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A B S T R A C T

Solar Thermoelectric Generators (STEGs) hold promise for sustainable energy, with ongoing ef
forts to enhance efficiency through advanced thermal absorbers. This study evaluates the per
formance of STEGs using graphite sheet (GS) and metal oxides layer (MOL) absorbers under solar 
concentrations of 20, 40, 60, and 80 suns. Performance metrics, including short-circuit current 
(Isc), open-circuit voltage (Voc), maximum power output (Pmax), and efficiency (η), were 
measured experimentally using the KIRAN-42 solar simulator and compared with COMSOL 
Multiphysics simulations. The MOL-based STEG outperformed the GS-based counterpart, 
achieving Pmax (η) values of 0.559 W (1.75 %), 1.818 W (2.84 %), 3.071 W (3.2 %), and 3.762 W 
(2.94 %) at 20, 40, 60, and 80 suns, respectively, compared to 0.308 W (0.96 %), 1.120 W (1.75 
%), 1.984 W (2.1 %), and 2.670 W (2.1 %) for the GS-based STEG. Experimental and simulation 
discrepancies were minimal at lower concentrations (1.9 % and 6.4 % at 20 suns) but increased at 
80 suns (32.4 % and 41.7 %). Both approaches showed strong linear correlations between Pmax 
and solar concentration (R2 > 0.98). Low RMSE values (0.45 for GS, 0.81 for MOL) further 
validated the models. This study underscores the superior performance of MOL absorbers and 
provides insights for optimizing STEG designs.

Nomenclature

Symbol Definition SI Unit

A Cross-sectional area m2

Cp Specific heat capacity J/(kg • K)

D→ Electric displacement field C/m2

E→ Electric field intensity V/m
ε Dielectric permittivity F/m
εr Relative permittivity –
h Height m
I Electric current A
J→ Current density A/m2

k, K Thermal conductivity W/(m • K)
L Length m
N Number of p- and n-type leg pairs –
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(continued )

Symbol Definition SI Unit

p Peltier coefficient V
P Electrical power W
q→ Heat flux W/m2

q̇ Power density W/m3

Q Heat W
R Electrical resistance Ω
R2 Coefficient of determination –
r Electrical resistivity Ω • m
ρ Density kg/m3

S Seebeck coefficient V/K
σ Electrical conductivity S/m
t Time s
T Absolute temperature K
ΔT Temperature difference K or ◦C
V Electric potential V
W Width m
α Absorbance coefficient –
η Conversion efficiency –

∇
→ Nabla operator –

Subscripts

av Average
c Cold side
Cu Copper
GS Graphite sheet
h Hot side
in Internal resistance
max maximum
MOL Metal oxides layer
n n-type leg
oc Open-circuit
p p-type leg
Pitch distance between p- and n-type legs
QC Quasi-crystal alloy
s Solar irradiance
sc Short-circuit

Abbreviations

3D Three Dimensional
BP Black Paint absorbent layer
CSP Concentrated solar power
PV Photovoltaic
PVT Photovoltaic-thermal systems
RMSE Root mean square error
SSA Spectrally Selective Absorber
STEG Solar Thermoelectric Generator
TEC Thermoelectric Cooler
TEG Thermoelectric Generator

Chemical formulas

Bi2Te3 Bismuth Telluride

Ca3Co4O3 Calcium Cobalt Oxide

CaMnO3 Calcium Manganate
CNT Carbon Nanotube
CoSb3 Skutterudite
Fe2O3 Iron(III) Oxide
MnO2 Manganese Dioxide

1. Introduction

With the progressive exhaustion of fossil fuel reserves, sustainable and renewable energy sources are becoming increasingly 
important, prompting researchers to investigate novel and efficient energy harvesting technologies to expedite the energy transition 
[1–3]. Renewable energy sources are characterized by their inexhaustibility and environmental friendliness [4,5]. Among these, solar 
energy is considered a particularly important [6,7].

Various renewable energy technologies harness sunlight to generate electricity, thermal energy, or both. Photovoltaic (PV) systems, 
such as solar panels, which use the photovoltaic effect to directly convert sunlight into electricity [8,9]. Solar-thermal power systems, 
often called concentrated solar power (CSP) systems, first convert solar radiations into thermal energy, which is then used to generate 
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electricity [10–14]. Photovoltaic-thermal (PVT) systems are hybrid technologies that simultaneously produce both electricity and 
thermal energy [15]. Solar thermoelectric generators (STEGs) convert heat from sunlight directly into electricity [16].

STEGs are thermoelectric generators (TEGs) specifically designed to convert solar energy directly into electricity [17]. By using 
solar collectors, solar radiation is concentrated on the hot side of the TEGs, providing the solar thermal energy, which is then converted 
into electricity through the Seebeck effect [18,19]. “TEGs offer several advantages, including direct energy conversion, high reliability, 
silent operation, long lifespan, zero emissions, and the absence of moving parts” according to Refs. [20,21]. These attributes make 
TEGs ideal for applications such as waste heat recovery, remote low-power systems, space applications, and hybrid PV-TEG systems 
[22,23].

Enhancing STEG performance involves optimizing several parameters, including the thermal conductivity, absorptivity, and 
emissivity of the heat collector and the efficiency of the heat sink. Improving the heat collector’s thermal conductivity and absorptivity 
while minimizing its emissivity increases input energy and overall efficiency [24]. Additionally, applying a high-quality thermal 
absorber to the hot side can further boost heat input, thereby enhancing energy conversion efficiency [25–27].

Mahmoudinezhad et al. [24] evaluated the performance of an oxide-based STEG with and without a graphite sheet (GS) affixed to 
the TEG’s hot side under varying solar concentrations. They reported that the temperatures of the hot and cold sides of the TEG with 
the GS under 128 suns were nearly the same as those of the TEG without the GS under 292 suns. Additionally, the open-circuit voltage 
and short-circuit current of the TEG with the GS under 107 suns were 1.56 V and 1.21 A, respectively, compared to 1.5 V and 1.18 A for 
the TEG without the GS under 252 suns. Yadav et al. [28] conducted an experimental analysis of solar energy harvesting using a 
thermoelectric module (TEC 12706, 40 mm × 40 mm x 3.9 mm) coated with varying thicknesses (3, 3.5, 4.5, and 6 μm) of carbon soot 
obtained from direct exposure to a candle flame. The STEG with 6 μm thick carbon soot coating generated a short-circuit current of 14 
mA, an open-circuit voltage of 1.5 V, and a maximum power output of 10.2 mW for a temperature difference of 39.9 ◦C, compared to 
2.2 mA, 0.22 V, and 0.24 mW for the uncoated module at a temperature difference of 8.8 ◦C. This represented a sixfold increase in both 
open-circuit voltage and short-circuit current. Later, Mahmoudinezhad et al. [29] conducted numerical simulations using the finite 
volume method to analyze the dynamic response of a Bi2Te3-based STEG, with and without a GS, under varying solar radiation 
patterns. They reported that the maximum power generated by the STEG with the GS was nearly 2.5 times higher than that of the STEG 
without the GS, due to the greater amount of energy absorbed by the GS. Additionally, the efficiency of the STEG with the GS (3.3 %) 
was 2.53 times greater than that of the STEG module without the GS (1.3 %). Silva Oliveira et al. [30] conducted an experimental study 
to evaluate the performance of a STEG with a copper-based solar absorber coated with a quasicrystal (QC) alloy, comparing it to a 
STEG with a copper-based solar absorber coated with black paint (BP). The QC-based STEG produced an output voltage of 3 V and 
stored surplus energy (up to 1.38 J) in a 100-mF supercapacitor per day using a power management system. Additionally, the QC-based 
STEG generated 28.6 % more energy than the BP-based STEG and fully charged the supercapacitor around 2 h earlier. Sun et al. [31] 
conducted a pioneering study predicting the dynamic performance of a STEG under various solar concentration ratios throughout the 
entire day. The simulation spanned 660 min, and the study reported average daytime output power of 0.53 W, 2.01 W, 4.15 W, 6.70 W, 
9.71 W, and 13.16 W at concentration levels of 25, 50, 75, 100, 125, and 150 suns, respectively. The corresponding mean daytime 
conversion efficiencies were 1.47 %, 2.80 %, 3.86 %, 4.69 %, 5.44 %, and 6.15 %. The maximum output power reached 17.70 W, with 
a peak conversion efficiency of 7.26 % at 238 min, under a concentration ratio of 150 suns, which correlates to a solar heat absorption 
of 208.48 W.

This paper focuses on simulating an entire STEG system with two different thermal absorbers: a commercial adhesive GS and a 
metal oxides layer (MOL), which was fabricated using a direct spray deposition technique on the hot side of the STEG at temperatures 
below 90 ◦C. Experiments and corresponding COMSOL simulations were conducted for STEGs with both absorbers under four levels of 
concentrated solar radiation (20, 40, 60, and 80 suns). The I-V and P-V curves of the STEGs were measured using the capacitor 
technique, and solar concentrations were achieved using the KIRAN-42 simulator. Key parameters, including Isc, Voc, and Pmax, were 
used to compare experimental and simulated results.

The novelty and contributions of this paper are as follows. 

• A comparative study of STEG performance incorporating both a GS and a MOL under varying concentrated illumination conditions, 
ranging from 20 to 80 suns.

• Simulation-based verification of the behavior of STEGs incorporating either a GS or a MOL under various light concentrations 
levels.

The remainder of the paper is organized as follows: Section 2 outlines the materials and methods used for simulating and exper
imenting with STEGs featuring GSs and MOLs on their hot sides under various concentrated solar radiations. In this regard, 3D models 
were constructed using COMSOL Multiphysics software, which relies on the finite element method, and simulated under different 
concentrated light conditions. This section also presents the assumptions and boundary conditions considered in this study, along with 
the equations governing the thermoelectric behavior of the STEGs. Furthermore, a grid-independent study was performed to inves
tigate the effect of mesh size on model outputs. The experimental setup is also described. Section 3 outlines the results derived from the 
simulations and experiments, including analysis, discussion, and comparison of both sets of results. Section 4 outlines the conclusions 
derived from this study and provides insights for future research directions.
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2. Materials and methods

2.1. Solar thermoelectric generator (STEG)

This study investigates the performance of solar thermoelectric generators (STEGs) integrated with either a graphite sheet (GS) or a 
metal oxides layer (MOL) as solar absorbers, under varying levels of concentrated solar illumination ranging from 20 to 80 suns.

The STEG performance was simulated using COMSOL Multiphysics software under these illumination conditions. A three- 
dimensional model of a thermoelectric generator (TEG) module, adapted from prior research [16], was customized and slightly 
modified to align with the specific module used in this study. The TEG module, measuring 40 mm × 40 mm × 3.3 mm, consists of two 
ceramic plates, 255 copper interconnectors, 127 p- and n-type Bismuth Telluride leg pairs, and either a 25 μm-thick graphite sheet or 
an 87 μm-thick metal oxides layer integrated on its hot side (see Fig. 1).

Table 1 outlines the geometric dimensions of all components in the simulated STEG model, including the overall module di
mensions, ceramic plates, copper interconnectors, graphite sheet, metal oxides layer, thermoelectric legs, the number of leg pairs, and 
the spacing between them.

Bismuth Telluride (Bi2Te3) was selected as the thermoelectric material for this study because its suitability for low-temperature 
applications, with a hot-side temperature not exceeding 250 ◦C. Bi2Te3 and its composites are widely recognized as optimal ther
moelectric materials for temperatures below 250 ◦C, exhibiting a good figure of merit within this range. In addition, Bi2Te3 is 
extensively utilized in commercial TEG modules and remains a primary focus in academic research. These attributes made Bi2Te3- 
based TEG modules the ideal choice for this study.

The thermoelectric properties of Bi2Te3, including the Seebeck coefficient, electrical conductivity, and thermal conductivity, are 
highly temperature-dependent, as illustrated in Fig. 2. Unlike previous studies that treated these properties as constants regardless of 

Fig. 1. Schematic of the solar thermoelectric generator (STEG) comprising two ceramic plates, 255 copper interconnectors, and 127 p- and n-type 
Bismuth Telluride leg pairs, featuring: (a) a 25 μm-thick graphite sheet (GS) absorber, and (b) an 87 μm-thick metal oxides layer (MOL) absorber.

Table 1 
Geometric dimensions of the components in the simulated STEG model, including alumina ceramic 
plates, copper interconnectors, thermoelectric legs, graphite sheet (GS), and metal oxides layer (MOL).

Name Value (mm) Description

LTEG 40 TEG module length
WTEG 40 TEG module width
hTEG 3.3 TEG module height
LAlumina 40 Ceramic plates length
WAlumina 40 Ceramic plates width
hAlumina 0.6 Ceramic plates height
LCu 3.8 Copper interconnectors length
WCu 1.4 Copper interconnectors width
hCu 0.2 Copper interconnectors height
LLeg 1.4 Legs length
WLeg 1.4 Legs width
hLeg 1.7 Legs height
dPitch 1 Distance between legs
LGS 40 GS length
WGS 40 GS width
hGS 25 × 10− 3 GS height
LMOL 40 MOL length
WMOL 40 MOL width
hMOL 87 × 10− 3 MOL height
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temperature variations− often resulting in less accurate simulation outcomes− this study incorporates the temperature dependency of 
Bi2Te3’s properties. This approach is essential for accurately simulating STEG performance under varying illumination levels, as the 
hot-side temperature changes with each level.

The temperature-dependent properties of Bi2Te3, sourced from Ref. [32], along with the material properties of the graphite sheet 
and metal oxides layer, were incorporated into the numerical model. Properties of additional components, such as ceramic plates and 
copper interconnectors, were already available in the COMSOL Multiphysics Materials Library [33]. Table 2 provides a detailed 
overview of the material properties used in the simulations.

Fig. 2. Temperature-dependent profiles of (a) Seebeck coefficient, (b) electrical conductivity, and (c) thermal conductivity for Bismuth Telluride 
(Bi2Te3) thermoelectric materials [32].

Table 2 
Material properties employed in the simulations [32,33].

Materials Thermal Conductivity 
κ (W/(m • K))

Electrical conductivity 
σ (S/m)

Specific heat capacity 
Cp (J/(kg • K))

Density 
ρ (kg/m3)

Relative permittivity 
εr

Seebeck Coefficient 
S (V/K)

MOL 9.9 – 640 5120 – 0
GS 1600 – 643 1900 – 0
Ceramic plates 27 – 900 3900 – 0
Copper conductors 400 5.998 × 107 385 8940 1 6.5 × 10− 6

Bi2Te3

- p-type κ(T) Fig. 2c σ(T) Fig. 2b 154 7700 1 +S(T) Fig. 2a
- n-type -S(T) Fig. 2a
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2.2. Assumptions and boundary conditions

The simulations of the STEG with either a GS or a MOL under varying levels of solar concentration were conducted based on the 
following assumptions and boundary conditions. 

• The simulations employed the following physics interfaces: Heat Transfer in Solids, Surface-to-Surface Radiation, Electric Currents, 
and Electrical Circuit.

• The analysis was performed under steady-state conditions.
• The STEGs were considered thermally isolated, with no heat exchange with the surroundings except for thermal dissipation from 

the upper surface of the TEG modules via radiation.
• Convective and radiative heat transfer between the p- and n-type legs was neglected.
• Thermal and electrical losses in the STEGs were assumed to be negligible.
• Electrical and thermal contact resistances were considered negligible, assuming perfect connections between all components of the 

TEG module.
• The GS, MOL, alumina ceramics, copper conductors, and p- and n-type legs were treated as distinct homogenous substances with 

associated isotropic and constant thermophysical properties.
• The p- and n-type legs were made of Bismuth Telluride (Bi2Te3).
• The Seebeck coefficient, thermal conductivity, and electrical conductivity of the p- and n-type legs, were assumed to vary with 

temperature within the considered range (see Fig. 2a–c).

2.3. Governing equations

The thermoelectric behavior of a TEG module is governed by the following two coupled equations [34]. 

1. Conservation of heat energy:

ρCp
∂T
∂t

+∇
→ ⋅ q→= q̇ (1) 

where ρ is the density (kg/m3), Cp is the specific heat capacity (J/(kg • K)), T is the temperature (K), q→ is the heat flux (W/m2), and q̇ 
represents the heat generation per unit volume (W/m3). 

2. Continuity of electric charge:

∇
→ ⋅

(

J→+
∂ D→

∂t

)

=0 (2) 

where J→ is the current density (A/m2) and D→ is the electric displacement field (C/m2).
These equations are coupled by the following thermoelectric and dielectric constitutive equations [16]. 

• Heat flux equation:

q→= p J→− k∇→T (3) 

• Current density equation:

J→= σ
(

E→− S∇→T
)

(4) 

• Electric displacement field equation:

D→= ε E→ (5) 

where. 

• p = ST (6) is the Peltier coefficient (V),
• S is the Seebeck coefficient (V/K),
• k is the thermal conductivity (W/(m • K)),
• σ is the electrical conductivity (S/m),
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• E→= − ∇
→V (7) is the electric field intensity (V/m),

• V is the electric scalar potential (V),
• ε is the dielectric permittivity (F/m).

Replacing Eqs. (3)–(7) in Eqs. (1) and (2) results in the following system of coupled thermoelectric equations [22]: 

ρCp
∂T
∂t

− ∇
→ ⋅ (σST∇→V) − ∇

→ ⋅
(
σS2T∇→T

)
− ∇
→ ⋅ (k∇→T) − σ∇→V ⋅ ∇→V − σS∇→T ⋅ ∇→V =0 (8) 

∇
→ ⋅ (σ∇→V)+ ∇

→ ⋅ (σS∇→T)+ ∇
→ ⋅
(

ε∇→
∂V
∂t

)

=0 (9) 

with the heat generation rate given by: 

q̇= J→ ⋅ E→= σ∇→V ⋅ ∇→V + σS∇→T ⋅ ∇→V (10) 

Under steady-state conditions, the coupled thermoelectric equations simplify to Ref. [35]: 

∇
→ ⋅ (σST∇→V)+ ∇

→ ⋅
(
σS2T∇→T

)
+∇
→ ⋅ (k∇→T)+ σ∇→V ⋅ ∇→V + σS∇→T ⋅ ∇→V =0 (11) 

∇
→ ⋅ (σ∇→V)+ ∇

→ ⋅ (σS∇→T)=0 (12) 

When a temperature difference ΔT is applied across the ends of a TEG module in open-circuit mode, the module generates an open- 
circuit voltage given by Ref. [36]: 

Voc = SΔT= S(Th − Tc) (13) 

where Th and Tc are the hot-side and cold-side temperatures, respectively.
When a TEG module is connected to an electrical load with resistance R (Fig. 3), the input heat at the hot side Qh and the output heat 

at the cold side Qc are given by Ref. [37]: 

Qh = SThI −
1
2
RinI2 + KΔT (14) 

Qc = STcI +
1
2
RinI2 + KΔT (15) 

Where. 

• S is the total Seebeck coefficient of all p- and n-type legs (defined in Eq. (16)),

Fig. 3. Schematic diagram of a thermoelectric generator (TEG) module connected in series with an electrical load [22].
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• Rin is the total internal resistance of all p- and n-type legs (defined in Eq. (17)),
• K is the total thermal conductance of all p- and n-type legs (defined in Eq. (18)),
• I is the electric current passing through the electrical load R (defined in Eq. (21)).

The expressions for S, Rin, and K are as follows: 

S=N
(
Sp − Sn

)
(16) 

Rin =N
[
rpLp

Ap
+

rnLn

An

]

(17) 

K=N
[
kpAp

Lp
+

knAn

Ln

]

(18) 

where. 

• N is the number of p- and n-type leg pairs,
• Sp and Sn are the Seebeck coefficients of the p- and n-type legs, respectively,
• rp and rn are the electrical resistivities of the p- and n-type legs, respectively,
• kp and kn are the thermal conductivities of the p- and n-type legs, respectively,
• Ap and An are the cross-sectional areas of the p- and n-type legs, respectively,
• Lp and Ln are the lengths of the p- and n-type legs, respectively.

According to the first law of thermodynamics, the electric power P produced by the TEG module across the electrical load R is 
expressed as follows [38]: 

P=Qh − Qc = SΔTI − RinI2 (19) 

Using Kirchhoff’s voltage law, the electrical voltage V across the load R can be expressed as: 

V=Voc − RinI = SΔT − RinI (20) 

The electric current I passing through the load R can be written as: 

Fig. 4. Workflow of finite element method application in STEG simulation.
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I=
Voc

Rin + R
=

SΔT
Rin + R

(21) 

Consequently, the electric power P delivered to the load R can be reformulated as follows: 

P=RI2 =R
(

SΔT
Rin + R

)2

(22) 

The maximum power Pmax produced by the TEG module is achieved when the load resistance R matches the internal resistance of 
the TEG module (R = Rin). Under this condition, the maximum power is expressed as: 

Pmax =
1
4
(SΔT)2

R
(23) 

The efficiency η of the TEG module is defined as the ratio of the power output to the heat input, and is expressed as: 

η=Pout

Qh
=

RI2

SThI − 1
2RinI2 + KΔT

(24) 

2.4. Workflow of finite element method application in STEG simulation

The workflow for simulating the performance of GS-based and MOL-based STEGs using COMSOL Multiphysics software is illus
trated in Fig. 4. The process begins with creating a 3D geometry of the STEG using the drawing tools integrated into COMSOL. The 
model includes individual components such as two blocks for ceramic plates, 255 blocks for copper interconnectors, 254 blocks for 
thermoelectric legs, and a single block for the solar absorber (either GS or MOL).

Next, material properties for each STEG component are assigned, including specific heat capacity, density, Seebeck coefficient, 
electrical and thermal conductivities, and relative permittivity. Following this, thermal boundary conditions are specified: the solar 
concentration level (20–80 suns) and the absorber’s absorbance coefficient (α) are defined using the Surface-to-Surface Radiation 
Interface, while the cold-side temperature is set using the Heat Transfer in Solids Interface.

Electrical boundary conditions are established by defining the Ground and Terminal for electrical load insertion using the Electric 
Currents Interface. The electrical load is then inserted into the model via the Electrical Circuit Interface.

The STEG model is discretized into finite elements using the Free Tetrahedral Mesh technique. A range of electrical load values is 

Table 3 
Grid-independence analysis for the graphite sheet (GS)-based and metal oxides layer (MOL)-based STEGs.

Element Size Element Number Isc (A) Voc (V) Pmax (W)

GS-based STEG
Coarse 96,085 0.52048 1.9670 0.31397
Normal 171,689 0.52047 1.9670 0.31397
Fine 489,230 0.52044 1.9670 0.31393
MOL-based STEG
Coarse 95,941 0.66879 2.5565 0.52311
Normal 171,828 0.66877 2.5565 0.52310
Fine 488,807 0.66873 2.5565 0.52307

Fig. 5. Mesh generated using the free tetrahedral meshing technique for the graphite sheet (GS)-based solar thermoelectric generator (STEG).
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specified, and the simulation is executed. Upon completion, default results such as temperature distribution and electrical potential 
distribution are visualized. Key performance characteristics, including Current-Voltage (I-V) and Power-Voltage (P-V) curves, are 
plotted.

Finally, critical performance metrics—such as short-circuit current (Isc), open-circuit voltage (Voc), maximum power (Pmax), and 
efficiency (η)—are extracted from the I-V and P-V curves and compared to experimental data to validate the simulation results.

2.5. Grid-independence analysis

The analysis of mesh independence was conducted to determine the effect of mesh size on model outputs. Simulations of the STEGs 
were performed under the same concentrated light level (20 suns), with the cold side uniformly set to a temperature of 20 ◦C, using 
three different mesh sizes for each absorbent layer. Free tetrahedral element-based meshing was chosen as it is well-suited for complex 
and irregular geometries.

Table 3 presents the Isc, Voc, and Pmax values obtained from simulations of the STEGs under the specified boundary conditions for 
three different mesh sizes for each absorbent layer (GS and MOL). The study revealed no significant changes in the model outputs, 
confirming grid independence. Based on the balance between computation time and resource compatibility, the element size “Normal” 
was chosen for subsequent simulations in this study. Fig. 5 illustrates the free tetrahedral mesh generated for the “Normal” element 
size.

Fig. 6. (a) Solar thermoelectric generator (STEG) with a graphite sheet (GS) absorber; (b) STEG with a metal oxides layer (MOL) absorber [40].

Fig. 7. Experimental setup for testing solar thermoelectric generators (STEGs) with a graphite sheet (GS) absorber or metal oxides layer (MOL) 
absorber under varying levels of concentrated solar irradiance [40].
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2.6. Spectrally selective absorbers (SSAs)

The performance of the STEG can be enhanced by depositing a spectrally selective absorber (SSA) coating on its hot side to increase 
irradiance absorption. A SSA coating is a material deposited on surfaces, typically in solar energy applications, designed to absorb 
sunlight efficiently while minimizing heat loss through radiation. These coatings are engineered to have high absorption of solar 
radiation (which is primarily in the visible and near-infrared spectrum) and low emissivity in the infrared range, which reduces 
thermal radiation losses. This selective behavior enhances the efficiency of STEGs by maximizing the amount of solar energy converted 
into useable electricity while minimizing the energy lost as infrared radiation. In this study, two different SSAs were used: a 25 μm 
thick adhesive GS supplied by Panasonic was deposited on the hot side of one TEG module (Fig. 6a), while an 87 μm thick MOL, 
prepared in the Electronics and Computers Department at Transilvania University of Brasov, was deposited on the hot side of the other 
TEG module (Fig. 6b).

The MOL is developed through a two-step process: first, metal oxides (Iron(III) Oxide (Fe2O3), Manganese Dioxide (MnO2), and 
additives) are synthesized using the sol-gel method with the incorporation of carbon nanotubes (CNTs). In the second step, the layer is 
deposited via a spray technique [39]. The detailed manufacturing process of the MOL is described in Refs. [40,41].

2.7. Experimental setup

The experiments were conducted at the IMDEA Energy Institute, Mostoles-Madrid, Spain. The experimental setup includes a Xenon 
lamp, STEGs with either a GS or a MOL, a water-cooled heat sink and a chiller, a Gardon sensor, an alumina shield, an electronic 
characterization system, and a three-direction movable table. The movable table allows precise positioning of the target (either the 
STEG or the Gardon sensor) relative to the lamp’s focus (see Fig. 7).

The TEGs used are commercial TEC1-12710 modules supplied by STONECOLD. Each TEG module measures 40 mm × 40 mm × 3.3 
mm and comprises two alumina ceramic plates, 255 copper interconnectors, and 127 pairs of p-type and n-type legs made of Bismuth 
Telluride (Bi2Te3) semiconductor material. The legs are rectangular in shape. Before being converted into STEGs, the TEG modules 
were tested to identify two units with equal internal resistance and nearly identical power output under the same conditions. A 25 μm 
thick adhesive GS (supplied by Panasonic) was deposited on the hot side of one TEG module, while an 87 μm thick MOL (prepared in 
the laboratory) was deposited on the hot side of the other TEG module.

A single Xenon lamp from the KIRAN-42 IMDEA High-Flux Solar Simulator was used to provide four levels of concentrated solar 
irradiance (20, 40, 60, and 80 suns), measured by a Gardon sensor. The irradiance intensity was varied by adjusting the distance 
between the Xenon lamp and the STEGs using a three-direction movable table, ensuring that the spectral distribution remained un
changed. The positions of the table were determined for each irradiance level using a Gardon sensor. An alumina sheet was used as a 
protective support, featuring a hole that allowed illumination of the hot side of the STEGs.

A water-cooled heat sink, made from copper with milled channels and measuring 80 mm × 90 mm × 10 mm, was used to cool the 
cold side of the STEGs. The water flow and temperature were kept quasi-constant throughout the experiments using a water chiller. 
Thermal grease and a tightening system with screws were employed to ensure optimal thermal contact between the STEG and the heat 
sink.

The temperature of the cold side of the STEGs was measured using three K-type thermocouples: one placed at the center and two 
positioned symmetrically, 1 cm away from the center. For the hot side, two K-type thermocouples were used, positioned 5 mm from the 
edges.

The electronic characterization system, utilizing the capacitor technique [5] and the NI cRIO 9074 platform [42] with appropriate 
Input/Output modules and a custom-designed electronic load, features four independent channels for measuring the current-voltage 
characteristics of the STEGs. This system captures I-V characteristics, temperatures, and provides real-time data on Isc, Voc, and Pmax. 
The I-V characteristics, temperature measurements, and irradiance levels were monitored through software applications developed 
using NI LabVIEW.

Table 4 
Experimental performance results for the graphite sheet (GS)-based and metal oxides layer (MOL)-based STEGs under four levels of concentrated solar 
irradiance: 20 suns (Tc = 20 ◦C), 40 suns (Tc = 30 ◦C), 60 suns (Tc = 41 ◦C), and 80 suns (Tc = 49 ◦C).

Is (W/m2) Pin (W) Th (◦C) Tc (◦C) Isc (A) Voc (V) Pmax (W) η (%) Gain (%)

GS-based STEG 20,000 32 52 20 0.710 1.831 0.308 0.96 –
40,000 64 82 30 1.267 3.482 1.120 1.75 –
60,000 96 113 41 1.602 4.854 1.984 2.1 –
80,000 128 152 49 1.786 5.555 2.670 2.1 –

MOL-based STEG 20,000 32 62 20 0.938 2.496 0.559 1.75 82
40,000 64 110 30 1.557 4.655 1.818 2.84 62
60,000 96 151 41 1.896 6.430 3.071 3.2 52
80,000 128 178 49 2.058 7.316 3.762 2.94 40
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3. Results and discussion

3.1. Experimental results

The I-V curves were measured for the GS-based STEG and the MOL-based STEG under four boundary conditions: 20 suns with Tc =

20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc = 41 ◦C, and 80 suns with Tc = 49 ◦C. Measurements were taken at 20-s intervals, with 
the Isc and Voc results extracted from the I-V curves, and the corresponding Pmax values were calculated. The final I-V characteristic 
recorded for each boundary condition was used as the representative I-V characteristic for both the GS-based STEG and the MOL-based 
STEG.

Table 4 presents the experimental Isc, Voc, and Pmax results for the GS-based STEG and the MOL-based STEG under four boundary 
conditions: 20 suns with Tc = 20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc = 41 ◦C, and 80 suns with Tc = 49 ◦C.

The experimental data revealed notable local similarities between the GS-based and MOL-based STEGs under varying solar con
centrations. Despite the differences in solar absorbers, both configurations exhibited relatively close cold-side temperatures (Tc) at the 
same solar concentration levels. Furthermore, at higher solar concentrations (80 suns), their efficiencies converged toward similar 
values: 2.1 % for the GS-based STEG and 2.94 % for the MOL-based STEG [43]. Additionally, both STEGs demonstrated a linear 
relationship between solar concentration and key performance metrics, such as open-circuit voltage (Voc) and maximum power output 
(Pmax), with this linear trend remaining consistent across all irradiance levels [24].

The close cold-side temperatures, the narrowing efficiency gap at high irradiance levels, and the consistent linear trends suggest 
local similarities in performance. This indicates that as solar concentration increases, the absorber’s material properties play a reduced 
role compared to the heat sink’s capacity to dissipate excess heat. Moreover, the observed linear dependence of electrical behavior on 
solar concentration for both configurations implies that similar underlying physical principles govern their performance.

Fig. 8. Temperature distribution in the graphite sheet (GS)-based solar thermoelectric generator (STEG) under four levels of concentrated solar 
irradiance: (a) 20 suns with a cold-side temperature (Tc) of 20 ◦C, (b) 40 suns with Tc = 30 ◦C, (c) 60 suns with Tc = 41 ◦C, and (d) 80 suns with Tc 
= 49 ◦C.
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Overall, the MOL-based STEG demonstrated superior performance in Isc, Voc, and Pmax compared to the GS-based STEG. Specif
ically, for Pmax (efficiency η), the GS-based STEG generated 0.308 W (0.96 %), 1.120 W (1.75 %), 1.984 W (2.1 %), and 2.670 W (2.1 %) 
under the respective conditions. In contrast, the MOL-based STEG generated 0.559 W (1.75 %), 1.818 W (2.84 %), 3.071 W (3.2 %), 
and 3.762 W (2.94 %) under the same conditions. These results show improvements in η of approximately 82 %, 62 %, 52 %, and 40 % 
for the MOL-based STEG compared to the GS-based STEG. Additionally, the Pmax generated by the MOL-based STEG under 60 suns with 
Tc = 41 ◦C was higher than that generated by the GS-based STEG under 80 suns with Tc = 49 ◦C. This suggests that the MOL-based 
STEG under 60 suns can achieve a higher power output than the GS-based STEG under 80 suns, potentially allowing for a reduc
tion in the size of the Fresnel lens and, consequently, the overall STEG system.

3.2. Simulation results

The objective of this paper is to simulate STEGs under four levels of concentrated solar irradiance (20, 40, 60, and 80 suns) and 
compare the simulation results with experimental data. The complete STEG system includes concentrated solar irradiation, a TEG 
module, and either a GS or a MOL. The measured solar irradiances applied to the hot sides of the STEGs, along with the corresponding 
temperatures on the cold side (as presented in Table 4), were used as inputs for the numerical models. The comparison between the 
simulated and experimental results focuses particularly on the Isc, Voc, and Pmax outcomes.

Figs. 8 and 9 illustrate the temperature distributions across the STEGs with a GS and a MOL, respectively, under four levels of 
concentrated solar irradiance: 20 suns with Tc = 20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc = 41 ◦C, and 80 suns with Tc = 49 ◦C.

A temperature difference of 48 ◦C was observed across the MOL-based STEG, while a temperature difference of 39 ◦C was observed 
across the GS-based STEG. This is due to the good absorbance of the MOL compared to that of the GS.

The I-V and P-V curves of the GS-based STEG and the MOL-based STEG, under four levels of concentrated solar irradiance: 20 suns 

Fig. 9. Temperature distribution in the metal oxides layer (MOL)-based solar thermoelectric generator (STEG) under four levels of concentrated 
solar irradiance: (a) 20 suns with a cold-side temperature (Tc) of 20 ◦C, (b) 40 suns with Tc = 30 ◦C, (c) 60 suns with Tc = 41 ◦C, and (d) 80 suns with 
Tc = 49 ◦C.
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with Tc = 20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc = 41 ◦C, and 80 suns with Tc = 49 ◦C, are depicted in Figs. 10 and 11, 
respectively.

Table 5 presents the simulation results for the GS-based STEG under four levels of concentrated solar irradiance, detailing the Isc, 
Voc, Pmax, and η. Additionally, the table provides the maximum temperature (Tmax) on the top surface of the GS and the average 
temperature (Th,av) on the hot side of the STEG. The solar absorbance (α) of the GS, as defined in the numerical model, is also included.

A comparison of the simulated and experimental results for Isc, Voc, Pmax, and η was performed. Under 20 suns with Tc = 20 ◦C, the 
simulated Isc was 26.7 % lower, while the simulated Voc and Pmax were 7.4 % and 1.9 % higher, respectively. Under 40 suns with Tc =

30 ◦C, the simulated Isc was 24.4 % lower, while the simulated Voc and Pmax were 11.2 % and 1.9 % higher, respectively. At 60 suns 
with Tc = 41 ◦C, the simulated Isc was 18.4 % lower, while Voc and Pmax were 14.7 % and 13.4 % higher, respectively. Finally, under 80 

Fig. 10. Current-voltage (I–V) and power-voltage (P–V) characteristics of the graphite sheet (GS)-based solar thermoelectric generator (STEG) 
under four levels of concentrated solar irradiance: 20 suns with a cold-side temperature (Tc) of 20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc =

41 ◦C, and 80 suns with Tc = 49 ◦C.

Fig. 11. Current-voltage (I–V) and power-voltage (P–V) characteristics of the metal oxides layer (MOL)-based solar thermoelectric generator (STEG) 
under four levels of concentrated solar irradiance: 20 suns with a cold-side temperature (Tc) of 20 ◦C, 40 suns with Tc = 30 ◦C, 60 suns with Tc =

41 ◦C, and 80 suns with Tc = 49 ◦C.

Table 5 
Simulation results for the graphite sheet (GS)-based STEG under four levels of concentrated solar irradiance: 20 suns (Tc = 20 ◦C), 40 suns (Tc =

30 ◦C), 60 suns (Tc = 41 ◦C), and 80 suns (Tc = 49 ◦C).

Is (W/m2) Pin (W) α Tmax (◦C) Th,av (◦C) Tc (◦C) Isc (A) Voc (V) Pmax (W) η

Exp. 20,000 32 – – 52 20 0.710 1.831 0.308 0.96
Sim. ​ ​ 0.75 59 56.1 20 0.520 (− 26.7 %) 1.967 (+7.4 %) 0.314 (+1.9 %) 0.98 (+2.1 %)
Exp. 40,000 64 – – 82.5 30.5 1.267 3.482 1.120 1.75
Sim. ​ ​ 0.75 106 100.5 30 0.958 (− 24.4 %) 3.872 (+11.2 %) 1.142 (+1.9 %) 1.78 (+1.7 %)
Exp. 60,000 96 – – 113 41 1.602 4.854 1.984 2.1
Sim. ​ ​ 0.75 150 141.3 41 1.307 (− 18.4 %) 5.568 (+14.7 %) 2.251 (+13.4 %) 2.3 (+9.5 %)
Exp. 80,000 128 – – 152.5 49.5 1.786 5.555 2.670 2.1
Sim. ​ ​ 0.75 189 178.0 49 1.600 (− 10.4 %) 7.131 (+28.4 %) 3.535 (+32.4 %) 2.7 (+28.5 %)
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suns with Tc = 49 ◦C, the simulated Isc was 10.4 % lower, while Voc and Pmax were 28.4 % and 32.4 % higher, respectively.
The Isc results showed that the discrepancy between simulated and experimental values decreased as irradiation increased, with the 

maximum difference being 26.7 % at 20 suns. In contrast, the difference for Voc increased, with the largest deviation of 28.4 % 
occurring at 80 suns.

Regarding Pmax, there was a minimal difference of 1.9 % between simulated and experimental values at lower irradiation levels (20 
and 40 suns). However, at higher levels (60 and 80 suns), the differences increased to 13.4 % and 32.4 %, respectively.

As for η, the differences between simulated and experimental values were relatively small at lower irradiance levels (2.1 % at 20 
suns and 1.7 % at 40 suns). However, at higher irradiance (60 and 80 suns), the discrepancies increased to 9.5 % and 28.5 %, 
respectively.

At each irradiation level, the discrepancy between the simulated and experimental Isc and Voc values could be attributed to dif
ferences in the measurement and simulation points. Specifically, the simulated Isc values were not obtained at Voc = 0 V because R =
0 is undefined for the electrical load in the numerical model. Instead, a non-zero resistance (R ∕= 0) was defined, leading to consistently 
lower simulated Isc values compared to the experimental ones. In contrast, the simulated Voc values were taken at points higher than 
the experimental Voc values, causing the simulated Voc to consistently exceed the experimental values.

The variations in the differences between simulated and experimental Pmax and η values with respect to irradiation levels could be 
attributed to temperature nonuniformities, which increase as the irradiation level rises. In real-world conditions, these nonuniformities 
are caused by irradiance fluctuations, whereas in the simulations, they were not taken into account. Overall, the simulations show good 
agreement with the experimental data.

Table 6 presents the simulation results for the MOL-based STEG under four levels of concentrated solar irradiance, detailing the Isc, 
Voc, Pmax, and η. Additionally, the table includes the Tmax on the top surface of the MOL and the Th,av on the hot side of the STEG. The α 
of the MOL, as defined in the numerical model, is also included.

A comparison of the simulated and experimental results for Isc, Voc, Pmax, and η was performed. Under 20 suns with Tc = 20 ◦C, the 
simulated Voc was 2.4 % higher, while the simulated Isc and Pmax were 28.7 % and 6.4 % lower, respectively. At 40 suns with Tc = 30 ◦C, 
the simulated Isc was 22.5 % lower, while the simulated Voc and Pmax were 6.0 % and 0.6 % higher, respectively. At 60 suns with Tc =

41 ◦C, the simulated Isc was 14.7 % lower, and the simulated Voc and Pmax were 9.1 % and 13.8 % higher, respectively. At 80 suns with 
Tc = 49 ◦C, the simulated Isc was 5.9 % lower, while the simulated Voc and Pmax were 22.2 % and 41.7 % higher, respectively.

The Isc results showed that the discrepancy between simulated and experimental values decreased as irradiation increased, with the 
largest difference of 28.7 % at 20 suns. Conversely, the difference in Voc increased with irradiance, reaching a maximum deviation of 
22.2 % at 80 suns.

Regarding Pmax, the differences between simulated and experimental values were relatively small at lower irradiation levels (6.4 % 

Table 6 
Simulation results for the metal oxides layer (MOL)-based STEG under four levels of concentrated solar irradiance: 20 suns (Tc = 20 ◦C), 40 suns (Tc =

30 ◦C), 60 suns (Tc = 41 ◦C), and 80 suns (Tc = 49 ◦C).

Is (W/m2) Pin (W) α Tmax (◦C) Th,av (◦C) Tc (◦C) Isc (A) Voc (V) Pmax (W) η

Exp. 20,000 32 – ​ 62.5 20 0.938 2.496 0.559 1.75
Sim. ​ ​ 0.98 68.3 66.7 20 0.669 (− 28.7 %) 2.556 (+2.4 %) 0.523 (− 6.4 %) 1.63 (− 6.8 %)
Exp. 40,000 64 – ​ 110 30.5 1.557 4.655 1.818 2.84
Sim. ​ ​ 0.98 127 119.2 30 1.207 (− 22.5 %) 4.937 (+6.0 %) 1.829 (+0.6 %) 2.86 (+0.7 %)
Exp. 60,000 96 – ​ 151.5 41 1.896 6.430 3.071 3.2
Sim. ​ ​ 0.98 179 167.9 41 1.617 (− 14.7 %) 7.016 (+9.1 %) 3.495 (+13.8 %) 3.6 (+12.5 %)
Exp. 80,000 128 – ​ 178.5 49.5 2.058 7.316 3.762 2.94
Sim. ​ ​ 0.98 228 213.5 49.5 1.936 (− 5.9 %) 8.944 (+22.2 %) 5.330 (+41.7 %) 4.16 (+41.5 %)

Fig. 12. Correlation between experimental maximum power output (Pmax) and solar concentration for the graphite sheet (GS)-based and metal 
oxides layer (MOL)-based solar thermoelectric generators (STEGs).
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at 20 suns and 0.6 % at 40 suns). However, at higher irradiance (60 and 80 suns), the discrepancies increased to 13.8 % and 41.7 %, 
respectively.

As for η, the differences between simulated and experimental values were relatively small at lower irradiance levels (2.1 % at 20 
suns and 1.7 % at 40 suns). However, at higher irradiance (60 and 80 suns), the discrepancies increased to 9.5 % and 28.5 %, 
respectively.

Similarly, at each irradiation level, the discrepancy between the simulated and experimental Isc and Voc values could be attributed 

Fig. 13. Correlation between simulated maximum power output (Pmax) and solar concentration for the graphite sheet (GS)-based and metal oxides 
layer (MOL)-based solar thermoelectric generators (STEGs).

Fig. 14. Variation of (a) hot-side and cold-side temperatures and (b) temperature difference as a function of solar concentration for the graphite 
sheet (GS)-based solar thermoelectric generator (STEG).

Fig. 15. Variation of (a) hot-side and cold-side temperatures and (b) temperature difference as a function of solar concentration for the metal oxides 
layer (MOL)-based solar thermoelectric generator (STEG).
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to differences in the measured and simulated conditions. Specifically, the simulated Isc values were not obtained at Voc = 0 V because R 
= 0 is undefined for the electrical load in the numerical model. Instead, a non-zero resistance (R ∕= 0) was set for the electrical load in 
the simulations, leading to consistently lower simulated Isc values compared to the experimental ones.

Once again, the variations in the differences between simulated and experimental Pmax and η values across irradiation levels could 
be attributed to temperature nonuniformities, which become more pronounced as irradiation levels increase. In real-world conditions, 
these nonuniformities arise from irradiance fluctuations, whereas the simulations did not account for them. Despite this, the simu
lations overall show good agreement with the experimental data.

3.3. Quantitative metrics

For both the GS-based STEG and the MOL-based STEG, the relationship between Pmax and solar concentration was evaluated for 
both experimental and simulation cases, as shown in Figs. 12 and 13, respectively. In the experimental case, the coefficient of 
determination (R2) was 0.9979 for the GS-based STEG and 0.984 for the MOL-based STEG. In the simulation case, the R2 was 0.991 for 
the GS-based STEG and 0.9945 for the MOL-based STEG. These results indicate a strong linear dependence between Pmax and solar 
concentration for both experimental and simulation data.

For both the GS-based STEG and the MOL-based STEG, the relationship between solar concentration and hot-side and cold-side 
temperatures, as well as the relationship between solar concentration and temperature difference, were evaluated based on experi
mental data only. These results are shown in Figs. 14 and 15. For the hot-side and cold-side temperatures, the coefficient of deter
mination (R2) was 0.9959 and 0.9963, respectively, for the GS-based STEG, and 0.979 and 0.9963, respectively, for the MOL-based 
STEG. For the temperature difference, the R2 was 0.9868 for the GS-based STEG and 0.979 for the MOL-based STEG. These results 
indicate a strong linear dependence between solar concentration and both hot-side and cold-side temperatures, as well as the tem
perature difference, for both the GS-based STEG and the MOL-based STEG.

The Root Mean Square Error (RMSE) error metric was calculated to evaluate the agreement between the simulation and experi
mental results. It was calculated for the experimental and simulated Pmax values for both the GS-based STEG and the MOL-based STEG, 
as shown in Tables 7 and 8, respectively. The RMSE values were 0.4 for the GS-based STEG and 0.8 for the MOL-based STEG, indicating 
a good match between the experimental and simulated Pmax results.

3.4. Comparative analysis

Table 9 presents a comparative analysis of the output performance of various STEGs against the STEG investigated in this study. The 
STEG reported in Ref. [24], despite utilizing the same light absorber (GS) and operating under a higher solar concentration (107 suns), 
exhibited inferior performance across all key metrics, including Isc, Voc, Pmax, and η. Specifically, its efficiency was 88.5 % lower than 
that of the GS-based STEG under 40 suns and 79 % lower than the MOL-based STEG under 20 suns in the present study.

The STEG described in Ref. [28], which employed a Candle Soot (CS) absorber at a solar concentration of 60 suns, also showed 
lower performance across most metrics (Isc, Voc, and Pmax) compared to the GS-based and MOL-based STEGs under 20 suns in this 
study. Although the CS-based STEG achieved a relatively high efficiency (6.3 %) compared to the GS-based and MOL-based STEGs, its 
practical application is hindered by challenges such as the limited absorption capacity of CS materials across the broad spectral range 
of 0.3–2.5 μm and poor adhesion properties on the device’s hot-side surface [44].

The STEG from Ref. [29], which utilized a GS absorber at a solar concentration of 56 suns, exhibited a relatively low maximum 

Table 7 
RMSE error metric calculated between experimental and simulated maximum power output (Pmax) results for the graphite sheet 
(GS)-based solar thermoelectric generator (STEG).

GS-based STEG RMSE

Experimental Pmax (W) Simulated Pmax (W)

20 0.308 0.314 0.45
40 1.120 1.142
60 1.984 2.251
80 2.670 3.535

Table 8 
RMSE error metric calculated between experimental and simulated maximum power output (Pmax) results for the metal oxides layer 
(MOL)-based solar thermoelectric generator (STEG).

MOL-based STEG RMSE

Experimental Pmax (W) Simulated Pmax (W)

20 0.559 0.523 0.81
40 1.818 1.829
60 3.071 3.495
80 3.762 5.330
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Table 9 
Comparison of STEG output performance between this study and previous research.

Sources Publication’s 
year

Solar 
absorber

Thermoelectric 
module

Cooling method Heating source Concentrator Concentration 
rate (suns)

Pin 

(W)
Isc 

(A)
Voc 

(V)
Pmax 

(W)
η 
(%)

Sim./ 
Exp

Mahmoudinezhad 
et al. [24]

2018 GS CMO-25-42S (50 
CaMnO3 n-type and 
Ca3Co4O3 p-type leg 
pairs)

Water-cooled heat 
sink

Xenon lamp – 107 189 1.21 1.56 0.45 0.2 Exp.

Yadav et al. [28] 2020 CSa TEC1-12706 (127 
Bi2Te3 leg pairs)

Water-cooled heat 
sink

Solar radiation Fresnel lens 60 96 0.01 1.50 0.01 6.3 Exp.

Mahmoudinezhad 
et al. [29]

2020 GS TEG2-07025HT-SS 
(199 Bi2Te3 leg pairs)

Water-cooled heat 
sink

Xenon lamp – 56 90 NA NA 1.82 3.3 Exp.

Xuan et al. [45] 2024 NA TEG model (128 
CoSb3 leg pairs)

Water-cooled heat 
sink (Cold-end 
heat transfer 
coefficient hc =

10000 W/m2)

Nonuniform solar 
radiation model 
(using 2-D Gaussian 
distribution with D2 

= 0.2 × 10− 4)

– 60 96 NA NA 3.04 3.16 Sim.

Present work – GS TEC1-12710 (127 
Bi2Te3 leg pairs)

Water-cooled heat 
sink

Xenon lamp – 20 32 0.710 1.831 0.308 0.96 Exp.
MOL 0.938 2.496 0.559 1.75
GS 40 64 1.267 3.482 1.120 1.75
MOL 1.557 4.655 1.818 2.84
GS 60 96 1.602 4.854 1.984 2.1
MOL 1.896 6.430 3.071 3.2
GS 80 128 1.786 5.555 2.670 2.1
MOL 2.058 7.316 3.762 2.94

a CS: Candle Soot.
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power output (8 %) but a comparatively high efficiency (36 %) relative to the GS-based STEG under 60 suns. It also demonstrated 
equivalent maximum power output and efficiency to the MOL-based STEG under 40 suns.

The STEG from Ref. [45], simulated at a solar concentration of 60 suns, exhibited comparable maximum power output and effi
ciency to the proposed MOL-based STEG under identical illumination conditions. However, Bismuth Telluride (Bi2Te3) demonstrates 
superior performance in low-temperature applications (below 200 ◦C), while Skutterudite (CoSb3) is more suitable for 
high-temperature applications in the range of 200 ◦C–600 ◦C.

In summary, the comparative analysis highlights the significant performance enhancement of the STEG integrated with a MOL 
absorber. This improvement is attributed to the MOL’s superior thermal energy absorption capacity under concentrated solar radia
tion, as demonstrated in this study.

4. Conclusion

Solar Thermoelectric Generators (STEGs) are promising candidates for sustainable energy production, with ongoing efforts to 
enhance their efficiency through advanced thermal absorbers and accurate numerical modeling. This study investigated the perfor
mance of STEGs incorporating graphite sheet (GS) and metal oxide layer (MOL) absorbers under concentrated solar radiation using 
both simulations and experiments.

Using COMSOL Multiphysics, simulations modeled STEGs at solar irradiance levels of 20, 40, 60, and 80 suns, with corresponding 
cold-side temperatures of 20 ◦C, 30 ◦C, 41 ◦C, and 49 ◦C. The three-dimensional numerical models included the temperature-dependent 
thermoelectric properties of Bismuth Telluride (Bi2Te3) legs and material properties of alumina ceramic plates, copper interconnectors, 
and absorbers.

Experimentally, Xenon lamps, TEC1-12710 thermoelectric modules coated with GS and MOL absorbers, and water-cooled copper 
heat sinks were employed. Key parameters such as short-circuit current, open-circuit voltage, maximum power output, and efficiency 
were measured and compared with simulation results.

The MOL-based STEG outperformed the GS-based configuration across all metrics, significantly enhancing maximum power output 
and efficiency. For instance, at 60 suns, the MOL-based STEG generated 3.071 W (3.2 %), compared to 1.984 W (2.1 %) for the GS- 
based STEG, with efficiency improvements of approximately 52 %. Additionally, the MOL-based STEG also demonstrated the potential 
for compact designs by surpassing the GS-based STEG’s performance at higher irradiance levels.

Comparisons between experimental and simulation results revealed minor discrepancies at lower irradiance levels, but larger 
deviations at higher levels, likely due to temperature nonuniformities and real-world irradiance fluctuations not accounted for in the 
simulations. Nonetheless, strong linear relationships were observed between maximum power, hot-side temperature, cold-side tem
perature, and temperature difference (ΔT) with solar concentration, confirmed by high coefficients of determination (R2) for both 
STEG configurations. Moreover, low RMSE error values between simulated and experimental maximum power outputs, for both STEG 
configurations, further confirming the validity of the models. This study also highlighted the advantages of MOL absorbers in 
enhancing STEG performance over other absorbers.

This work focused on steady-state conditions, excluding transient analyses, environmental factors (e.g., ambient temperature, 
wind, and humidity), and the effects of long-term reliability and material degradation. Additionally, the numerical models did not 
incorporate a water-cooled copper heat sink and did not test under unconcentrated solar irradiance conditions. Addressing these 
factors in future studies is critical for further optimization and broader application of STEGs.

Future research should explore novel spectrally selective absorbers (SSAs) with higher solar absorbance and advanced thermo
electric materials with improved figures of merit. Investigating unconcentrated solar irradiance conditions and optimizing the design 
and geometry of thermoelectric modules could further enhance performance. Moreover, integrating machine learning and artificial 
intelligence techniques to optimize operational parameters could unlock smarter and more efficient STEG systems.
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