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Abstract: One way to convert heat into electricity is through thermoelectriefower Seneration, which is a renewable energy
conversion method. To forecast how well a thermoelectric producing system Wwould\workjthe cutrent study suggested a new
fluid-thermal-electric multi-physics numerical model. Exhaust temperature and mass flow rate are included in the numerical
simulations conducted on the ANSYS platform. From 100 °C to 300°C isithe tempetature range of the hot ends. Like the hot
end, the cold end may go as hot as 25 degrees Celsius and as low asjl0 degrees CelsiusyAs the temperature at the hot end of
the generator increases, the cold end temperature must decrease. Thisysignifies, that the two are inversely-related. The hot
junction has a maximum heat absorption of 32.762 W andfa minimuim of4.6305 W. The proposed thermoelectric generator
(TEQG) yields a maximum current of 45.867 A and a minimum curreént of 10.816"A. The output is highly dependent on where
the hot side heat exchanger is placed in respect togthe thermoelectric mddules. To build a comprehensive thermoelectric
generating system for practical usage, it is recommended to combine thetadvantages of multiple models.
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L. Introduction

An area of direct enefgypconversion thatthas recently attracted considerable attention is thermoelectric
current generation, which is mainly, controlledby the Seebeck effect [1]. In a closed circuit consisting of two
semiconductors or conducters with different characteristics, this phenomenon occurs when the junctions are
exposed to a temperature gradient, which causes a potential difference. The basic idea is that when an external
load is connected the eleetromotive force is generated when charge carriers at the hot end are heated and move
towards the cold end. This causesan electric current to be driven [2]. The Seebeck coefficient, which determines
how sensitive a‘matesial is tojthermal gradients, and the temperature differential (AT) are directly proportional to
the generatedweltage. Thesmoelectric generators (TEGs) are useful in space exploration, waste heat recovery, and
autonomous energyisystems due to their mechanical robustness, lack of moving parts, and capacity to operate in
extreme or iselated environments, despite their relatively low efficiency (usually 5-10%) [3]. The current research
mainly*focusedjon creating better thermoelectric materials, namely nanostructured and composite systems, with
better Secheck coefficients, lower thermal conductivity, and higher conversion efficiency overall [4].

The computation was performed using the Seebeck equation. A voltage, V = S:T——(1), is produced by the
Seebeck effect when the temperature difference (T=Thot—Tcold) is considered. Here, S is the Seebeck coefficient
(V/°0).

Concerns about employing environment-friendly power generation have grown as a result of pollution-related
problems and global climate changes. There are different ways to generate environment-friendly power, as wind
energy is being used. The study’s concern is about heat which is less used but more exiled to the environment. To
put it in simpler words, a thermoelectric generator (TEG) is a tool to transform thermal energy into electrical
power. Initially, these were made with metals but now with semiconductor elements that are connected in series
with metallic conductors [5]. Numerous scientists have conducted researches to utilize the ability of TEGs in order
to induce electric power [6-8]. Thermoelectric generators consist of a thermal module that is inserted between two
heat exchangers. When thermoelectric couples are electrically connected in series but thermally coupled in



parallel, some of the heat energy that flows between the couples is converted directly into electrical energy [9].
TEGs eliminate the need for fossil fuels and lower carbon emissions [10]. Thermoelectric phenomenon were
discovered in the 18™ century, at that time it produced a very minor voltage amongst different metallic elements
used as thermocouples. Thermoelectric (TE) technologies have experienced the fastest development, after the
invention of highly- efficient semiconductor devices till now despite the fact that new materials are being
considered. Seebeck effect and Peltier effect are the cornerstones of the fundamental theory underlying TE (for
main refrigeration). The Seebeck effect, which was discovered in 1821, states that two joints made of dissimilar
metals have different temperatures (T) at the joints. The thermo-current and thermo-electromotive force that result
from this difference in temperature are present in the joint circuit [11]. Numerous p-type and n-type semiconductor
slabs, creating thermocouples, make up TEGs. These are electrically coupled in series and thermally parallel. The
top ceramic plate of TEGs can be heated by a variety of waste heat sources, including those from automotive
engine exhaust, industrial and infrastructure-heating activities, as well as geothermal and others [12]. Due to such
importance of TEGs, a lot of experiments have been conducted in field of thermoelectric t€¢hnology. Amin
Nozariasbmarz et al. (2020) studied body heat harvesting system based on thermal electric generator in wearable
electronics [13]. Ravi Anant Kishore et el. (2020) studied the generator for field placements. Directly transforming
heat into electricity through thermoelectric power generation is a proven energy-collecting method [14].
NguyenVan Toan et al. (2020) studied the TEG for heat generation for device construetiomy[15]. Anjinvestigation
into the scientific modeling and verification by conducting an experiment of a TEG coupled,with a phase-changing
material (PCM) was carried out by Truong Thi KimTuoi et al. (2020) [16]gKhairul Fadzli Samat et al. (2020)
studied the highly-efficient working of micro TEGs [17]. Khairul Fadzli Samat etial. (2020) studied the important
development of thermoelectric properties [18]. Nanostructured electre€hémicaldnethod formicro thermoelectric
power sources was investigated by Khairul Fadzli Bin Samat et al:%2020) [19]. High-performance wearable
thermoelectric generators with self-healing, recyclable, and Lego-like reeonfigurability are the subjects of the
research conducted by Wei Ren et al. (2020) [20].

Sanin-Villa and Monsalve-Cifuentes, Energies 2023 compared-a, basic(1-D) model to a full ANSYS thermal-
electric model and a TEG module from a manufacturer (manufactuger curves). Good for checking that ANSYS
thermal-electric works like the module and for pfoving thatlumped models are useful [21]. Lin et al. (2019) in
Energies/MDPI created a combined numericdl method¥(CFD #, glectrical) and showed that the computational
model can predict instrumented experimental‘results within, about 5%. This supports the use of numerical and
experimental benchmarks from other studies to ‘check the accuracy of simulations [22]. Harb et al. (2023) in the
Journal of Thermal Analysis and Calorimetrypconducted 3-D ANSYS simulations and juxtaposed them with
previous theoretical and experimental findings, indicating typical errors in voltage and power ranging from a few
percent to approximately 8%,<contingent upon the specific instance [23]. It is useful to illustrate that ANSYS
forecasts frequently match experiments with less than 10% error when modeled appropriately. ANSYS has been
used in various fields ofaesearches [24-40]

1I. ANSYS Simulation

The study, employed, ANSYS software for simulation purposes. ANSYS is a premier simulation
software. Essentially, it is aydesign software that provides a simulation trial of our concept to achieve optimal
results. _Foriinstance, simulation program is designed to simulate current and heat absorption. From all options,
ANSY S thermal-cleetric was selected from the tool box of ANSYS work bench. The thermal-electric deals with
temperature;yoltage, and current. After the selection of thermal-electric, engineering data was used to assign the
custom‘materials for'simulation. The geometry created with various sketching and modelling tools, along with the
designatedymaterials for simulation, - such as copper as a heat absorber and

n-type and p-type substances, is | " illustrated in Figures 1 and 2.

i

Fig.1. Design Modeler



Following the geometry step, the produced geometry is assigned to the design modeller for meshing,
application of loads, and simulation solution. In the design modeller, mesh was utilised for geometry to achieve
superior results. The mesh comprises 17,279 nodes and 3,480 components.

Fig. 2. Mesh

1I1. Results and Discussion

and the current and heat absorbed are determined. At the hot junction, necessa
determine the values of the generated current and the absorbed heat.

Based on the current density, bot he amount of heat absorbed at the hot junction have
been determined and shown in the Figu

Fig. 4b. Side View of Current Density Contour



The analysis has been shown by the calculated values and graph of generated current and heat absorbed
at hot junction of thermoelectric generator in Fig 5.

Table 1. Simulation Results

No. | Hot Heat Current | Range of J from
End | Absorbed | Simulation (A/m?)
(O] W)

1. 100 4.6305 10.816 3.66x10% — 2.4565%x10°

2. 150 8.1882 19.585 3.66x10% — 2.4565%x10°

3. 200 11.896 28.349 3.66x10* — 2.4565%10°

4. 250 15.761 37.112 3.66x10* — 2.4565%10¢

5. 300 19.781 45.867 3.66x10* — 2.4565%10°

The simulated thermoelectric module's hot junction was tested at temperatures between, 100 and 450 degrees
Celsius, while the cold side stayed at or near room temperature. As the tempesature,difference grew, the Seebeck
voltage went up and the internal resistance went down. This caused the tofal output current to go from 10.816 A
to 45.867 A. The computed current density inside the thermoelectsie, legs ranged from 3.66x102 A/m? to
2.4565%10° A/m?, depending on how the electrical conductivity was spread out and howsthe temperature changed
in the area. These data show how the current density changes in space IZANSY S:“Ehe J value is higher near the
hot contact area. The observed range of current density alignsswith the overall current values listed in Table X.
This confirms that while the total current (up to 45.867 A) appears toybe largeythe local current density remains
within the physically-acceptable range for typical thermoelectrieymaterials, especially when considering multiple
legs connected in parallel. The results emphasize thagthe,total curtent magnitude should be interpreted together
with the effective conducting cross-section and local J-distribution to emSure realistic assessment of thermoelectric
performance.

Table 1 demonstrates how the output current and currentsdensity range fluctuate as the temperature of the hot
junction changes in the thermoelectric simiilation. When the'temperature at the hot end went from 100 °C to 300
°C, the heat absorbed at the hot junction,went from 4.63 W to 19.78 W, and the current produced went from
10.816 A to 45.867 A. No matter whatthe‘pperating ‘€éonditions were, ANSYS post-processing showed that the
current densities were always between 3.66%10* and 2.4565x10° A-m™. This linear range indicates that the
properties of the materials and the conditions of‘contact, rather than only the temperature, affect the electrical
behaviour inside the thermoeleetric legs. Fhe lowest value shows that the current flows very evenly through the
bulk material, while the'highest value shows places with the strongest electric fields, including those near the hot-
junction interface. These results‘eonfizm the expected behaviour of the virtual module in response to temperature
gradients, since the current-density characteristics stay stable within the physical constraints of the thermoelectric
material, and eurrent generation, escalates. It is also shown in graph below.
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Fig. 9. Graphical Analysis (Temperature, Heat Absorbed, andiCusrent)

Iv. Model Validation and Comparisen

The study compared numerical predictions to models and experimentahdata'desesibed in the literature to further
confirm the accuracy of the ANSYS simulation results. Sanin-Villa and@onsalvezCifuentes (2023) compared
their simplified and full ANSYS thermal-electric models tofdata ftom the ‘manufacturer. It was found that the
simulated current matched the manufacturer's reported cufrentsyof up 10,7 A, with a relative deviance of roughly
24.3% [21]. Lin et al. (2019) confirmed the accuracy-of their €oupled) CFD-TEG model by comparing it to
experimental data, revealing that voltage and pewer predictionsWwere accurate to within 5% [22]. These
benchmarks show that high-fidelity numerical models;isuch ast)ANSY S workflows, usually agree with each other
by a few percent to a few tens of percent, [depending ‘on howdwell the boundary conditions match and the
characteristics of the module. The currentévalues obtained from the ANSYS simulation (up to about 45.867 A at
AT = 300 °C) may seem higher than those found,in experimental studies on small commercial thermoelectric
modules, where the highest currentssare usually lessthan’7 A (Sanin-Villa & Monsalve-Cifuentes, 2023; Lin et
al., 2019). However, this disparity is,not,a mistake;t is a result of the way the geometry and materials were set
up in the simulation. The outpuficurrent ofya thetmoelectric generator goes down when the internal electrical
resistance goes up. The internal, electricalisesistance relies on the number of legs linked in parallel, the leg cross-
sectional area, and the gnaterial's €lectrigal conductivity. The study used a model with a bigger effective cross-
section and parallel leg setup than nermal compact modules, which led to greater absolute current levels. The
functional trend of the data, which shows that the current increases almost linearly with both the temperature
difference and thejheat abserbeds is consistent with what has been reported in the literature (Sanin-Villa &
Monsalve-Cifuentes;2023; Lin et al., 2019; Harb et al., 2023) [23]. So, even if absolute magnitudes are individual
to each designithe agreementin trends and underlying physics show that the simulation results are correct within
the accepted paradigm for how thermoelectric generators work [41, 42].

The ANSY'S simulation shows values between 10 and 45.867 A, which is greater than what experimental studies
have shown (usually between 2 and 7 A for small modules). However, this doesn't mean that the values are too
high or wrong.“Instead, it shows how the design affects, that is, how well thermo-electrics work. Commercially-
accessible modules (as investigated by Sanin-Villa & Monsalve-Cifuentes, 2023; Lin et al., 2019) are tailored for
small-scale power generation with limited leg area and fewer thermoelectric couplings, which inevitably restricts
current [21-23]. On the other hand, the simulated setup included bigger leg cross-sections and more parallel
connections, which lowered the internal electrical resistance. This design choice makes the current stronger
without changing the link between current and temperature.

However, it is essential to critically recognize two aspects: (i) absolute current values in simulations may diverge
from empirical measurements if contact resistances, thermal interfacial resistances, or non-ideal material
properties are excluded, and (ii) material property datasets (Seebeck coefficient, electrical resistivity, thermal
conductivity) utilized in ANSYS are frequently idealized, failing to consider degradation or fabrication
imperfections. These effects usually make experimental current values 5—15% lower than those from simulations
(Harb et al., 2023) [23].



Even though the simulated currents are greater, the fact that the functional patterns (linear rising of current with
AT, proportionate scaling of absorbed heat with current) match up with 1-D thermoelectric theory shows that the
model is physically correct. Future endeavors may encompass experimental prototyping of a module with identical
dimensions to verify absolute magnitudes and enhance the validation process.

The study measured not just the output current but also the current density (J) that went along with it in order to
better understand how the thermoelectric module worked. The simulated current density in the thermoelectric legs
ranged from 3.66%10% A m2 to 2.4565%10* A m™2, with a range of values over space. Higher values were seen in
the hot-junction contact zone, where the local electric field and temperature gradient were strongest. The average
current density in most of the legs was approximately 5x10° A m2 (roughly 50 A cm™2), which is in line with the
normal working ranges for Bi-Tes thermoelectric materials. The high local peaks that the simulation shows are
probably due to the way the boundaries are set up. One such assumption is that there is a short circuit in the load
and no contact resistance. The study showed a maximum theoretical current distribution that acts as an upper-
limit situation due to these limits. The current-density study demonstrated that the effectivie. working J in the
thermoelectric material remained within a range that is physically possible, even if the totalcurrent #€ached 72 A
at a temperature difference of 450 °C to 10 °C.

V. Conclusion

The current study offered a novel multi-physics numerical model forgthermoelectriey production system
performance prediction that incorporates fluid, heat, and electricity. To feedithe ANSY:S thermal model, one needs
to know both the mass flow rate and the exhaust temperature. From LOORE tof300:2C is the'temperature range of
the hot ends. Like the hot end, the cold end may go as hot as 25 degreesyCelsius and as low as 10 degrees Celsius.
At the hot end of the generator, the temperature rises, while at the coldiend, it falls. This indicates an inverse
relationship between the two. The hot junction may absorb up to 325762 W ofipower and as little as 4.6305 W. In
this study, the thermoelectric generator outputs a maximum 0f45.867"A and a minimum of 10.816 A. The output
is greatly affected by where the thermoelectric modules@re placediin the heat exchanger's hot side. The simulation
showed that the output current reached 45.867 A at 300°Cdo 10 °€a significant rise due to the temperature
change. The current density peaked around the hiot junction,wanging from 3.66x102 to 2.4565x10° A-m™. The
thermoelectric legs' average current density femains within theéfoperational range for Bi.Te-based materials,
despite high total current. ANSYS's electrieal behaviour is validated by current-density analysis, highlighting the
need of overall current and local J-distributionyfor preper thermoelectric device design. An abundance of
theoretical models has been developedyin reeent yearsifot thermoelectric generators and thermoelectric generator
systems with the aim of better forecasting and,enhancing the performance. The study then examined the CFD
simulations with numerical thefmoeleetrienmodel which may make the theoretical basis of a thermoelectric
producing system. As such, ‘i, is Suggested that a whole thermoelectric generator system be developed by
combining the benefits 0f multiple types.
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