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Abstract 13 

Thermoelectric generators (TEGs) are gaining great attention as a promising 14 

technology for waste heat recovery due to their ability to directly convert heat into electricity. 15 

However, their relatively low conversion efficiency limits widespread adoption. While 16 

efficient thermal management of TEGs is crucial to achieve high conversion efficiencies, less 17 

attention has been paid to this aspect thus far compared to materials development. Efficient 18 

TEGs require efficient heat dissipation on the cold side of TEGs, demanding careful heat sink 19 

design. In this study, a topology optimization model was developed to design air-cooled heat 20 

sinks specifically for TEG applications, incorporating both thermoelectric properties and 21 

geometric structure of TEGs. The optimized heat sink was fabricated using additive 22 

manufacturing, and its performance was experimentally validated. Compared to a conventional 23 

rectangular fin heat sink, the topology optimized (TO) heat sink significantly reduced thermal 24 

resistance across a wide range of pressure drops (6 Pa to 30 Pa), achieving a 33.5% reduction 25 

at a 12 Pa pressure drop. This led to a 44.7% increase in the output power of a commercial 26 

TEG. Despite a ~40% increase in power consumption, the TO heat sink resulted in a 21.3% 27 

improvement in conversion efficiency. This improvement is equivalent to a 27% increase in 28 

the device thermoelectric figure of merit (ZT). Numerical simulations revealed that the TO heat 29 

sink can enhance temperature uniformity on the cold side of the TEG, further contributing to 30 

performance gains. These findings highlight the effectiveness of heat sink topology 31 

optimization in enhancing conversion efficiency of TEGs. 32 

 33 

Keywords: thermoelectric generator, topology optimization, air-cooled heat sink, additive 34 

manufacturing, forced convection 35 
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Nomenclature 

TEG  Thermoelectric generator 

TE  Thermoelectric 

u  Fluid velocity vector  

p  Pressure field (Pa) 

F  Brinkman friction coefficient 

α  Maximum inverse permeability of the porous medium (s⋅N/m4) 

qα, qκ, qh Interpolation convexity parameter 

T  Temperature (°C) 

h  Heat transfer coefficient (W/m2⋅K) 

dz  Thickness (m) 

I  Electrical current (A) 

S  Device Seebeck coefficient (V/K) 

R  Electrical resistance (Ω) 

K  Thermal conductance (W/K) 

ZT  Device thermoelectric figure of merit 

q''  Heat flux (W/m2) 

Q  Heat rate (W) 

P  Power (W) 

V   Flow rate (m3/s) 

Δp  Pressure drop (Pa) 

Rth  Thermal resistance (K/W) 

 

Greek symbols 

γ  Density variable 

   Filtered density variable 

ρf  Fluid density (kg/m3) 

cf  Specific heat capacity of fluid (J/kg⋅K) 

   Dynamic viscosity (Pa⋅s) 

κ  Thermal conductivity (W/m⋅K) 

η  Conversion efficiency (%) 

  37 



4 

 

1. Introduction 38 

The rising global energy demand and the escalating climate crisis have intensified the 39 

focus on improving energy generation efficiency and increasing the production of renewable 40 

energy [1]. In the process of converting primary energy sources, such as fossil fuels, up to 70% 41 

of the input energy is typically lost as waste heat [2]. Thus, efficiently harnessing this waste 42 

heat presents a substantial opportunity to improve overall energy generation efficiency. Waste 43 

heat recovery technologies address this challenge by converting thermal energy into usable 44 

forms of energy (e.g. electrical energy, chemical energy). Among these technologies, 45 

thermoelectric generators (TEGs) have emerged as a promising solution as they can directly 46 

convert waste heat into electrical energy [3]. Unlike conventional heat engines, TEGs are solid-47 

state devices with no moving parts, making them simpler, more reliable, and requiring low 48 

maintenance. Additionally, TEGs generate electricity without the use of fossil fuels, thereby 49 

producing no greenhouse gas emissions. These advantage s make TEGs suitable for various 50 

applications, including industrial and vehicle waste heat recovery [4–6]. However, their 51 

relatively low energy conversion efficiency and output power compared to traditional heat 52 

engines limit their broader adoption, confining their use primarily to niche markets [7]. 53 

The primary working principle of TEGs is based on the Seebeck effect, where the output 54 

voltage is proportional to the temperature difference across the device [3,7]. Consequently, the 55 

conversion efficiency and output power of TEGs increase proportional to the temperature 56 

difference between the hot and cold sides of the device. To achieve this temperature difference, 57 

TEGs are typically attached to high-temperature heat sources to keep one side of the device 58 

hot, while heat sinks are used on the opposite side to dissipate heat and maintain a cooler 59 

temperature [8–10]. In such configurations, the temperature on the cold side is primarily 60 

determined by the thermal resistance of a heat sink [11]. Therefore, the use of heat sinks with 61 
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low thermal resistances, which enhance heat dissipation and increase the temperature 62 

difference, is important to achieve high conversion efficiency and output power.  63 

Air-cooled heat sinks are commonly employed in this setup due to their reliability and 64 

compact design, which align with the advantages of TEGs [8,12,13]. In air-cooled heat sinks, 65 

convective heat transfer is the main cooling mechanism, where fin geometry plays a crucial 66 

role in determining the effectiveness of convective heat transfer by influencing fluid flow [11]. 67 

Consequently, research has focused on optimizing fin geometry in a way to reduce the thermal 68 

resistance of heat sinks, so that the power generation performance of TEGs can be enhanced 69 

[12,14–17]. However, most of previous studies thus far have been limited to modifying 70 

conventional fin geometries, typically consisting of periodic arrays of uniform rectangular fins. 71 

This limitation results in heat sinks with suboptimal cooling performance, which subsequently 72 

constrains the power generation potential of TEGs.  73 

In other applications where heat sinks are used, topology optimization has emerged as a 74 

powerful technique that can overcome this limitation. Topology optimization is an advanced 75 

shape optimization method that allows for the design of non-intuitive, complex structures [18–76 

20]. Borrvall et al. first introduced topology optimization as a method to optimize fluid flow 77 

for effective heat transfer [21]. Since then, this approach has been further developed and 78 

applied to various types of heat sinks, including those for natural air convection [22], forced 79 

air cooling [23,24], and liquid cooling [25,26], primarily for arbitrary or generic heat sources. 80 

Building on these generalized approaches, researchers have recently extended the use of 81 

topology-optimized (TO) heat sinks to meet specific needs, such as cooling in electronic 82 

devices [27,28], batteries [29,30], and latent heat storage systems [31]. Despite expanding 83 

research on TO heat sinks across various applications, only a few studies have experimentally 84 

validated their effectiveness [32], and none have yet applied TO heat sinks to thermoelectric 85 

(TE) power generation, leaving this area largely unexplored. Incorporating TO heat sinks in 86 
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TEGs is expected to further improve conversion efficiency and output power, resolving the 87 

aforementioned issues arising from the continued use of conventional rectangular-fin heat sink 88 

designs.  89 

In this study, we developed and experimentally validated a topology optimization model 90 

integrated with a TEG module to design an optimized fin structure specifically for TE power 91 

generation applications. The model accounts for both the TE properties and the geometric 92 

structure of TEGs, enabling the incorporation of precise heat source boundary conditions 93 

during the topology optimization process. The TO heat sink was fabricated using additive 94 

manufacturing, and its performance was experimentally validated. Compared to a conventional 95 

rectangular fin heat sink, the TO heat sink demonstrates a significant reduction in thermal 96 

resistance over a wide range of pressure drops (6 Pa to 30 Pa). When this TO heat sink is used 97 

for a commercial TEG, its output power and conversion efficiency are increased by 44.7% and 98 

21.3%, respectively, compared to the case where the conventional rectangular-fin heat sink is 99 

used. Numerical simulations reveal underlying mechanisms for the observed enhancement in 100 

the TO heat sink-integrated TEG.     101 

  102 
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2. Topology optimization 103 

2.1. Topology optimization model 104 

Since topology optimization can accommodate complex, non-intuitive geometric 105 

structures with a high degree of freedom, it requires substantial computational resources. 106 

Therefore, constructing an efficient optimization model that reduces computational cost is 107 

crucial. To address this, we employed a simplified 2D two-layer model for topology 108 

optimization, a method widely used to mitigate the high computational cost of 3D simulations 109 

[23,33]. In this model, the components of a heat sink (fins, fluid channels, and a solid base) are 110 

represented by two 2D surfaces by assuming a uniform temperature in the height direction of 111 

each component: fins and fluid channels by the top layer, and a solid base by the bottom layer. 112 

Under this assumption, heat transfer within and between the fins and fluid is modeled in the 113 

top layer, whereas heat transfer within the base plate is modeled in the bottom layer. Heat 114 

transfer between the fins and the base, as well as between the base and the fluid, is simplified 115 

to heat transfer between the two layers as shown in Fig. 1a. In this way, the computational cost 116 

of the original 3D heat transfer problem can be significantly reduced.   117 

The primary mechanism of topology optimization for fin structure design is to determine 118 

the optimal distribution of fluid and solid domains [18]. Each domain is represented by a 119 

density variable (γ), where γ = 0 indicates a solid domain (representing the fin structure) and γ 120 

= 1 indicates a fluid domain. The fluid flow and heat transfer in the topology optimization are 121 

calculated using modified governing equations that incorporate an interpolation function ϕ(γ), 122 

with γ as a variable. Assuming an incompressible fluid, fluid dynamics are governed by the 123 

continuity equation and Navier-Stokes equation: 124 

f ( ) 0  =u      (1) 125 

2( )f p  = − +  +u u u F     (2) 126 
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where ρf is the fluid density, u is the fluid velocity vector, p is the pressure field,   is the 127 

dynamic viscosity of the fluid, and F is the volumetric force. In topology optimization, F is the 128 

Brinkman friction coefficient, set to 0 in fluid domains and a large value in solid domains to 129 

penalize fluid flow, effectively reducing fluid velocity to zero in solid regions [21]. The force 130 

F is defined as: 131 

( ) = −F u      (3) 132 

1
( )

1 q





 



−
=

+
     (4) 133 

where, α is the maximum inverse permeability of the porous medium and qα is the interpolation 134 

convexity parameter. For strong penalization, α was set to a large constant value of 106 s⋅N/m4. 135 

For heat transfer, the governing equation is based on the principle of energy conservation. 136 

In the top layer, where both convection and conduction occur, the governing equation is: 137 

f bot top

f f top f bot

fin

( )( )
( ( ) )

hh T T
c T T

dz


 
   

−
 =   +u   (5) 138 

where cf is the specific heat capacity of the fluid, Ttop is the temperature of the top layer, Tbot is 139 

the temperature of the bottom layer, κf is the thermal conductivity of the fluid, hf is the heat 140 

transfer coefficient in the fluid domain, and dzfin is the fin height. The interpolation functions 141 

ϕκ(γ) and ϕh(γ) are defined as: 142 

f s s

f

( (1 ) )
( )

(1 )

q

q






   
 

 

+ − +
=

+
    (6) 143 

f s s

f

( (1 ) )
( )

(1 )

h
h

h

h q h h

h q


 



+ − +
=

+
    (7) 144 

where κs is the solid thermal conductivity, hs is the heat transfer coefficient in the solid domain, 145 

and qh and qκ are interpolation convexity parameters. These interpolation functions enable 146 

efficient heat transfer calculations in the 2D simplified model by modifying the governing 147 
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equations in the solid and fluid domains depending on the γ value. In the bottom layer, where 148 

conduction dominates, the governing equation is: 149 

''
f bot top

s bot

base base

( )( )
( )

hh T Tq
T

dz dz

 


−
  = − +    (8) 150 

where dzbase is the thickness of the heat sink base, and q’’ is the extracted heat flux at the bottom 151 

layer. For heat sinks attached to the cold side of TEGs, the extracted heat rate Qsink can be 152 

approximated using a 1D heat conduction assumption [34]: 153 

'' 2

sink sink source sink

1
( )

2
q dA Q IST I R K T T=  + + −    (9) 154 

sink botT T             (10) 155 

where I is the electrical current flowing through the TEG, S is the device Seebeck coefficient, 156 

R is resistance, K is thermal conductance, Tsource and Tsink are the heat source and heat sink side 157 

temperatures of the TEG, respectively, and A is the cold side surface area of the TEG. In 158 

potential applications for TEGs, including waste heat recovery, the heat source typically has a 159 

significantly larger thermal mass than the TEG itself. As a result, the heat source can be 160 

assumed to maintain a constant temperature [2]. Under this condition, Tsink, and consequently 161 

the extracted heat flux q’’, is influenced by heat sink performance. As fin shapes change during 162 

iterations in topology optimization, heat sink performance also changes, altering q’’. 163 

Conventional topology optimization models for heat sinks often do not account for these 164 

variations as q’’ is typically set as a constant in boundary conditions [19,23,33,35]. 165 

To address this issue, as shown below in Fig. 2, we modified the topology optimization 166 

model by integrating a 3D TEG module to numerically calculate the changing q’’ during 167 

optimization process. This integration accounts for both the TE properties and geometric 168 

structure of the TEG, which influence q’’. The energy generated by the TEG was calculated by 169 

creating a closed circuit with an external resistive load. The output power of the TEG 170 
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corresponds to the power consumed by the resistive load, and the external load resistance was 171 

matched to the R of the TEG, since the output power is maximized under this condition [36].  172 

The computational cost of the topology optimization model was further reduced by 173 

leveraging the geometric periodicity of the TEG. Since the n-type and p-type TE legs in 174 

conventional TEGs are connected in series and share the same geometric shape, we applied 175 

symmetry boundary conditions, reducing the computational domain to a single geometric 176 

period as shown in Fig. 1b. This resulted in a TO model with reduced computational cost, 177 

making it well-suited for optimizing heat sinks in TE generation applications. 178 

 179 

Figure 1. (a) Simplified 2D two-layer topology optimization model for heat transfer simulation. 180 

(b) Domain size reduction by leveraging the geometric periodicity of a thermoelectric generator 181 

(TEG). 182 

  183 
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2.2. Optimization model construction 184 

The topology optimization model was constructed using a COMSOL Multiphysics 6.2 as 185 

shown in Fig. 2. Materials properties and constant parameter values were determined to 186 

numerically solve the governing equations. AlSi10Mg was selected as the fin material due to 187 

its compatibility with additive manufacturing through the laser powder bed fusion method and 188 

its high thermal conductivity of 130 W/mK at room temperature, making it suitable for a heat 189 

sink [37]. The fin height dzfin and base height dzbase were set to 7 mm and 2 mm, respectively. 190 

The heat transfer coefficients, hs and hf, were determined by the geometry and material 191 

properties of the heat sink and are listed in Table 1 [23,33]. 192 

The TE properties and geometry of the TEG module in the topology optimization model 193 

were based on a commercial TEG (ETX4-3-F1-2020-TA-RT-W6, Laird Thermal Systems). 194 

The TE properties of the commercial TEG were derived from its performance curve, provided 195 

by the manufacturer [38]. The cooling performance curve at 85 °C was fitted to a quadratic 196 

function, as the cooling rate Qcool of the TE device is described by: 197 

2

cool source source sink

1
( )

2
Q IST I R K T T= − + −         (11) 198 

From the coefficients of the fitted quadratic function, S, R, and K were determined to be 199 

0.01331 V/K, 1.14348 Ω, and 0.7766 W/K, respectively. The commercial TEG measured 20 200 

mm × 20 mm × 4.7 mm and consisted of an 8 × 8 array of TE legs (each measuring 1.35 mm 201 

× 1.35 mm × 2.4 mm) and two 0.8 mm thick Al2O3 substrates. By leveraging the geometric 202 

periodicity of the TEG, the computational domain was reduced to 1/8 of the total area, resulting 203 

in a domain size of 20 mm × 2.5 mm. The fluid flow inlet and outlet were extended by 10 mm 204 

to ensure developed flow and prevent reverse flow issues. The properties of air used in the 205 

topology optimization model are listed in Table 1. 206 

 207 
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Table. 1. Constant parameters used in the topology optimization model 208 

Parameters Value 

κs [W/m⋅K] 130 

κf [W/m⋅K] 0.024 

ρf [kg/m3] 1.229 

cf [J/kg⋅K] 1007 

hf [W/m2⋅K] 25 

hs [W/m2⋅K] 62000 

α [s⋅N/m4] 106 

 209 

 210 

Figure 2. Schematic illustration of the topology optimization model for the heat sink in 211 

thermoelectric (TE) generation. 212 

 213 

2.3. Optimization problem setup 214 

In this study, a constant Tsource of 150°C was applied as the boundary condition to simulate 215 

a low-grade waste heat recovery scenario, with an ambient temperature of 20°C [2]. When an 216 

air-cooled heat sink is attached to the TEG, the conversion efficiency (η) is defined as follows: 217 

TE pumpnet

source source

=
P PP

Q Q


−
=               (12) 218 

pumpP V p=           (13) 219 

, where Pnet is net output power, Qsource is the applied heat by the heat source, PTE is output 220 

power generated by the TEG, Ppump is the power consumed by the pump, V  is the volumetric 221 
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flow rate of air, and Δp is the pressure drop between inlet and outlet of the heat sink. According 222 

to the equation, η is a multiphysics parameter related to fluid flow, electric potential, and heat 223 

transfer. To simplify the optimization by decoupling these multiphysics aspects, the objective 224 

was set to maximize PTE rather than directly maximizing η. To prevent the optimized heat sink 225 

from resulting in excessive Ppump, a constraint was applied to keep Δp below 12 Pa, which is a 226 

practical Δp range used for forced convection air-cooled heat sinks [39]: 227 

TEmaximize 

subject to 12 Pa

P

p 
       (14) 228 

In Equation (12), under the assumption of 1D heat conduction, ratio between PTE and Qsource 229 

can be expressed as: 230 

source sinkTE

sinksource source

source

1 1

1

T TP ZT

TQ T
ZT

T

− + −


+ +

    (15) 231 

, where ZT (= S / KR) is a device thermoelectric figure of merit [40]. From Equations (12) and 232 

(15), η increases as the temperature difference (Tsource - Tsink) increases. Therefore, with the 233 

constant heat source temperature Tsource of 150°C, improving the fin structure to decrease Tsink 234 

leads to increased η. Thus, another optimization problem was solved to minimize Tsink under 235 

the same Δp constraint used in Eq. (14):  236 

sinkminimize 

subject to 12 Pa

T

p 
       (16) 237 

When solving Eqs. (14) and (16) using topology optimization, a Helmholtz-type density 238 

filter was applied to prevent the checker board problem and control the minimum size of the 239 

fin shape [41]:  240 

2 2-r    + =      (17) 241 
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where r controls the minimum fin size and   is the filtered design variable. After applying 242 

the density filter,   replaces γ in all governing equations. Subsequently, topology 243 

optimization was conducted following the process shown in Fig. 3. In this process, the 244 

convexity parameters were gradually changed every 100 iterations to apply stronger 245 

penalization. The values of convexity parameters are listed in Table 2. 246 

 247 

Figure 3. Diagram of multi-stage topology optimization process 248 

 249 

Table 2. Convexity parameters used in the topology optimization model 250 

Parameters Value 

qα {500, 100, 10} 

qκ {10, 50, 100} 

qh {10, 50, 100} 

 251 

2.4 Topology optimization results 252 

The optimization results are shown in Fig. 4. Two TO heat sinks were obtained by solving 253 

the optimization problems in Eqs. (14) and (16). A threshold value of 0.5 was applied to the 254 

resulting γ field: regions with γ lower than 0.5 were identified as solid fins, while regions with 255 
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γ higher than 0.5 were considered fluid domains. Using this extracted fin structure, a 3D heat 256 

sink model was created by extruding the fins to a height of 7 mm with a 2 mm thick base plate. 257 

The two optimization results showed negligible differences in their topology, confirming that 258 

the primary mechanism for enhancing PTE is the reduction of Tsink. This highlights the 259 

importance of using a heat sink with low thermal resistance to achieve high PTE in a TEG. 260 

Since the geometries of the two TO heat sinks were nearly identical, further discussion will 261 

focus on the TO heat sink optimized for maximizing PTE (Fig. 4a). 262 

 263 

Figure 4. Topology optimization results and 3D models of the optimized fin structures 264 

obtained by solving the optimization problems: (a) maximizing output power (PTE), and (b) 265 

minimizing the heat sink side temperature of the TEG (Tsink).  266 

 267 

3. Numerical simulation and experimental setups 268 

3.1. Numerical simulation setup 269 

The numerical simulation was performed using a 3D heat sink model under the same 270 

boundary conditions as the topology optimization model. The heat source temperature was set 271 

to 150°C, and a 3D TEG model with identical properties and geometry to the topology 272 

optimization model was attached. The material properties of other components, including the 273 

heat sink and air, were set to match those in the topology optimization model. The performance 274 
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of the heat sink was evaluated under flow conditions with a Δp ranging from 6 Pa to 30 Pa, 275 

with extended inlet and outlet sections of 10 mm each, assuming incompressible flow at steady 276 

state. The simulation was conducted using the COMSOL Multiphysics 6.2. 277 

A mesh dependency study was performed at the optimization condition of 12 Pa. The 278 

mesh density was gradually increased until the inlet air velocity, Tsink, and PTE showed 279 

deviations of less than 1% with further refinement, as shown in Table 3. Based on this study, 280 

the final mesh was set to approximately 4.8 million elements. To evaluate the performance of 281 

the TO heat sink by comparison, a conventional rectangular-fin heat sink was also modeled 282 

and simulated under the same boundary conditions. The conventional heat sink featured six 283 

rectangular fins, each measuring 1 mm × 2.3 mm with a 1.24 mm spacing. 284 

 285 

Table 3. Mesh refinement study results 286 

Number of Mesh elements Air velocity [m/s] Tsink [°C] PTE [W] 

3157220 2.312 343.80 0.0275 

4321865 2.341 343.82 0.0275 

4848890 (selected) 2.361 343.82 0.0275 

 287 

3.2 Experimental setup 288 

The experimental validation was conducted using the same fin geometry as the numerical 289 

simulations for both the TO heat sink and the conventional heat sink. To match the size with 290 

the commercial TEG, the reduced domain size (used in the simulation through geometric 291 

periodicity) was restored to full size using mirror symmetry, as shown in Fig. 5a and b. As a 292 

result, 3D models of the conventional and TO heat sinks, each with the full dimensions of 20 293 

mm × 20 mm × 7 mm, were obtained and fabricated using laser powder bed fusion with 294 

AlSi10Mg, as shown in Fig. 5c. The additive manufacturing method was selected due to its 295 

suitability for producing the non-intuitive TO structure.  296 
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 297 

Figure 5. 3D models of (a) conventional heat sink with rectangular fins and (b) topology 298 

optimized (TO) heat sink. (c) Schematic of the heat sink fabrication process using laser 299 

powder bed fusion. 300 

 301 

The performance of both the conventional and TO heat sinks was experimentally 302 

evaluated using a wind tunnel experiment as shown in Fig. 6a. A 6-ohm resistive heater was 303 

attached to a high thermal conductivity BeO plate heat spreader (275 W/mK, MTI Instruments 304 

Inc.), which was then mounted on one side of a commercial TEG (ETX4-3-F1-2020-TA-RT-305 

W6, Laird Thermal Systems) using thermal grease (H grease, Apiezon) to minimize thermal 306 

contact resistance. The TO or conventional heat sink was attached to the other side of the TEG 307 

using thermal grease. Two T-type thermocouples were placed on the heater-attached side (hot 308 

side) and the heat sink-attached side (cold side) of the TEG. Subsequently, the assembled TEG 309 

module was inserted into a Teflon insulating block with a low thermal conductivity (0.2 W/mK) 310 

to minimize parasitic heat loss, as shown in Fig. 6b. The TEG module, enclosed by the Teflon 311 

block was positioned at the test section of the wind tunnel (Fig. 6a). The hot side temperature 312 

was maintained at 150°C by adjusting the heat supplied by the heater. 313 
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For the wind tunnel experiment, a 500 mm-long rectangular duct with a flow straightener 314 

at the inlet, featuring a 7 mm × 20 mm cross-sectional area, was placed before the test section 315 

to ensure fully developed laminar flow. Another 250 mm-long rectangular duct was placed 316 

after the test section, with a blower (CBM-5015BF-055-391-20, Same Sky) installed at the end 317 

of the duct to create air flow from the inlet to the outlet. The ambient temperature was 318 

maintained at 20°C using an air conditioning unit to match the topology optimization boundary 319 

conditions. A T-type thermocouple was used to measure the inlet air temperature outside the 320 

test section. The Δp across the test section was measured by a differential pressure transducer 321 

and varied from 6 Pa to 30 Pa by the blower. The maximum inlet flow velocity (Vmax) was 322 

measured by a pitot tube located before the test section. Another differential pressure 323 

transducer measured the difference between total pressure (pt) and static pressure (ps) in the 324 

pitot tube to calculate Vmax as follows:  325 

t s
max

f

2( )
=

p p
V



−
      (18) 326 

The calculated Vmax was then converted into an average flow velocity (Vavg) using the following 327 

relation [42]:  328 

2

avg max

(1/ 2) (1 1/ )
0.25

(3 / 2 1/ )

n
V V

n

   +
=  

 + 
    (19) 329 

, where Γ is a gamma function, and n was taken as 7 as suggested by [42]. 330 

  331 
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 332 

Figure 6. (a) Image and schematic illustration of the test section. (b) Image of the wind tunnel 333 

experimental setup.  334 

 335 

4. Results and discussion 336 

4.1 Fluid flow and heat transfer characteristics of topology optimized heat sink 337 

The Vavg for both the conventional and TO heat sinks was derived from Eq. (19), over Δp 338 

range from 6 Pa to 30 Pa, as shown in Fig. 7a. For both heat sinks, the simulation results closely 339 

match the experimental data, confirming that the additive manufacturing successfully produced 340 

the fin geometries. The slightly higher deviation between the simulation and experiment for 341 

the TO heat sink, compared to the conventional heat sink, is likely due to the non-intuitive 342 

shape of the heat sink, which may introduce minor discrepancies between the simulation model 343 

and the fabricated heat sink. At the same Δp, the inlet Vavg of the TO heat sink is approximately 344 

40% higher than that of the conventional heat sink, leading to a corresponding ~40% increase 345 

in Ppump, as shown in Fig. 7b. 346 
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 347 

Figure 7. (a) Experimental (EXP) and simulated (SIM) result of inlet air velocity (Vavg)and (b) 348 

power consumption (Ppump) of conventional (Conv.) and TO heat sink as a function of pressure 349 

drop across heat sink (Δp). 350 

 351 

The performance of the heat sinks can be compared by evaluating their thermal 352 

resistances (Rth). Rth of a heat sink is calculated using the equation: 353 

sink amb
th

sink

T T
R

Q

−
=       (20) 354 

, where Tamb is the ambient temperature. In the case of a closed-circuited TEG, the generated 355 

electrical current induces the Peltier effect, making it difficult to accurately evaluate Qsink (Eq. 356 

(9)). To accurately determine Qsink without the influence of the Peltier effect, Rth was measured 357 

with the short-circuited TEG. Under this condition, Qsink = Qsource, assuming negligible heat 358 

loss from the TEG to the insulating block. While Qsource can be derived from the experimental 359 

heat rate value applied by the heater, parasitic heat loss through the insulating block must be 360 

taken into account for reliable estimation of Qsource. To address this issue, the parasitic heat loss 361 

was approximated by measuring the bottom-side temperature of the insulating block. When the 362 

heat source was maintained at 150°C, the temperature at the center of the bottom side of the 363 

insulating block was consistently measured at 60°C. The parasitic heat loss through the 364 
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insulating block was determined to be 2.6 W, by numerically simulating the temperature 365 

distribution of the insulating block under the aforementioned temperature conditions using the 366 

COMSOL Multiphysics 6.2. As a result, Qsource in the experiment was determined by 367 

subtracting 2.6 W from the heat rate applied by the heater. With varying Δp, Qsource from the 368 

experiment closely matches the Qsource calculated by the numerical simulation (Fig. 8a), 369 

wherein Qsink = Qsource. This result indicates that the proposed method can successfully obtain 370 

reasonably accurate Qsource (and thus Qsink) values.  371 

As shown in Fig. 8b, Tsink decreases by approximately 13 K when the TO heat sink is 372 

attached compared to the conventional heat sink. Due to the decrease of Tsink, the TO heat sink 373 

shows lower Rth compared to the conventional heat sink at the same Δp, specifically 33.5% 374 

lower Rth at 12 Pa (Fig. 8c), which corresponds to the upper limit of Δp used for topology 375 

optimization as given in Eqs. (14) and (16). This indicates that the fin structure of the TO heat 376 

sink was successfully optimized to reduce Rth. Although the TO heat sink consumes more Ppump 377 

than the conventional heat sink, the significant reduction in Rth allows the TO heat sink to 378 

achieve a lower Rth than the conventional heat sink at the same Ppump, as shown in Fig. 8d.  379 



22 

 

 380 

Figure 8. Experimental and simulated results for (a) heat applied from heat source (Qsource), 381 

(b) heat sink side temperature of the TEG (Tsink), and (c) thermal resistance (Rth) of the heat 382 

sinks as a function of Δp. (d) Rth of the heat sinks as a function of Ppump.  383 

 384 

4.2 Performance of commercial thermoelectric generator with topology optimized heat sink 385 

PTE was measured by performing I-V curve analysis on the closed-circuited TEG. The 386 

voltage across TEG was measured while applying electrical current from 0 mA up to the 387 

optimal current that maximizes PTE. The PTE was calculated by multiplying the measured 388 

voltage by the applied current. Due to the reduced Rth, the TO heat sink induces a larger 389 

temperature difference across the TEG compared to the conventional heat sink. This increased 390 

temperature difference resulted in higher PTE for Δp of 6 Pa to 30 Pa, specifically 44.7% 391 

increased PTE at 12 Pa (Fig. 9a). This significant improvement in PTE leads to a 21.3% increase 392 
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in η at 12 Pa from 1.78 % to 2.16 %, as shown in Fig. 9b, despite the TO heat sink consuming 393 

40% more Ppump.  394 

Assuming the same temperature difference across the TEG (Tsource - Tsink) for both cases 395 

of the conventional and TO heat sinks, η can be converted into ZT of the TEGs using Eq. (15) 396 

over the Δp range of 6 Pa to 30 Pa (Fig. 9c). This approach translates the difference in η between 397 

the two heat sink cases, where ZT of the TEGs are the same, into the difference in ZT between 398 

the two TEGs, where use of the same heat sink (thus the same Tsource - Tsink) is assumed. We 399 

label such a ZT estimated under the same Tsource - Tsink assumption as the effective ZT for the 400 

following discussion. At 12 Pa, the effective ZT of the TEG is 0.49 with the conventional heat 401 

sink, while the effective ZT with the TO heat sink is 0.62, representing a 27% improvement. 402 

Therefore, 21.3% improvement in η at Δp of 12 Pa is equivalent to a 27% increase in the ZT of 403 

the TEG without modifying the heat sink. The 27% improved ZT corresponds to a highly 404 

challenging achievement, as it would typically require the discovery of novel TE materials with 405 

high figure of merits, which is both time-consuming and costly. It is remarkable that the 406 

equivalent improvement was simply achieved in this study by optimizing the fin structure 407 

through topology optimization. Furthermore, despite the higher Ppump of the TO heat sink, it 408 

still showed much higher PTE, η, and effective ZT compared to the conventional heat sink when 409 

evaluated at the same Ppump, as shown in Figs. 9d-f. This highlights the effectiveness of TO 410 

heat sink in achieving superior PTE and η in TE power generation. 411 
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 412 

Figure 9. Experimental and simulated results of (a) output power (PTE), (b) conversion 413 

efficiency (η), and (c) effective device thermoelectric figure of merit (effective ZT) of a 414 

commercial TEG as a function of Δp. Experimental and simulated results of (d) PTE, (e) η, and 415 

(f) effective ZT of a commercial TEG as a function of Ppump. Effective ZT values in (c) and (f) 416 

were estimated by assuming the same temperature difference across the TEG (Tsource - Tsink) for 417 

both cases of the conventional and TO heat sinks. 418 

 419 

4.3 Temperature uniformity of topology optimized heat sink 420 

In air-cooled heat sinks, as heat is transferred from the heat sink to the airflow, the air 421 

temperature gradually rises along the airflow direction. This results in an increase in the Tsink 422 

along the airflow direction, creating a non-uniform temperature distribution [43]. In TE power 423 

generation, this non-uniform temperature distribution reduces the output power of TE leg pairs 424 

along the airflow direction, resulting in an overall degradation of PTE. Furthermore, uneven 425 

thermal stress is induced, which decreases the durability of TEGs [44,45]. Therefore, both 426 

reducing Tsink and achieving uniformity in Tsink are important for TEGs to achieve high PTE and 427 

reliability.  428 
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Figure 10a shows the simulation result of the Tsink distribution, adjusted by subtracting 429 

the minimum value of Tsink, at Δp of 12 Pa. In the conventional heat sink, the non-uniformity 430 

of Tsink leads to a reduction in the PTE of the TE leg pairs, particularly for those positioned 431 

farther from the flow inlet, as shown in Fig. 10b. However, with the TO heat sink, this non-432 

uniformity is significantly reduced, preventing the decrease in PTE. Specifically, the difference 433 

between the maximum and minimum Tsink (ΔTsink) decreases from 3.33 K to 2.12 K, and the 434 

degradation of the PTE for the 4th TE leg pair is reduced from 6.4% to 3.8%, compared to the 435 

conventional heat sink (Figs. 10a and b).  436 

 437 

Figure 10. (a) Tsink distribution, adjusted by subtracting the minimum value of Tsink, at Δp of 438 

12 Pa. (b) The degraded PTE at the nth TE leg pair, calculated by the ratio of the PTE for the nth 439 

TE leg pair to the PTE of the 1st TE leg pair.  440 

 441 

The improvement of Tsink uniformity can be explained by the airflow velocity field and 442 

the local heat transfer coefficient (hloc) obtained from numerical simulation results for each heat 443 

sink, as shown in Fig. 11 [46]. For both heat sinks, hloc increases at the fin locations where the 444 

fins enhance convective heat transfer. In the conventional heat sink, the same shape fins are 445 

arranged in a row, so each upstream fin obstructs airflow to the fins behind it (Fig. 11a), 446 

resulting in a decrease of hloc along the airflow direction, as shown in Fig. 11b. This reduction 447 
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of hloc together with the continuous increase of air temperature along the airflow direction leads 448 

to a non-uniform Tsink distribution.  449 

In contrast, the TO heat sink exhibits a unique trend in hloc due to its non-periodic fin 450 

arrangement, allowing airflow to reach downstream fins more effectively, as shown in Fig. 11a. 451 

Specifically, due to the optimized airflow, hloc for the fin located near the flow outlet still 452 

maintains a high value, as shown in Fig. 11b. This high hloc compensates the rising air 453 

temperature and thereby reduces the Tsink non-uniformity. Moreover, the TO heat sink achieves 454 

an overall increase in hloc with lower variation along the airflow direction compared to the 455 

conventional heat sink. Specifically, the standard deviation of hloc decreases from 469 W/m2K 456 

to 398 W/m2K, while the average hloc increases from 639 W/m2K to 878 W/m2K for the TO 457 

heat sink, compared to the conventional heat sink. Therefore, the improved Tsink uniformity in 458 

the TO heat sink can be understood as a result of favorable airflow dynamics and heat transfer 459 

characteristics across the heat sink due to the non-periodic fin arrangement, leading to an 460 

enhanced PTE of the TEG compared to when the conventional heat sink is used. 461 

 462 

  463 

Figure 11. (a) Airflow velocity field (insets are the streamlines) and (b) local heat transfer 464 

coefficient (hloc) of the conventional (Conv.) and TO heat sinks at Δp of 12 Pa.  465 

 466 

We studied the relationship between Δp and Tsink uniformity, as the improved Tsink 467 

uniformity observed in the TO heat sink is attributed to its favorable airflow dynamics which 468 
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is expected to be influenced by Δp. Figures 12a and b show hloc of each heat sink, evaluated 469 

from the numerical simulation results with increasing Δp. As Δp increases, the overall hloc 470 

along the airflow direction increases for both heat sinks. In the conventional heat sink, the most 471 

significant increase in hloc occurs at the first fin, while the subsequent fins experience only 472 

slight increases with Δp due to airflow obstruction caused by the upstream fins, which 473 

diminishes the sensitivity of hloc to the airflow dynamics or Δp. Such an airflow obstruction 474 

also intensifies the decreasing trend of hloc along the airflow direction. Conversely, in the TO 475 

heat sink, a significant increase in hloc occurs across all fins, with the fin at the flow outlet 476 

experiencing a similar level of hloc increase as the fin at the inlet, due to the absence of 477 

obstruction by the upstream fins. As a result, ΔTsink shows an opposite dependency on Δp for 478 

each heat sink, as shown in Fig. 12c. In the conventional heat sink, ΔTsink increases with higher 479 

Δp, suggestive of intensifying Tsink non-uniformity, whereas in the TO heat sink, the opposite 480 

is observed. The negative correlation between ΔTsink and Δp in the TO heat sink is 481 

advantageous for scaling up TEGs, in which both ΔTsink and Δp increase due to longer airflow 482 

paths. In such a case, the increased Δp effectively compensate the increase in ΔTsink, allowing 483 

the scaled-up TEGs to maintain their power generation performances. 484 

 485 

Figure 12. hloc for (a) the conventional and (b) TO heat sink under Δp ranging from 6 to 30 486 

Pa. (c) Difference between the maximum and minimum Tsink (ΔTsink) of the conventional and 487 

TO heat sink under Δp ranging from 6 to 30 Pa. 488 

  489 
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5. Conclusions 490 

This study demonstrated the effectiveness of topology optimization for designing a high-491 

performance air-cooled heat sink for TEGs. A simplified 2D two-layer topology optimization 492 

model was combined with a 3D TEG module to reduce the computational cost, while 493 

considering the geometric structure and TE properties of TEGs. This model solved two 494 

optimization problems: maximizing PTE and minimizing Tsink, and resulted in two TO heat 495 

sinks with almost identical fin geometries.  496 

One TO heat sink was then fabricated using additive manufacturing, and its performance 497 

was experimentally validated. Compared to a conventional rectangular-fin heat sink, the TO 498 

heat sink demonstrated a significant reduction in Rth and an increase in PTE across a wide range 499 

of Δp (6 Pa to 30 Pa). Specifically, at 12 Pa, Rth was reduced by 33.5%, therefore, the PTE of 500 

the commercial TEG was improved by 44.7%. Although the TO heat sink consumes 40% more 501 

Ppump, the substantial increase in PTE outweighs this larger power input, resulting in a 21.3% 502 

improvement in η compared to the case where the conventional heat sink is used. This 503 

improvement in η is equivalent to a 27% increase in the ZT of the TEG, achieved solely and 504 

simply by adopting TO heat sinks without the need to develop novel TE materials, which is 505 

time-consuming and costly. 506 

Numerical simulations revealed that the non-periodic geometry of the TO heat sink 507 

improves the uniformity of Tsink distribution, which is crucial for practical applications as it 508 

enhances PTE and thermal stability of TEGs [44,45]. The improvement in Tsink uniformity with 509 

the TO heat sink became more pronounced with higher Δp, underscoring the potential 510 

importance of the TO heat sink in scaled-up TEG systems with longer airflow paths and higher 511 

Δp.  512 

While our study successfully showed that TO heat sinks can significantly enhance the 513 

power generation performance of a commercially-available TEG with a standard geometry, 514 
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there is a growing interest in diversifying TEG geometry by altering the leg shape [47], spacing 515 

[48], dimensions [49], etc. Since the varying TEG geometries impose different boundary 516 

conditions for topology optimization, one interesting research direction would be to investigate 517 

TO heat sinks for such diverse TEG geometries. 518 

  519 
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