Comparative analysis of thermoelectric elements optimum geometry between photovoltaic-thermoelectric and solar thermoelectric
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Abstract

The optimization of the thermoelectric (TE) device geometry is one of the significant ways to improve its efficiency and power output. However, the complex relationship between the Photovoltaic and the thermoelectric
device necessitates the need for the study of the optimum geometry of the thermoelectric device in a hybrid Photovoltaic-thermoelectric device. Therefore, this study investigates the optimum thermoelectric geometry for
optimum performance of a Photovoltaic-thermoelectric (PV-TE) device and a solar thermoelectric generator (STEG). A three-dimensional finite element method is used to model the PV-TE and the STEG with different
thermoelectric leg geometries. The performance of the PV-TE with two different PV cells and different TE leg geometries is investigated and compared with that of the STEG, and the optimum leg geometry for each device is
identified. In addition, the effects of solar radiation and concentration ratio on the optimized device geometry performance are presented. Results obtained showed that the optimum thermoelectric geometry in a hybrid PV-TE
device is dependent on the PV cell type and this is different from that of the STEG under the same conditions. The PV-TE device with cell 1 has an improved overall efficiency when a symmetrical (rectangular) thermoelectric
leg is used however, this is different when the PV cell type is changed. In fact, the PV-TE device with cell 2 has an improved overall efficiency when a trapezoidal thermoelectric leg is used instead of a rectangular leg and this
is the same as is the same trend observed in the case of the STEG. Therefore, the optimum geometry for a stand-alone solar thermoelectric generator cannot be directly used as a reference for the PV-TE device as the
characteristics of the PV cell affects the PV-TE optimum geometry. Results from this study will indicate the different optimum geometries of STEG and PV-TE, and also provide a solid basis for optimization efforts in hybrid PV-

TE devices.

Keywords: PV-TE; STEG; Trapezoidal leg; Solar irradiation; Optimum geometry

Nomenclature

A
Area, m?
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Area of SSA, m?
C

Concentration ratio
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Power output of PV, W/m?
G
Solar radiation, W/m?

h

rad

Radiative heat transfer coefficient, wim?* x

h

wind

Convective heat transfer coefficient, wim? K

k

Thermal conductivity, W/ (m K)

L

TE Leg Height, m

P

Power output, W

Oftow

Thermal energy, W

RA

Cross-sectional area ratio of TE hot and cold junctions
Ry

Load resistance on TEG, Q

T

Temperature, K

TP

PV Temperature, K

T,

r

Reference Temperature, K

Wind Velocity, m/s



Greek Symbols

a

Absorptivity

Bpy

PV temperature coefficient, K~!
n

Efficiency

r

Reference Efficiency

Topt

Optical Efficiency

Subscripts

a
Ambient
C

Cold side
H

Hot side
n

n-type

p

p-type

Abbreviations

PV
Photovoltaic
TE
Thermoelectric
SSA

Solar Selective Absorber



STEG

Solar Thermoelectric Generator

1 Introduction

The demand for electrical power is growing speedily therefore, there is an increased pressure on the existing grids to deliver this power in addition to providing a stable and sustainable supply of electricity [1,2]. In addition,
the electrical energy consumption reflects the degree of economic development in a country thus, there is a relationship between economic growth and electric power consumption [3,4]. Fuel consumption and environmental pollution
are two important research areas being paid more attention recently due to their direct effect on the living condition of humans [5,6]. Therefore, research on attractive green technologies for use in waste heat recovery, reducing fuel
consumption in automobiles and reducing environmental pollution is urgently needed [7]. Thermoelectric generator (TEG) can convert waste heat into electricity directly without noise, pollution and moving parts based on the Seebeck
effect [8-10]. It can be used in waste heat recovery in automobiles and for generating electrical power. However, the application of the thermoelectric generator is still limited due to its low conversion efficiency [11]. Nevertheless,
with the thermoelectric (TE) material development, the TE demonstrates a broad potential application prospect. This is because the TE efficiency is directly related to its material by a property known as thermoelectric figure of merit.
Asides material optimization, geometry optimization is another way to improve the performance of TE devices and thus increase their potential application. Therefore, the geometry design and optimization of TE, and the TE device
integration application have been paid more attention to by researchers. A TE device is a solid-state device which is capable of converting waste heat into electrical energy via the Seebeck effect and it is also called a thermoelectric
generator (TEG). Therefore, a solar thermoelectric generator (STEG) is simply a thermoelectric generator whose heat source is the solar irradiations from the sunlight. In reality, the STEG can be used to generate electricity thus, they
are an attractive green energy solution for standalone power conversion or in hybrid solar systems. In addition, STEG have been used in power generation for health monitoring system, wireless sensors, space applications and several
other low power applications. A PV-TE on the other hand is a hybrid device which combines the advantages of the Photovoltaic and thermoelectric generator. Similar to the STEG, the PV-TE can also be used to generate electricity. The
overall electrical energy generation of a PV-TE is a combination of the generation from the PV and the TEG individually. In addition, the PV-TE can also be used for powering wireless sensor networks, autonomous medical devices and

for terrestrial and space applications.

Sahin et al. [12] theoretically analysed the thermoelectric legs with different geometric configuration, and the results obtained indicated that the variation of the shape parameter has a favourable influence on the device
efficiency. Similarly, Al-Merbati et al. [13] presented the effect of pin geometry on TE power generation and found that thermoelectric legs with trapezoidal shape enhance performance. Freunek et al. [14] built a physical model for
TEG and geometric optimization was performed which resulted in the finding that Peltier heat influenced the output power of TEG by about 40%. Rezania et al. [15] optimized the TE footprint ratio, and demonstrated that the maximum

output and cost-performance are achieved at An/Ap < 1.

Presently, the research on the Photovoltaic-thermoelectric (PV-TE) hybrid device is a growing significantly and has been paid more attention by several researchers because it can produce more electricity due to its wide solar
spectrum [16-18]. Van Sark et al. [19] found that the development of new TE materials can lead to efficiency increase of about 50%. Yin et al. [20] used a theoretical analysis method to study a PV-TE system and observed an efficiency
increase of about 4.6%. Shittu et al. [21] performed a parametric optimization of TE legs in PV-TE and found that the PV cell influences the PV-TE optimum geometry. Singh et al. [22] studied an irreversible concentrated PV-TE and
found that Thomson effect has a negative effect on the performance of hybrid PV-TE and irreversibility increases with increase in concentration ratio. Motiei et al. [23] performed a two dimensional numerical modelling of a hybrid PV-
TE device without considering Thomson effect or temperature dependent material properties. The authors observed a PV efficiency and output power enhancement of 0.59% and 5.06% respectively. Yin et al. [24] presented an optimal
design method for concentrating photovoltaic-thermoelectric hybrid systems. They calculated the thermoelectric thermal resistance and presented the optimal structure of the thermoelectric generator and the effects of reference
efficiency; PV temperature coefficient and thermoelectric figure of merit were studied. The authors found that the overall efficiency of the hybrid PV-TE device could be optimized by calculating the optimal temperature distribution.
Babu et al. [25] presented a theoretical analysis of a novel non-concentrated flat plate hybrid PV-TE device using MATLAB/SIMULINK environment. They found that the novel system resulted in the production of 5% additional energy
with an increase in the overall efficiency of 6% at standard conditions. Similarly, Lamba et al. [26] also presented a theoretical model for a hybrid PV-TE device based on first and second laws of thermodynamics and MATLAB was used
to perform the numerical simulations. They found that the maximum output power and efficiency of the hybrid device increased by 5% compared to the concentrated PV only system. Li et al. analysed the primary constraint conditions
for an efficient PV-TE hybrid device and found that PV-TE efficiency increases as thermoelectric leg length reduces [27,28]. Hashim et al. performed the model optimization for TE geometry in a hybrid PV- device and argued that the

thermoelectric element dimension in the PV-TE has a significant influence on the overall hybrid device power output [29].

Kossyvakis et al. [30] suggested that thermoelectric devices with shorter legs should be used to obtain increased efficiency from the hybrid PV-TE device when operated under sufficient illumination. Consequently, they argued
that this would allow the consumption of less material and in turn reduce the overall system cost. Kraemer et al. [31] also resonated this suggestion thus, shorter thermoelectric materials are beneficial for enhancing the performance
of thermoelectric devices. In addition, Chen et al. [32] and Liu et al. [33] also performed an extensive study on the geometry optimization of thermoelectric devices however, there is limited research on the geometry optimization of

thermoelectric elements in a hybrid PV-TE device. As a result of the complex relationship between the Photovoltaic and the thermoelectric device, it is imperative to find the optimum geometry for the thermoelectric device in a hybrid



PV-TE.

It can be seen from the above review that the PV-TE optimization is different from the TE alone optimization. For example, for TE alone, the aim is to maximize the TE efficiency, but for PV-TE, its total efficiency of PV and TE is
a key factor for the optimization. Thus, for PV-TE device, the optimization of TE alone will not be sufficient as the PV cell performance will also influence its overall performance. That means the TE operating at its maximum conversion

efficiency will not definitely lead to the maximum electrical efficiency of the PV-TE. In other words, the optimized geometry of TEG may not be suitable for PV-TE optimization.

The geometry optimization includes many aspects, such as TE length, cross-section area, and different shapes etc. At present, TE alone optimization with trapezoidal leg on the efficiency and power output can also be seen in
the literatures [12,13], and this is an effective approach to increase the performance of TE alone, and may be a reference for PV-TE optimization. However, because of the different PV cells characteristics, there will be a limitation on
the TEG maximum performance. Therefore, the geometry optimization results of STEG cannot be used directly in the PV-TE device as PV-TE needs to balance the PV characteristic and the TEG characteristic. Thus, for the PV-TE
optimization, the trapezoidal thermoelectric leg may not be suitable for every type of PV cell it is integrated with. There are a very few researches on the best application of trapezoidal thermoelectric legs in a PV-TE for optimum

performance and more so, there are only a handful of research on the comparison of PV-TE and STEG employing trapezoid leg or rectangular leg.

To make up for the above deficiency, this paper introduces two typical trapezoidal shapes for PV-TE. A finite element method is used to study the performance of the hybrid PV-TE device numerically with the aid of COMSOL
Multiphysics software. The developed model is verified using published data from literature. Furthermore, the PV-TE with trapezoidal leg and rectangular leg based on two different PV cells are compared, and the PV-TE with the
optimum leg geometry integrated with different PV cells is identified. In addition, the optimum thermoelectric geometry for PV-TE and STEG are also compared and the effect of solar irradiation on the optimum geometry is
demonstrated. This work will present the optimum geometry for the PV-TE considering the influence of the PV cells and the thermoelectric element. Also, the optimum geometry for STEG will be presented and a comparison between
the PV-TE and STEG will be made. This study will provide a valuable basis for the optimization of PV-TE considering the thermoelectric geometry for optimum performance. In addition, the results from this study will be useful to

researchers interested in optimizing PV-TE and STEG.

Temperature dependent thermoelectric material properties would be used in this numerical study to avoid errors as the power output and efficiency of the thermoelectric device is affected by the temperature dependency of
the thermoelectric material properties [34]. In addition, the resultant shapes (rectangular and trapezoidal) of the thermoelectric geometries studied are chosen and used in the simulations due to their ease of fabrication. In this study,
the maximum output power is obtained at matched load condition (i.e. load resistance is equal to internal resistance) and finite element method is used to solve the heat transfer equations. Unlike the numerous researches reviewed
above which used MATLAB/SIMULINK, this study uses COMSOL Multiphysics software which is based on the finite element method (FEM) to perform the three-dimensional numerical investigation of the STEG and PV-TE device. A
major advantage of the FEM software is that, it allows the coupling of different physical models thus, Multiphysics simulations can be carried out and results can be easily visualized. Furthermore, FEM allows the performance of a
detailed investigation which facilitates accurate design decision making due to its capability to allow the realization of optimization efforts. The main of this study is to investigate the optimum geometry of thermoelectric devices in
stand-alone solar thermoelectric generators and in hybrid PV-TE devices. A comparative study between the performance of both devices (STEG and PV-TE) is presented and a detailed parametric study is performed to investigate the

influence of geometric parameters (leg length, cross sectional area) and environmental parameters (solar radiation, concentration ratio) on the performance of STEG and PV-TE device.

The remaining part of this paper is organised as follows: Section 2 provides the geometry description and mathematical model, Section 3 provides the simulation details and model verification while Section 4 describes the

results obtained and analysis of the results. Lastly, Section 5 provides the main conclusions drawn from this study.

2 Geometry description and mathematical model

The detailed description of the PV-TE and STEG investigated in this study will be presented in this section and the mathematical model used in performing the numerical simulation will also be presented.

2.1 Geometry description

For a hybrid PV-TE, the PV cell is usually attached to the TE top surface, as shown in Fig. 1(a). However, in the case of the solar thermoelectric generator (STEG), a solar selective absorber (SSA) is placed on the TE top surface
instead of a PV, as shown in Fig. 1(b). The other components in both systems are: solar concentrator, tedlar, copper, cooling base, n-type and p-type legs. Tedlar is a polyvinyl fluoride film used for back surface protection in the system.
Basically, it is a protective material for providing long lasting protection for devices such as PV-TE and STEG which are exposed to high temperature and harsh environmental conditions. A silicon photovoltaic cell is used together with
a pair of Bismuth telluride thermoelectric elements for the hybrid PV-TE device. These same thermoelectric elements made from the same thermoelectric material are used for the STEG and temperature dependent material properties
are considered in the analysis. Solar irradiation provides the external heat flux for both devices rather than a constant temperature source. A cooling base is attached to both systems to create a temperature difference in the devices

and improve their electrical performance.
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Fig. 1 Schematic diagram of (a) hybrid PV-TE and (b) STEG.

alt-text: Fig. 1

The effect of leg geometry of the TE on the performance of PV-TE and STEG was analysed. Three different leg geometry are applied to PV-TE and STEG respectively. The performance of PV-TE and STEG with the same leg
geometry was compared. The cross-section area of the three-leg geometry with three different leg area ratios of 0.5, 1 and 2 respectively are shown in Fig. 2. As shown in Fig. 1, for both PV-TE and STEG to be analysed, the same leg
geometry is used for the n-type and p-type TE legs. Different leg geometry corresponding to different leg area ratio as shown in Fig. 2 are analysed for both the PV-TE and STEG. The leg area ratio can be expressed as R, = Ay/Ac . A

trapezoidal leg geometry is obtained when R4=0.5 and R4 =2 while a symmetrical leg geometry is obtained when Rr,=1 . Therefore, Fig. 2(a) simply shows that A4y is half the value of 4. while the reverse is the case for Fig. 2(c).

ax @

Fig. 2 Cross sectional area geometry for (a) R4=0.5, (b) Ry=1and (c) Ry=2.

alt-text: Fig. 2

This research is carried out to analyse the steady-state performance of the PV-TE and STEG devices. The following assumptions are made to simplify the models:

¢ Heat transfer is only in one dimension.

Uniform solar thermal distribution and temperature distribution is assumed on the surface of the PV and STEG.

Constant room temperature of 298 K is maintained at the cold side of devices.

All surfaces except the upper surface (hot) and lower surface(cold) are considered to be thermally insulated.

The geometry of the p-type and n-type thermoelectric elements are identical.

The thermoelectric elements are connected in series electrically and in parallel thermally.

Area of the PV is the same with the area of the solar selective absorber.

.

2.2 Mathematical model

The mathematical equations used in numerically studying the performance of the devices are presented in this section. Three-dimensional finite element analysis is used in this study.

2.2.1 Finite element model

Finite element method is employed to solve the temperature and electric field equations in the thermoelectric unit. The coupling equations for the temperature 7 and electric potential v are given as [35]:
2 da
V*VT) + pJ2 —TJ [<ﬁ)w+(v(m] =0 6D
V-J=0 )

J=—0 [V<%+V)+0NT] 3)



q=alT)—kVT (4)
where & is the thermal conductivity, vector J is the electrical current per unit area, p is the electrical resistivity, o is the electrical conductivity, « is the Seebeck coefficient, z is the chemical potential, and e is the charge of charged particle.
Considering that thermoelectric devices are not ideally one-dimensional structures, Eq. (1) shows the multidimensional effects that can be obvious in the interfaces of the modules. Furthermore, Eq. (1) and Eq. (2) form a system coupled with two partial
differential equations with two dependent variables which are the temperature and electric potential. Finally, Eq. (1) can be divided into four parts reflecting the energy transferred by conduction, Joule heating, heat absorbed by Peltier effect and heat

absorbed or realised by Thomson effect [35]. COMSOL Multiphysics software is used to solve all the equations above with it in built thermoelectric effect physics interface and heat transfer interface. Eq. (1) to Eq. (4) are already in built in the software

therefore, they need no physical derivation.

In this research, temperature dependent thermoelectric material properties are used and they are given as [36]:

k, = (0.0000334545 x T2 — 0023350303 X T +5.606333) W /m-K 6]
k, = (0.0000361558 x 7% — 0.026351342 X T +6.22162) W /m-K ®
a, = (0.001530736 x T2 — 108058874 x T — 28.338095) x 107° V'/K ™
a, = (~0.003638095 x T2 +2.74380952 x T — 296.214286) x 10~ V' /K ®
o, = (0.01057143 x 7% — 10.16048 x T + 3113.71429) x 10> /m ©
5, = (0015601732 T2 — 15.708052 x T + 4466.38095) x 10> S/m 10)

where the subscript » denotes n-type thermoelectric element and p denotes p-type thermoelectric element.
The mathematical model that describes the leg geometry as shown in Fig. 2 can be written as [13]:
AX) = #x+ Ac an
where A(x is the cross-sectional area of the TE legs along path x, Ac is the cross-sectional area of the leg cold side, Ag is the cross-sectional area of the leg hot side and L is the leg height. The leg area ratio is given as
R, = l:—ﬁ (12)

Substituting Eq. (12) into Eq. (11) results in,

Ry=1/x 1
- L _ 2 13
AQ) A0[1+2RA+1<L 2)] a3)

where 4 is the cross-sectional area of the uniform leg.

Along the path x, the leg heat transfer rate can be expressed as

0=kt 9 aa)
X

Assuming the heating condition is steady and the leg surfaces are isolated, Eq. (14) can be re-written as

L Ty
Q/ o dr 15)
0 Tc

Substituting Eq. (3) into Eq. (5) and performing integration results in,

Ry-1
2kA—°< 4 )
. L \R +1 (16)
=AY T,
0 n (R,) (T —Tc)

The overall thermal conductance of the TE leg can be expressed as



21/% (M) a7

K Ry+1
leg
In (R)
The overall electrical resistance of the TE leg can be expressed as
Riup= ——————In(R,)
« 2k Ao RA_I as
L (RA+1 )

2.2.2 Hybrid PV-TE model and STEG model

Two mathematical models are used to describe the performance of the hybrid PV-TE and STEG respectively.
(a) Hybrid PV-TE model

The energy balance equation in the hybrid PV-TE system can be written as [18],
Ein = Epv + hradA (Tp - Tsky) + hwimIA (Tp - Tu) + Qﬂow 19)
where Ej, is the solar energy absorbed by the PV-TE, Ep, is the electric generation of the PV, hy,4 is the radiative heat transfer coefficient, hy;,q is the convective heat transfer coefficient and Qg is the thermal energy transferred from the PV to

the TE.
Absorbed solar energy can be written as,
E;, = CGAa, (20)
where C is the solar concentration ratio, G is the solar irradiation, A is the PV area and a. is the PV absorptivity.
PV electrical can be defined as [37],
E,, = CGAan, [1 = B, (T, - T,)] (3]
where T, is the PV temperature, B,y is the PV temperature coefficient, 7, is the PV reference efficiency at standard conditions and 7; is the reference temperature.
hwing is given as [38,39],
Byying = 2.8 + u,, 22)
hraq is given as,
2 2
by = €o <Tp + Tsky> (T, +Ty) @23)
where ¢ is the PV emissivity and o is the Stefan-Boltzmann constant.
Ty, = 005527 (2]
where T, is the ambient temperature and T, is temperature of the sky.
Qfow is given as,
Ofow = Onr (25)
where 0y is the energy flowing into the hot side of the TE and can be written as [40],
Oy=alyl +k T - %IZRTE (26)

where Ty is the TE hot side temperature, 7is the electrical current and Ryg is the internal electrical resistance.



The Q¢ can be written as,

Oc=aTel + k- T+ PRy 7)
The power output of the TEG is given as,
Py =1°R, (28)
where R; is the load resistance.
The efficiency of the TEG is given as,
Nre = % 29)
Therefore, the overall efficiency of the PV-TE can be written as follow,
n = M 30)
PV-TE CGA
(b) STEG model
The input solar energy absorbed at the surface of the STEG can be expressed as [41],
0,, = CGA,an,, G
where A; is the area of SSA (placed on surface of STEG), as is the STEG absorptivity and 7,y is the optical efficiency which is assumed to be 100%.
Similar to the PV-TE model described above, the radiative and convective heat losses are also considered in the STEG model and the equations are the same.
Orad = hyaas (T = Ty) (2)
Ou = e (7, T,) &Y
The efficiency of the TEG has been given in Eq. (29). Therefore, the overall efficiency of the STEG can be given as [42]:
(€20

NSTEG = NTE®csMopt

3 Simulation and verification
3.1 Simulation details

COMSOL 5.3 Multiphysics commercial software is used to simulate the PV-TE and the STEG. In this research, two different types of PV cells are used to study the performance of the hybrid PV-TE. For Cell 1, reference
efficiency of 10% is used and its temperature coefficient value is 0.001/K; while for Cell 2, reference efficiency of 15% is used and temperature coefficient value is 0.004/K Simulation parameters used for both the PV cells are shown in
Table 1. Temperature dependent material properties are used for the thermoelectric elements as described in Eq. (5) - Eq. (10); while constant material properties obtained from COMSOL material library are used for Silicon, Tedlar,

Copper and Alumina which are the other system components. The cross-sectional area of the SSA and that of the PV is assumed to be the equivalent to the cross-sectional area of the thermoelectric module.

Table 1 Simulation parameters.
alt-text: Table 1

Parameters Symbol Value References

SSA area As 0.0001m?2

PV area A 0.0001m?2 [27]



PV thickness Thpy 0.0003 m [43]

Tedlar thickness Thted 0.000175m [43]
Copper thickness Theo 0.0001mz2 [44]
TE area ATp 0.000016m2

TE height L 0.004 m

SSA absorptivity as 0.93 [45]
PV absorptivity a. 0.9 [43]
SSA emissivity & 0.8 [45]
PV emissivity = 0.8 [44]
Ambient temperature T, 298 K [46]
Solar irradiation G 1000 W/m?2 [46]
Concentration ratio c 4

Wind velocity Uy 1 m/s [44]
Cell 1 reference efficiency (STC) nr 10% [29]
Cell 1 temperature coefficient 5pv 0.001K-1 [29]
Cell 2 reference efficiency (STC) nr 15% [47]
Cell 2 temperature coefficient BpV 0.004K-1 [47]
Reference temperature T 298 K [29]

3.2 Model validation

The above model was validated using published data in Ref. [38], the simulation was carried out using our model under the same conditions as those in Ref. [38]. Temperature dependent material properties used in the study
were incorporated and the results are presented in Figs. 3 and 4. Furthermore, Fig. 3 shows the comparison of the TEG efficiency results obtained from the previous study and this present study while Fig. 4 shows the comparison of the
TEG power output between the two studies. It is clear from Figs. 3 and 4 that the results obtained in both studies are in good agreement thus, the model used in this present study is validated. In addition, it can be seen from Fig. 4 that

there exists an optimum leg height for obtaining maximum output power from the TE device. This is the reason for the sharp point (maximum output power) and beyond this optimum leg height, the TE output power is reduced.
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Fig. 3 TEG efficiency validation of previous study with present simulation.
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Fig. 4 TEG power validation of previous study with present simulation.
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4 Results and discussion

In this section, the results obtained from the numerical study are presented and a detailed comparison between the PV-TE and STEG is provided under different conditions. Furthermore, the effects of solar radiation and

concentration ratio on the performance of both devices (STEG and PV-TE) are discussed.

4.1 Detailed comparison of PV-TE and STEG

The two PV-TE with different leg geometry using Cell 1 and Cell 2 respectively and the STEG are all simulated using very similar parameters so as to compare the results obtained from the different systems. The three systems

are analysed for the leg area ratio R, =0.5, 1 and2 . The mesh diagrams of the PV-TE and STEG with different leg geometry are shown in Fig. 5.
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Fig. 5 Mesh diagrams of the PV-TE with trapezoidal and rectangular legs (a) Ry=05,(b) Ry=1,(c) Ry=2 and the STEG (d) R4=05,(e) Ry=1,(f) Ry=2.

alt-text: Fig. 5
4.1.1 Comparison for the condition of R, = 0.5

When R4 =0.5 (trapezoidal leg), the variation of TE leg height and area with the overall efficiency of each of the three systems is shown in Figs. 6-8 respectively. With the increase of TE leg height, the overall PV-TE efficiency decreases. From Fig.

6, it can be seen that when the TE leg area is 16 mm? and PV cell 1 is used, the PV-TE efficiency is the lowest compared to all other TE leg area at that particular leg height. However, this efficiency increases gradually as the leg height increases and finally
decreases. This shows that there is an optimum leg area and leg height at which the maximum PV-TE efficiency can be obtained. Considering Fig. 7, it can be observed that the efficiency of the PV-TE for all leg area considered decrease as the leg height

increases. This trend is different from that of Fig. 6, because of the difference in the characteristics of the PV cells used.
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Fig. 6 Variation of overall efficiency of PV-TE with TE height and area increase using Cell 1, R;=0.5 .

alt-text: Fig. 6



—s—A TE=4

—e—A_TE=8

—a—A_TE=12
14 —v—A_TE=16

Efficiency (%)
3

4 8 12 16 20 24
Leg Height (mm)

Fig. 7 Variation of overall efficiency of PV-TE with TE height and area increase using Cell 2, R4=0.5 .
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Fig. 8 Variation of STEG efficiency with TE height and area increase, R;=0.5.
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For a STEG, the overall system efficiency firstly increases then decreases as the TE leg height increases (Fig. 8). Similar to the tendency of the PV-TE using PV cell 1, when leg area is 16 mm?, the efficiency of STEG is also initially lower then
higher than those with the smaller leg area. However, the maximum efficiency of the PV-TE with cell 1 and cell 2 can be obtained at different thermoelectric geometry as is the case of the STEG. The highest efficiency of the PV-TE using cell 1 is obtained
when the leg height is 12 mm, while that of the PV-TE using cell 2 is obtained when the leg height is 4 mm. The highest efficiency of the STEG occurs at the leg height of 24 mm. All these variation in optimum geometry reemphasises the need for this study
and more optimization study to be performed so that the optimum geometry can be used for each of the devices. In addition, Fig. 8 clearly shows that for the particular leg area ratio being considered ( R4 = 0.5 ) there exists an optimum leg height and area
at which the STEG is most efficient. This is the reason for the graph trend observed as the efficiency firstly increases as the leg height increased for the different leg areas till it reaches an optimum point at which no further efficiency increase can be

achieved thus, it starts decreasing.

The TE output power for each of the three devices considered in this study (PV-TE using cell 1, PV-TE using cell 2 and STEG) when the leg area ratio R4 = 0.5 is shown in Fig. 9. It can be seen that there exists an optimum leg height at which

maximum output power can be obtained from each of the devices and this optimum leg height is different for each device. This is because for the PV-TE, the PV efficiency is enhanced at low temperature values however the reverse is the case for the TEG
efficiency thus, the efficient integration of both devices requires the optimization of hybrid system as a whole. In addition, different PV temperature coefficient values used would affect the temperature of the TE hot side while the absence of PV and

presence of SSA in the STEG would also cause the hot side temperature to be different. Consequently, there will be a different temperature difference in each system and the resulting TE output power will be different.
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4.1.2 Comparison for the condition of R, =1

When R4 =1 (rectangular leg), the variations of the PV-TE and STEG overall efficiency with TE leg height for different leg area are presented in Figs. 10-12. In this condition, the tendency of the efficiency curve for PV-TE with cell 2 is similar with
that of PV-TE with cell 1. However, when R4=1, the optimal leg heights are 8 mm, 12 mm, 16 mm and 24 mm for the leg areas of 4 mm?, 8 mm?, 12 mm?, 16 mm? respectively, and these are different from the optimum leg and area of the PV-TE with cell 1

(Fig. 10). In addition, the advantage of PV-TE with the leg area of 16 mm? is not clear in most cases. However, when the TE is integrated with PV cell 2, the variation tendency of the overall efficiency with the increase of the leg height at different leg areas

are the same as that with PV cell 1 (Fig. 11).
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Fig. 10 Variation of overall efficiency of PV-TE with TE height and area increase using Cell 1, Ry=1.
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When Ry =1, the advantage of the STEG with the leg area of 16 mm? is not obvious. In the leg height scope of 4 mm-12 mm, the smaller leg area may be better (Fig. 12). In addition, it can also be seen that the optimum leg height will increase

with the leg area rising. The variation of the TE output power in the different PV-TE and STEG is presented in Fig. 13 and it can be seen that with the increase of leg height, the outputs all show a rising trend.
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4.1.3 Comparison for the condition of R, =2

When R4 =2 (inverted trapezoid leg), the geometry of the trapezoidal leg is obtained by a 180° rotation of the geometry when R4 =0.5 . Therefore, the variations of TE leg height and area with the overall efficiency and the output power are very

identical to the results with R4 =0.5.

4.2 Overall efficiency comparison

Different leg area ratios will result in different optimum geometry condition for obtaining maximum efficiency from the PV-TE and STEG. Fig. 14 shows the variation of overall system efficiency with TE leg area ratios for 4 mm?
leg height and 16 mm? leqg area for each system considered. It can be seen from Fig. 14 that the optimum TE geometry in the hybrid PV-TE using Cell 1 is the same with that of the STEG and this geometry is asymmetrical. However, the
optimum TE geometry in the hybrid PV-TE using Cell 2 is different (it is symmetrical). In addition, it is clear from the values obtained that Rr,=2 is the optimum geometry for the PV-TE system using Cell 1 and the STEG while R4=1 is

the optimum geometry for the PV-TE system using Cell 2.
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Fig. 14 Overall efficiency variation with leg area ratio.
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4.3 Effect of solar radiation on optimum geometry
From Figs. 14 and 6, it is clear that the optimized geometry and parameter for the PV-TE using Cell 1 is R4 =2, TE leg height 12mm and TE leg area 16 mm?. The variation of the overall efficiency with the solar concentration

ratio using this optimized geometry is shown in Fig. 15. It can be seen clearly that the overall efficiency increases as solar radiation increases. From Figs. 14 and 11, it can be observed that the optimized geometry and parameter for the

PV-TE using Cell 2 is Rry=1, TE leg height 4 mm? and TE leg area 16 mm?. The resulting effect of solar radiation on this optimized geometry can be observed in Fig. 16. It is obvious from Fig. 16 that the overall efficiency decreases as

the solar radiation increases. This is different from the trend shown in Fig. 15 and this difference is caused by the difference in cell used. Furthermore, from Figs. 14 and 8, it is clear that the optimized geometry and parameter for the

STEGis Rs=2, TE leg height 24 mm? and TE leg area 16 mm?. The variation of the overall efficiency of STEG with solar concentration ratio is shown in Fig. 17. It can be seen that the overall efficiency also increases as solar radiation

increases and this is similar to the trend observed in Fig. 15.
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5 Conclusion

In this study, the utilization of different thermoelectric leg geometry for the enhancement of PV-TE and STEG performance has been investigated. Three different leg area ratios ( R, = 0.5, 1 and 2 ) resulting in trapezoidal,
rectangular and inverted trapezoidal leg geometries respectively were used to study the performance of two PV-TE devices using two different cells and a STEG device. The effects of the PV cell characteristics on the performance of
the PV-TE in relation to the different leg geometries were presented. A three-dimensional finite element model was developed and verified before being used to study the performance of the devices numerically,. COMSOL 5.3
Multiphysics software was employed to perform the numerical simulations and the comparison between PV-TE with different PV cells and STEG was demonstrated. In addition, the effect of solar irradiation on the optimum PV-TE and

STEG geometry was analysed.

As a result of the different PV cells characteristics, the performance results of the PV-TE devices were in contrast. PV-TE with cell 1 had a higher overall efficiency when the symmetrical (rectangular) thermoelectric leg was
used in comparison with the trapezoidal legs. However, when the TEG was integrated with PV cell 2, the PV-TE with the trapezoidal leg had a higher efficiency compared to the one with the rectangular leg and this trend was also

observed in the STEG. Therefore, the optimum results for STEG cannot be used as a reference for the PV-TE directly as the PV cell characteristics need to be considered.

In addition, the PV with a high temperature coefficient can be matched with the TE of large leg area and low height. However, the PV-TE with a low PV temperature coefficient has a complex trend similar to that of the STEG.
Furthermore, solar radiation will also have different effects on the different PV-TE and STEG. Therefore, for PV-TE optimization, the trapezoidal leg is not suitable for all PV-TE as the PV cell characteristics need to be considered. The

main conclusions from this study can therefore be summarized as;
1. The optimum thermoelectric geometry in a hybrid PV-TE device using Cell 1 is the same with that of the STEG and this geometry is obtained when R, =2 (inverted trapezoid leg).

2. In contrast, the optimum thermoelectric geometry in a hybrid PV-TE device using Cell 2 is symmetrical R, =1 (rectangular leg).

3. The optimization results for a stand-alone STEG cannot be directly referenced by the PV-TE device due to the influence of the PV cell characteristics on the overall performance.

4. The overall efficiency of the PV-TE using Cell 1 and the STEG increased as the solar radiation increased however, a reverse trend was observed for the PV-TE using Cell 2. This was as a result of the different characteristics of the PV cell used in

each device.
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Highlights

¢ Optimum geometry for thermoelectric in Photovoltaic-thermoelectric was presented.
¢ Comparison of solar thermoelectric device and Photovoltaic-thermoelectric was done.
¢ Three-dimensional numerical simulation using finite element method was presented.

¢ Two Photovoltaic cells with different thermoelectric geometries were analysed.
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