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ARTICLE INFO ABSTRACT

Keywords: Solar Thermoelectric Generators (STEG) are gaining attention for clean energy but face nonuni-
Solar thermoelectric generator form temperature distribution due to optical concentrators and heat sinks. While prior studies
Uniform temperature distribution used central circles or identical squares to represent temperature variations, this paper examines
Nonuniform temperature distribution six circular and rectangular patterns. Using COMSOL, the TEG module was simulated under four

Numerical 3D simulation

- . boundary conditions: (1) uniform temperatures on both sides, (2) six patterns on the hot side, (3)
Comsol multiphysics

six patterns on the cold side, and (4) six patterns on both sides for the first time. Experimentally,
the I-V and P-V characteristics of STEG were measured using the capacitor technique for four
concentration ratios (20, 40, 60, and 80 suns) obtained using the KIRAN-42 simulator. Simula-
tions aligned well with all experiments under condition (1). The 3rd circular and rectangular pat-
tern matched 11 times, while the 1st pattern matched once under conditions (2) — (4). The Root
Mean Square Error (RMSE) between the measured and simulated P,,,,, based on average mea-
sured temperatures, was 0.505. For condition (1), the RMSE was 0.017, while for conditions
(2) — (4), it was 0.027 (0.033), 0.031 (0.031), and 0.044 (0.047) for the 3rd circular (rectangu-
lar) pattern, respectively. These findings indicate improved alignment between experiments and
simulations.

1. Introduction

Today, the generation of energy from renewable energy sources (RES) holds significant importance for humanity as it replaces the
use of fossil energy sources [1]. RES offer the advantages of being virtually inexhaustible and producing minimal pollution, but they
are characterized by intermittency and relatively high upfront costs [2]. Consequently, both the research community and the industry
are dedicated to finding new RES solutions and enhancing the performance of existing ones [3]. According to the REN21 report [4],
the European Union (EU) has set a target of sourcing at least 32 % of its energy from RES by 2030. One promising avenue for improv-
ing the efficiency of RES involves the hybridization of technologies [5]. Various solutions for implementing RES hybridization exist,
each with its own set of advantages and disadvantages [6].

Thermoelectric generators (TEGs) are devices that directly convert thermal energy into electricity based on the Seebeck effect [7].
TEGs find applications in various areas due to their ability to generate direct current as long as there is a temperature difference be-
tween their hot and cold sides [8]. Additionally, TEGs offer several advantages, such as direct energy conversion, the absence of mov-
ing components, a long lifespan, stability, noiseless modularity, no pollution, and scalability [9]. However, the widespread use of
TEGs has been limited by their high module cost and relatively low efficiency [10].
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Currently, the focus of research and industry has become increasingly attractive on TEGs to reduce their module prices by explor-
ing more affordable and eco-friendly materials [11]. This growing interest is evident from numerous review papers published in the
last five years, covering topics ranging from TEGs as individual components to their role in photovoltaic and TEG (PV-TEG) hybrid
systems [12]. These papers explore various aspects, including TEG technologies, materials, and applications [10,13], optimization of
TEG structure and geometry [10,14], experimental studies to enhance the thermoelectric figure-of-merit [15], thermal configurations
for solar applications [16-18], and methods for improving PV or hybrid system performance through the integration of TEGs, includ-
ing hybrid systems like concentrated PV and TEG (CPV-TEG) [19,20].

On the other hand, solar energy, as a clean and abundant source, can be utilized as a heat source for TEGs [21]. However, the chal-
lenge lies in the low heat flux incident on the hot side (HS) of TEGs when directly utilizing solar light [22]. Fortunately, optical con-
centrators, such as optical lenses or mirrors, are commonly employed to concentrate sunlight onto the hot side of TEGs, enhancing the
input heat flux [23]. Concentrating Solar Thermoelectric Generators (STEGs) represent a specific implementation of this concept and
characterized by their ability to use concentrated sunlight, significantly increasing electricity production efficiency [24]. Neverthe-
less, these optical concentrators result in nonuniform solar radiation on the hot side of STEGs, regardless of the type of optical concen-
trators used [22].

Numerous papers have explored TEGs and STEGs, investigating the physical properties of thermoelectric materials, the geometry
of thermoelectric legs [25-33], manufacturing techniques of thermoelectric modules [34], and temperature distribution uniformity
on the hot and/or cold sides of thermoelectric modules [35,36]. In contrast, few papers have focused on the effect of temperature dis-
tribution nonuniformity on the hot and/or cold sides of thermoelectric modules [22,24,37-43]. Moreover, minimal research has been
conducted to investigate the effects of both uniform and nonuniform temperature distribution patterns on the hot and cold sides sepa-
rately and together in the same study. Additionally, nonuniform temperature distribution patterns are crucial as they accurately re-
flect the diverse and realistic temperature distributions encountered in real-world scenarios.

Admasu et al. [39] numerically and experimentally investigated the effects of temperature uniformity and nonuniformity on the
outputs of a TEG module. They divided the hot side surface into four squares while maintaining a uniform temperature on the cold
side. Their findings indicated that a uniform temperature distribution across the hot side results in higher outputs compared to a
nonuniform distribution. Pfeiffelmann et al. [42] tested the performance of a TEG module with uniform temperature distribution on
the hot side and nonuniform distribution in one spatial direction on the cold side, where the cold side is divided into two rectangles.
They observed that with a temperature variation of 8 % of the temperature difference between the hot and cold sides, the TEG perfor-
mance exhibited only a small difference compared to a uniform distribution. Lashin et al. [37] conducted simulations on the electrical
and thermal performance of three TEG modules with different areas under partial illumination at two light intensities: 12 x and
105 x Sun on the hot side, while maintaining a constant temperature on the cold side. They simulated the concentrated partial illu-
mination on the hot side using a central cercle, ranging from 10 % to 80 %. The electrical performance of the TEG modules exhibited
distinct behavior under each intensity. Pfeiffelmann et al. [41] again experimentally and numerically analyzed the performance of a
TEG module with a nonuniform distribution in one spatial direction on the cold side, while maintaining a uniform temperature on the
hot side. This one-dimensional nonuniform distribution was achieved by using four identical cooling copper blocks, with two blocks
having a higher temperature than the other two. They also found a negligible effect of temperature nonuniformity compared to a uni-
form distribution. A numerical study was conducted by Ge et al. [24] to investigate the impact of both nonuniform and uniform heat
flux inputs on the hot side on STEG performance. The hot-side surface was divided into a grid of 20 X 20 squares, each measuring
2mm X 2 mm. These squares were grouped into 10 regions with varying heat flux levels, gradually decreasing from the center to the
periphery, simulating nonuniform irradiation intensity. Results demonstrated that with increased unevenness in heat flux, the center
temperature gradually rose, leading to a 3.8 % reduction in output power when the maximum temperature difference on the hot side
surface was 46.2 K. However, these previous studies used either one central cercle with different radii or identical squares with same
dimensions to represent temperature nonuniformity on either the hot-side or cold-side surfaces. Additionally, representing nonuni-
form temperature distribution with these patterns does not accurately reflect the diverse and realistic temperature distributions en-
countered in real-world scenarios.

The objective of this paper is to address a significant gap in existing research by conducting a comprehensive study on two types of
patterns: circular and rectangular, for nonuniform temperature distribution across both the hot and cold sides of TEGs. Unlike previ-
ous studies that have primarily focused on using either one central cercle with different diameters or identical squares with the same
dimensions to simulate nonuniform temperature distributions on either the hot side or cold side surfaces, our investigation explores
six different circular and rectangular patterns of nonuniform temperature distributions on both the hot and cold sides of a TEG mod-
ule, in addition to uniform distribution. The TEG module was simulated under four distinct boundary conditions: (1) uniform temper-
ature distributions on both the hot and cold sides, (2) six circular and rectangular patterns of nonuniform temperature distribution on
the hot side with uniform temperature distribution on the cold side, (3) uniform temperature distribution on the hot side with six cir-
cular and rectangular patterns of nonuniform temperature distribution on the cold side, and (4) six circular and rectangular patterns
of nonuniform temperature distribution on both the hot and cold sides. This approach provides novel insights into the effects of
nonuniform temperature distribution patterns on TEG module performance, offering valuable contributions to the field of thermo-
electric energy conversion.

Therefore, the rest of the article comes as follows: Section 2 describes the materials and methodology used for simulating the STEG
module for each boundary condition and the experiment setup used. This involves constructing numerical three-dimensional models
using Comsol Multiphysics Software based on the Finite Element Method (FEM). The governing equations used in COMSOL Multi-
physics are also presented. Section 3 outlines results obtained by simulations and experimentations. Simulation results provided by
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the TEG module under each case considered for each boundary condition are analyzed, discussed, and compared with the experimen-
tal results. Section 4 presents the conclusions drawn from this investigation and proposes some perspectives for future research.

2. Materials and methods

2.1. Thermoelectric generator

The thermoelectric generator analyzed through simulation and experimentation is TEC1-12706 module, which is based on bis-
muth telluride (Bi,Te3) semiconductor material. This commercially available module is designed for low-temperature applications
below 250 °C, offering a combination of affordability, high performance, and practicality. Bi;Te3 compound is the standard thermo-
electric material and exhibits the highest figure of merit within this temperature range.

Furthermore, it serves as the predominant material utilized in commercial thermoelectric modules, such as the TEC1-12706 mod-
ule employed in our experiments. The thermoelectric module utilized in this study measures 40 mm X 40 mm X 3.8 mm in size and
consists of 127 p-n pairs with rectangular-shaped legs made of BiyTe; semiconductor material, each measuring
1.4mm X 1.4 mm X 2.2 mm. Additionally, the module features two alumina ceramic layers on the top and bottom, along with 255
copper conductors, as detailed in Table 1. The model considered constant material properties for Bi,Te; because all the simulations
conducted in this study had an average applied temperature (T,, = T}, — T.) ranging between 21 °C and 64 °C. According to the mate-
rial properties for Bi;Tes available in the COMSOL Multiphysics materials library (refer to Table 2) [44], the corresponding material
properties for this temperature range are: 210 x 107 (V/K) < S <225 x 107° (V/K), x = 1.6 (W/(m x K)), and 0.71 x 10° (S/
m) <o < 0.87 x 10° (S/m). Therefore, the optimized material properties for Bi,Tes in this study and material properties for alumina
ceramic layers and copper conductors are detailed in Table 3.

2.2. Assumptions and boundary conditions

To analyze the performance of the TEG module under the four boundary conditions, the modeling was conducted considering the
following assumptions and boundary conditions.

o The TEG module is analyzed using the following Physics Interfaces: Heat Transfer, Electric Currents, and Electrical Circuit.

Table 1
Geometric dimensions of TEG module used in simulation.

Name Dimensions (mm) Description

TEG length 40 Total TEG length

TEG width 40 Total TEG width

TEG height 3.8 Total TEG height

Ceramic length 40 Ceramics length

Ceramic width 40 Ceramics width

Ceramic height 0.7 Ceramics thickness

Copper height 0.1 Coppers thickness

Leg height 2.2 Legs height

Leg length 1.4 Legs length

Leg width 1.4 Legs width

Pitch 1 Distance between legs

PN 127 Number of thermocouples
Table 2

Temperature dependent material properties of Bi,Te; from the COMSOL Multiphysics materials library [44].

Temperature T (°C) Seebeck Coefficient S (V/K) Thermal Conductivity k (W/(m X K)) Electrical Conductivity ¢ (S/m)
-73 168 x 107° 2.4 1.43 x 10°
-23 192 x 107° 1.9 1.11 x 10°
+27 210 x 107° 1.6 0.87 x 10°
+77 225 x 107° 1.6 0.71 x 10°
+127 237 x 107° 1.75 0.59 x 10°
Table 3

Material properties used in simulation [44].

Materials Thermal Conductivity k (W/  Electrical Conductivity ¢~ Specific Heat Capacity C, Density p Relative Seebeck Coefficient S
(m X K)) (S/m) (J/(kg X K)) (kg/m") Permittivity e (V/K)

Ceramic 27 - 900 3900 - 0

Copper 400 599.8 x 10° 385 8940 1 6.5 x 107®

Bi,Te;

-ptype 1.6 1.25 x 10° 154 6800 1 +210 x 107°

-n-type 1.6 1.25 x 10° 154 6800 1 -210 x 107°
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The TEG module is studied in steady-state.

The TEG module is assumed to be isolated; the air surrounding it is not considered.

Heat losses in the TEG module are neglected.

The alumina ceramics, copper conductors, and p-n pairs in the TEG module are treated as three different homogenous substances

with associated isotropic and constant thermophysical properties.

The p-n pairs are composed of bismuth telluride (Bi,Te3).

e The thermoelectric properties of the p-n pairs, such as the Seebeck coefficient, thermal conductivity, and electrical conductivity,
are assumed to be constant.

e Uniform and nonuniform patterns of temperature distributions are applied on the hot and cold sides of the TEG module.

2.3. Theoretical aspects

The short-circuit current (Iy.), open-circuit voltage (V,.), and maximum power (Py,,,) provided by the TEG module were analyzed
under four distinct boundary conditions: (1) uniform temperatures over both the hot and cold sides, (2) six circular and rectangular
patterns of nonuniform temperature distribution over the hot side with uniform temperature over the cold side, (3) uniform tempera-
ture over the hot side with six circular and rectangular patterns of nonuniform temperature distribution over the cold side, and (4) six
circular and rectangular patterns of nonuniform temperature distribution over both the hot and cold sides. COMSOL Multiphysics
software, which is based on Finite Element Method (FEM), was utilized to simulate the thermoelectric behavior of STEG modules un-
der these boundary conditions as well as simulation results were compared with experimental data.

In the first step, a three-dimensional model of TEG module is used, which was constructed in COMSOL Multiphysics software and
was validated in our previous published study [10] to simulate the thermoelectric behavior of TEG module under the boundary condi-
tions above. In the second step, we slightly adjusted our three-dimensional model to suit our study discussed in the present paper. (see
Fig. 1). In the last step, the experimental data is compared with the simulation results provided by the TEG module under the bound-
ary conditions mentioned above in terms of short-circuit current (Is.), open-circuit voltage (V,.), and maximum power (P,,).

The general equations used in the simulation by COMSOL Multiphysics, considering all material properties of the TEG module to
be isotropic, are [36,45].

e For conservation of heat energy in immobile solid [38]:

oT
PG tVea=20 1)

Where p is the density (kg/m®), C, the heat capacity at constant pressure (J/(kg « K)), Q the Joule heat source (W/m?) given by Eq.
(2), T the temperature (K), and q is the conductive heat flux vector (W/m?) given by Eq. (3).

Q=J+E 2
q=—kVT +gq, 3

Where J is the electric current density vector (A/m?) given by Eq. (5), E the electric field vector (V/m), k the thermal conductivity
(W/(m « K)), and gp, is the power vector (W/m?).

e For conservation of electrical current in immobile solid [38,46,47]:

V-J:Qj,v=V-[sV% 4)

z

y\I/x

Fig. 1. Simulation of a TEG module using COMSOL Multiphysics software. The module includes 2 alumina ceramics, 255 copper conductors, and 127 p-n pairs
with rectangular-shaped legs made of Bi,Te; semiconductor material, each measuring 1.4 mm x 1.4 mm X 2.2 mm.
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J=0cE+], ()]
E=-VV 6)

where Q;, is the current source (A/m?), 6 the electrical conductivity (S/m), J, the external current density vector (A/m?) given by Eq.
(9), and V is the electric scalar potential (V).

e For thermoelectric effects in immobile solids [10]:

P=ST 7)
q,=FJ (8)
J,=—0oSVT 9

where P is the Peltier coefficient (V), S the Seebeck coefficient (V/K).
Substituting Egs. (2), (3) and (5)-(9) in Egs. (1) and (4) produce a system of coupled equations of thermoelectricity as follows
[38]:

oT

pCyy = Ve [oSTVV] =V e [S*TVT] =V« [kVT] = 6VV e VV = 6SVT « VV =0 10)
av
Ve[oVV]+Ve[6SVT]+ Ve [SVE] =0 an

In a steady state thermoelectric analysis, thermal and electrical loads do not vary over time. In the present steady state model, the
coupled equations of thermoelectricity can be rewritten as follows [48]:

Ve [6STVV] 4V« [6S2TVT] + V « [kVT] +6VV e VV 4+ 6SVT « VV = 0 (12)
Ve[oVV]+ Ve [oSVT] =0 (13)

The V,, generated by the thermoelectric generator when a temperature difference between the hot and cold sides is present (see
Fig. 2a) and is given by Ref. [33]:

Voo = SAT 14
AT = (T, -T,) @15)

where Ty, is the hot-side temperature, and T, is the cold-side temperature.
The heat absorbed at the hot side Qj and heat rejected from the cold side Q, of the thermoelectric generator connected in series to
electrical resistance R; (see Fig. 2b) are [36]:

1

0y =SIT, - 5 (RiI?) +K (T, - T.) (16)
Q. = SIT, - % (R I?) +K (T, - T,) 7)

Where S, R;;,, and K are the total Seebeck coefficient (as defined in Eq. (18)), total internal resistance (as defined in Eq. (19)), and total
thermal conductance (as defined in Eq. (20)) of p-n pairs, respectively, and I is the electric current flowing across the load resistance
R; (as defined in Eq. (23)).

S=N(S,-S,) (18)
pI’LI’ ann
R, =N|—+22
" < A[J + Al‘l ) (19)
kA, kA
K=nN|[ZX2L2 (20)
L, L,

Where N is the total number of p-n pairs, S, is the p-type legs Seebeck coefficient, S, the n-type legs Seebeck coefficient, p, the p-type
legs electrical resistivity, p, the n-type legs electrical resistivity, k, the p-type legs thermal conductivity, k, the n-type legs thermal
conductivity, A, the p-type legs cross-sectional area, A, the n-type legs cross-sectional area, L, the p-type legs length, and L, is the n-
type legs length.

The electric resistance of the copper electrodes was not included in the total internal resistance R;, of the TEG module for two rea-
sons. Firstly, the electric resistance of the copper electrodes is very negligible compared to the electric resistance of n-type and p-type
legs. According to Table 3, the electrical conductivity of the copper conductors is greater than that of n-type and p-type legs by 480

5
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Fig. 2. Schematic diagrams of thermoelectric generator depicting a) open-circuit condition and b) under load [36].
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(b)

times, therefore, inversely, their electrical resistivity is much lower compared to resistivity of n-type and p-type legs. Secondly, the

electric resistance of the copper electrodes was omitted in the calculations for simplification purposes.

By applying the first law of thermodynamics, the electric power P, generated by the thermoelectric generator across the load re-

sistance R; is given by Ref. [36]:

Pou = Q= Qc = SI(Ty = T.) = Ry, I°
Moreover, the voltage V can be deduced as,

V=R I=S(T,-T.) - Ryl
Therefore, the electric current I can be written as,

I_K_S(Th_Tc)
TR, R,+R,

Hence, the electric power P, can be rewritten as,

(21)

(22)

(23)
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2
SAT
P =RI>=R, (22 24
out — L L<R,.,,+RL> (24)

The maximum power P, mqx generated by the TEG module across the load resistance Ry, is obtained when Ry, = Rjp.

AT)?
p 1 (SAT)

out,max — Z RI (25)

2.4. Grid-independent analysis

A finite element-based approach was employed to solve the governing equations of the model using the COMSOL Multiphysics 5.5
software. The study conducted a mesh sensitivity analysis to explore the influence of mesh size on model output, utilizing three differ-
ent mesh sizes that were progressively refined. Each mesh size was analyzed under uniform temperatures on the hot and cold sides
(Ty, = 62 °C - T, = 20 °C). Free Tetrahedral meshing, a technique that generates tetrahedra elements without constraints on size or
shape, was utilized in our finite element analysis-based computational simulations. Unlike structured meshes, which have a regular
and structured arrangement of elements, free tetrahedral meshing offers greater flexibility in capturing complex geometries and can
adapt to irregular shapes or regions with varying material properties. This flexibility makes free tetrahedral meshing well-suitable for
modeling complex structures and phenomena in various engineering and scientific fields. Table 4 presents the I, V., and P,,., gener-
ated by the TEG module for the three different mesh sizes. The study revealed that as the mesh size becomes finer, there is no signifi-
cant change observed in I, V., and P,,,,. Therefore, the element size “Normal” was selected for the simulations, as it balances com-
putation time and resource compatibility. Fig. 3 illustrates the mesh generated using the Free Tetrahedral meshing technique.

2.5. Experimental setup

The experiments were conducted at the IMDEA Energy Institute in Madrid, Spain, using a High Flux Solar Simulator. The experi-
mental setup utilized a single lamp of the solar simulator, as depicted in Fig. 4a. Variations in irradiance were achieved by adjusting
the position of the table support, which can be moved in three directions. The improved TEG, specifically the TEC1-12706 model, fea-
turing a directly deposited absorbent layer, was employed in the experiments [11]. The mounting system of the TEG and the locations
of the two K-type thermocouples, with an accuracy of +1.5 °C, used to measure the temperature of the hot side are illustrated in Fig.
4b. To maintain the integrity of the measurement system and prevent degradation, the TEG was enclosed within an alumina sheet.
The I-V characteristics of the TEG were measured using a developed measurement system based on the capacitor technique and the
NI cRIO 9074 platform based on a 400 MHz processor and an FPGA Spartan-3 chip [49] at four concentration ration from 20 to 80
suns with a 20 suns step. The cooling system utilized water, which was maintained at a quasi-constant temperature using a chiller, as
shown in Fig. 4a. The temperature of the cold side of the thermoelectric generator was monitored using two additional K-type thermo-
couples, with the same level of accuracy. The TEG was firmly secured using two screws to ensure excellent thermal contact with the
cooler, which was an aluminum block. Furthermore, a thermoconductive paste based on silver with 6 W/(m X K) thermal conductiv-
ity coefficient was placed between the TEG and the cooler to enhance heat transfer efficiency.

Table 4
Results of the TEG module for mesh sensibility study.

Element Size Element Number L. (A) Vo (V) Prax (W)
Normal 285,887 0.8858 2.1316 0.5090
Fine 545,780 0.8854 2.1310 0.5087
Finer 2,618,547 0.8849 2.1304 0.5082

Fig. 3. Mesh generated using the Free Tetrahedral meshing technique.
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®

Fig. 4. a) Experimental setup with the illumination lamp; b) Placement of the TEG.

3. Results and discussion

3.1. Experimental results

In this experiment, four levels of concentrated light were considered. Due to the asymmetry in flux distribution [50] and the need
to achieve a small concentration ratio ranging from 10 suns to 100 suns, the flux does not fall perpendicular to the thermoelectric gen-
erator. As a result, the hot side of the TEG is not uniformly illuminated, leading to non-uniform temperature distribution on the hot
side. The commercial TEC1-12706 module, enhanced with the absorbent layer, was subjected to testing. The I-V characteristics of the
TEG module were measured at each concentration ratio, and corresponding P-V characteristics were calculated (i.e., Exp. (1)-(4)).
The results obtained from measurements, including I, Vo, and P, generated by the TEC1-12706 module under four concentration
ratios, are presented in Table 5.

The temperatures on the hot and cold sides of the TEG module, measured with those four thermocouples, are presented in Table 5.
There are differences in temperature measured with the two thermocouples for the hot side and also for the cold side. The tempera-
ture differences are higher for the hot side of the TEG, while a smaller temperature difference is detected on the cold side surface. Ex-
amining these results, as well as other scenarios, underscores the importance of investigating the behavior of the thermoelectric gen-
erator concerning varying degrees of temperature distribution non-uniformity on both the hot and cold sides of the TEGs.

3.2. Simulation results

The objective is to examine both uniform temperature distribution and six circular and rectangular patterns of non-uniform tem-
perature distribution on either the hot or cold side of the TEG module, as depicted in Fig. 1. Table 1 provides the geometric dimen-
sions used in the simulation for our TEG module, which features a constant cross-sectional area of 1.4 mm X 1.4 mm and rectangu-
lar-shaped legs.

3.2.1. Case 1: uniform temperatures over hot and cold sides

In the first step of the simulation (Case 1), the average temperatures measured on both the hot side (HS) and cold side (CS) sur-
faces were applied. If the simulations aligned with the experimental results, the same average temperatures were used for subsequent
simulations in Cases 2-4. However, if the simulations did not match the experiments, adjustments were made to the average tempera-
tures on the hot side surface. These adjustments involved varying the average temperatures within the range of minimum to maxi-
mum measured temperatures on the hot side surface until the simulations matched the experimental data. Given the significant tem-
perature nonuniformity observed on the hot side surface, adjustments were focused exclusively on the average temperatures on the
hot side. However, due to the pronounced temperature nonuniformity on the hot side, the average temperatures calculated in Table 5
did not accurately reflect the actual average temperatures, especially when simulations did not match the experimental results.

According to Table 5, the average temperatures of the measured temperatures in Exp. (1) were 62 °C and 20 °C for hot and cold
sides, respectively. In the simulation of Case 1, these average temperatures were initially applied, but the simulation did not match
Exp. (1). Consequently, alternative average temperature values within the measured temperature range (Ty(1) = 54.2 °C and Ty
(2) = 70.7 °C) were applied on the hot side. To make the text more concise, simulations for specific average temperatures were pre-

Table 5
HS and CS temperatures, I, V,, and P, for the commercial TEC1-12706 module under four different concentration ratios.

Experiments Ti(1) Tp(2) Thav CC) T(1) T(2) Teav () I (A) Voe (V) Prnax (W)
Q9] Q9] Q) Q)

Exp. (1) 54.2 70.7 62.4 20.2 19.6 19.9 0.926 2.386 0.555

Exp. (2) 92.1 126.4 109.2 30.1 30.6 30.3 1.539 4.690 1.807

Exp. (3) 128.1 175.6 151.8 39.9 425 41.2 1.903 6.490 3.088

Exp. (4) 151.4 205.5 178.4 47.2 52.0 49.6 2.081 7.274 3.776
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sented, specifically T, = 62 °C, 63 °C, 64 °C, and 65 °C to determine the most effective average temperature that aligned with Exp.
(1). Fig. 5 illustrates one simulation from this set, conducted with the mentioned average temperatures, where the TEG module main-
tained a constant HS temperature of 64 °C and a constant CS temperature of 20 °C.

Fig. 6 depicts the temperature variation across the TEG module, which linearly varies along the height of the n-type and p-type
legs but remains constant along the height of the ceramic plates and copper sheets.

Fig. 7 and Table 6 present the corresponding results derived from simulations. After comparing these simulations with Exp. (1),
we found that the closest match occurred with an HS average temperature of 64 °C. This indicates that in the actual scenario of Exp.
(1), the HS temperature exhibited nonuniformity, and the HS average temperature was determined to be 64 °C instead of 62 °C. Con-
sequently, we adopted this HS average temperature of 64 °C for simulating Cases 2-4. Similarly, for other experiments, the HS aver-
age temperatures determined by simulations were 109 °C for Exp. (2), 145 °C for Exp. (3), and 165 °C for Exp. (4) (see Table 6).

Upon comparison with Exp. (1), the simulation showed that under T;, = 64 °C — T, = 20 °C, I, and P4 provided by the TEG
module were 0.2 % and 0.7 % higher, respectively, while V,. was 6.4 % lower. Similarly, compared to Exp. (2), the simulation
demonstrated an 8.0 % higher I;. under T;, = 109 °C - T, = 30 °C, while V. and P, were 14.5 % and 0.5 % lower, respectively. For
the comparison between the simulation and Exp. (3), I, and P,,,, under T, = 145 °C - T, = 41 °C were 14.9 % and 0.7 % higher, re-
spectively, while V. was 18.7 % lower. Lastly, comparing the simulation with Exp. (4), L. and P, under T}, = 165 °C- T, = 50 °C
were 16.1 % and 0.6 % higher, respectively, while V,. was 19.8 % lower.

While there are slightly larger differences between some simulations and experiments in terms of both I;. and V. in certain cases,
the disparity at the level of P, does not exceed 1 % in all simulations. This could be due to the complexity of temperature distribu-
tion in experiments, making it challenging to accurately simulate all aspects. Therefore, our primary focus was on Py, rather than I .
and V..

The Root Mean Square Error (RMSE) was employed as a statistical measure to evaluate the agreement between simulation and ex-
perimental results across Cases 1-4. In Case 1, considering the simulation P ., results for the four concentration ratios and corre-
sponding to the average temperatures measured on the hot side, the RMSE value was 0.505 (Fig. 8a). The dependence is linear, with a
coefficient of determination equal to 0.9838. A substantial improvement in RMSE was observed when considering the best simulation
P..ax results obtained. Fig. 8b shows the Py, vs concentration ratio for the measured and best simulated points. The matching be-
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Fig. 6. Temperature variation across the TEG module under uniform temperatures on both the hot and cold sides (T}, = 64 °C - T, = 20 °C).
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Fig.7. The I-V and P-V characteristics of the TEG module simulated under different uniform temperatures on both the hot and cold sides with a) I-V characteristic and
b) P-V characteristic.

tween experimental P,,,, results and simulation P ,,,, ones was found to be very good (see Fig. 8b), and the calculated RMSE value be-
ing 0.017.

3.2.2. Case 2: nonuniform temperature on the hot side — uniform temperature on the cold side

In reality, the temperature distributions on the hot sides of TEG modules are not uniform. To better approximate real-world condi-
tions, six patterns of nonuniform temperature distribution were proposed, consisting of three different circular and three different
rectangular distributions. In the current case (Case 2), these six patterns of nonuniform temperature distribution were applied to the
hot side of the TEG module for each high-concentration radiation scenario (i.e., Exp. (1)-(4)).

For example, in simulating Exp. (1), we proposed six circular and rectangular patterns of nonuniform temperature distribution,
each with an average temperature of 64 °C, as determined in the previous case (Case 1). Additionally, simulations were conducted for
each of these six patterns to determine which one closely matches the results of Exp. (1), thus providing a more accurate representa-
tion of reality. Figs. 9 and 10 depict the TEG module simulated with these six circular and rectangular patterns of nonuniform temper-
ature distribution on its hot side, while maintaining uniform temperature on its cold side (Tp 5y = 64 °C—T, = 20 °C). Corresponding
simulation results, including I, Vo, and P,,y, are presented in Table 7.

According to the simulation results, two patterns of nonuniform temperature distribution closely matched those observed in Exp.
(1): the 3rd circular pattern (see Fig. 9c) and the 3rd rectangular pattern (see Fig. 10c). The TEG module with the 3rd circular pattern
exhibited slightly higher L. and P,,,, compared to Exp. (1) by 0.1 % and 0.4 %, respectively, while V,. was 6.5 % lower. Similarly, the
TEG module with the 3rd rectangular pattern also showed slightly higher I . and P,,, compared to Exp. (1) by 1.7 % and 3.8 %, re-
spectively, while V. was 5 % lower. Therefore, the simulation results obtained with the 3rd circular pattern were superior to those
obtained with the 3rd rectangular pattern.

10
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Table 6
I, Voo, and Py, generated by TEG module simulated under different uniform temperatures on both the hot and cold sides.

T, (O Thay CC) T, (C) Teav (C) L (A) Voe (V) Pruax (W)
Exp. (1) 54.2;70.7 62.4 20.2;19.6 19.9 0.926 2.386 0.555
Simulation 62 20 0.886 2.132 0.509
63 20 0.907 2.182 0.533
64 20 0.928 (+0.2 %) 2.233 (6.4 %) 0.559 (+0.7 %)
65 20 0.949 2.284 0.584
Exp. (2) 92.1; 126.4 109.2 30.1; 30.6 30.3 1.539 4.690 1.807
Simulation 109 30 1.663 (+8.0 %) 4.009 (-14.5 %) 1.798 (-0.5 %)
110 30 1.684 4.060 1.844
Exp. (3) 128.1; 175.6 151.8 39.9; 42.5 41.2 1.903 6.490 3.088
Simulation 144 41 2.166 5.227 3.052
145 41 2.187 (+14.9 %) 5.277 (-18.7 %) 3.111 (+0.7 %)
150 41 2.292 5.531 3.417
151 41 2.313 5.582 3.479
152 41 2.334 5.633 3.543
Exp. (4) 151.4; 205.5 178.4 47.2; 52.0 49.6 2.081 7.274 3.776
Simulation 160 50 2.311 5.582 3.477
164 50 2.395 5.785 3.735
165 50 2.416 (+16.1 %) 5.835 (-19.8 %) 3.800 (+0.6 %)
170 50 2.521 6.089 4.137
178 50 2.688 6.495 4.706
179 50 2.709 6.546 4.780
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Fig. 8. Quantitative comparison of simulation and experimental P, results in Case 1, showing a) measured and simulated P, ,,, b) measured and best simulated P,,,.

Similarly, our six circular and rectangular patterns of nonuniform temperature distribution were employed in simulating Exp. (2)-
(4), with the HS average temperature set to 109 °C for Exp. (2), 145 °C for Exp. (3), and 178 °C for Exp. (4). These HS average temper-
atures were determined through simulations conducted in the previous case (Case 1). Additionally, simulations were performed for
each of the six patterns to identify which one yielded result closest to those of Exp. (2)-(4). Tables 8-10 present the corresponding
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Fig. 9. Simulation of the TEG module with three different circular patterns of nonuniform temperature distribution on its hot side and uniform temperature on its cold
side (Tp 4y = 64 °C— T, = 20 °C).

simulation results, including I, V,, and P,,,y, provided by the TEG module simulated with these six circular and rectangular patterns
of nonuniform temperature distribution on its hot side while maintaining uniform temperatures on its cold side.

The behavior of the V., L. and P, when the hot side of TEG is split in more temperature zones is in concordance with the theory
and several papers [37,39,41]. The Seebeck voltage is directly proportional with the difference of the temperature. In the 3rd circular
or 3rd rectangular cases the number of p-n pairs for which the temperature difference is higher and the V. increases. The Seebeck co-
efficient is temperature dependent also. The current also increases when the temperature difference is higher due to the strongly vi-
bration of the electrons from the hot side [39]. In consequence the P, also increases. Comparing the current generated by TEG in the
case of the uniform temperature distribution shows that it is higher than in the case of a nonuniform one, which is in concordance
with the second law of thermodynamics.

12
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Fig. 10. Simulation of the TEG module with three different rectangular patterns of nonuniform temperature distribution on its hot side and uniform temperature on its
cold side (T}, 5, = 64 °C- T, = 20 °C).

Consistently, for Exps. (2) — (4), the 3rd circular and rectangular patterns of nonuniform temperature distribution yielded results
closest to those of the corresponding experiments. Additionally, the simulation of the TEG module with the 3rd circular pattern better
matched Exps. (2) and (4) compared to the 3rd rectangular pattern. Conversely, the 3rd rectangular pattern matched Exp. (3) more
closely.

When comparing the P,,,x measured in Exp. (2), the TEG module with the 3rd circular pattern provided a P,,, that was 0.1 %
higher, while the 3rd rectangular pattern gave a 1.2 % higher P,,,. For Exps. (3) and (4), the TEG module with the 3rd circular pat-
tern showed a P, that was 1.3 % lower and 1.0 % higher, respectively. Conversely, the TEG module with the 3rd rectangular pat-
tern had a P, 0.3 % lower for Exp. (3) and 1.6 % higher for Exp. (4).

Although the TEG module with the 3rd rectangular pattern yielded results closest to Exp. (3), the TEG module with the 3rd circu-
lar pattern still outperformed the 3rd rectangular pattern (3 times versus only once). Therefore, the 3rd circular pattern of nonuni-

13
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Table 7

Case Studies in Thermal Engineering 59 (2024) 104596

I, Vo, and Py, provided by the TEG module simulated with six circular and rectangular patterns of nonuniform temperature distribution on its hot side and uni-
form temperature on its cold side (T, ,, = 64 °C - T, = 20 °C).

Pattern  Tj, (°C) Tha (O T (O T (O L () Voo (V) Pax (W)
Exp. (1) 54.2;70.7 62.4 20.2;19.6 19.9 0.926 2.386 0.555
Simulation Circ. 54; 74 (Fig. 9a) 64 20 0.807 1.941 0.422
54; 67; 71 (Fig. 9b) 64 20 0.866 2.084 0.487
54; 64; 67; 71 (Fig. 9¢) 64 20 0.927 (+0.1 %) 2.231 (-6.5 %) 0.557 (+0.4 %)
Rect. 54; 74 (Fig. 10a) 64 20 0.807 1.941 0.422
54; 67; 71 (Fig. 10b) 64 20 0.878 2.112 0.500
54; 64; 67; 71 (Fig. 10c) 64 20 0.942 (+1.7 %) 2.267 (5.0 %) 0.576 (+3.8 %)
Table 8

I, Vo, and Py, provided by the TEG simulated with different nonuniform temperature circular and rectangular patterns on the hot side and uniform temperature
on the cold side (Ty, ,, = 109 °C - T, = 30 °C).

Pattern Ty, (°C) Thyav CC) T, (°C) Teav CC) L. (A) Voe (V) Ppax (W)
Exp. (2) 92.1; 126.4 109.2 30.1; 30.6 30.3 1.539 4.690 1.807
Simulation Circ. 92; 126 109 30 1.458 3.513 1.381
92; 109; 126 109 30 1.553 3.742 1.567
92;103; 115; 126 109 30 1.669 (+8.4 %) 4.022 (-14.2 %) 1.809 (+0.1 %)
Rect. 92; 126 109 30 1.458 3.512 1.380
92; 109; 126 109 30 1.568 3.778 1.597
92;103; 115; 126 109 30 1.677 (+8.9 %) 4.043 (-13.8 %) 1.828 (+1.2 %)
Table 9

I, Voo and P, provided by the TEG simulated with different nonuniform temperature circular and rectangular patterns on the hot side and uniform temperature
on the cold side (Ty, ,, = 145°C-T, = 41 °C).

Pattern Ty, (°C) Th,ay CC) T, (°C) Teav CO L. (A) Voe (V) Pax (W)
Exp. (3) 128.1; 175.6 151.8 39.9; 42.5 41.2 1.903 6.490 3.088
Simulation Circ. 128; 162 145 41 1.982 4.782 2.555
128;132; 175 145 41 2.062 4.976 2.766
128; 132; 145; 175 145 41 2.165 (+13.8 %) 5.224 (-19.5 %) 3.048 (1.3 %)
Rect. 128; 162 145 41 1.982 4.781 2.554
128;132; 175 145 41 2.065 4.983 2.774
128; 132; 145; 175 145 41 2.175 (+14.3 %) 5.249 (-19.1 %) 3.077 (-0.3 %)
Table 10

I, Vo, and Py, provided by the TEG simulated with different nonuniform temperature circular and rectangular patterns on the hot side and uniform temperature
on the cold side (T, ,, = 165 °C - T, = 50 °C).

Pattern  Tj, (°C) Thay CC) T (C) T (O L (A) Voe (V) Proax (W)
Exp. (4) 151.4; 205.2 178.4 47.2;52  49.6 2.081 7.274 3.776
Simulation Cire. 151; 179 165 50 2.248 5.427 3.288
151; 165; 179 165 50 2.326 5.616 3.520
151; 160; 170; 179 165 50 2.421 (+16.3 %) 5.846 (~19.6 %) 3.814 (+1.0 %)
Rect. 151; 179 165 50 2.247 5.426 3.287
151; 165; 179 165 50 2.338 5.645 3.557
151; 160; 170; 179 165 50 2.428 (+16.6 %) 5.863 (=19.4 %) 3.836 (+1.6 %)

form temperature distribution aligns better with the experiments compared to the other circular and rectangular patterns. Addition-
ally, this preference for the circular pattern can be explained. When TEG modules are subjected to concentrated solar energy, the tem-
perature of their hot side surfaces tends to be higher at the center and gradually decreases towards the edges due to energy conduc-
tion [24,37]. This phenomenon leads to nonuniform circular temperature distribution of direct heat received by TEG modules on
their hot sides [24,51].

From Table 7 to Table 10, a gradual increase in P,,, from the 1st to the 3rd pattern for each type was observed. When these pat-
terns were applied to the hot-side surface of the TEG module, an increase in the ratio of the top-side temperature of hot p-n pairs to
the hot-side surface was noted. This increase led to a rise in the temperature difference across corresponding p-n pairs and, conse-
quently, in the Py, of the TEG module.

3.2.3. Case 3: uniform temperature on the hot side — nonuniform temperature on the cold side
A homogeneous temperature distribution as a boundary condition, typically considered for the cold side, represents an ideal sce-
nario. However, this condition may not accurately reflect many practical thermoelectric devices [41].
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In the present case (Case 3), the effect of nonuniform temperature distribution at the level of a single TEG module was investi-
gated. Similar to Case 2, the six circular and rectangular patterns of nonuniform temperature distribution were also applied to the
cold side of the TEG module for each high-concentration radiation scenario (i.e., Exp. (1)-(4)). These nonuniform temperature distri-
bution patterns have average temperatures of 20 °C in the simulation of Exp. (1), 30 °C for Exp. (2), 41 °C for Exp. (3), and 50 °C for
Exp. (4). Tables 11-14 present the corresponding simulation results, including I, V., and P,.y, provided by the TEG module with
these six circular and rectangular nonuniform temperature patterns on its cold side, while maintaining uniform temperature on its hot
side in the simulation of our experiments (i.e., Ty, = 64 °C — Tc 5y = 20 °C, T, = 109 °C - Ty = 30 °C, Ty, = 145°C - T,y = 41 °C,
and Ty, = 165 °C — T4y = 50 °C).

From the simulation results, it is evident that the 3rd pattern of circular and rectangular nonuniform temperature distributions
closely matched all experiments except for Exp. (2), where it was the 1st pattern that was the closest. Additionally, it is observed that
the simulation results provided by the TEG module with the 3rd circular and rectangular nonuniform temperature patterns were iden-
tical.

Table 11
L, Voo and P .. values generated by TEG under uniform temperature on its hot side while nonuniform temperature circular and rectangular patterns on its cold
side (T, = 64 °C - T ,, = 20 °C).

Pattern Ty, (°C) Thay CC) T (C) Teay CC) I (A) Voo (V) Prax (W)
Exp. (1) 54.2;70.7  62.4 20.2; 19.6 19.9 0.926 2.386 0.555
Simulation Circ. 64 19.6; 20.2 19.9 0.934 2.247 0.565
64 19.6; 19.9; 20.2 19.9 0.932 2.243 0.563
64 19.6; 19.8; 20; 20.2 19.9 0.930 (+0.4 %) 2.238 (—6.2 %) 0.561 (+1.1 %)
Rect. 64 19.6; 20.2 19.9 0.934 2.247 0.566
64 19.6; 19.9; 20.2 19.9 0.932 2.242 0.563
64 19.6; 19.8; 20; 20.2 19.9 0.930 (+0.4 %) 2.238 (=6.2 %) 0.561 (+1.1 %)
Table 12

I, Voo and Py, values generated by TEG under uniform temperature on its hot side while nonuniform temperature circular and rectangular patterns on its cold
side (T, = 109 °C - T4, = 30 °C).

Pattern T (°C) Thay Q) T (O Tea (O L (A) Vo (V) Pnax (W)
Exp. (2) 92.1; 126.4 109.2 30.1; 30.6 30.3 1.539 4.690 1.807
Simulation Circ. 109 30.1; 30.6 30.3 1.659 (+7.8 %) 3.999 (-14.7 %) 1.788 (-1.0 %)
109 30.1; 30.3; 30.6 30.3 1.658 3.996 1.786
109 30.1; 30.3; 30.4; 30.6 30.3 1.656 3.991 1.781
Rect. 109 30.1; 30.6 30.3 1.659 (+7.8 %) 3.999 (—14.7 %) 1.788 (-1.0 %)
109 30.1; 30.3; 30.6 30.3 1.658 3.996 1.786
109 30.1; 30.3; 30.4; 30.6 30.3 1.656 3.991 1.782
Table 13

I, Voo, and Py, values generated by TEG under uniform temperature on its hot side while nonuniform temperature circular and rectangular patterns on its cold
side (T, = 145°C - T, = 41 °C).

Pattern Ty, (°C) Thay CC) T CC) Teav (O L (A) Voe V) Prax (W)
Exp. (3) 128.1; 175.6 151.8 39.9; 42.5 41.2 1.903 6.490 3.088
Simulation Circ. 145 39.9; 42.5 41.2 2.198 5.305 3.144
145 39.9; 41.2; 42.5 41.2 2.191 5.288 3.123
145 39.9; 40.9; 41.5; 42.5 41.2 2.182 (+14.7 %) 5.266 (—18.8 %) 3.097 (+0.3 %)
Rect. 145 39.9; 42.5 41.2 2.199 5.306 3.144
145 39.9; 41.2; 42.5 41.2 2.190 5.286 3.121
145 39.9; 40.9; 41.5; 42.5 41.2 2.182 (+14.7 %) 5.265 (—18.9 %) 3.097 (+0.3 %)
Table 14

I, Voo and P, values generated by TEG under uniform temperature on its hot side while nonuniform temperature circular and rectangular patterns on its cold
side (T, = 165 °C - T 4, = 50 °C).

Pattern Ty, (°C) Thay CC) T, (C) Teay Q) L (A) Voe (V) Prax (W)
Exp. (4) 151.4; 205.2 178.4 47.2; 52 49.6 2.081 7.274 3.776
Simulation Circ. 165 47; 52 49.5 2.457 5.934 3.930
165 47; 49.5; 52 49.5 2.443 5.900 3.885
165 47; 49; 50; 52 49.5 2.425 (+16.5 %) 5.857 (-19.5 %) 3.829 (+1.4 %)
Rect. 165 47; 52 49.5 2.457 5.934 3.931
165 47; 49.5; 52 49.5 2.441 5.896 3.880
165 47; 49; 50; 52 49.5 2.425 (+16.5 %) 5.857 (-19.5 %) 3.829 (+1.4 %)
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In terms of P,,,, provided by the TEG module, the 3rd circular and rectangular nonuniform temperature patterns provided results
closest to the experiments, being 1.1 % higher than Exp. (1), 0.3 % higher than Exp. (3), and 1.4 % higher than Exp. (4). For the 1st
circular and rectangular nonuniform temperature patterns, P,., was 1.0 % lower than Exp. (2). Overall, these simulation results
closely matched the experimental data, with the 3rd circular and rectangular nonuniform temperature patterns being dominant com-
pared to the 1st circular and rectangular patterns (3 times versus only once).

Conversely in Case 2, from Table 11 to Table 14, a gradual decrease in P,,, from the 1st to the 3rd pattern for each type was ob-
served. Here, the patterns were applied to the cold-side surface of the TEG module. This caused a decrease in the ratio of the bottom-
side temperature of cold p-n pairs to the cold-side surface, resulting in a decrease in the temperature difference across corresponding
p-n pairs and, consequently, in the P,,,, of the TEG module.

3.2.4. Case 4: nonuniform temperatures over hot and cold sides

Typically, constant temperature boundary conditions are assumed for both the hot and cold sides in the simulation of TEG mod-
ules, which represent an idealized scenario. However, these boundary conditions often fail to accurately represent the spatial temper-
ature nonuniformity achieved in multidimensional TEG modules [42].

In the present case (Case 4), the effect of nonuniform temperature distribution over both the hot and cold sides of a single TEG
module was investigated. Consistent with previous Cases 2 and 3, the six circular and rectangular patterns of nonuniform temperature
distribution were also applied to both the hot and cold sides of the TEG module for each high-concentration radiation scenario (i.e.,
Exp. (1)-(4)). These nonuniform temperature patterns have average temperatures equal to Ty, 5y = 64 °C and T 5, = 20 °C for the hot
and cold sides, respectively, to simulate Exp. (1); Ty ay = 109 °C — T 5y = 30 °C for Exp. (2); Thay = 145 °C - T4y = 41 °C for Exp.
(3); and Ty 5y = 165 °C — T 5y = 50 °C for Exp. (4). Tables 15-18 present the corresponding simulation results, including I, Vo, and
Pax provided by the TEG module under these circular and rectangular nonuniform temperature patterns over its hot and cold sides.

From the simulation results, the 3rd pattern of both circular and rectangular nonuniform temperature distribution closely
matched Exps. (1)-(4). Additionally, both the circular and rectangular patterns matching experiments yielded nearly identical results.
The circular pattern showed a slight advantage in the simulation of Exps. (1) and (4), while the rectangular pattern was slightly more
accurate for Exps. (2) and (3).

Table 15
L Voo and P, values provided by TEG under nonuniform temperature circular and rectangular patterns on their hot and cold sides (Ty,, = 64 °C -
Teav = 20 °C).

Pattern T, (°C) Tha Q) T (C) Tea (O Le (A) Voo (V) P (W)
Exp. (1) 54.2; 70.7 62.4 20.2; 19.6 19.9 0.926 2.386 0.555
Simulation  Cire. 54; 74 64 19.6; 20.2 19.9 0.813 1.955 0.428
54; 67; 71 64 19.6; 19.9; 20.2 19.9 0.870 2.094 0.491
54;64;67;71 64 19.6; 19.8; 20; 20.2 19.9 0.943 (+1.8 %) 2.270 (~4.8 %) 0.577 (+3.9 %)
Rect. 54; 74 64 19.6; 20.2 19.9 0.807 1.941 0.422
54; 67; 71 64 19.6; 19.9; 20.2 19.9 0.882 2.121 0.504
54;64; 67,71 64 19.6; 19.8; 20; 20.2 19.9 0.944 (+1.9 %) 2.272 (~4.8 %) 0.578 (+4.1 %)

Table 16
L Voo and Py, values provided by TEG under nonuniform temperature circular and rectangular patterns on their hot and cold sides (Ty,, = 109 °C -
Teay = 30 °C).

Pattern Ty, (°C) Tha CC) T, (°C) Teay (O I (A) Voo (V) Prax (W)
Exp. (2) 92.1; 126.4 109.2 30.1; 30.6 30.3 1.539 4.690 1.807
Simulation  Circ. 92; 126 109 30.1; 30.6 30.3 1.454 3.503 1.373
92; 109; 126 109 30.1; 30.3; 30.6 30.3 1.548 3.729 1.556
92; 103; 115; 126 109 30.1; 30.3; 30.4; 30.6 30.3 1.661 (+7.9 %) 4.004 (—14.6 %) 1.793 (-0.8 %)
Rect. 92; 126 109 30.1; 30.6 30.3 1.453 3.502 1.372
92; 109; 126 109 30.1; 30.3; 30.6 30.3 1.562 3.765 1.586
92;103; 115; 126 109 30.1; 30.3; 30.4; 30.6 30.3 1.670 (+8.5 %) 4.025 (-14.6 %) 1.812 (+0.3 %)
Table 17
L, Voo and P, values generated by TEG under nonuniform temperature circular and rectangular patterns on their hot and cold sides (T,,, = 145 °C -
Teav = 41 °C).
Pattern Ty, (°C) Thav Q) T.(C) Teav 0 L@ Voe (V) Prax (W)
Exp. (3) 128.1; 175.6 151.8 39.9; 42.5 41.2 1.903 6.490 3.088
Simulation  Circ. 128; 162 145 39.9; 42.5 41.2 1.994 4.810 2.585
128; 132; 175 145 39.9; 41.2; 42.5 41.2 2.067 4.986 2.778
128; 132; 145; 175 145 39.9; 40.9; 41.5; 42.5 41.2 2.160 (+13.5 %) 5.212 (-19.7 %) 3.034 (-1.7 %)
Rect. 128; 162 145 39.9; 42.5 41.2 1.993 4.809 2.584
128;132; 175 145 39.9; 41.2; 42.5 41.2 2.069 4.991 2.783
128; 132; 145; 175 145 39.9; 40.9; 41.5; 42.5 41.2 2.170 (+14.0 %) 5.236 (-19.3 %) 3.063 (-0.8 %)
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Table 18
L, Voo and P, values generated by TEG under nonuniform temperature circular and rectangular patterns on their hot and cold sides (T,,, = 165 °C -
Teav = 50 °C).

Pattern T, (°C) Thay (O T (0 Tew (O L (A) Voe (V) Ppax (W)
Exp. (4) 151.4; 205.2 178.4 47.2; 52 49.6 2.081 7.274 3.776
Simulation  Girc. 151; 179 165 47; 52 495 2.289 5.526 3.409
151; 165; 179 165 47; 49.5; 52 495 2.353 5.681 3.602
151; 160; 170; 179 165 47;49;50;52  49.5 2.430 (+16.8%)  5.868(-19.3%)  3.843 (+1.8 %)
Rect. 151; 179 165 47; 52 495 2.289 5.526 3.409
151; 165; 179 165 47; 49.5; 52 495 2.363 5.706 3.634
151; 160; 170; 179 165 47;49;50;52  49.5 2437 (+17.1%)  5.885(-19.1%)  3.865 (+2.3 %)

From Table 15 to Table 18, a gradual increase in P, ,x from the 1st to the 3rd pattern for each type was observed. In this case, the
patterns were applied to both the hot-side and cold-side surfaces, combining the effects observed in Cases 2 and 3. Given that the tem-
perature variation on the hot-side surface is greater than that on the cold-side, the patterns had a more significant impact on the hot-
side, leading to an increase in the P, of the TEG module from the 1st to the 3rd pattern.

3.2.5. Comparing different cases

The comparison across the four cases focused on maximum power. When comparing the TEG-module simulation results in the four
cases with Exp. (1), P was 0.7 % higher in Case 1, 0.4 % higher in Case 2 (3rd circular pattern), 1.1 % higher in Case 3 (both 3rd
circular and rectangular patterns), and 3.9 % higher in Case 4 (3rd circular pattern), respectively. It appears that there is no signifi-
cant difference between all cases and Exp. (1); however, Case 2 (3rd circular pattern) provided the closest results to Exp. (1) com-
pared to the other cases (refer to Fig. 11).

Similarly, when comparing the TEG-module simulation results in the four cases with Exp. (2), Py,.x was 0.5 % lower in Case 1,
0.1 % higher in Case 2 (3rd circular pattern), 1.0 % lower in Case 3 (both 1st circular and rectangular patterns), and 0.3 % higher in
Case 4 (3rd rectangular pattern), respectively. It seems that there is no significant difference between all cases and Exp. (2); however,
Case 2 (3rd circular pattern) provided the closest results to Exp. (2) compared to the other cases (refer to Fig. 12).

Additionally, when comparing the TEG-module simulation results in the four cases with Exp. (3), Py,ax was 0.7 % higher in Case 1,
0.3 % lower in Case 2 (3rd rectangular pattern), 0.3 % higher in Case 3 (both 3rd circular and rectangular patterns), and 0.8 % lower
in Case 4 (3rd rectangular pattern), respectively. It appears that there is no significant difference between all cases and Exp. (3); how-
ever, Case 2 (3rd rectangular pattern) and Case 3 (both 3rd circular and rectangular patterns) provided the closest results to Exp. (3)
compared to the other cases (refer to Fig. 13).

When comparing the TEG-module simulation results in the four cases with Exp. (4), P;,.x was 0.6 % higher in Case 1, 1.0 % higher
in Case 2 (3rd circular pattern), 1.4 % higher in Case 3 (both 3rd circular and rectangular patterns), and 1.8 % higher in Case 4 (3rd

Eisc(A) =Voc (V) ®Pmax (W)
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Fig. 11. Comparison of four cases in the simulation of Exp. (1).
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Fig. 12. Comparison of four cases in the simulation of Exp. (2).

Bisc (A) =Voc (V) ®EPmax (W)

6
5.224 5.249 5.266 5.265 5.212 5.236
- = =
5 =
=
=
=
. 5
3,063
3 B
E
2 E
E
g
El
1 =]
=
g
é
0 = = = = g
Case 2 - Case 2 - Case 3 - Case 3 - Case 4 - Case 4 -

Circ. (3) Rect. (3) Circ. (3) Rect. (3) Circ. (3) Rect. (3)
Fig. 13. Comparison of four cases in the simulation of Exp. (3).

circular pattern), respectively. Although there is no significant difference between all cases and Exp. (4), Case 1 provided the closest
results to Exp. (4), followed by Case 2 (3rd circular pattern), compared to the other cases (refer to Fig. 14).

In tallying the number of matches for the 1st and 3rd circular and rectangular patterns, it was noticed that both the 3rd circular
and rectangular patterns accurately simulated the experiments 11 times, whereas both the 1st circular and rectangular patterns suc-
ceeded only once (refer to Table 19).

When comparing the 3rd circular and 3rd rectangular patterns, the 3rd circular pattern exhibited a slight advantage in simulating
Exps.(1), (2), and (4), while the 3rd rectangular pattern was slightly more accurate for Exp. (3) in Case 2. In Case 3, Both the 3rd cir-
cular and rectangular patterns showed similar advantages in simulating all experiments. In Case 4, Both the 3rd circular and rectan-
gular patterns exhibited advantages equally.
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Fig. 14. Comparison of four cases in the simulation of Exp. (4).
Table 19
Comparison of the 1st and 3rd patterns of both circular and rectangular nonuniform temperature distribution.
Number of simulation matches
Circular Pattern Rectangular Pattern
Ist 3rd 1st 3rd
Exp. (1) 0 3 0 3
Exp. (2) 1 2 1 2
Exp. (3) 0 3 0 3
Exp. (4 0 3 0 3
Total (01) 1) (01) a1

3.2.6. Comparative study

Table 20 displays a comparison of the power generation of TEG when the temperature is uniformly distributed on the hot side,
versus when it is non-uniform. The temperature on the cold side of TEG is uniformly distributed for all cases considered. This com-
parison is made for two TEGs. In the case of the last TEG, six instances of non-uniformity are being considered. The uniform flux
conduct at a non-uniformity in temperature distribution [24]. TEG from Ref. [24] has a loss in power of about 3.8 % in the case of
strong temperature distribution non-uniformity. The simulations were achieved for the same temperatures as in the paper [24] to
have a fair comparison [24]. The best matching between uniform and non-uniform temperature distribution is obtained for 2nd rec-
tangular case. This can be happening due to TEG is a voltage source and the voltage generated is temperature-dependent, and be-

Table 20

Comparison between the uniform and nonuniform temperature distribution.

HS Uniformity Pattern Ty, (°C) AT, (CC)  T.(C)  Ppax (W) Nonuniformity Impact
Reference [24] UHF Square Case 5 Between 177 and 206 29 25 4.65 -
NUHF Case 1 Between 172 and 218 46.2 25 4.5 -3.8%
Current Study UTD - - 191 - 25 7.918 -
NUTD Circular 1st 172; 218 46 25 7.065 -10.8 %
2nd 172; 195; 218 46 25 7.625 -3.7%
3rd 172; 190; 200; 218 46 25 8.365 +5.6 %
Rectangular 1st 172; 218 46 25 7.063 -10.8 %
2nd 172; 195; 218 46 25 7.715 -2.5%
3rd 172; 190; 200; 218 46 25 8.390 +5.9 %

UHF — Uniform Heat Flux; NUHF — Non-Uniform Heat Flux; UTD — Uniform Temperature Distribution; NUTD — Non-Uniform Temperature Distribution.

19



A. Rjafallah et al. Case Studies in Thermal Engineering 59 (2024) 104596

cause the material properties are temperature-dependent. The configuration of the zones of the temperature distribution and their
area can be another explanation [52].

4. Conclusion

Solar Thermoelectric Generators (STEG) have emerged as promising devices for clean energy production. However, nonuniform
temperature distributions caused by optical concentrators and heat sinks on the hot and cold sides, respectively, can significantly im-
pact their efficiency. Therefore, understanding temperature distribution on both sides of TEG modules is crucial for optimizing perfor-
mance.

Previous studies mainly used central circles or identical squares to represent temperature nonuniformity. This paper investigates
three circular and three rectangular patterns. Using COMSOL Multiphysics, TEG modules were simulated under four boundary condi-
tions: (1) uniform temperature on both sides, (2) six circular and rectangular nonuniform temperature patterns on the hot side with
uniform temperature on the cold side, (3) uniform temperature on the hot side with six circular and rectangular nonuniform tempera-
ture patterns on the cold side, and (4) six circular and rectangular nonuniform temperature patterns on both sides.

Numerical three-dimensional models of TEG modules with different patterns were constructed and simulated. The simulation re-
sults for each high-concentration radiation scenario were analyzed and compared with the experimental data. Simulations aligned
well with all experiments under boundary condition (1). The 3rd pattern of both circular and rectangular matched 11 times, while the
1st pattern matched once under boundary conditions (2)-(4).

Comparing the 3rd circular and rectangular patterns, the 3rd circular pattern exhibited a slight advantage in simulating Exps.(1),
(2), and (4), while the 3rd rectangular pattern was slightly more accurate for Exp. (3) under boundary condition (2). Under boundary
condition (3), Both the 3rd circular and rectangular patterns showed similar advantages in simulating all experiments. under bound-
ary condition (4), Both the 3rd circular and rectangular patterns exhibited advantages equally.

The Root Mean Square Error (RMSE) was employed as a statistical measure to estimate the agreement between simulation and ex-
perimental results across boundary conditions (1)-(4). The RMSE between the measured and simulated P, based on average mea-
sured temperatures on the hot side, was 0.505. For condition (1), the RMSE was 0.017, while for conditions (2) — (4), it was 0.027
(0.033), 0.031 (0.031), and 0.044 (0.047) for the 3rd circular (rectangular) pattern, respectively. These values indicate an improved
alignment between the experimental and simulated results.

Future studies will focus on understanding temperature distribution in multi-layer TEG modules and exploring alternative pat-
terns to further optimize performance.
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