©2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Electrical and mechanical analysis of a segmented solar
thermoelectric generator under non-uniform heat flux
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Abstract

Optimization of segmented solar thermoelectric generator for power output enhancement has been
well researched however, the mechanical reliability study of such devices is usually neglected. In
addition, assumed heat flux distribution or uniform flux distribution from solar concentrators is
usually used for solar thermoelectric generator however, this is not accurate. Therefore, this study
presents a detailed three-dimensional numerical investigation on the effect of non-uniform and
uniform heat flux on the electrical and mechanical performance of segmented and non-segmented
solar thermoelectric generator. Flux distribution from a compound parabolic concentrator is
obtained by ray tracing using Lighttools software and COMSOL 5.4 Multiphysics software is used
to perform the numerical study based on finite element method. Thermal stress analysis in a full-
scale solar thermoelectric generator is presented and the effects of load resistance, solar radiation
and cold side temperature on performance of solar thermoelectric generator is analysed. Results
show that the power output of the segmented solar thermoelectric generators in Case 3, Case 4 and

Case 5 increased by 44.07%, 59.12% and 37.9% respectively compared to that of Case 1 (bismuth



telluride non-segmented solar TEG) at 13000W/m?. Results from this study will provide valuable

guidance for segmented and non-segmented solar thermoelectric generator design.

Keywords: Segmented thermoelectric generator; Non-uniform heat flux; Thermal stress; Finite element
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1 Introduction

Reduction in global carbon emission is needed urgently due to the reality of climate change and resulting
negative impacts on the environment [1,2]. In addition, global demand for electricity is increasing rapidly
while conventional electricity generation sources are diminishing speedily [3,4]. Therefore, research on
development of clean electricity generation technologies as experienced a significant increase. Solar energy is
a free, reliable and inexhaustible clean energy source capable of providing electricity therefore, it is regarded
as one of the most promising solutions for clean electricity generation, fossil fuel consumption reduction and
improved environmental conditions [5,6]. Large quantities of energy are usually discharged directly into the
environment as waste heat from different sources such as automobiles, industrial processes, body etc. [7].
Therefore, waste heat recovery is very important as it can save a substantial amount of energy and reduce

emissions [8].

One of the most widely used waste heat recovery technologies is the thermoelectric generator (TEG) which
has attracted more attention recently for use in applications with large amount of waste heat such as vehicles [9
]. A thermoelectric generator is a solid state device which converts heat directly into electricity via the Seebeck
effect at the presence of temperature gradient across its hot and cold ends [10]. Compared to the other waste
heat recovery technologies, the thermoelectric generator is advantageous because it provides zero
environmental pollution, solid-state operation, silent operation, maintenance free operation and high reliability
[11]. However, the thermoelectric generator suffers from low conversion efficiency which has prevented its
wide spread application [12]. Geometry and material optimization of thermoelectric generators have attracted a
great interest recently due to performance enhancement obtained [13]. Different geometries and structure of a
thermoelectric generator have been proposed and optimized including segmented thermoelectric generator [
14-16], annular thermoelectric generator [17-19], asymmetrical thermoelectric generator [20-23] and
cascaded thermoelectric generator [24-26]. Each of these geometries and structure provide certain advantages
in addition to some disadvantages. However, the consensus is that, geometry optimization can enhance the

power output and conversion efficiency of a thermoelectric generator [27].

In theory, the power output and efficiency of the thermoelectric generator can also be enhanced by increasing
the temperature difference across its thermoelectric legs and this can be achieved by the use of solar
concentrators and/or advanced cooling methods [28]. Kossyvakis et al. [29] presented a numerical study based
on finite element method on a solar thermoelectric generator. The effect of thermal and optical concentration
was studied and results revealed that optical concentration enabled the achievement of a maximum power
output of 33.7W. Furthermore, Jung et al. [30] presented a wearable solar thermoelectric generator with high
temperature difference created by the use of a local solar absorber and thermoelectric legs on a polyimide

substrate. Results showed that a high temperature difference of 20.9 °C was obtained in comparison to typical



temperature difference values of 1.5-4.1 °C. Liu et al. [31] developed a numerical model for estimating the
performance of a flat-plate solar thermoelectric generator and the influence of thermal concentration ratio,
length of thermoelectric legs and other geometrical factors on the performance of the device were studied.
Results showed that geometry optimization could significantly improve the performance of the solar
thermoelectric generator. In addition, Lv et al. [32] presented an experimental and numerical study on a solar
thermoelectric generator with heat pipe evacuated tubular collector, solar selective absorber (SSA) and
thermoelectric modules. Experimental results revealed a peak electrical efficiency of 5.2% and peak exergy
efficiency of 7.17%.

A consequence of using solar concentrators to enhance the performance of a thermoelectric generator is the
resultant non-uniform heat flux from the solar concentrators. Yin et al. [33] studied the effect of non-uniform
illumination on the performance of a solar thermoelectric generator using a three-dimensional finite element
model. Two-dimensional Gaussian distribution was used to model the illumination profiles incident on the
TEG and results show that the non-uniform illumination greatly affected the temperature distribution and
voltage distribution in the solar thermoelectric generator. Similarly, Admasu et al. investigated the effects of
temperature non-uniformity over the heat spreader on the power output of a thermoelectric generator. The
power output from a thermoelectric generator with uniform temperature distribution and that with non-uniform
temperature over the heat spreader was compared and finite element method was used to perform the
numerical study in addition to the experimental study carried out. Results showed that uniform temperature
distribution over the heat spreader provides enhanced power output in comparison to the non-uniform
temperature distribution. Furthermore, He et al. [34] performed an experimental and numerical study on a
TEG. The impacts of non-uniform heat flux on the thermoelectric generators connected in series and/or in
parallel were studied and results revealed that non-uniform heat flux mainly affects the power output of

thermoelectric generators in parallel connection rather than series connection.

In recent years, research on segmented thermoelectric generator (STEG) has significantly increased because
under ideal conditions, segmentation of different materials can enable the combination of a material with high
efficiency at high temperature with a different material with high efficiency at low temperature [35].
Therefore, the overall performance of the STEG can be enhanced due to both materials operating at their most
efficient temperature range [36]. Zhang et al. [37] presented a comprehensive method for optimizing the length
ratio of a segmented thermoelectric generator. Constant surface temperature and constant heat transfer
coefficient were utilized as the two different thermal boundary conditions and results showed that the optimum
length ratio in a STEG is dependent on the thermoelectric materilas, heat transfer conditions and the geometry.
Furthermore, Xiao et al. [38] presented a three-dimensional finite element model of a segmented
thermoelectric generator with bismuth telluride and Skutterudite materials as the cold segment and hot
segment thermoelectric materials respectively. Results revealed that the total conversion efficiency of the
STEG with three-stage thermoelectric module was 10.52%. Ouyang et al. [39] presented a three-dimensional
finite element analysis of a segmented thermoelectric generator with cost in consideration. Results showed that
the thermoelectric figure of merit is the most important parameter to be considered when choosing a
thermoelectric material. Liu et al. [40] presented a new design of solar thermoelectric generator with
segmented thermoelectric materials and asymmetrical legs. Results revealed that optimization of the leg length

ratio increased the power output of the STEG by 14.9%. Furthermore, Ma et al. [41] analysed the performance



of an engine exhaust-based segmented thermoelectric generator and length ratio optimization was performed.
Bismuth telluride (Bi,Tes3) and Skutterudite (CoSbs) thermoelectric materials were used and results showed

that the application of optimal segmented ratio in the STEG provided a power output enhancement of 6.8%.

The operation of solar thermoelectric generators at high temperature causes development of thermal stress
within the module. Consequently, it is important to study the thermal stress developed in thermoelectric
generators as it provides valuable information on location of high stress in the modules and reliability of the
module [42]. This information can be used to optimize the module and therefore, increase the life span of the
modules. Fan et al. [43] presented a numerical study on the thermoelectric performance and mechanical
reliability of a segmented annular thermoelectric generator under steady state and transient conditions. Three-
dimensional finite element method was used and results showed that the maximum von Mises stress in the hot-
segment decreased by 12.5% compared with a single-Skutterudite annular thermoelectric generator. Ibeagwu [
44] studied the effect of different leg geometries on the electrical and mechanical performance of a
thermoelectric generator and results revealed that thermal stress can be reduced by geometry optimization.
Similarly, Wu et al. [45] analysed the thermal stress developed in a thermoelectric generator with different
module geometry configurations. Results showed that the use of tin soldering could significantly reduce the
thermal stress intensity in the module and increase thermal efficiency. Furthermore, Jia et al. [46] estimated the
mechanical performance of a segmented thermoelectric generator using a three-dimensional finite element
model. Results showed that the consideration of elastoplastic deformation of copper strips and wielding strips

could significantly reduce the thermal stress in the segmented thermoelectric generator.

The literature review above demonstrates the effectiveness and appropriateness of three-dimensional finite
element method in optimizing segmented thermoelectric generators for electrical and mechanical
improvements. In addition, the advantage of thermoelectric material segmentation has been shown.
Furthermore, the review also shows the negative influence of non-uniform heat flux and thermal stress in a
thermoelectric generator. However, most studies on solar thermoelectric generator assume uniform
illumination from solar concentrators while the studies on non-uniform heat flux assume heat flux distributions
using Gaussian distribution. In reality, solar concentrators do not provide uniform heat flux consequently, it is
important to consider the actual flux distribution from a solar concentrator rather than an assumed flux
distribution or uniform distribution. Therefore, for the first time, this study presents a detailed three-
dimensional numerical investigation of the effect of non-uniform heat flux from a compound parabolic
concentrator (CPC) on the electrical and mechanical performance of a segmented thermoelectric generator. A
comparison between non-uniform and uniform heat flux is presented and thermal stress analysis is performed.
In addition, a full-scale thermoelectric generator is studied rather than an uni-couple as most previous studies
have utilized. COMSOL 5.4 Multiphysics software is used to perform the numerical study while Lighttools
software is used for the ray tracing simulation to obtain the heat flux distribution from the compound parabolic
concentrator. Consequently, the main goal of this paper is to study the electrical performance of a segmented
thermoelectric generator in addition to its mechanical reliability under uniform and non-uniform heat flux from
a compound parabolic concentrator and using a full-scale thermoelectric generator whose geometry is
optimized. The remainder of this paper is organized as follows: Section 2 presents the structure and material,
Section 3 presents the numerical model and validation, Section 4 presents the results and subsequent

discussion while Section 5 presents the conclusions.



2 Structure and material

The schematic of the segmented thermoelectric generator and non-segmented thermoelectric generator
analysed in this study is shown in Fig. 1a and b respectively. A commercial thermoelectric generator (GM250-
71-14-16) with 71 pairs of thermoelectric legs connected electrically in series and thermally in parallel is used
in this study. The only difference between Fig. la and b is the presence of segmented p-type and n-type
thermoelectric materials. However, the total length of the thermoelectric legs in both cases is kept constant
throughout this study at a value of 2 mm. As shown in Fig. 1b, the thermoelectric generator comprises of
ceramic layers, copper layers, solder layers and thermoelectric legs (p-type and n-type). The ceramic layer
material is Aluminium oxide, the solder layer material is tin-lead solder (60Sn—-40Pb) while two different
thermoelectric materials are used in the STEG. Bismuth telluride is used as the cold segment (P1-type and N1-
type) thermoelectric material while Skutterudite is used as the hot segment (P2-type and N2-type)
thermoelectric material. In addition, the temperature dependency of both thermoelectric material properties is
considered as shown in Fig. 2. In both the segmented and non-segmented TEG, a solar selective absorber
(SSA) is assumed to be present at the top of the ceramic. The ceramic enhances thermal conductivity, copper

provides electrical connection and solder helps to alleviate the effect of thermal stress.
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Schematic of (a) segmented thermoelectric generator (b) thermoelectric generator and (c) CPC flux distribution.
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coefficient [43].

In this study, the solar concentrator used is a compound parabolic concentrator (CPC) with a concentration
ratio of 6. Firstly, SolidWorks is used to build the geometric model of the CPC before been transferred into
Lighttools for the ray tracing simulation. For avoidance of repetition, details about the simulation parameters
and the model for the CPC can be found in our published paper [47]. The flux distribution from the compound
parabolic concentrator is shown in Fig. 1¢. The geometric parameters used in this numerical study are listed in
Table 1 while the remaining material properties utilized are listed in Table 2. The emissivity and absorptivity
of the SSA are 0.05 and 0.95 respectively. For the thermal stress analysis, copper and solder are considered as
elastoplastic materials with yielding stress and tangential modulus of 70 MPa, 24 GPa and 26 MPa, 8.9 GPa
respectively [18]. Furthermore, the tensile strength of the hot segment material (Skutterudite) is 142 MPa [43]
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while the yielding stress of the cold segment material (Bismuth telluride) is 112 MPa [48].
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Geometric parameters [33,42,51].

Parameter Value
Ceramic height 0.8 mm
Copper height 0.3 mm
Leg height 1 mm
Solder height 0.175 mm
Ceramic depth 30 mm
Ceramic width 30 mm
Leg width 1 mm
Leg depth 1 mm

alt-text: Table 2
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Remaining material properties used in simulation [43,54].

Coefficient of Density, Specific heat Young's Poi ' Thermal Electrical
thermal ( ke ) capacity, Modulus, E 0iSSON'S  ¢onductivity, con Sl
=2 t'
expansion, (%) Pa \ w3 C, <kgik) (GPa) rato K <le> o (" -m)
Ceramic 0.68e-5 3970 800 340 0.22 25 le-12
Solder 2.7e-5 7240 210 44.5 0.33 55 2e7
Copper 1.7e-5 8930 386 120 0.3 385 5.9¢7
BipTes 0.8e-5-1.32¢-5 7740 154.4 65-59 0.23 - -
Skutterudite = 0.8e-5 6800 225 110 0.21 - -

3 Numerical model and validation

Coupled equations of heat transfer and current density continuity can be used to describe the thermoelectric
effect as follows [49]:

Heat energy conversion:
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Electric current continuity:
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where #. is charge density, ss is density, C, is specific heat capacity, ¢ is time, ¢” is the input heat flux and @’

is Joule heating energy.
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where J 1s the electric current flux and p’ is the Peltier coefficient.

P =ST
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where k is thermal conductivity, a is the Seebeck coefficient, ¢ is electrical conductivity and Vv is electric

scalar potential.

Combination of Equations (3)-(6) results in,
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The equations above are valid for both steady state heating and transient heating however, for steady state

heating,

op
ot

)

The maximum power output of a TEG can be obtained when the TEG's internal resistance (R;,) is equal to the

attached external load resistance (R;) and it is given as,

2
oAT
Paut= <RL+R- > ><RL

m

(10)

where AT is the temperature difference across the TEG.

P,, =V, I=R, I

(11

where 7; is load output voltage and 7 is TEG current.

The efficiency of the thermoelectric generator is given as,

_ Pout
nteg - Q
in

(12)
where 0,, is the input power.
3.1 Solar thermoelectric generator
The input power at the top surface of the solar thermoelectric generator is expressed as [46],

Qin = CGAS g nopt

(13)

where 4; is the solar selective above area (30 mm X 30 mm), a, is the absorptivity of the SSA, 714 is the
optical efficiency (0.90) of the concentrator, ¢ is the CPC concentration ratio and G is the solar radiation
which is varied in this study. For the uniform heat flux, a concentration ratio of 6 is applied while for the non-

uniform heat flux, the concentration ratio is obtained from Fig. 1¢ along the x-axis.



Heat loss due to radiation and convection at the top surface of the segmented and non-segmented solar TEG is

considered in this study. The sky temperature is used for the radiative heat loss calculation and it is given as |

28],
Tyy =T, 6(K)
(14)
where T, is the ambient temperature and Ty, is sky temperature.
Convective heat transfer coefficient is given in terms of wind speed as [28],
h=582+4.07v
(15)
where v is the wind speed (1 m/s).
Lastly, the efficiency of the solar thermoelectric generator is given as [38]:
”solarteg = ntegasﬂnpt
(16)
3.2 Thermal stress equations
The coupled thermal stress equations used to describe the displacement-strain relation are given as [50]:
L _0n, _ov, _ow
Tkt 9t F oz
(17)
o (2 o os(2%, ) o _os (0, 0
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In a thermoelectric generator, the three-principal stress present are presented as o1, o2 and o3. Using the fourth

strength theory of material mechanics, the von Mises equivalent stress can be obtained as,

(20)

The equations above are solved using finite element method and COMSOL 5.4 Multiphysics software to
obtain the electrical and mechanical performance of the segmented and non-segmented solar thermoelectric

generators.
3.3 Boundary conditions
The three-dimensional numerical model used in this study is simplified using the following assumptions.

1) Steady state conditions are assumed throughout the study.

2) Lower copper electrodes on the n-type and p-type legs are connected to an external load

resistance.
3) Electrical and thermal contact resistance are ignored.

4) A fixed constraint is assumed at the hot side of the segmented and non-segmented solar

thermoelectric generator.
5) Adiabatic condition is assumed on all side surfaces.

6) Constant temperature of 25 °C is assumed at the cold side of the TEG unless otherwise stated.
3.4 Model validation

Grid independency validation is performed using four different mesh quantities including 26,942, 46,192,
77,131 and 144,107 named grid 1-4 respectively. The power output and temperature difference obtained from
the grids are 0.9984W, 0.9918W, 0.9923W, 0.9923W and 114.693 °C, 114.311 °C, 114.342 °C, 114.342 °C.
Therefore, since the results converge, grid 4 is used throughout this study. Furthermore, the thermoelectric
generator model is validated using manufacturer data [51] as seen in the datasheet for the TEG used (GM250-
71-14-16) as shown in Fig. 3a. In addition, the thermal stress model used in this study is validated with results
from a previous study [52] as shown in Fig. 3b. Simulations conditions are reset to those in the referenced
paper for proper comparison. It is clear from Fig. 3a and b that the results are in good agreement therefore, the

numerical model presented in this study is both reliable and accurate.

alt-text: Fig. 3
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4 Results and discussion

In this study, five different design cases for the segmented and non-segmented solar thermoelectric generator
shown in Table 3 are analysed. As shown in Table 3, Case 1 and Case 2 corresponds to non-segmented solar
thermoelectric generators with single material while Case 3, Case 4 and Case 5 correspond to the segmented
solar thermoelectric generators with two different materials. It is important to note that the total thermoelectric
length for the different cases is kept constant (2 mm) throughout this study and only the length ratio is
optimized. The electrical and mechanical performance of the different design cases are analysed and results are

presented in this section.
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Material proportions in different design cases.

Material Case 1 Case 2 Case 3 Case 4 Case 5
BipTes (P1/N1) 100% 0 75% 50% 25%
Skutterudite (P2/N2) 0 100% 25% 50% 75%

4.1 Effect of external load resistance

The maximum power output of the segmented and non-segmented solar thermoelectric generator is obtained
by varying the attached external load resistance until it is equal to the internal resistance of the thermoelectric
generator. Consequently, maximum power output can be obtained at an optimum load resistance. The effect of
the load resistance on the power output and temperature difference across the legs of the thermoelectric
generator for different design case is shown in Fig. 4. The effect of load resistance is analysed for the non-
uniform heat flux at a solar radiation value of 5000W/m?2. As seen in Fig. 4a, the optimum load resistance for
obtaining maximum power output is different for the cases considered. It can be seen that the optimum load
resistance for Case 1 to Case 5 is 6Q, 3Q, 5Q, 4Q and 4Q) respectively. In addition, it can be seen from Fig. 4a
that Case 1 provides the highest power output next to Case 3. The reason for this is that, bismuth telluride is
the best performing thermoelectric material at low temperature range thus, in Case 1; the percentage of
bismuth telluride material is highest (100%) next to Case 3 (75%). At a higher temperature range, the results
will be different and the significance of segmentation will become more obvious. The results in Fig. 4a can be
better explained by the temperature results shown in Fig. 4b. As explained earlier, the power output of the
thermoelectric generator is directly related to the temperature difference across its thermoelectric legs. As seen
in Fig. 4b, Case 1 as the highest temperature difference across the legs consequently, its power output is the
highest. In addition, it can be seen from Fig. 4b, that increase in load resistance leads to an increase in
temperature difference due to the additional resistivity heating. Furthermore, Fig. 4b shows an increase in
temperature difference as the load resistance is increased and this is because the transfer of heat in
thermoelectric generators is influenced by the heat conduction and Peltier effect of the thermoelectric legs.
Therefore, as the load resistance is increased, the thermoelectric current decreases and the quantity of heat
transferred across the thermoelectric legs is reduced thus, temperature difference is increased. This finding is
in agreement with previous finding of Yin et al. [53]. Consequently, the optimum load resistance values for the

different cases shown in Fig. 4 are used for the remainder of this study.
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4.2 Effect of solar radiation

Variation of solar radiation affects the amount of input energy absorbed by the thermoelectric generator and
consequently its power output and efficiency. For the different cases, Fig. 5a shows the effect of solar radiation
variation on the power output of the solar thermoelectric generator under non-uniform heat flux. As expected,
the power output for most case increase as the solar radiation increase due to the increase in temperature
difference across the module. However, for Case 1 and Case 3 in which the percentage of bismuth telluride
material proportion is high (100% and 75% respectively), it can be seen that the power output shows a
decreasing trend after an initial increase. This is because; bismuth telluride material is a low temperature range
(<200 °C) thermoelectric material therefore, once the operating temperature is exceeded, it becomes less
efficient and its power output decreases. Contrarily, Skutterudite material is a medium temperature range
(<500 °C) therefore, the power output in Case 2 and Case 5 where the Skutterudite material proportion is high

(100% and 75% respectively) increases linearly as solar radiation increases. This finding is in agreement with



previous finding of Ma et al. [41]. Consequently, it is important to consider the operating temperature range
before choosing an appropriate thermoelectric material. Furthermore, it can be seen from Fig. 5a that the solar
radiation, which influences the operating temperature, determines the most appropriate design case for the
solar thermoelectric generator. For example, when the solar radiation was between 11000W/m? to
17000W/m?, Case 4 provides the highest power output, which also increases from 3.81W to 7.01W at that
range. However, at a solar radiation value greater than 17000W/m?, it can be seen that Case 5 provides the
highest power output. This is because, at such high radiation value, the operating temperature of the module

will be high consequently; Case 5, which has a high proportion of Skutterudite, provides the highest power
output.
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The significance of segmentation can also be seen from Fig. 5a in terms of power output. Comparing the
highest power output obtained from Case 1 (bismuth telluride non-segmented solar TEG) which is 3.09W at
13000W/m?, to the power output of the segmented thermoelectric generator (Case 3, Case 4 and Case 5). It
can be seen that the power output of Case 3, Case 4 and Case 5 increased by 44.07%, 59.12% and 37.9%
respectively compared to that of Case 1 at 13000W/m?. Similarly, comparing the highest power output
obtained from Case 5 (Skutterudite non-segmented solar TEG) which is 6.15W at 21000W/m?, to that from



the segmented cases. It can be seen that the power output of Case 4 and Case 5 increased by 43.18% and
57.4% respectively compared to that of Case 5 at 21000W/m? while that of Case 3 decreased by 18.76%
because of the higher proportion of bismuth telluride material. As expected, Fig. 5b shows that Case 1
provides the highest efficiency at low temperature range corresponding to solar radiation values of 1000W/m?
to 7000W/m?. However, the advantage of the segmented design becomes more obvious at high radiation
values. In addition, the trends observed in Fig. 5a and b are similar consequently, operating temperature is a
critical parameter to be considered in designing highly efficient solar thermoelectric generators. Furthermore,
Fig. 5¢ shows that the temperature difference across the thermoelectric legs increase as the solar radiation
increases. This is an expected phenomenon since the cold side temperature is maintained at a fixed value. In
addition, Fig. 5¢ (just like Fig. 4b) shows that Case 1 provides the highest temperature difference because it is
made up of 100% bismuth telluride material, which has low thermal conductivity (as shown in Fig. 2a) that
helps maintain the temperature gradient between the hot and cold side. Generally, thermoelectric materials

with high electrical conductivity, low thermal conductivity and high Seebeck coefficient are desirable.

A comparison between the performance of the solar thermoelectric generators under non-uniform and uniform
heat flux at different solar radiation values is shown in Fig. 6. The trends for both non-uniform and uniform
heat flux are similar however, a slight difference still exists. It can be seen from Fig. 6a that the power output
under uniform heat flux is higher than that under non-uniform heat flux however, after a saturation point is
reached, the module under uniform heat flux suffers a more steep decrease in power output compared to that
under non-uniform heat flux. This is because, under uniform heat flux, a higher amount of solar energy is
absorbed by the solar TEG compared to that under non-uniform heat flux. Consequently, once the optimum
operating temperature for bismuth telluride is exceeded, the power output under uniform heat flux decreases
faster than that under non-uniform heat flux because of its higher operating temperature. However, at a solar
radiation value of 11000W/m?, the power output of Case 1 under uniform heat flux increased by 1.53%
compared to that under non-uniform heat flux. Furthermore, Fig. 6b shows that the power output of Case 2
increases as solar radiation increases under both non-uniform and uniform heat flux. In fact, the significance of
uniformity becomes very clear at higher radiation values. For example, at a radiation value of 11000W/m?, the
power output of Case 2 under uniform heat flux increased by 31.81% compared to that under non-uniform heat
flux. At the same radiation value of 11000W/m?, the power output of Case 3, 4 and 5 under uniform heat flux
increased by 14.05%, 22.47% and 27.81% respectively, compared to that under non-uniform heat flux.
Consequently, uniform heat flux is beneficial for enhanced power output. Furthermore, the results in Fig. 6 can
be better explained by the temperature results shown in Fig. 7a-c, as there is a direct correlation between

power output of a solar thermoelectric generator and the temperature difference across its thermoelectric legs.

alt-text: Fig. 6



b}
. 2 -
M= e i
74 ] <Casc 2 {uniform}
3.0+ gl
£ 13-

1.0+ 2
LEE |
00 = 0
NOOD  3OMMD SO00 0N SO00 | 1000 | 3000 | SO0 TTO00 | MK 21000 1000 B0 S000 OO0 GO0 | 1000 | 30060 | S000 | TO0D | SO0 21000
Solar radiation {W/m?) Salar radiation (Wim®)
© @

1 Case 3 {non-uniform) 10+
54 Case 3 (uniform) Case 4 {non-uniform)

Casc 4 (uniform) |

TR} 3000 SO0 TO00 SHHT | 1000 1200 | S000 1T MM | 9000 2 1{HH 1000 MM} SO00 PO 9000 110 | 3000 | SOHHF §T000 10MHD 2 1 0
Solar radiation (Wim®) Solar radiation (W'}

1 Case § {non-uniform)
104 Case 5 {uniform)

1000 3000 S0 7000 S000 11000 13000 15000 17000 19000 21000
Solar radiation (W/m®)

Comparison of non-uniform and uniform heat flux power output for (a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 and (e) Case 5.

alt-text: Fig. 7

B




(a) L]
4000
m- ] —
= [ Case | (non-uniform) — _- ] gl!ﬂ T Case 2 (on-unifiorm) B
aod [ Case ) (unifor) _ ] LI Case 2 (uniform) | = —
[F]
: i : i
250 « g
'™ n :
= 200
E £
E.m 4 g 140
z 8 100
1000
Il R
@ r—!_l —— ———t - a ’_!-l t t T T t
WK 3000 S000 T000 G000 1 1000 | S000 13000 1T 19000 21 (1 1000 3000 000 7000 5000 | 1000 13000 | 5000 17000 | 9000 21000
Solar radiation (W/m*) Solor radiation (W/m®)
(d)
) A4y
m- o - 3
[ 1 Case 3 {non-uniform) _— [ ] Case 4 (non-uniform) M
;‘m [ Icase 3 {uniform) = | —avo- [ Case 4 (uniform) s
T 4040 W h =
ay —_ I
o ——
g uim Esm —
2 300 1 M
3 2 _
=
E &
5 M) - 2 2004
100 < m = 1004
IOy 3000 S00M) TO0l Ol 0 OO0 | 50000 13000 | 00 15000 2 | 0 o T J T T T

1000 B0 5000 T G000 1100 | 3000 | S 17000 1 900 2 | 00

Seilin et (W) Salar radiation {(W/in')

) gy
|:| Casze § {nun-unil’u{m'r. -
404 [ ]| Case 5 {uniform} .
o _|
o _
=
k-
E
o
ﬁmﬂ' |_H|_H

M) 30000 5000 OO0 SHMOMD 0 DEACREH 1 SOMRH 0 30000 | 0000 15000 2 1 (0

Solar radiation (W/m®)

Comparison of non-uniform and uniform heat flux temperature difference for (a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 and (e)
Case 5.

4.3 Effect of cold side temperature

Apart from the solar radiation, the cold side temperature of the solar thermoelectric generator significantly
affects its power output and conversion efficiency as shown in Fig. 8. At a constant solar radiation value of
5000W/m?, the cold side temperature is varied and the resulting power output of the different design cases is
shown in Fig. 8a for the non-uniform heat flux. It can be seen that the power output decreases as the cold side
temperature increases for the different cases because of the decrease in temperature difference. For example,
the power output of Case 1, Case 3, Case 4 and Case 5 all decrease by 19.66%, 16.54%, 12.61% and 5.65%

respectively as the cold side temperature increases from 20 °C to 55 °C. Similarly, as shown in Fig. 5b, the



efficiency of Case 1, Case 3, Case 4 and Case 5 all decrease by 18.58%, 15.36%, 11.34% and 4.23%
respectively as the cold side temperature increases from 20 °C to 55 °C. Furthermore, Fig. 5c shows the
decrease in temperature difference across the thermoelectric legs as the cold side temperature increases for the
different cases. This is expected as the increase in cold side temperature prevents effective cooling of the solar
thermoelectric generator and consequently, reduces its temperature gradient. Therefore, effective cooling of
thermoelectric generators is essential for performance enhancement. It can also be seen from Fig. 8 that the
effect of cold side temperature variation on performance of Case 2 is not very significant. This is because the
hot side of the solar TEG is subjected to a heat flux rather than a constant temperature consequently, as the

cold side temperature is varied, the hot side temperature also varies.
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4.4 Thermal stress analysis

Thermal stress is inevitable in a solar thermoelectric generator because of its high operating temperature
consequently; this section presents the results from thermal stress analysis. The effect of solar radiation on the

maximum von Mises stress in the solar thermoelectric generators is shown in Fig. 9. Firstly, the maximum von



Mises stress in the thermoelectric legs of all the different design cases is shown in Fig. 9a in addition to the
tensile strength of Skutterudite material (142 MPa) and the yielding stress of bismuth telluride material
(112 MPa). It is clear that for all solar radiation values, the maximum von Mises stress in the non-segmented
solar TEG (Case 1 and Case 2) is lower than that in the segmented solar TEG. Furthermore, it is clear from

Fig. 9a that for the segmented solar thermoelectric generator, Case 5 provides the lowest thermal stress in the
legs while Case 3 provides the highest thermal stress. As expected, the maximum von Mises stress in the
thermoelectric legs for all the cases increase as the solar radiation increase due to the increase in operating
temperature. This may lead to a reduction in the service life of the thermoelectric generator or even damage
the device. This finding is in agreement with that of Fan et al. [43]. It is also important to note that for the
highest solar radiation value considered in this study (21000W/m?), the thermal stress in the legs of
Skutterudite non-segmented solar TEG (Case 2) is within the acceptable tensile strength of the Skutterudite
material, therefore, it can operate safely and reliably at such high solar radiation value. However, for the
bismuth telluride non-segmented solar TEG (Case 1), it is clear that the module can only be guaranteed to
operate safely and reliably at solar radiation values lower than 15000W/m?, beyond which the yielding stress
of the material will be exceeded. However, from Fig. 5a, the highest power output of Case 1 was obtained at a
radiation value of 13000W/m?, thus; if the module is used within its optimum operating temperature, it will
provide a reliable and efficient operation in terms of both mechanical and electrical performance. Comparing
the segmented design cases, the maximum von Mises stress at a high radiation value of 21000W/m?, in Case 5
decrease by 43.58% and 16.18% compared to Case 3 and Case 4 respectively. This shows the importance of
leg length ratio optimization for thermal stress reduction. The reason for the better mechanical performance of
Case 5 is its higher proportion of Skutterudite material compared to Case 3 and Case 4. Skutterudite material
provides a better mechanical performance compared to bismuth telluride material however, the reverse is the
case in terms of electrical performance. Consequently, it is imperative to optimize solar thermoelectric

generators in terms of both electrical and mechanical performance.

alt-text: Fig. 9
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Fig. 9b provides a better understanding of the maximum von Mises stress in the thermoelectric legs made of
bismuth telluride material only. In addition, the advantage of segmentation is shown in this figure. It can be
seen clearly that for all solar radiation values considered, the maximum von Mises stress in Case 5 is the
lowest, even lower than that in the non-segmented solar TEG (Case 1). For example, at a solar radiation value
of 11000W/m?, the maximum von Mises stress in the bismuth telluride material (cold segment) of Case 5
decreases by 14.85%, 34.93% and 27.36% compared to that in Case 1, Case 3 and Case 4 respectively.
Furthermore, it can be seen from Fig. 9b that Case 3 attains the yielding stress quicker than the remaining
cases, followed by Case 4, Case | and finally Case 5. This implies that a higher solar radiation value can be
used for Case 5 compared to the others within which the module will still be reliable and will provide
increased power output. To understand the stress distribution in the legs made of Skutterudite material, Fig. 9¢
shows the maximum von Mises stress in different cases. It can be seen that Case 2 provides the lowest thermal
stress, which is still within the tensile strength of the Skutterudite material even at a high radiation value of
21000W/m?. Comparing the segmented solar TEG, it is obvious that Case 5 provides the lowest thermal stress
while Case 3 provides the highest thermal stress. A combination of Fig. 9b and c gives the results shown in

Fig. 9a. The effect of heat flux uniformity on the thermal stress in thermoelectric legs for the different design
cases is shown in Fig. 10. It is clear from Fig. 10a-e that the maximum von Mises stress is higher under the

uniform heat flux than the non-uniform heat flux. This is simply because of the higher solar energy absorbed



under uniform heat flux. Although, this is advantageous for power output enhancement, it negatively affects
the mechanical reliability of the modules.
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4.5 Three-dimensional distributions



One of the advantages of this study is that it provides three-dimensional information about the actual
temperature and stress distributions in a full-scale solar thermoelectric generator. Fig. 11 shows the
temperature distribution of the segmented solar thermoelectric generator (Case 4) under non-uniform and
uniform heat flux. It can be seen from Fig. 11a that the maximum temperature in the module is distributed in
the middle of the module due to the non-uniformity of the heat flux from the compound parabolic concentrator
used. The temperature distribution on the surface of the module shown in Fig. 11a follows the trend of the
CPC heat flux shown in Fig. lc. Furthermore, Fig. 11b shows the temperature distribution under uniform heat
flux. It is clear that the temperature is evenly distributed across the surface of the module and the maximum
temperature under uniform heat flux is 162 °C while that under non-uniform heat flux is 148 °C. This
difference in temperature is the main reason for the power output improvement observed under uniform heat
flux and the reduced mechanical reliability also observed. To properly understand the locations of maximum
von Mises stress in the thermoelectric legs of the different design cases, Fig. 12 provides a three-dimensional
thermal stress distribution. Fig. 12a-e¢ provide the stress distribution for Case 1, Case 2, Case 3, Case 4 and
Case 5 respectively. One obvious trend seen from all the figures is that the maximum von Mises stress all
occur at the edge of the thermoelectric legs, thus that region can break off easily. In addition, the other region
most likely to crack are the contact areas between the thermoelectric legs hot surface and solder strips. The
development of thermal stress in the legs of the solar thermoelectric generator is due to the difference in

mechanical material properties of the solar TEG components.
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Thermal stress nephogram for (a) case 1 (b) case 2 (c) case 3 (d) case 4 and (e) case 5 at solar radiation of 5000W/m?2.

5 Conclusion

A detailed three-dimensional numerical study on electrical and mechanical performance of segmented and
non-segmented solar thermoelectric generator under non-uniform and uniform heat flux was provided in this
study. Heat flux from a compound parabolic concentrator (CPC) was obtained using ray tracing in Lighttools
software while the numerical study was carried out using COMSOL 5.4 Multiphysics software. A comparison
between the effect of non-uniform and uniform heat flux on solar thermoelectric generator performance was
provided. In addition, detailed thermal stress analysis was presented for the full-scale solar thermoelectric
generator (TEG) simulated and three-dimensional distributions were presented for better understanding. The
effects of load resistance, solar radiation and cold side temperature on the performance of solar thermoelectric
generator were presented. Five different design cases were studied including two non-segmented solar

thermoelectric generator and three segmented solar thermoelectric generator with different leg length ratio. For



further study, this study can be applied to a real prototype by ensuring the external load resistance is varied
until maximum power output is obtained for the specific design case of the thermoelectric generator being
considered. Furthermore, geometry optimization should be performed to ensure optimum performance is
obtained considering the operating temperature range. In addition, geometry optimization should be
implemented to reduce the thermal stress in the thermoelectric legs and thereby increase the life span of the

device. The main conclusions from this study are:

1) The optimum load resistance for maximum power output is different for the different design
cases considered therefore, the optimum load resistance for the non-segmented case should not

be used as reference for the segmented case.

2) The required operating temperature range is a very important parameter which must be

considered before choosing an appropriate thermoelectric material and design case.

3) The power output of the segmented solar thermoelectric generators in Case 3, Case 4 and Case
5 increased by 44.07%, 59.12% and 37.9% respectively compared to that of Case 1 (bismuth
telluride non-segmented solar TEG) at 13000W/m?.

4) The maximum von Mises stress at a high radiation value of 21000W/m?, in Case 5 decreased
by 43.58% and 16.18% compared to Case 3 and Case 4 respectively thereby showing the

importance of leg length ratio optimization in segmented solar TEG.

5) Segmented and non-segmented solar thermoelectric generator must be optimized in terms of

both electrical and mechanical performance rather than just electrical performance.

6) At a solar radiation value of 11000W/m?, the maximum von Mises stress in the bismuth
telluride material (cold segment) of Case 5 decreased by 14.85%, 34.93% and 27.36%

compared to that in Case 1 (non-segmented solar TEG), Case 3 and Case 4 respectively.
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Nomenclature

Ag: Area of SSA, m?

C: Concentration ratio

Cp: Specific heat capacity, J/kg/K

E: Young's modulus, GPa

G: Solar radiation, W/m?

h: Convective heat transfer coefficient, W/ (m* - K)
I: TEG current, A

P, TEG Power Output,W

Oin: Input power, W

R, Internal resistance, Q

R;: Load resistance, Q

T: Temperature, K

Vi Wind speed, m/s

Vi Load Voltage, V

Ve Open circuit voltage, V

Z: Figure of merit, 1/K

Greek symbols

a: Seebeck coefficient, V/K

a: SSA absorptivity

Nsolarteg : Solar TEG efficiency, %

c: Electrical conductivity, S/m

K: Thermal conductivity, W/m/K

Pd: Density, Kg/m3

Abbreviations

BipTes: Bismuth telluride

CPC: Compound parabolic concentrator
SSA: Solar selective absorber

STEG: Segmented thermoelectric generator
TEG: Thermoelectric generator
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Highlights



» Comparison of segmented and non-segmented thermoelectric generator is presented.
* Effect of non-uniform heat flux from a compound parabolic concentrator is studied.
¢ Three-dimensional numerical study of solar thermoelectric generator is presented.

* Thermal stress analysis on a full-scale thermoelectric generator is performed.
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