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Abstract

Thermoelectric generators (TEGs) are increasingly investigated for automotive exhaust waste-heat recovery in response to stringent fuel-efficiency regulations. This study numerically examines an air-cooled hybrid annular–rectangular TEG configuration integrated with external heat-sink modules to evaluate system performance under realistic automotive operating conditions. A three-dimensional numerical model was developed using COMSOL Multiphysics to investigate the influence of exhaust gas temperature (350–550 °C), exhaust mass flow rate (10–30 g/s), ambient air temperature (5–45 °C), and vehicle speed (40–120 km/h) on conversion efficiency and power output. The results show that the system achieves a maximum conversion efficiency of 12.3% at an exhaust temperature of 550 °C, an exhaust mass flow rate of 16 g/s, an ambient temperature of 5 °C, and a vehicle speed of 120 km/h, corresponding to an electrical power output of 314.7 W. Under maximum power conditions, increasing the exhaust mass flow rate to 30 g/s yields a peak power output of 559.3 W and an efficiency of 11.7%. Under representative automotive operating conditions (450 °C exhaust temperature, 20 g/s exhaust mass flow rate, 25 °C ambient temperature, and vehicle speed of 80 km/h), the system delivers 141 W of electrical power at an efficiency of 5.8%. The integration of air-cooled heat sinks enhances thermal dissipation while maintaining a pressure drop below 0.3 kPa, indicating a negligible impact on engine performance. These results demonstrate the feasibility of compact, air-cooled TEG systems for automotive waste-heat recovery and provide quantitative guidance for system-level design and optimization.
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1 Introduction
Due to continuously rising energy requirements, there has been a greater focus on the research and development of waste heat recovery techniques. As one of the most common modes of transport, automobiles offer great convenience and speed but, in doing so, generate enormous amounts of waste heat. Statistics indicate that almost two-thirds of the energy produced by burning fuel in automobiles is lost as heat. Of this heat, nearly 40% is emitted into the atmosphere through the vehicle exhaust system [1]. By recovering and efficiently utilizing waste heat, it is possible to enhance the net energy efficiency of automobiles, thereby reducing harmful emissions and contributing to a cleaner, healthier environment. Among the numerous waste heat recovery technologies currently under investigation, the thermoelectric generator (TEG) is among the most promising for the future. The TEG is based on the Seebeck effect, a phenomenon in which thermal energy is converted into electricity using semiconductor materials. One of the most significant advantages of TEGs is that they are extremely simple to design, as they have no moving parts, making them easy to maintain, causing minimal pollution, and having an incredibly long lifespan. These attributes make TEGs a very likely candidate for energy efficiency in the motor industry [2]. Waste heat recovery (WHR) is a crucial issue in addressing global energy inefficiency and environmental problems. A significant portion of the energy consumed by today's industrial and automotive systems is lost as heat, leading to inefficient operation and environmental issues [3]. It is essential not only to maximize energy savings but also to mitigate the impacts of air pollution and greenhouse gas emissions, and to decrease reliance on fossil fuels. Manufacturers can help meet increasingly stringent emissions requirements and improve fuel economy by integrating these systems. The concept is to convert the stored energy in exhaust gases into usable forms, such as electricity, to power the vehicle or recharge its batteries. Waste heat recovery (WHR) technologies aim to capture and reuse heat that would be lost from industrial processes, engines, and power systems. Advanced technologies enable greater efficiency, reduced fuel use, and lower emissions. The WHR is divided into four categories: power cycles, exhaust gas turbine systems, combined systems, and thermoelectric generators (TEGs). Power cycles are used to recover waste heat and generate useful power, including the Brayton, Rankine, and CO2 Cycles. Exhaust gas turbine systems utilize harmful exhaust from engines or industrial processes to power turbines, producing additional energy. Combined systems that integrate different waste heat recovery methods to enhance efficiency, such as hybrid turbocharging and supercritical CO2 (SCO2) cycles. Finally, thermoelectric generators (TEGs), which utilize the Seebeck effect to convert heat directly into electricity using solid-state materials, form the foundation of this paper [4]. TEG devices are solid-state devices that directly convert thermal energy into electrical energy via DC and are an emerging technology for both energy harvesting and management.
Thermodynamic reversibility, whether from heat to electricity or vice versa, is a characteristic feature of TEGs, depending on the application. TEGs may be either coolers or power generators, with the benefit of their flexibility of use [5]. TEG systems are easy to use and maintain, with no moving components. They can capture waste heat from various sources, such as power stations or vehicle exhausts, and convert it into usable electricity. Apart from energy retrieval, Thermoelectric coolers have other applications, such as use in refrigeration equipment or medical devices [6]. There are three key effects involved in thermoelectric effects: The Seebeck effect, the Peltier effect, and the Thomson effect. They are interrelated and jointly characterize the relations between electric currents and temperature differences via the material. The Seebeck effect is the generation of an electric voltage when a temperature difference is established between two dissimilar conductors. The Peltier effect is the heating or cooling when an electric current passes through the junction of two dissimilar materials. Finally, the Thomson effect is the phenomenon in which a substance warms or cools when an electric current passes through it, thereby producing a temperature difference. These three effects are primarily crucial in thermoelectric devices, such as power generators and refrigerators [7].
Thermoelectric generators contain two types of semiconductor elements: P-type and N-type. The P-type element includes an excess of holes where electrons are absent, resulting in a net positive charge. The N-type element contains an excess of electrons with a net negative charge. Usually, the electrons in the N-type material acquire energy and move toward the P-type material because of the temperature gradient. This movement of charge carries electrons in the N-type and holes in the P-type, leading to an electrical current that can be harnessed as a power source [8]. The internal TEG configuration operates in series, ensuring a higher total voltage output because the voltage outputs from each pair of P-type and N-type semiconductors can be summed. This wiring is crucial for systems that require supplying higher voltages to power electrical devices or for charging batteries. TEGs can also be connected in parallel to optimize current output, providing flexibility in system design to adapt to specific power needs [9].
TEGs have unique advantages and disadvantages that affect their use in power generation. One of the best advantages of TEGs is that they have no moving parts, making them reliable and low-maintenance. This configuration also enables silent operation, a crucial factor for applications where noise reduction is essential. TEGs are an attractive option because they generate electricity without emitting pollutants or toxic waste products, which is a significant environmental benefit. Scalability is another factor that makes TEGs well-suited for use in small devices, such as handheld devices, as well as for scaling up to industrial applications. One key advantage is that they can harness waste heat from various sources, including engines, manufacturing processes, and body heat, to generate useful electrical energy. Finally, the long lifespans of the semiconductor materials involved result in a prolonged service life when suitably maintained. However, there are several disadvantages; one is the cost of thermoelectric materials like bismuth telluride, which makes them uneconomical for large-scale applications. TEGs also have a low operating temperature range, which usually requires extremely costly materials and necessitates specialist materials in hotter climates. Their efficiency depends on a large temperature gradient between the hot and cold sides, which may not be easily achieved in most real-world applications. TEGs typically produce relatively low electrical power compared to other power generation schemes and are therefore less suited to applications that require a large amount of energy. Proper thermal management is also essential; without the necessary temperature gradient, efficiency will suffer. Finally, the inadequacies of current thermoelectric materials, their limited thermal and electrical conductivity, still restrict the overall performance of these devices [10,11]. Extensive research in the field of thermoelectric generators and waste heat recovery systems. Several notable studies have provided valuable insights into the design, optimization, and application of TEGs [12–21]
Hyland et al. [22] investigated the use of thermoelectric generators to harvest electrical energy from human body heat to power wearable electronic devices. The work, conducted at the NSF ASSIST Center, involved experimental testing using a controlled hot plate and various body locations. Their findings highlight the feasibility of using body heat-powered TEGs for wearable healthcare monitoring systems, such as ECG sensors. Additionally, Chen et al. [23] investigated the application of four half-ring, polymer-based composite thermoelectric generators, designed to harness waste heat from hot water pipes. Using finite element analysis, the study explored the influence of heat sink surface area, half-ring thickness, and the air convection heat transfer coefficient on system performance. These parameters were found to play a critical role in determining device efficiency and achieving sufficient temperature differentials, offering valuable insights for the design and optimization of high-performance TEG systems for pipe-mounted waste heat recovery.
Other research investigated the optimization of flexible TEGs production for energy harvesting using a numerical approach. The calculations showed that a maximum tensile strength of 0.967 MPa and an output power of 11 μW were achieved, given a temperature difference of 75 °C. The use of flexible graphene in polydimethylsiloxane (PDMS) applications boosted thermal conductivity and doubled the output power to 0.0515 W. The Numerical model had a margin of error of 4.6% to 5.2%, confirming its accuracy [24]. This study is significant because it highlights the suitability of flexible TEGs for waste heat recovery, enhancing efficiency and sustainable energy generation. A critical analysis of the annular exhaust-based TEG system design by Zhou et al. [25] was conducted. Coolant flow rates were the focus for optimizing temperature gradients and preventing overheating, resulting in a peak net power output of 15 W. The emphasis of this research on annular configurations aligns closely with the aim of this paper, which is to maximize heat absorption from the exhaust manifold. The study influenced the decision to employ an annular arrangement, which enhanced efficiency and heat transfer.
Recent research has focused on high-output vehicle-level integrations. In a study by Zhao et al. [26], it was shown that annular geometries can significantly improve power output compared to conventional flat-plate geometries by minimizing contact resistance and maximizing the exhaust pipe's surface area. Another study by Luo et al. [27] addressed the scalability of TEGs by proposing stacked modular geometries with heat pipes to preserve temperature gradients. The study validated that it is theoretically possible to harvest kilowatt-scale power from heavy-duty vehicles. In addition, the current focus of TEG research on transient drive-cycle analysis, as proposed by Bhakta and Kundu [28], underscores the need for TEGs to harvest fluctuating heat fluxes encountered in a realistic driving cycle. These improvements in geometry and material stability [29] validate the maturity of circular TEGs from laboratory prototypes to vehicle-level integrations. Another study by S. Singh et al. [30] showed that optimizing the internal fin configuration in a circular TEG increased net power output by 14.2%, directly contributing to a 1.8% improvement in fuel economy, finally, L. Chen et al. [31] showed that by optimizing both mass flow rate and ambient airflow velocity, a net power increase of 18.4% can be achieved compared to single-variable control.
In addition to theoretical modeling, recent experimental developments have confirmed the feasibility of these systems. In particular, the work by Esen et al. [32] experimentally validated a 27-module system integrated into a gasoline exhaust system, achieving a stable 13V output, as required by automotive battery configurations. To reduce temperature fluctuations in the exhaust system, Li et al. [33] experimentally validated a two-stage system using phase-change materials, achieving a 27% increase in power generation over traditional single-stage systems. Additionally, Sukarno et al. [34] explored the use of heat pipe sinks, which are considered a major design feature for maintaining the high temperature gradient required for these systems within the limited space available in a vehicle framework. Based on previous research, circular thermoelectric generators (TEGs) have not been widely implemented in the automotive sector. Most research has focused on traditional flat-plate TEG configurations, with little investigation of circular geometries for waste-heat recovery in vehicles.
This study investigates an air-cooled hybrid annular–rectangular thermoelectric generator (TEG) configuration integrated with heat sink modules for automotive exhaust waste-heat recovery. Compared with previously reported water-cooled TEG systems, such as those described by Zhou et al. [25], the present work focuses on performance under realistic air-cooled operating conditions. The analysis considers the coupled effects of exhaust gas temperature (350–550 °C), exhaust mass flow rate (10–30 g/s), ambient air temperature (5–45 °C), and vehicle speed (40–120 km/h) on electrical power output and conversion efficiency. In addition to evaluating the influence of operating parameters, practical design aspects relevant to automotive integration, including pressure drop and heat sink thermal performance, are examined. The results allow the identification of operating conditions favoring either maximum efficiency or maximum power and highlight the associated thermal and hydraulic trade-offs. The findings provide insight into the potential of air-cooled TEG configurations and their applicability to automotive exhaust systems.
2 Model structure, numerical modelling and mathematical analysis
The model integrates various materials, each chosen for its specific properties, to improve overall performance. This section provides a detailed breakdown of the key parameters and materials, highlighting their characteristics and roles in enhancing the system's functionality. Additionally, the proposed model structure and its accompanying mathematical analysis are presented. Several factors affect the performance of thermoelectric generators; however, this paper focuses on those relevant to automotive applications. One of the most important factors is the temperature difference between the hot and cold sides of the TEG, as a greater gradient results in higher power output; therefore, maximizing this gradient is crucial. The temperature gradient depends upon the exhaust gas temperature, which varies from 350 °C to 550 °C, the ambient air temperature varies from 5 °C to 45 °C, and the rate at which air flows past the TEG varies from 10 g/s to 30 g/s, which depends upon vehicle speed, varying from 40 km/h to 120 km/h. The second key consideration is the choice and properties of the materials, which impact the performance. Although machinery is not lacking, several challenges arise when incorporating a TEG into an exhaust. There is typically limited space, so the balance space must be crafted as a small unit that is both complex and costly to build. The integration process itself is quite involved, for TEGs must interface with other components of the exhaust system, such as pipes and catalytic converters, while meeting emissions standards. In addition, exhaust systems are constantly vibrating and moving, which could stress the TEGs or cause failures if they are not firmly fastened or made from extremely hardy materials. Another issue will be thermal cycling, repeated heating and cooling, as in regular vehicle operation. This could cause material degradation over time; therefore, the TEGs should not lose efficiency under such conditions. The Figure of merit (ZT) is a critical parameter for quantifying the performance of thermoelectric materials and devices, such as TEGs. It is an accumulation of multiple material properties that signifies the efficiency with which a material can convert heat into electricity. Higher ZT indicates better thermoelectric performance.
Materials with a higher ZT can more effectively convert heat into electricity. Figure 1 illustrates the Fig. of merit (ZT) of various thermoelectric materials at a range of temperatures [35]. At around 400 K, Bismuth Telluride (Bi2Te3) has the highest Fig. of merit and hence is amongst the best thermoelectric materials at this range of temperature. Due to its excellent thermoelectric properties, such as a high Seebeck coefficient and good electrical conductivity, Bi2Te3 is widely regarded as the best material for low- to intermediate-temperature thermoelectric devices. Therefore, Bismuth telluride was selected as the material for this study, with average values of the Seebeck coefficient of 249 μV/K, the thermal conductivity of 1.75 W/m·K, and the electrical conductivity of 5.8824 × 104 S/m. Bismuth achieves maximum efficiency for the given operating temperature and power generation conditions. There is also growing interest in advanced materials, such as skutterudites and half-Heusler alloys, which could offer improved performance in future applications.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Fig. of merit for multiple materials [26].



2.1 Numerical modelling
This research uses COMSOL Multiphysics to simulate heat transfer and thermoelectric effects in a TEG that recovers heat from exhaust gas in an exhaust pipe. COMSOL is the best option for simulating thermoelectric effects in heat recovery because it provides a comprehensive modelling platform that analyses all physical interaction variables together. The COMSOL setup included heat conduction through thermoelectric materials, heat transfer through gases, and thermoelectric power generation via the Seebeck effect. A multiphysics simulation was then set up to integrate all these phenomena and evaluate waste-heat recovery, and to calculate TEG power output from exhaust and ambient temperatures. Figure 2 shows the annular exhaust-based TEG system used by Zhou et al. [25], which employed forced water circulation for cooling. This study will use Zhou's model as a comparison for the proposed new system, with a key difference: airflow circulation for cooling.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Annular exhaust-based TEG system used by Zhou et al. [25].



2.2 Boundaries, conditions, and the computational domain
It is assumed that the exhaust gas flow is steady during stable engine operation. The temperature gradient across the system depends on the exhaust gas temperature, which ranges from 350 °C to 550 °C, and the ambient air temperature, which ranges from 5 °C to 45 °C. The mass flow rate varies from 10 g/s to 30 g/s and is related to vehicle speed in the range of 40 km/h to 120 km/h. The outlet condition is a pressure outlet, and the coolant flows perpendicular to the exhaust gas flow to help keep the temperature even across the TEGs. The remaining exterior walls of the device are assumed adiabatic.
The simulation geometry was designed to represent a typical exhaust system integrated with thermoelectric modules, comprising TEGs, heatsinks, exhaust pipes, and a fluid domain. Two types of TEGs were used: a rectangular TEG, which is readily available on the market. The proposed model's dimensions for TEC1-12706 (40 × 40 × 4 mm) are used to study the design and structure of rectangular TEGs, as shown in Figure 3a. The system is provided with a breakdown of its components and working mechanisms. The core component of thermoelectric generators is the thermoelectric material, which in the model has a dimension of 1.4 × 1.4 × 1.6 mm. The n-type (electron-dense) and p-type (hole-dense) semiconductor materials are combined in a conductor material. The dimensions of the conductor material are 1.4 × 3.84 × 0.4 mm. Figure 3b shows the rectangular TEG, comprising 126 thermocouples, for a total of 252 elements. The elements are 1.04 mm apart and connected in series for the highest voltage output. An external connector is then used to complete the circuit, enabling effective power transfer. The same internal and external ceramic plates are fabricated to facilitate efficient heat transfer while simultaneously insulating the electrical circuit to prevent energy loss. Measuring 40 × 40 × 0.8 mm, these plates are crucial for providing thermal conductivity and ensuring the overall performance and safety of the system. The plate material was aluminum, with a thermal conductivity of 27 W/m.K. The second type of TEGs is the circular one, which is not commercially available in large quantities, but a model was made to meet special requirements.
Figure 3c shows the optimized circular TEG with an inner radius of 57 mm, a thickness of 4 mm, and a length of 120 mm. The elements of the circular TEG are arranged in a ring. The cross-sectional area of each element is identical to that of the rectangular TEG, which is 1.4 × 1.4 mm. The ring's internal diameter is also 59.4 mm. For circular thermoelectric generators (TEGs), the inner and outer connectors differ in structure. The connectors also have the same cross-sectional area as the rectangular TEG connectors. The internal connector has an internal diameter of 58.6 mm, while the external connector has an internal diameter of 62.6 mm. The circular TEG consists of 24 thermocouples, equivalent to 48 thermoelectric elements. Each element is separated by 1.04 mm and is series-connected, with an external connector completing the circuit. The external connectors' materials were aluminum, with a modified thermal conductivity of 155 W/m · K and an electrical conductivity of 197,000 S/m. The internal and external ceramic plates of the circular TEG also differ in diameter. The plates are also equal in thickness, at 0.8 mm, but vary in length, up to 120 mm. The internal ceramic plate has an internal diameter of 57 mm, while the external plate has a diameter of 63.4 mm. Figure 3d shows the internal circular TEG components.
Heat sinks are used to increase the surface area for thermal transfer between the TEG and the surrounding fluid medium. In the model, both rectangular and circular heat sinks were utilized. The rectangular heat sinks have dimensions of 40 × 40 × 34 mm, along with seven fins of 1 mm thickness and 5.5 mm spacing. The sizing and spacing of the heatsinks are designed to maximize heat dissipation and enhance system performance efficiency. Figure 4a shows the rectangular heat sink mounted on both sides of the rectangular TEG. The circular heat sinks are used on the inside surface of the TEG and consist of identical 1 mm-thick fins, similar to those used for the rectangular heat sinks, but with eight fins. Figure 4b shows the circular heat sink, which is 120 mm in diameter, designed to facilitate heat transfer within the thermoelectric module. The heart sink's material is aluminum, with a thermal conductivity of 238 W/m.K.
The exhaust pipe in the study was based on Zhou's modified version of the pipe shown in Figure 2d [16], with the main difference being that the inlet and outlet lengths were increased to 140 mm for the circular TEG. This modification allows for a good fit and alignment of the circular TEG within the system. The exhaust pipe was perforated to ensure a good fit with the heat sinks, improving heat dissipation and overall thermal efficiency. The exhaust pipe was made of cast iron, with a thermal conductivity of 50 W/m · K. Figure 5 shows the designed exhaust pipe and the final model.
Two fluid domains, internal and external, were used for this model. Both domains were carefully developed based on the exhaust pipe geometry to achieve maximum fluid flow and heat transfer efficiency, thereby minimizing interference between them. Air was used as the material, with a thermal conductivity of 0.065 W/m · K and an average specific heat of 1005 J/kg · K. The external domain accounts for the modulated airflow around the TEG and heat sinks, while the internal domain accounts for the flow in the exhaust pipe. With this arrangement, the two fluid domains become independent of each other, thereby improving overall thermal management and optimizing the performance of the thermoelectric generator. The plate material was aluminium, with a thermal conductivity of 27 W/m.K. The TEG placement of the 24 rectangular TEGs and two circular TEGs is essential in the model. The circular TEGs are located on the entrance and exit of the exhaust pipe, 10 mm from the edge of the pipe. Out of the 24 rectangular TEGs, 16 are located on the top and bottom surfaces of the rectangular section of the exhaust pipe. The spacing of these 16 TEGs follows the configuration shown in Zhou's model in Figure 2 [16]. The remaining eight rectangular TEGs are located on the sides of the rectangular exhaust section, with a 12 mm spacing between TEGs.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 (a) Rectangular TEG, (b) Internal rectangular TEG's Components, (c) Circular TEG, (d) Internal circular TEG's Components.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 (a) Rectangular heat sink, (b) Circular heat sink.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 (a) Exhaust Pipe, (b) Final Model.



2.3 Mathematical analysis
The continuity equation for a steady current flowing through a thermoelectric material with a non-uniform temperature distribution is given by equation (1), where the current density vector, and the thermal gradient ∇T contribute to the electric field vector shown in equation (2) as follows:
[image: Mathematical equation](1)
[image: Mathematical equation](2)
where the Seebeck coefficient and electrical resistivity are denoted by α and R, respectively. Using Onsager's principle and the Thomson condition, the heat flux is calculated as follows:
[image: Mathematical equation](3)
An expression for the rate of absorbed heat, Qh, at the hot junction for N thermocouples in terms of p-type and n-type thermal materials is given as:
[image: Mathematical equation](4)
where N is the number of thermocouples, Th is the temperature at the hot junction, Tc is the temperature at the cold junction, I is the electric current, Kc is the thermal conductivity, and Re is the electrical resistance, which are given in equation (5). The thermal conductivity and electrical resistance of comparable p-type and n-type thermocouples are determined by equation (6):
[image: Mathematical equation](5)
[image: Mathematical equation](6)
where L is the length of the thermocouple. At the cold junction, the heat rate is determined by equation (7). A thermoelectric module uses the temperature difference between hot and cold areas to operate like a heat engine. The first rule of thermodynamics is used to calculate the module's net output power, W, as shown in equation (8):
[image: Mathematical equation](7)
[image: Mathematical equation](8)
The ratio of power produced to heat absorbed at the hot junction is known as the thermal or conversion efficiency, given by equation (9), and the extremum conversion efficiency ηmax is given by equation (10):
[image: Mathematical equation](9)
[image: Mathematical equation](10)
where Z is the Fig. of merit and T̄ is the arithmetic average temperature.
3 Mech independence stud and model assumptions and validation
Meshing plays a critical role in managing the precision of output power results. To improve simulation accuracy, it is beneficial to set the maximum mesh density; however, hardware capacity limits the degree of refinement achievable. Accordingly, the best compromise between mesh quality and computational speed must be found to achieve the optimum within the available limits. In the earlier model, a comparison was conducted to determine the optimal mesh density that yields the most accurate results with the fewest elements. This is to find a balance between the accuracy of the results and simulation time, enabling efficient use of computational resources. Figure 6 plots the mesh element number versus the output voltage; the voltage stabilizes at around 550,000 elements. Adding any more elements after this will not significantly affect the results, as the output reaches diminishing returns. The final model has 577,890 mesh vertices, slightly above the stable limit of 550,000, as shown in Figure 6. The marginal increase is due to the introduction of connectors, which were not included in the open-circuit-voltage calculation.
COMSOL offers several solvers that can simulate various physical phenomena, which can be combined to model more complex interactions. To simulate the thermoelectric effect, three modules were used: the heat transfer module, the electric current module, and the thermoelectric module. The Heat Transfer module simulates heat conduction through all components used in the heat exchange process. In this model, all components contribute to heat transfer. Therefore, component selection involves all the components of the system so that the system can be adequately modeled in terms of the overall heat transfer characteristics. It's essential to specify the fluid properties, including the inflow and outflow conditions, as well as the fluid parameters, such as temperature and mass flow rate. Although COMSOL does not directly accept the mass flow rate as an input, it does provide a way to enter the velocity calculated from the mass flow rate equation. Through this, fluid dynamics can be modeled accurately, ensuring that thermal and thermoelectric simulations accurately reflect actual operating conditions. Figure 7 illustrates that the fluid inlet and outlet locations were defined, and the corresponding fluid parameters were determined. The conditions are essential for simulating fluid flow and heat transfer in the system correctly. In the electric current module, only the inner components of TEGS are selected to ensure that current flows only in the areas intended to supply current. It's essential to define the ground surface at one terminal of each TEG to ensure the electrical circuit functions correctly and improve calculation accuracy. By fixing the ground reference, the electrical current flow and the thermoelectric generation of voltage can be simulated more accurately, leading to more precise results in power output and efficiency simulations. Figures 8a and 8b illustrate the selection of the electric module in rectangular and circular TEGs. The Seebeck effect should be determined. These regions are specifically limited to the P-type and N-type bismuth telluride elements. The Seebeck effect is crucial to the operation of thermoelectric generators, as it generates an electric voltage from temperature differences. With these regions clearly defined, the thermoelectricity of the materials can be simulated appropriately, accounting for the proper behavior of the TEGs in generating power from temperature gradients. Figures 9a and 9b show the choice of thermoelectric elements used in energy harvester rectangular and circular TEGs.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Voltage in terms of the number of elements.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Internal fluid parameters assigned.



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Electrical module selection in (a) Rectangular TEGs, (b) Circular TEGs.



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Thermoelectric elements selection in (a) Rectangular TEGs, (b) Circular TEGs.



3.1 Model assumptions and optimization
To simplify the model's solution process, assumptions must be made. The assumptions simplify the simulation, reduce complexity, and provide helpful information. The first assumption is that of a steady state, where velocities, temperatures, and other values remain constant over time, simplifying the analysis because there is no transient state. It was further assumed that there is complete thermal contact throughout all regions and that there is no thermal resistance at the interfaces. An assumption of symmetry exists, as the system is symmetric in both space and thermal distribution. Half of the system will be modeled, and the resulting solutions will be mirrored to approximate the entire system, as shown in Figure 10. This will conserve computation while maintaining the necessary level of accuracy. The fluid is treated as incompressible and follows ideal flow behavior, neglecting turbulence, gravity, buoyancy forces, and other complex flow effects. Also, radiation heat transfer was neglected because it's insignificant compared to conduction and convection, which are valid for minor temperature differences and an insulated system.
In this model, it is necessary to optimize the external connector for maximum power output. The maximum power transfer occurs when the external resistance equals the internal resistance of the system. For the case to reach this optimal condition, the resistivity of the external connector must be tuned and adjusted accordingly. If not, it results in inefficient power transfer, leading to energy losses or reduced system performance. The optimization will consider design parameters, environmental conditions, and material properties that may influence the connector's resistance. Other considerations to be investigated include temperature changes, wear and tear, and connector degradation over time to achieve long-term stability and reliability. Equations (11) and (12) are used in the optimization process to obtain the optimal output power.
[image: Mathematical equation](11)
[image: Mathematical equation](12)
where ρ is the resistivity of the connector, V is the voltage, I is the current, A is the cross-sectional area, and L is the length of the connector. The first term in equation (11) is used to calculate the internal resistance of the Thermoelectric generator, and the second term is used to calculate the resistance of the external connectors. The resistivity can be adjusted to achieve the optimum power output. During the optimization process, optimal resistivity was determined to be 5.076 × 10⁻⁶ Ω·m. This corresponds to an electrical conductivity of 197,000 S/m; This value is the optimum for maximum power efficiency of the system.
	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Symmetric assumption.



3.2 Numerical model validation
The COMSOL Multiphysics model developed in this study is validated against the annular TEG system reported by Zhou et al. [25] to assess its accuracy in predicting system performance. The validation is carried out using identical coolant flow velocities (1.0–5.0 m/s) and heat source temperatures (350 °C and 550 °C), with comparisons based on pressure drop and the temperature difference across the TEG module (ΔT). The results, summarized in Table 1, indicate good agreement between the present model and the reference data. Predicted pressure drops closely match those reported by Zhou et al. [25], with percentage errors remaining below 5.2% over the investigated flow range and typically within 1–3%.
The present model predicts slightly lower temperature differences than those reported in Zhou et al. [25], with errors increasing from 1.7% at the lowest coolant velocity to 2.9% at the highest. These differences are attributed to variations in thermal boundary conditions and in the implementation details of the material properties. The smooth, systematic variation of the temperature error, together with the strong agreement observed in the pressure drop, supports the consistency of the coupled thermal–electrical–fluid simulation framework. Overall, the validation results indicate that the numerical model provides a reliable basis for evaluating the performance of the hybrid annular–rectangular TEG system under different operating conditions.
Table 1 
Comparison and validation of the present model with reference findings from Zhou et al. [25].

4 Results and discussions
The section will present the results for the four parameters selected and their influence on the output, power, and efficiency. The parameters investigated include changes in exhaust gas temperature, mass flow rate, ambient air temperature, and velocity. The output power results will provide insight into the system's behavior and performance, highlighting the influence of each parameter. Power output was one of the primary parameters used to confirm the results obtained with the Engineering Equation Solver (EES) and COMSOL. To make a comprehensive comparison, five temperatures between 350 °C and 550 °C are examined, allowing us to assess TEG performance under varying heat conditions. It also provided helpful information on the effects of temperature on power output. Figure 11 shows the variation in TEG power output compared to the EES and COMSOL outputs. The slight variation is attributed to assumptions in the equations, modeling methods, or numerical methods used in each program. Despite the subtle differences between the programs, both show a consistent trend in output power. This serves to validate the results and provides a solid base for further TEG performance analysis and optimization. The percentage difference of results measured by EES and COMSOL has been shown. The maximum error occurs at 550 °C, with a value of 6.95%, which is insignificant; however, it provides validation of the fundamental limitations or differences in the simulation models used in both applications. The comparison remains a valuable assessment of TEG performance, and the error is reasonable for practical use.
The temperature of the entire model varies when interactions with the ambient air in the system are included. As heat continues to be exchanged with the surrounding ambient air, the model will experience temperature variations across different positions. The variations are based on several parameters, including heat-exchange efficiency, airflow, and material thermal conductivity. The temperature distribution across the system on the hot side of the ceramic provides a representation of how temperature behaves differently at spatially distinct positions and how the overall model performance is impacted. Figure 12 illustrates the temperature gradient across the hot side ceramic of the rectangular and circular TEGs.
Understanding the temperature gradient across these different TEG configurations reveals how the model's shape or design can influence heat transfer and thermal performance. Table 2 shows the average temperature distribution over the rectangular and circular TEGs.
The exhaust gas temperature varies with engine load, which directly affects the temperature gradient along the TEGs, leading to fluctuations in power output. Any increase in the temperature gradient typically increases power generation; conversely, a decrease in the temperature gradient reduces the system's efficiency. As observed in Figure 13a, an increase in the sing exhaust increases the gas temperature, while all other parameters are held at their held values. The ambient air temperature was maintained at 25 °C, the wind speed at 80 km/h, and the exhaust gas mass flow rate at 20 g/s. Results indicate a positive correlation between exhaust gas temperature and power output. The maximum output power observed was 218.84 W with an exhaust gas temperature of 550 °C.
In comparison, the minimum power output observed was 81.37 W at 350 °C, with exhaust gas temperatures increasing. As exhaust gas temperatures rise, the system's efficiency and power production increase. This is crucial for performance optimization in practical applications. As shown in Figure 13b, the efficiency of the TEGs also increases with rising exhaust gas temperature. The thermoelectric efficiency is enhanced because of the temperature difference between the cold and hot sides of the TEG. The minimum efficiency rate of 5% was determined to occur at an exhaust gas temperature of 350 °C. On the contrary, the maximum efficiency of 6.8% was achieved at an exhaust gas temperature of 550 °C. These findings demonstrate that higher exhaust gas temperatures increase the driving force of heat transfer, thereby improving the efficiency of thermal energy conversion into electrical power. It's very important to strike a balance between temperature and system sustainability, as material constraints and potential losses can affect efficiency.
Ambient air temperature plays a significant role in cooling the cold side of the TEG and is strongly influenced by weather conditions. The cooling effect directly affects the temperature gradient across the TEG, which, in turn, affects power generation. The lower the ambient air temperature, the more effective the cooling of the cold side, and thus the temperature differential between the cold and hot sides of the TEG will be greater, resulting in higher power output. The cooling effect typically diminishes as ambient air temperature increases, resulting in a smaller temperature differential and reduced power generation. Therefore, the performance of the TEG system can be significantly affected by weather conditions. As shown in Figure 14a, the highest power output occurs at the lowest ambient air temperature, and then decreases with increasing ambient air temperature. Exhaust gas temperature was held constant at a value of 450 °C, wind speed at 80 km/h, and exhaust gas mass flow rate at 20 g/s. From the Fig., the maximum power output was 153 W at an ambient air temperature of 5 °C, and the minimum was 129.33 W. The variation in power output is relatively minor, with a change of 23.67 W between the minimum and maximum values. Figure 14b shows that the TEG system's efficiency decreases with increasing ambient air temperature. This is due to the rise in the cold-side temperature, which reduces the temperature difference across the TEG and lowers the system's overall performance. As shown in Figure 14, the maximum efficiency of 6.3% occurs at an ambient air temperature of 5 °C, where the cold side is noticeably colder, resulting in the largest temperature difference between the hot and cold sides of the TEG. The minimum efficiency of 5.3% is at the higher ambient air temperature of 45 °C. As the ambient temperature increases, the ability to maintain a large temperature difference between the hot exhaust gases and the cold side of the TEG decreases, reducing the energy conversion efficiency.
The speed of an automotive vehicle depends on road conditions, whether on a highway or an internal road, and this significantly influences the pTEG's performance. Driving at higher, more consistent speeds, the TEG system would perform better due to the increased heat generated by the engine. On interior streets, vehicle speeds are generally slower and less consistent, making the TEG's performance less predictable due to lower thermal energy. As shown in Figure 15a, the power output increases with increasing ambient air velocity. This is because the heat transfer rate at the cold side is better with increased velocity, causing the cold-side temperature to decrease. The reduction increases the temperature difference, thereby improving power output. Other parameters remained constant, with an exhaust gas temperature of 450 °C, an ambient air temperature of 25 °C, and an exhaust gas mass flow rate of 20 g/s. The maximum power of 222.81W was achieved when the vehicle velocity reached 120 km/h, and the lowest power of 93.28W was achieved at a vehicle velocity of 40 km/h. Figure 15b shows that the efficiency of the TEG system increases with ambient air speed because the larger heat transfer rate associated with increased air speed lowers the temperature of the cold side. As a result, the temperature difference across the hot and cold sides of the TEG is enhanced, thereby increasing efficiency. A maximum efficiency of 9.2% can be achieved at a velocity of 120 km/h for ambient air, resulting in improved heat dissipation on the cold side with a maximum temperature difference. It was also observed that the lowest efficiency of 3.8% is achieved at a velocity of 40 km/h.
Exhaust gas mass flow rates may vary with engine load, which directly affects the TEG system's performance. If the engine load changes, the exhaust gas flow rate can increase or decrease, altering the thermal energy available for conversion into power. Therefore, the system's performance needs to be assessed under load conditions, as these may affect its efficiency and overall output. As the exhaust gas mass flow rate increases, the TEG system's power output also increases, as shown in Figure 16. This is because the greater exhaust gas volume available for heat transfer enhances the thermal energy input to the system. The exhaust gas temperature was maintained at 450 °C, the ambient air temperature at 25 °C, and the ambient air velocity at 80 km/h. Figure 16a shows that the maximum power output of 192.06 W is achieved at a mass flow rate of 30 g/s, and the minimum power output of 67.53 W is achieved at a mass flow rate of 10 g/s. This trend highlights the significance of the exhaust gas flow rate to the performance of the TEG system, where a higher flow rate yields greater thermal energy, resulting in increased power generation. Figure 16b shows that the TEG system's efficiency initially increases with increasing exhaust gas mass flow rate, reaching a peak at 16 g/s. After that point, the efficiency begins to decline because the exhaust gases maintain a significant temperature difference between the hot and cold sides of the TEG at low mass flow rates. As the mass flow rate increases, the exhaust gases will not have enough time to transfer heat to the TEG before leaving the system, decreasing the temperature gradient and leading to a corresponding drop in efficiency. Where the rate of power rise does not keep up with the rate of increase in thermal input, even while raising the exhaust gas mass flow rate enhances the system's total thermal energy input and, consequently, its absolute power output. The temperature gradient (ΔT) across the thermoelectric elements is reduced, and effective heat absorption is limited at higher flow rates due to the shorter contact time between the exhaust gas and the TEG surface. As a result, even when overall power increases, conversion efficiency, which is the ratio of electrical power output to thermal energy input, declines. The highest efficiency of 5.9% occurs at a mass flow rate of 15 g/s, and the lowest efficiency of 5.3% occurs at a mass flow rate of 30 g/s. The results in Figure 16 indicate an optimal mass flow rate for maximum efficiency, beyond which the system's performance may be compromised.
Any modification to the exhaust system will increase the pressure drop, which negatively impacts the engine's performance. A higher pressure drop increases the work the engine does by forcing exhaust gases out, which can lower both fuel efficiency and overall power output. Adding heat sinks results in a slight increase in resistance to exhaust flow, but the effect on engine power and fuel economy is minimal. The primary function of the heat sinks is to enhance heat transfer and optimize TEG operation, thereby efficiently converting thermal energy into electrical power. The pressure drops with and without the heat sinks are compared to illustrate how these additions affect the exhaust flow and engine performance. Optimizing the exhaust system is crucial to achieving an optimal balance between thermal management and engine performance. Figure 17 shows the pressure drop difference in terms of mass flow rate across the model with and without heat sinks. The maximum pressure drops with and without heat sinks occurred at approximately 2.79 kPa and 2.505 kPa, respectively. The difference in pressure drop was minimal in magnitude. The slight increase in pressure drop caused by the heat sinks will have a minimal influence on the engine's overall performance. Figure 18 shows that the pumping power loss due to pressure drop is very high, with the largest value occurring at a mass flow rate of 30 g/s, reaching 17.63 W. The average pumping power loss is 4.67 W, indicating that the pressure loss has a negligible impact on overall system performance.
Table 3 presents the results of the TEG performance model at the optimal operating conditions, which were achieved at an exhaust gas temperature of 550 °C, a mass flow rate of 30 g/s, an ambient air velocity of 120 km/h, and an ambient temperature of 5 °C. A maximum power of 559.3 W was achieved with an efficiency of 11.7%, the maximum possible under optimum conditions. This investigation highlights the substantial temperature difference between the exhaust gases and the ambient air, a factor that is critical to achieving the highest possible thermoelectric generation. The mass flow rate must be reduced to 16 g/s to achieve maximum efficiency; however, this considered increase of 12.3% causes the power output to drop to 314.7 W.
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Table 2 
Average Temperature distribution on TEGs.

	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 TEGs model (a) Power and (b) Efficiency at different exhaust gas temperatures.
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Table 3 
TEG performance under optimal conditions.

5 Conclusion
This paper presents the development and numerical evaluation of a hybrid annular–rectangular thermoelectric generator (TEG) system integrated with heat sink modules for air-cooled automotive exhaust waste-heat recovery. By combining circular and rectangular thermoelectric modules, the proposed configuration improves heat absorption and dissipation, thereby enhancing thermal and electrical performance across a range of operating conditions. Numerical simulations show that the system achieves a maximum conversion efficiency of 12.3%, corresponding to a power output of 314.7 W, under optimal conditions defined by an exhaust temperature of 550 °C, an exhaust mass flow rate of 16 g/s, a vehicle speed of 120 km/h, and an ambient temperature of 5 °C.
When the system is operated at a higher exhaust mass flow rate of 30 g/s, the electrical power output increases to 559.3 W, while the conversion efficiency decreases slightly to 11.7%. Under representative automotive operating conditions (450 °C exhaust temperature, 20 g/s mass flow rate, 25 °C ambient temperature, and a vehicle speed of 80 km/h), the system delivers 141 W of electrical power with a conversion efficiency of 5.8%, demonstrating its relevance for practical automotive applications.
The results indicate that system performance is strongly governed by exhaust gas temperature and mass flow rate, with conversion efficiency declining beyond an optimal mass flow rate of 16 g/s. The integration of air-cooled heat sinks provides effective thermal management while maintaining a negligible increase in exhaust backpressure, supporting the feasibility of the proposed air-cooled TEG configuration. These results establish a numerical performance baseline for hybrid-geometry TEG systems. Future work will focus on experimental validation, material optimization for higher-temperature operation, and transient analysis under dynamic driving conditions to further bridge the gap between simulation-based design and practical in-vehicle integration.
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	Coolant flow rate (m/s)
	Pressure drop (kPa)
	Temperature difference (°C)



	
	
	




	
	
	Exhaust gas temperature



	
	
	




	
	
	350 °C
	550 °C



	
	
	

	




	
	Zhou et al. [25]
	Present model
	Error [%]
	Zhou et al. [25]
	Present model
	Error [%]
	Zhou et al. [25]
	Present model
	Error [%]





	1
	1.2
	1.26
	5
	104.65
	102.9
	1.67
	202.78
	199.1
	1.81



	1.5
	3
	3.14
	4.6
	104.99
	103.2
	1.7
	203.69
	199.8
	1.91



	2
	5.2
	5.28
	1.5
	105.51
	103.6
	1.81
	204.2
	200.2
	1.96



	2.5
	7.8
	7.95
	1.92
	105.84
	103.8
	1.93
	204.99
	200.8
	2.04



	3
	11.8
	12.1
	2.54
	106.29
	104
	2.15
	206.19
	201.6
	2.23



	3.5
	15.5
	15.67
	1.1
	105.61
	103.2
	2.28
	207.44
	202.5
	2.38



	4
	21
	21.25
	1.2
	106.46
	103.8
	2.5
	208.17
	202.9
	2.53



	4.5
	26
	27.35
	5.2
	106.12
	103.3
	2.66
	208.73
	203.2
	2.65



	5
	32.5
	33.83
	4.1
	106.76
	103.7
	2.86
	208.89
	203.4
	2.63
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	TEG type
	Th (°C)
	Tc (°C)
	ΔT (°C)





	Rectangular TEGs
	403
	313
	90



	Circular TEG (1)
	528.8
	402
	126.8



	Circular TEG (2)
	445.9
	384.7
	61.2
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	TEG type
	Optimal input parameters
	Output





	Power
	Exhaust Gas Temperature = 550 °C
	Power
	559.3 W



	Ambient Air Temperature = 5 °C



	Ambient Air Velocity = 120 km/h
	Efficiency
	11.70%



	Exhaust Gas Mass Flow Rate = 30 g/s



	Efficiency
	Exhaust Gas Temperature = 550 °C
	Power
	314.7 W



	Ambient Air Temperature = 5°C



	Ambient Air Velocity = 120 km/h
	Efficiency
	12.30%



	Exhaust Gas Mass Flow Rate = 16 g/s
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