subject to conduction. Fallout edge environments were also used at the inside limits of PV cells and insulation. According
to Table 2, emissivity values assigned to thermos photovoltaic unit with high emissivity were used in order to convert
a segment of sun irradiation into energy as an alternative of heat. By simulating water cooling in the thermos
photovoltaic cells, a portion of the irradiation is converted to energy as a substitute of heat.

Based on Equation 7, a boundary heat source q was accounted for in the interior the ambient temperature. According
to Equation 9, the cell efficiency, depends on the local temperature. 800 K was applied as the local temperature. Using
its generalized equation, this temperature is the best temperature for PV cells to have a voltaic efficiency of 0.2. By
setting parameters as in Equations 11 and 12, the model applied convective water-cooling to the outer edge of the PV
cells to prevent overheating.

(1_77V)S ane
Q= \‘; P (10)

Pc.cell
where 7, = PV panel efficiency

Apanel = PV panel front area
Vpc.cell = the PV cell volume

h = 50W/(m?.K)

Tamp = 273 K (12)

The parameters for convective cooling applied at the insulation's outer boundary were given in Equations 13 and 14.

h =5W/(m?.K)

Tﬂ;.”ﬂ = 293 li{ (14)

Modeling work involving this type of physics and equations that govern the application of the physics to various
selections including edges, boundaries, and points.
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5. Results and Discussion

The outcomes in Figures 3 indicate the visual heat distribution for the thermo-photovoltaic cell unit devices at eight
mirror configurations, that had been subjected to working emitter temperature circumstances of 2000 K.

T_heater(11)=2000 K Surface: Temperature (K)
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Figure 3 The Heat Distribution at 2000 °C
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Figure 4 Thermo-photovoltaic cell unit system temperature V/s heater temperature (K)
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Figure 5 Thermo-photovoltaic cell unit system Electric power output (W/m?) V/s heater temperature (K)

The construction with eight mirrors was established as the consistent and the geometry was developed as outline in

figure 2. The outcomes demonstrated that the thermo-photovoltaic cell unit structure encountered an outstanding heat
circulation that diverse practically linearly along with the working circumstances.

The fixed temperature circulations are clearly symbolized in Figures 4, wherever the PV units attained various
temperature values for the devices. While the cell's heat is higher than 1600 K, the performance is 0. Therefore, the
optimum functional temperature for the PV cell structure is 1600 K. The calculation is designed to figure out exactly
how the emitter's heat impacts the temperature of the Thermo-photovoltaic cell unit structure and the electric output
energy. The unit temperature plot implies that the emitter temperature range must be within ~1800 K to retain the
Thermos-photovoltaic cell under its highest functioning temperature of 1600 K. The electric energy output
demonstrated figure 5. it demonstrates that the highest electric power is attained when the emitter heat is ~1600 K.

T_heater(7)=1600 X Surface: Temperature (K)
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Figure 6 Heat circulation in thermophotovoltaic cell unit at Temperature 1600K
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Figure 7 Heat circulation in thermophotovoltaic cell unit at Temperature 2000K

The heat circulation in the thermo-photovoltaic cell unit for the remarkable working condition is demonstrated in the
figure 6 and in comparison, to a heat that surpasses this working temperature displayed in the figure 7. The two figures
emphasize how the device’s heat circulation varies due to functioning conditions and identified the remarkable emitter
heat of 1600 K, the thermo-photovoltaic cell unit are heated up to a supportable temperature of marginally above 1200
K. but the exterior part of the heat retaining material extends to a heat of 800 K, revealing that a significant quantity of
heat is shifted to the bordering air. The irradiative flux substantially differs close to the thermo-photovoltaic cell unit
area as well as insulation material. The graph reveals that the deviation is induced by shadowing and is associated to
the mirror placement situations. Utilizing this plot, might improve the cell dimensions and location of the mirrors for a
thermo-photovoltaic cell unit design. The final results in Figures 3 to 7 revealed that, the thermo-photovoltaic cell unit
system achieved the efficiency of 19.8%. The designs use the described modelling guidelines, The power developed in
the eight mirrors was 31800 W/m?.

6. Conclusion

Finally, thermophotovoltaic (TPV) cells are auxiliary energy transfer devices that capture or dissipate heat lost in other

individual power generation systems (or power plants), for example solar cells. Not only that, but thermophotovoltaics
(TPV) for solar photovoltaics (or in addition) are commendable but the difference is that TPV operates at night and in
cold weather (low temperatures). Also, TPV is very suitable for small- and large-scale combined energy and heat and
uses natural gases in its manufacture. Later, the TPV is not heavy and the battery can be reused or reused in the UAV.
Last but not least, thermophotovoltaics are used in steel mills to convert electricity 24 hours a day for a week and
therefore, there is a huge market JAX crystal IR volume and a large number of new applications. Important for The
significant disadvantage of TPV is that it is very expensive to implement and as a result, not everyone can benefit from
it. For Future work, to improve efficiency, we can influence filters or selective emissions to create emissions in the
optimized wavelength range for a specific photovoltaic (PV) converter. Therefore, in this way thermophotovoltaics can
overcome the traditional challenge of conventional PV, which leads to efficient utilization of the entire solar spectrum.

Compliance with ethical standards

Acknowledgments

[ am grateful to all of those with whom I have had the pleasure to work during this and other related projects. Each of
the members of my Dissertation Committee has provided me extensive personal and professional guidance and taught
me a great deal about both scientific research and life in general.

62



World Journal of Advanced Engineering Technology and Sciences, 2023, 09(01), 054-063

References

[1] Renno, C, and F. Petito. Energy analysis of a concentrating photovoltaic thermal (CPV/T) system. Energy Science
and Technology 6, no. 2 (2013): 53-63.

[2]  Zhang, H.L. Baeyens, ]., Degréve, ]. and Caceres, G., 2013. Concentrated solar power plants: Review and design
methodology. Renewable and sustainable energy reviews, 22, pp.466-481.

[3]  Singh, Girish Kumar. Solar power generation by PV (photovoltaic) technology: A review. Energy 53 (2013): 1-13.

[4] Mafimidiwo, Olufunmilayo Alice, and Akshay Kumar Saha. Optimising concentrated thermal photovoltaic energy
systems for green and sustainable energy generation. Journal of Energy in Southern Africa 28, no. 3 (2017): 54-
65.

[5] Dubey, Swapnil, and G. N. Tiwari. Thermal modeling of a combined system of photovoltaic thermal (PV/T) solar
water heater. Solar energy 82, no. 7 (2008): 602-612.

[6]  Siddiqui, M. Usama, Arif FM Arif, Leah Kelley, and Steven Dubowsky. Three-dimensional thermal modeling of a
photovoltaic module under varying conditions. Solar energy 86, no. 9 (2012): 2620-2631.

[7] Kuhlmann, Burkhard, Armin G. Aberle, Rudolf Hezel, and Gernot Heiser. Simulation and optimization of metal-
insulator-semiconductor inversion-layer silicon solar cells. IEEE Transactions on Electron Devices 47, no. 11
(2000): 2167-2178.

[8] Luque, Antonio, G. Sala, and ]. C. Arboiro. Electric and thermal model for non-uniformly illuminated concentration
cells. Solar energy materials and solar cells 51, no. 3-4 (1998): 269-290.

[9] COMSOL multiphysics user’s guide, Version 4.3. Available online at http://www.comsol.com.ed., 22 Version.
Viewed June 2015.

[10] Yahyavi, M., Vaziri, M. and Vadhva, S., 2010, August. Solar energy in a volume and efficiency in solar power
generation. In 2010 IEEE International Conference on Information Reuse & Integration (pp. 394-399). IEEE.

[11] Peter, Nyanor, Oman Emmanuel Kabu, Kudadze Stephen, and Deku Anthony. 3D finite element method modelling
and simulation of the temperature of crystalline photovoltaic module. International Journal of Research in
Engineering and Technology 4, no. 9 (2015): 378-384.

[12] Greenhut, Andrew David. Modeling and analysis of hybrid geothermal-solar thermal energy conversion systems.
PhD diss., Massachusetts Institute of Technology, 2009.

[13] Luque, Antonio, G. Sala, and J. C. Arboiro. Electric and thermal model for non-uniformly illuminated concentration
cells. Solar energy materials and solar cells 51, no. 3-4 (1998): 269-290.

[14] Anjali, S., D. V. Avasthi, S. Tejbir, and K. Durgesh. Design of a thermophotovoltaic system optimised surface
radiative and conductive heat flux. International Journal of Emerging Trends in Engineering and Development 4,
no. 4 (2014).

[15] Thermo-photo-voltaic cell, Application library path: Heat_transfer_module/thermal_radiation/tpv_cell. COMSOL
Multiphysics user’s guide, Comsol, Version 5.1. Available online at: http://www.comsol.com.ed., 22. Viewed June
2015.

[16] Marcucci, A, and H. Turton. Solar energy perspectives in renewable energy. Renewable Energy Technologies 1
(2011).

[17] Sarhaddi, F., S. Farahat, Hossein Ajam, A. M. L. N. Behzadmehr, and M. Mahdavi Adeli. An improved thermal and

electrical model for a solar photovoltaic thermal (PV/T) air collector. Applied energy 87, no. 7 (2010): 2328-
2339.

63



