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Abstract

Thermoelectric modules enable direct conversion between thermal and electrical energy and
offer attractive opportunities for waste-heat recovery, solid-state refrigeration, electronics
cooling, renewable energy harvesting, and thermal control. Although considerable progress
has been achieved in enhancing the thermoelectric figure of merit of constituent materials,
practical device performance is frequently constrained by heat transfer processes occurring
within the thermoelectric legs, across material interfaces, and between the module and ex-
ternal heat sources and sinks. This review provides a comprehensive assessment of the heat
transfer challenges governing thermoelectric modules and devices and critically evaluates
thermal management strategies from the material to system scale. The fundamental cou-
pling among thermoelectric effects, Fourier conduction, and Joule heating processes is first
presented, followed by analysis of contradictory thermal requirements, phonon transport,
temperature-dependent properties, thermal contact resistance, heat leakage, parasitic losses,
temperature nonuniformity, and transient thermal loads. Particular attention is given to ad-
vanced heat rejection and heat supply technologies, including optimized finned heat sinks,
microchannel heat sinks, jet impingement, heat pipes, vapor chambers, and phase change
materials. Emerging approaches involving nanostructured thermal interfaces, additive
manufacturing, machine-learning-assisted optimization, and hybrid cooling are critically
assessed. The review identifies a transition from component-level thermal-resistance mini-
mization toward integrated material-interface-device-heat-exchanger co-design. Major
research needs include transient experimental datasets, physics-informed artificial intelli-
gence, scalable manufacturing, and validation under realistic operating conditions. Future
thermoelectric systems will require simultaneous optimization of heat transfer, electrical
performance, auxiliary energy consumption, mechanical reliability, manufacturability, and
lifecycle performance.

Keywords: thermoelectric modules; thermoelectric generators; thermoelectric cooling; heat
transfer; thermal management; heat exchangers

1. Introduction

The continuing growth in global energy consumption, coupled with the need to re-
duce greenhouse gas emissions and improve energy efficiency, has intensified interest in
technologies capable of recovering otherwise wasted thermal energy. Among available
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waste-heat recovery technologies, thermoelectric (TE) conversion is particularly attrac-
tive because it enables direct conversion between thermal and electrical energy without
mechanical components or circulating working fluids [1-4]. Their solid-state construc-
tion provides compactness, silent operation, modularity, scalability, high reliability, and
low maintenance requirements [5,6]. These characteristics have enabled applications in
industrial and automotive waste-heat recovery, spacecraft power systems, solar-energy
conversion, electronics cooling, refrigeration, biomedical equipment, and autonomous sen-
sors [6-8]. However, the intrinsic performance of a thermoelectric material is commonly
characterized by the dimensionless figure of merit, ZT = (SZO'T) /k, where S is the Seebeck
coefficient, o is the electrical conductivity, k is total thermal conductivity, and T is absolute
temperature [3,4]. High thermoelectric performance therefore requires a large Seebeck
coefficient and high electrical conductivity, together with low thermal conductivity. These
requirements are intrinsically coupled, because increasing carrier concentration generally
improves electrical conductivity but can increase electronic thermal conductivity. Conse-
quently, high-performance thermoelectric materials require simultaneous control of electron
and phonon transport [9-11].

Considerable progress has been achieved through low-dimensional structures, nanos-
tructuring, electronic-band engineering, and hierarchical phonon scattering [12-18]. Nanos-
tructured BiSbTe alloys have demonstrated that enhanced phonon scattering at grain bound-
aries and defects can suppress lattice thermal conductivity while preserving useful electrical
transport [15]. Band-structure engineering provides a complementary approach by modi-
fying electronic transport, while hierarchical architectures combine atomic-scale disorder,
nanoscale precipitates, and mesoscale grain boundaries to scatter heat-carrying phonons
over multiple length scales [16,17]. These developments have produced substantial im-
provements in material performance, establishing phonon and electron engineering as
central strategies for thermoelectric-material optimization. However, improvements in
material performance do not translate directly into equivalent improvements in practical
device efficiency or power density. A thermoelectric module comprises active TE legs
together with electrodes, diffusion barriers, bonding layers, ceramic substrates, thermal
interface materials (TIMs), packaging, and external heat exchangers. The source-to-sink
temperature difference is therefore distributed across a network of thermal resistances
rather than being imposed entirely across the active thermoelectric material [7,19]. This
distinction is fundamental because thermoelectric performance is determined by the actual
thermal conditions experienced by the active elements rather than solely by their intrinsic
material properties.

Heat transfer therefore provides the critical link between thermoelectric material perfor-
mance and practical system performance. In thermoelectric generators (TEGs), efficient hot-
side coupling is required to transfer thermal energy from the source, while low-resistance
cold-side heat rejection is necessary to maintain a large temperature difference across the
TE elements. Excessive thermal resistance on either side reduces the useful temperature
gradient and electrical output. For thermoelectric coolers (TECs), hot-side thermal man-
agement is even more demanding because the heat exchanger must dissipate both the heat
pumped from the cold side and the electrical energy supplied to the module. Inadequate
heat rejection consequently raises the hot-side temperature and reduces cooling capacity
and coefficient of performance (COP) [2,6]. Thermal contact resistance and parasitic heat
leakage further constrain device performance. Surface roughness, microscopic voids, oxide
layers, bonding materials, and imperfect contact introduce additional temperature drops at
material interfaces. Meanwhile, electrodes, ceramic substrates, encapsulation, and struc-
tural components provide parasitic thermal pathways that bypass the active thermoelectric
elements. As intrinsic material properties improve, these device-level losses can repre-
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sent an increasingly significant fraction of the total thermal resistance and may limit the
system-level benefits obtained from further increases in material performance [7,18,20].
Practical heat sources such as exhaust streams, industrial equipment, solar absorbers, and
electronic components impose spatially and temporally nonuniform thermal loads. Indi-
vidual TE couples may therefore operate at different temperature differences, producing
nonuniform electrical output or cooling performance, and these limitations have stimulated
the development of advanced thermal management technologies.

Although substantial reviews are available on thermoelectric materials, TEG/TEC
technologies, and individual cooling approaches, the heat-transfer processes connecting
these levels are often treated separately. Consequently, the pathway through which intrinsic
material properties are translated into practical modules and system performance remains
insufficiently synthesized. Improvements in ZT do not necessarily produce proportional
improvements in device efficiency, while auxiliary fan or pump consumption can further
reduce net system benefits. This review therefore adopts heat transfer as a unifying frame-
work across the material-interface-module-device-system hierarchy. Particular emphasis
is placed on the interactions among phonon transport, thermal contact resistance, parasitic
heat leakage, temperature nonuniformity, transient loads, advanced heat exchangers, and
phase-change thermal management and on how these interactions ultimately determine
TEG net power and TEC system COP. Figure 1 provides the overall framework of this review,
linking the principal heat-transfer challenges across characteristic length scales to their
effects on TEG/TEC performance and the corresponding thermal-management strategies.

Major heat-transfer challenges Sl Tmpact on TEG/TEC performance Thermal management solutions

1. Interfacial thermal resistance

» Imperfect contact, roughness
« Interfacial reactions
« Voids and gaps

2. Heat spreading in substrates and

* Reduces effective heat transfer

+ Lowers temperature difference (A7)

* Decreases power output (TEG) / cooling capacity
’ (TEC)

« Increases operating temperature and reliability risk

* High-performance TIMs

* Surface treatment and interface engineering
» Compliant and nanostructured interfaces
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Figure 1. Overall framework linking multiscale heat-transfer challenges, their effects on TEG/TEC
performance, and corresponding thermal-management strategies.

A structured literature-search procedure was employed to identify studies addressing
heat-transfer phenomena and thermal-management technologies in thermoelectric materi-
als, modules, generators, and coolers. The primary literature search covered publications
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from 2006 to 2026, with particular emphasis on studies published during the most recent
five years. Earlier seminal studies were additionally retained where they provided funda-
mental thermoelectric theory, established widely adopted thermal-management concepts,
or reported benchmark experimental results. Search terms included combinations of “ther-

Y/ Y/

moelectric generator”, “thermoelectric cooler”, “thermoelectric module”, “heat transfer”,

Va7 A

“thermal management”, “thermal contact resistance”, “thermal interface material”, “heat
sink”, “microchannel”, “jet impingement”, “heat pipe”, “vapor chamber”, and “phase
change material”. Studies were included when they provided quantitative or mechanistic
information relevant to thermal transport or thermal management at the material, interface,

module, device, or system scale.

2. Fundamentals of Thermoelectric Heat Transfer
2.1. Thermoelectric Effects

The operation of thermoelectric devices is governed primarily by three interconnected
phenomena: the Seebeck, Peltier, and Thomson effects [1,3,4]. Figure 2 shows the schematic
diagram of the three thermoelectric effects [21]. The Seebeck effect describes the generation
of an electrical potential when a temperature difference exists across a thermoelectric
material. Charge carriers at the high-temperature region possess greater thermal energy
and diffuse toward the lower-temperature region, resulting in charge separation and the
development of an electrical voltage. For a material over a sufficiently small temperature
range, the generated voltage can be approximated by V = SVT, where V is the thermoelectric
voltage and VT is the temperature gradient. This phenomenon provides the physical basis
for TEGs, in which p-type and n-type thermoelectric elements are electrically connected
in series and thermally arranged in parallel to generate useful electrical power from an
imposed temperature difference [1,6]. The magnitude of S depends strongly on material
composition, charge-carrier concentration, electronic band structure, and temperature.
Conventional metals generally exhibit relatively small Seebeck coefficients, typically around
1-10 uV/K, whereas doped semiconductors commonly exhibit substantially higher values
of approximately 100-1000 uV /K.

Heat Source Active Refrigeration Reversible Cooling or Heating

Heat Sink

T+AT ¥ 4

Heat Flow

Electron current direction
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(I
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+
|§L

—>e
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Heat Rejection T
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Figure 2. Schematic diagram of thermoelectric effects. (a) Seebeck effect, (b) Peltier effect, (¢) Thom-
son effect. Reproduced from Zhang et al. [21], licensed under CC BY 4.0.

The Peltier effect represents the reciprocal thermoelectric phenomenon. When an
electrical current passes through the junction between two dissimilar conductors or semi-
conductors, heat is either absorbed or released depending on the direction of current flow.
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The Peltier heat rate is given by Q,, = ITI, where IT is the Peltier coefficient and I is the
electrical current. This mechanism forms the basis of thermoelectric refrigeration and tem-
perature control [6]. The direction of heat pumping can be reversed simply by reversing the
electrical current, allowing the same module to provide either cooling or heating. The heat
transported by the Peltier effect is proportional to current, whereas resistive Joule heating
increases approximately with the square of current. Consequently, increasing electrical
current does not indefinitely increase useful cooling; an optimum current generally exists
because Joule heating progressively offsets Peltier cooling.

The Thomson effect occurs when an electrical current flows through a homogeneous
thermoelectric material subjected to a temperature gradient. The Thomson heat generation
can be expressed as ¢, = TIVT, where T denotes the Thomson coefficient. Depending on
the current direction and temperature dependence of the Seebeck coefficient, heat can be
continuously absorbed or released within the material [3,22]. The Thomson contribution
is often neglected in simplified thermoelectric models because it may be relatively small
when the Seebeck coefficient varies weakly with temperature. However, this assumption
can become inaccurate for large temperature differences or strongly temperature-dependent
materials [22].

2.2. Heat Transfer Mechanisms

Heat transfer in a practical thermoelectric device involves conduction, convection, and
radiation, together with thermoelectric heat transport and internally generated Joule heat.
Conduction is the dominant mechanism within thermoelectric legs, metallic electrodes,
ceramic substrates, solder layers, and TIMs. Fourier heat conduction can be expressed as
g = —kVT. The total thermal conductivity of a thermoelectric material contains electronic
and lattice contributions. Suppressing lattice thermal conductivity through phonon scat-
tering while retaining efficient electrical carrier transport is therefore a central strategy in
thermoelectric material engineering [3,4,19].

Figure 3 illustrates the thermal-resistance-chain framework governing heat transfer
through TEG. The available source-to-sink temperature difference is progressively reduced
by thermal resistances associated with the hot-side heat collector, interfaces and packaging,
thermoelectric module, parasitic heat leakage, and cold-side heat sink [23]. Consequently,
only a fraction of the external temperature difference is established directly across the
thermoelectric legs. TEG performance therefore requires coordinated optimization of
the complete thermal-resistance chain rather than isolated enhancement of individual
components. Heat must first be efficiently transferred from an external source to the hot
surface of a TEG and subsequently removed from its cold surface. Similarly, a TEC must
absorb heat efficiently at its cold side while rejecting both the transported heat and electrical
input energy at its hot side. External convective thermal resistances can therefore consume
a substantial fraction of the source-to-sink temperature difference [2,6]. Heat exchanger
design can therefore have a significant influence on practical thermoelectric performance
comparable with that of the module itself [2,6]. Thermal radiation can become increasingly
important at elevated temperatures. Radiation shielding, surface emissivity, and geometric
configuration must therefore be considered when evaluating the complete thermal resistance
network of high-temperature thermoelectric systems.
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Figure 3. Schematic of thermal-resistance-chain governing heat transfer through TEG.

3. Heat Transfer Challenges in Thermoelectric Materials
3.1. Contradictory Thermal Requirements

Efficient thermoelectric conversion requires maintaining a substantial temperature
difference between the hot and cold sides of a device while simultaneously transporting
electrical charge with minimal resistive losses. These requirements are difficult to achieve
simultaneously because the transport coefficients are not independent. Furthermore, im-
proving electrical conductivity generally increases the electronic contribution to thermal
conductivity [3,9].

Several strategies have been developed to overcome this contradiction. Pei et al. [24]
demonstrated band convergence in PbTe-based thermoelectric materials, whereby multiple
valence bands with similar energies increase the effective carrier degeneracy and enhance
the Seebeck coefficient without imposing a correspondingly severe reduction in electrical
conductivity. This approach provides an effective route to increasing the thermoelectric
power factor while retaining charge transport. Heremans et al. [16] demonstrated that
Tl doping in PbTe introduces a resonant distortion in the electronic density of states near
the Fermi level, substantially enhancing the Seebeck coefficient while preserving electri-
cal conductivity. These results established resonant-level engineering as an important
strategy for manipulating electronic transport beyond conventional carrier-concentration
optimization. Zhao et al. [25] demonstrated exceptionally low lattice thermal conductivity
in single-crystalline SnSe, attributed to its strong anharmonic bonding, anisotropic crystal
structure, and associated suppression of phonon transport. The combination of intrinsically
weak lattice thermal transport with favourable electronic properties resulted in a high ther-
moelectric figure of merit, illustrating the considerable potential of phonon-engineered or
intrinsically low-thermal-conductivity materials. Nevertheless, the fundamental coupling
among the Seebeck coefficient, electrical conductivity, and electronic and lattice thermal
conductivity remains a major materials-design constraint.

3.2. Phonon Transport Limitations

Phonons are the dominant carriers of lattice thermal energy in semiconductor thermo-
electric materials; consequently, suppressing phonon-mediated heat transport is a central
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strategy for reducing thermal conductivity and enhancing ZT. However, heat-carrying
phonons span broad distributions of frequencies and mean free paths, making effective sup-
pression considerably more complex than simply increasing defect concentration [9,10,25].
Nanostructuring provides an effective approach for engineering phonon transport. When
characteristic structural dimensions become comparable to phonon mean free paths, inter-
faces, grain boundaries, and nanoscale inclusions enhance phonon scattering and thereby
reduce lattice thermal conductivity [20]. Poudel et al. [15] demonstrated this strategy in
nanostructured p-type BiSbTe bulk alloys, achieving a peak ZT of approximately 1.4 at
373 K. The enhancement was attributed primarily to reduced lattice thermal conductivity
resulting from intensified phonon scattering at grain boundaries and structural defects.
However, such scattering centres may also impede charge-carrier transport, reducing carrier
mobility and electrical conductivity.

An additional difficulty is that no single structural length scale can efficiently scatter the
full phonon spectrum. Biswas et al. [17] demonstrated all-scale hierarchical architectures in
PbTe-based thermoelectrics by combining atomic-scale lattice disorder, nanoscale precipi-
tates, and mesoscale grain boundaries. These complementary scattering mechanisms target
phonons across different wavelength and mean-free-path ranges, substantially suppressing
lattice thermal transport while maintaining favourable electronic properties.

3.3. Temperature-Dependent Properties

A further heat-transfer challenge arises from the pronounced temperature dependence
of thermoelectric transport properties. The Seebeck coefficient, electrical conductivity, ther-
mal conductivity, and carrier concentration can vary substantially with temperature [3,4].
Consequently, thermoelectric legs operating between different hot- and cold-side tempera-
tures cannot generally be represented accurately using constant material properties. This
limitation is particularly important for TEGs subjected to temperature differences of several
hundred kelvin, where the local ZT may vary significantly along the leg. A material exhibit-
ing high ZT within a narrow temperature range may therefore provide substantially lower
average performance across the actual operating range. Thermal conductivity can also
exhibit strongly nonlinear temperature dependence. Lattice thermal conductivity generally
decreases with increasing temperature because of enhanced phonon—-phonon scattering,
although its behaviour depends on material composition, crystal structure, and dominant
scattering mechanisms [3,9]. Furthermore, temperature-dependent Seebeck coefficients
introduce the Thomson effect. When electrical current passes through a thermoelectric
material subjected to a temperature gradient, spatial variations in the Seebeck coefficient
generate reversible Thomson heating or cooling along the leg. This contribution can become
significant under large temperature gradients and should therefore be incorporated into
high-fidelity thermoelectric device models.

Material stability represents an additional concern. Nanostructures, precipitates, and
grain boundaries engineered to scatter phonons may evolve during prolonged exposure
to elevated temperatures. Grain growth, diffusion, phase transformations, and precipitate
coarsening can alter both electrical and thermal transport properties. Table 1 summarizes
the principal thermoelectric material families and highlights the strong dependence of their
thermal transport characteristics on operating temperature, composition, and microstruc-
ture [3,18,25-28]. Bi,Te;-based materials remain dominant for near-room-temperature
applications because of their favourable thermoelectric performance and relatively low
lattice thermal conductivity, making them particularly suitable for thermoelectric cooling
and low-temperature power generation [3,26]. PbTe, skutterudites, and half-Heusler com-
pounds are generally more suitable for intermediate- and high-temperature waste-heat
recovery, although their practical implementation is constrained by interface stability and
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thermal expansion mismatch [3,18]. SiGe alloys offer excellent thermal and chemical stabil-
ity at elevated temperatures and have consequently been extensively employed in space
applications, but their relatively high thermal conductivity limits performance at lower
temperatures. Mg;Sb,-based compounds provide attractive thermoelectric performance
using comparatively abundant constituent elements, although contact stability, oxidation,
and processing remain important device-level challenges [18,27]. SnSe is distinguished by
exceptionally low lattice thermal conductivity resulting from strong lattice anharmonicity
and anisotropic bonding [25,28]. Single-crystal SnSe has exhibited values as high as approx-
imately 2.6 at 923 K, demonstrating the potential of intrinsically low thermal conductivity
for high thermoelectric performance [25]. Collectively, these materials demonstrate that
material selection must consider not only the peak ZT value, but also operating temperature,
thermal transport, mechanical robustness, interface compatibility, and system-level thermal
management [3,18].

Table 1. Representative thermoelectric material families and their heat-transfer characteris-

tics [3,18,25-28].

Typical

Major

TE Material . Principal Thermal Representative
Family Operating Advantage Characteristic Heat-Transfer Applications
Regime Limitation
Near room High TE Relatively low Brittle; TECs,
Bi, Te;-based performance at lattice thermal interface/contact low-temperature
temperature . i
low temperature  conductivity limitations TEGs
Intermediate High ZT over Strong potential ~ High-
PbTe-based medium-high for phonon temperature Waste-heat TEGs
temperature - . . s
temperatures engineering interface stability
. Tunable lattice Cage structures Contact and N
. Intermediate— thermal- Automotive/in-
Skutterudites . thermal suppress phonon : .
high temperature L expansion dustrial TEGs
conductivity transport ;
mismatch
Intermediate— Good mechani- .Rele?th.er high Requires strong Automotive
Half-Heuslers . cal/thermal intrinsic thermal ~ phonon
high temperature s L . TEGs
stability conductivity suppression
High
. Excellent high- Relatively high temperature
. High
SiGe temperature thermal needed for Space power
temperature - . s
stability conductivity competitive
performance
Strongly
Low- composition- e
Mg;Sb,-based intermediate Earth?a'bundant, dependent Contact stablhty Emerging TEGs
promising ZT and processing
temperature thermal
transport
. Very low lattice ~ Strongly ,
SnSe Intermediate thermal anisotropic heat Mechanlcal/f:l ¢ Advanced TEGs
temperature . vice integration
conductivity transport

The material-scale transport mechanisms discussed above constitute only the first
level of a multiscale thermal pathway. Reductions in lattice thermal conductivity and
improvements in ZT influence the intrinsic thermal and electrical response of individual
thermoelectric legs; however, the temperature difference established across these legs is
determined by the surrounding interfaces, electrodes, substrates, packaging, and external
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heat exchangers. At the next scale, microscopic surface asperities, diffusion layers, voids, and
bonding materials produce thermal contact resistance, converting nanoscale and microscale
interface phenomena into measurable module-level temperature drops. At the module
scale, these local resistances interact with electrode and substrate heat spreading, parasitic
thermal bypasses, and nonuniform heat flux to determine the spatial temperature field
across multiple thermoelectric couples. Finally, the module temperature field is coupled
to macroscopic heat-source and heat-sink boundary conditions controlled by fins, liquid
channels, microchannels, jets, heat pipes, vapor chambers, or PCMs.

4. Thermal Contact Resistance
4.1. Origins of Contact Resistance

The fundamental origin of thermal contact resistance is the imperfect contact between
real engineering surfaces. Even apparently smooth surfaces contain microscopic asperities,
valleys, waviness, and manufacturing imperfections. When two solids are pressed together,
physical contact occurs only at discrete asperity junctions rather than across the complete
nominal interface. Heat must therefore pass through a combination of solid-to-solid micro-
contacts and interstitial regions containing air, gas, or an interface material [29]. Because
the thermal conductivity of trapped air is substantially lower than that of typical metallic
or ceramic solids, these microscopic gaps create additional resistance to heat transfer. A
number of mechanical, thermal, and surface parameters determine thermal contact resis-
tance (TCR). Among the most important are surface roughness, surface waviness, material
hardness, contact pressure, interface temperature, oxidation and the thermal conductivity
of the interstitial material [29,30].

Surface roughness is important because rougher surfaces generally provide a smaller
real contact area. Karthick et al. [31] investigated the combined influences of contact pres-
sure, surface roughness, interface material, and heat-source temperature in a TEG system
and demonstrated that surface and mechanical conditions can significantly influence system
performance, particularly when no effective thermal interface material is present. The prob-
lem becomes more complex because a commercial thermoelectric module contains multiple
internal interfaces. Internal thermal contact resistance is particularly difficult to measure
directly because the relevant interfaces are inaccessible once the module has been assembled.
Impedance spectroscopy has consequently emerged as a useful non-destructive technique
for separating different contributions to thermoelectric module impedance. Beltran-Pitarch
et al. [32,33] developed impedance-based models that account for external and internal
thermal contact resistances. Their work demonstrated that impedance measurements can
be used to characterize thermoelectric properties and to identify contact-related thermal
losses within assembled modules.

4.2. Effects on Module Performance

The principal consequence of thermal contact resistance is a reduction in the effective
temperature difference across the thermoelectric legs. If the externally imposed hot- and
cold-side temperatures are Ty, and T, respectively, it is incorrect to assume automatically
that the complete difference T},—T. occurs across the thermoelectric material. Temperature
drops also occur through the hot-side interface, substrate layers, cold-side interface, and
other structural components [30,31,34]. This distinction is particularly important for TEGs
because open-circuit voltage is approximately proportional to the temperature difference
across the thermoelectric elements. Consequently, reducing TCR can directly increase the
useful temperature gradient and electrical power output.

The influence of contact resistance depends strongly on the relative magnitude of the
contact resistance and the thermal resistance of the thermoelectric module itself. Karthick

https://doi.org/10.3390/pr14213495


https://doi.org/10.3390/pr14213495

Processes 2026, 14, 3495

10 of 35

et al. [31] demonstrated that interface conditions must be considered simultaneously with
thermoelectric module and heat-source conditions. Their results showed that increasing the
thermal conductivity of the interface material improves performance up to the point at which
other thermal resistances become dominant. Thus, selecting the interface material with the
highest possible bulk thermal conductivity does not necessarily produce a proportional
improvement in system performance. Furthermore, non-uniform contact resistance can
create spatially non-uniform temperature distributions. Differences in surface flatness,
clamping pressure, or interface material thickness can produce local variations in heat flux.
This may lead to thermoelectric legs operating at different temperature differences and can
generate additional thermo-mechanical stresses. Therefore, both the magnitude and spatial
uniformity of TCR are important.

TCR also influences thermoelectric module characterization. Pierce and Stevens [34]
found that neglecting substrate and contact thermal resistances can lead to differences in mea-
sured module parameters among characterization techniques. Kim et al. [35] developed a
current-voltage-based method for evaluating interfacial resistances in thermoelectric devices,
enabling separation of electrical contact effects from intrinsic material behaviour. The ap-
proach provides a practical means of quantifying interface-induced performance losses and
highlights the importance of minimizing contact resistance to improve thermoelectric con-
version efficiency and device reliability. Li et al. [36] further demonstrated that both thermal
and electrical contact resistances should be considered when evaluating TEG performance.
Their investigation covered different interfacial materials and thermal-mechanical operating
conditions and employed artificial neural networks for contact-resistance prediction.

4.3. Thermal Interface Materials

TIMs are widely employed to reduce the resistance associated with microscopic gaps
between thermoelectric modules and heat exchangers. The principal function of a TIM is not
simply to possess high bulk thermal conductivity, but to conform to surface irregularities,
displace low-conductivity air, and create a continuous thermal pathway between mating
surfaces [29,31,37]. Table 2 compares representative TIMs applicable to thermoelectric
modules, highlighting the trade-offs among thermal conductance, mechanical compliance,
operating temperature, durability, and manufacturability. Conventional thermal greases
and polymer-based pads provide good conformability and ease of assembly but may suffer
from relatively low effective thermal conductivity, pump-out, drying, and degradation
during prolonged thermal cycling [37,38]. Metallic and solder-based interfaces can pro-
vide substantially higher thermal conductance, although their greater stiffness, electrical
conductivity, and coefficient-of-thermal-expansion mismatch can introduce reliability con-
straints. Graphite and emerging graphene- and carbon-nanotube-based TIMs offer attractive
combinations of high thermal transport and potential high-temperature stability [38—40].
Importantly, TIM performance should not be evaluated from bulk thermal conductivity
alone; bond-line thickness and the resistances at both TIM-solid interfaces can dominate
the total thermal resistance. At smaller length scales, the development of advanced TIMs
increasingly focuses on carbon nanotubes, graphene, nanocomposites, and other engineered
interfacial architectures. These materials offer the potential to combine high intrinsic ther-
mal conductivity with sufficient mechanical compliance to accommodate surface roughness
and improve interfacial conformity. However, translating favourable nanoscale thermal
properties into low effective system-level thermal resistance remains challenging, because
appreciable contact resistance may arise not only within the TIM itself but also at both
TIM-solid interfaces. Xian et al. [29] comprehensively reviewed experimental methods
for characterizing thermal contact resistance (TCR), covering steady-state and transient
techniques, infrared thermography, laser-flash analysis, 3w methods, and thermoreflectance.
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The study compared their measurement principles, applicability, and limitations, providing
valuable guidance for accurately quantifying interfacial thermal resistance in thermoelectric

and thermal-management systems.

Table 2. Thermal interface technologies for thermoelectric modules [37-40].

Thermal . Temperature VRPN o 1ets
TIM Conductivity Compliance Capability Advantages Limitations  TE Suitability
Thermal Moderate High Low- Low cos.t{ fills Pump— TECs
grease moderate asperities out/drying
Higher Commercial
Thermal pad Moderate High Moderate Easy assembly bond-line TECs
resistance
Phase-change Moderate— Low Cycling TEC/low-T
TIM high High Moderate re31stanc.:e stability TEG
after melting
Graphite . . Excellent Anisotropic
sheet High Moderate High spreading conductivity TEG/TEC
. . Disper-
Grap hepe High Moderate Material ngh ) sion/contact Emerging
composite dependent conductivity
problems
. . Potentially Conductive CNT contact
CNT array High High high and compliant resistance Advanced TE
Electrical
. . Low- . Very low bulk . ) High-power
Metallic TIM High moderate High resistance 1sol§t10n /CTE TEG
issues
Solder/bond . Material Perma.nent Fatlgue/l'nter— Packaged
High Low low-resistance metallic
layer dependent s . modules
joint formation

5. Heat Leakage and Parasitic Thermal Losses
5.1. Sidewall Heat Losses

Sidewall heat loss arises when heat is transferred between the lateral surfaces of ther-
moelectric legs or modules and their surroundings rather than being transported exclusively
in the desired hot-to-cold direction. Bjerk et al. [41] investigated internal heat losses in
TEGs and quantified the parasitic heat-transfer pathways that reduce the effective tempera-
ture difference across thermoelectric legs. Their analysis demonstrated the importance of
thermal radiation, gas conduction, and structural heat leakage, highlighting that minimiz-
ing internal thermal losses is essential for improving practical TEG conversion efficiency.
Wang et al. [42] developed an analytical model explicitly incorporating side-surface heat
convection together with temperature-dependent thermoelectric properties. Their results
showed that side-surface convection changes both the temperature field and conversion
efficiency and therefore should be considered when designing modules for non-adiabatic
environments. Cai et al. [43] investigated the influence of thermal radiation on thermo-
electric module performance using a detailed three-dimensional model. Their analysis
demonstrated that radiative heat transfer constitutes an important parasitic heat-loss mech-
anism, particularly at elevated temperatures, and should be incorporated into accurate
performance predictions and thermal optimization of thermoelectric modules.

Side-surface losses therefore become particularly important in medium- and high-
temperature TEGs. Appropriate mitigation strategies include low-emissivity radiation
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shields, thermal insulation, optimized leg geometry, reduced exposed surface area, and
vacuum operation. Recent guarded-heater measurements have further demonstrated the
importance of suppressing lateral heat leakage when accurately measuring thermoelectric
module efficiency [44]. However, complete suppression of every lateral heat pathway is
not universally optimal at the system level. Zebarjadi [45] demonstrated that under certain
thermal boundary conditions, an intentionally introduced heat-loss pathway can alter the
thermal-resistance balance and increase the temperature difference established across the
thermoelectric generator. Parasitic pathways should therefore be evaluated within the entire
thermal-resistance network rather than considered independently.

5.2. Electrical Interconnect Losses

Metallic interconnects are indispensable components of conventional thermoelectric
modules. They electrically connect alternating p-type and n-type thermoelectric legs in
series while allowing the thermoelectric couples to operate thermally in parallel. Copper
and other highly conductive metals are commonly used because low electrical resistance
is required to minimize Joule losses. However, the high thermal conductivity associated
with metallic conductors means that electrodes, metallization layers, and other electrically
conductive structural elements can also influence heat spreading and parasitic thermal
transport within the module [7,46,47]. Increasing conductor thickness or cross-sectional
area decreases electrical resistance and therefore reduces electrical power dissipation. At
the same time, additional metallic material can modify lateral heat spreading and increase
thermal coupling between regions of the module. Conversely, reducing conductor dimen-
sions may decrease unwanted thermal transport but increase electrical resistance and Joule
heating. Thermoelectric interconnect design therefore requires simultaneous electrical,
thermal, and mechanical optimization.

Electrical and thermal transport through electrodes, interconnects, and interfaces in-
troduces distinct parasitic losses in thermoelectric devices. Electrical contact and electrode
resistances dissipate useful electrical energy through irreversible Joule heating, whereas
highly conductive metallic pathways promote parasitic heat conduction that reduces the
effective temperature difference across thermoelectric legs [7,41]. Although both mecha-
nisms degrade performance, they originate from different physical processes and should
be evaluated separately. Three-dimensional models are particularly important because
conventional one-dimensional approaches may neglect lateral heat spreading, constriction,
and multidimensional conduction through electrodes and substrates. Mesalam et al. [47]
further demonstrated through impedance-spectroscopy modelling that convection, radia-
tion, and thermal spreading/constriction resistances at junction interfaces can significantly
influence thermoelectric response, emphasizing the need to incorporate realistic interfacial
heat-transfer mechanisms in module characterization and performance prediction.

5.3. Packaging-Induced Thermal Losses

Packaging is essential for maintaining structural integrity, electrical insulation, and
environmental protection of thermoelectric modules, but it also introduces additional ther-
mal resistance and parasitic heat-transfer pathways. Typical commercial modules contain
ceramic substrates, metallic traces, solder or brazing layers, diffusion barriers, encapsulants,
and protective structures. Kim [46] examined effective temperature differences and electri-
cal parameters in a TEG and showed that parasitic thermal resistance associated with the
module and packaging reduces the internal temperature difference relative to the externally
imposed value.

Table 3 summarized packaging materials used in thermoelectric modules and their
influence on thermal losses [7,18,41]. High-conductivity ceramic substrates reduce through-
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plane thermal resistance and promote temperature uniformity, making them attractive for
high-heat-flux applications. Metallic interconnects further enhance heat spreading but may
introduce parasitic thermal bypasses. Conversely, low conductivity encapsulants, internal
insulation, and evacuated cavities suppress unwanted heat leakage and help preserve the
temperature difference across thermoelectriclegs. Bonding layers and interfaces additionally
introduce contact resistance that can reduce effective heat transfer. The optimum substrate
architecture consequently depends on whether temperature uniformity, heat-flux trans-
port, or thermal isolation is the dominant design objective, requiring application-specific
optimization of material properties, thickness, geometry, and interfacial resistance.

Table 3. Packaging materials used in thermoelectric modules and their influence on thermal
losses [7,18,41].

Packaging Material Main Function Induced Thermal Effect Consequence for TE Module
o : Adds through-plane Reduces the fraction of
. Electrical insulation and )
Al,O5 ceramic substrate substrate thermal system AT imposed across TE
structural support .
resistance legs

Cu
electrodes/interconnects

Can reduce effective AT
despite improving

Promotes lateral spreading

Electrical connection and i, .
and parasitic conductive

Solder/bonding layer

heat spreading heat transfer temperature uniformity
Introduces s
Leg-electrode attachment interfacial /contact Additional temperature drop
) and Joule/thermal losses
resistance

Internal insulation

Increase effective AT and
conversion efficiency

Suppresses heat transfer
between legs

Reduces parasitic
conduction

Internal gas/air cavity

Enables conductive and
natural-convective heat
leakage

Mechanical/package space Bypasses active TE legs

Evacuated cavity

Suppression of gas
conduction/convection

Strongly reduces internal
parasitic heat transfer

Improves module thermal
isolation

Package surfaces

Surface-to-surface and
surface-to-ambient
radiation

Mechanical/environmental
protection

Increasingly important at
elevated temperature

6. Thermal Management Challenges in Thermoelectric Generators
6.1. Heat Source Coupling

In practical waste-heat recovery systems, the available heat source frequently consists
of a flowing gas or liquid rather than an isothermal solid boundary. Thermal energy
must therefore first be transferred from the source fluid through a heat exchanger and
associated interfaces before reaching the hot surface of the thermoelectric module [7].
Automotive exhaust heat recovery provides a representative example. Exhaust gases can
contain substantial recoverable thermal energy, but gas-side heat transfer coefficients are
relatively low. Heat exchangers consequently require fins, ribs, dimples, winglets, or other
enhancement structures to increase the heat-transfer area and disrupt thermal boundary
layers. Demir and Dincer [48] investigated a TEG system for automotive exhaust waste-
heat recovery and demonstrated the importance of system-level thermal conditions in
determining energy and exergy performance.

Heat-transfer enhancement introduces a fundamental compromise between heat recov-
ery and flow resistance. More aggressive internal structures generally increase heat-transfer
coefficients but simultaneously increase pressure drop. Therefore, the appropriate objec-
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tive is not necessarily maximum TEG gross power but maximum net system power after
parasitic losses are considered. Liu et al. [49] addressed this issue through multi-objective
optimization of an automotive TEG heat exchanger, examining the simultaneous effects of
geometric parameters on thermal and pressure-drop performance.

Heat-source coupling becomes even more challenging when the source temperature
varies with time. Automotive exhaust temperature and mass flow rate, for example, change
continuously with engine speed and load. Industrial waste-heat streams can similarly fluc-
tuate according to process conditions. Consequently, a heat exchanger optimized for one
steady operating point may perform poorly under realistic transient conditions. Thermal in-
ertia of the heat exchanger and thermoelectric module further delays the electrical response
to changes in source conditions. Another important challenge is maintaining the thermoelec-
tric hot-side temperature within the allowable operating range. Maximizing heat transfer
is not always desirable because excessive temperature can damage solder joints, diffusion
barriers, or thermoelectric materials. Thermal coupling must therefore simultaneously
maximize useful temperature difference and protect the module against overheating.

6.2. Heat Sink Limitations

Effective heat rejection from the cold side is equally important because the temperature
difference across TEG depends on both hot-side heating and cold-side cooling [50]. Air-
cooled heat sinks are attractive because of their simplicity, relatively low cost, and absence
of liquid coolant circuits. Natural convection, however, generally provides relatively low
heat-transfer coefficients and may be inadequate for TEGs operating at substantial heat
fluxes. Forced air cooling can considerably reduce cold-side thermal resistance, but fan
power becomes a parasitic electrical consumption that must be deducted from TEG output.
Pujol et al. [51] optimized a forced-convection plate-fin heat sink for a single-module TEG
and demonstrated that an optimum airflow exists for maximizing net electrical power rather
than simply minimizing heat-sink thermal resistance. Liquid cooling provides substantially
higher convective heat transfer coefficients and can maintain lower, more uniform cold-
side temperatures. However, pumps, piping, coolant reservoirs, and associated control
components increase system mass, cost, and complexity. Pumping power must again be
deducted from the generated electricity when evaluating net system performance. The
cold-side design therefore involves a thermal-hydraulic—electrical compromise. Increasing
coolant velocity generally decreases thermal resistance and increases module temperature
difference, but pressure drop and pumping power increase simultaneously.

This consideration is particularly important for low-grade waste-heat recovery, where
TEG conversion efficiency and gross electrical power may already be modest. Recent heat-
exchanger optimization studies have therefore increasingly adopted net power, rather than
heat-transfer coefficient alone, as a meaningful system-level objective [52]. Advanced
cold-side solutions including microchannels, heat pipes, vapor chambers, and two-phase
cooling can further reduce thermal resistance, but these technologies introduce additional
manufacturing and integration challenges. The optimal solution depends strongly on
available heat-sink temperature, allowable parasitic power, required compactness, cost, and
operating environment.

6.3. Temperature Nonuniformity

Temperature nonuniformity represents another major thermal-management challenge
in practical TEG systems. Classical thermoelectric models frequently assume uniform hot-
and cold-side temperatures. Real heat exchangers, however, rarely satisfy this assumption.
Fluid temperature changes along the flow direction, local heat-transfer coefficients vary spa-
tially, and thermal interface resistance may differ across the module surface. Consequently,
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individual thermoelectric legs and modules may experience substantially different tem-
perature differences. Li et al. [53] investigated the temperature distribution and electrical
performance of a fluid heat-exchanger-based TEG and demonstrated the close relationship
between fluid-side thermal conditions, module temperature distribution, and electrical
output. The problem becomes particularly significant for multiple-module TEG systems.
Modules positioned near the inlet of a hot gas stream generally experience higher source
temperatures than downstream modules because thermal energy is progressively extracted
from the fluid. Connecting modules operating at different temperatures electrically in series
or parallel can produce electrical mismatch, preventing each module from operating at its
individual maximum-power point. A further consequence is thermo-mechanical stress.
Spatial temperature gradients cause differential thermal expansion between thermoelec-
tric legs, electrodes, solder joints, and substrates. Repeated exposure to nonuniform and
transient temperatures can therefore accelerate solder fatigue, delamination, and cracking,
linking thermal uniformity directly to module reliability.

7. Heat Transfer Challenges in Thermoelectric Cooling Devices
7.1. Hot-Side Heat Rejection

Hot-side heat rejection is arguably the most important system-level thermal constraint
on TEC performance. As the electrical current increases, Joule heating also increases, making
effective hot-side heat dissipation progressively more demanding. Zhao and Tan [26]
emphasized that heat sinks on both sides of a thermoelectric module are integral to system
performance rather than merely auxiliary components. Enescu and Virjoghe [54] showed
that TEC performance depends on hot- and cold-side temperatures, electrical current,
thermal resistance, and electrical/contact properties. Chein and Huang [55] investigated
TECs specifically for electronic cooling and demonstrated the strong influence of hot-side
heat-sink resistance. The importance of heat-sink resistance has subsequently led to the
concept of thermal-resistance matching [56]. Thermal-resistance matching refers to the
coordinated optimization of thermal resistances between a thermoelectric module and its
external heat-transfer components, including thermal interfaces and heat sinks. Appropriate
matching aims to optimize heat transfer and overall system performance under specific
operating conditions rather than requiring equal thermal resistances [57,58]. Entropy-
generation analysis has demonstrated that, for a finite total heat-exchanger conductance, an
optimum distribution exists that simultaneously minimizes irreversibility and maximizes
TEC COP [59]. This indicates that simply increasing the size of one heat exchanger does not
necessarily provide the most efficient system configuration. Conventional forced-air heat
sinks remain attractive because of their simplicity and low cost, but their relatively modest
convective heat-transfer coefficients can become limited at high thermal loads. Liquid
cooling offers much lower thermal resistance but introduces pumps, plumbing, leakage
risks, and additional parasitic power.

More aggressive cooling strategies can substantially decrease hot-side thermal resis-
tance. Karwa et al. [60] developed an inline confined-water-jet heat sink for a thermoelectric
refrigerator in which coolant directly impinged on the TEC, eliminating an intermediate
interface resistance. Xu et al. [61] developed a double-embedded flat-heat-pipe finned heat
sink for the hot side of a TEC and compared its performance with a conventional heat sink.
Such hybrid approaches can combine heat spreading with enhanced convection, particularly
when the heat source or TEC footprint does not match the external heat-sink area.

7.2. Localized Hot Spots

Localized hot spots present a different challenge, particularly in electronic thermal
management. Modern processors, power electronic devices, laser diodes, and optoelectronic
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components can generate highly nonuniform heat-flux distributions. The peak local heat
flux can greatly exceed the area-averaged value. TECs are attractive for such applications
because they can provide active, localized heat pumping directly beneath or adjacent to
a hot spot [26,55]. However, applying a TEC to a localized hot spot creates a thermal-
area mismatch. The heat-generating region may be much smaller than the thermoelectric
module, producing strong lateral heat spreading within the cold-side substrate. Conversely,
a small TEC can concentrate the heat rejected at its hot side into a limited area, increasing the
thermal burden on the heat sink. The thermal spreading resistance between the electronic
device, TEC, and heat exchanger can therefore become comparable with or larger than the
intrinsic thermal resistance of the thermoelectric module.

Localized cooling can also generate steep temperature gradients within the TEC it-
self. Nonuniform cold-side temperatures result in different thermoelectric legs operating
under different local thermal conditions. This can reduce module-level efficiency and
generate differential thermal expansion. Consequently, hot-spot mitigation must consider
not only peak temperature reduction but also spatial temperature uniformity and thermo-
mechanical reliability.

7.3. Dynamic Thermal Loads

Many applications of thermoelectric cooling operate under strongly time-dependent
rather than steady thermal conditions. Microprocessors switch rapidly between idle and
high-performance states, power electronics experience variable electrical loads, and laser and
communication devices may generate pulsed thermal loads. Meng et al. [62] demonstrated
that temperature-dependent material properties and coupled thermoelectric effects strongly
influence TEC dynamic behavior. Snyder et al. [63] investigated the transient response
of a TEC subjected to a short electrical current pulse. The pulse produced temporary
supercooling below the steady-state temperature, demonstrating that TECs can exploit their
transient thermal response to accommodate short-duration thermal loads. Dynamic loading
also introduces important reliability consequences. Gong et al. [64] developed a three-
dimensional nonlinear electro-thermo-mechanical model of a TEC under pulsed thermal
loading. Their results showed that transient heat loads can produce large fluctuations in
both temperature and thermal stress, particularly at the interface between the electronic
component and TEC. Repeated dynamic loading can therefore contribute to fatigue of solder
joints, metallization, and thermoelectric legs [65]. The problem is especially important
when electrical current cycling occurs simultaneously with external thermal cycling.

Table 4 compares the principal thermal-management requirements of TEGs and TECs.
For TEGs, effective thermal management requires efficient heat acquisition at the hot side
and sufficiently low cold-side thermal resistance to maximize the temperature difference
established across the thermoelectric legs [7,23,66]. In contrast, TECs require particularly
effective hot-side heat rejection because the heat sink must dissipate both the cooling load
transported from the cold side and the electrical energy supplied to the module [26,54].
Temperature nonuniformity also produces different consequences: it can cause electrical
mismatches and reduced power generation in TEG arrays, whereas in TECs, it can result in
nonuniform cooling and localized temperature excursions.

Table 4. Comparison of thermal-management requirements for TEGs and TECs [7,23,26,53,54,66].

Characteristic TEGs TECs
Primary objective Maximize useful electrical generation Maximize cooling or temperature control
Hot-side requirement Efficient heat acquisition Efficient heat rejection
Cold-side requirement Maintain lowest feasible T Delivery of required cooling at T,
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Table 4. Cont.
Characteristic TEGs TECs
Critical temperature quantity AT =T, —-T, T. and temperature lift
Major external limitation Heat exchanger thermal resistance Hot-side heat rejection
Main parasitic penalty Heat bypass Joule heating and conduction backflow
Nonuniformity consequence Electrical mismatch Local temperature variation
Auxiliary-power concern Fan/pump power consumption Fan/pump and TEC power consumption
Preferred high-performance cooling Liquid cooling, microchannels, heat pipes Mlcrochannels;ﬁe;;lnﬁg ggement, vapor
Appropriate system metric Net electrical power System COP

8. Single-Phase Heat Transfer Solutions
8.1. Finned Heat Sinks

Fin design requires simultaneous consideration of fin height, thickness, spacing, num-
ber, material conductivity, and airflow rate [67]. Increasing fin area initially reduces con-
vective resistance, but excessive fin density restricts airflow and increases pressure drop.
Closely spaced fins can also cause adjacent thermal boundary layers to interact, reducing
the incremental benefit of additional surface area. The optimum geometry therefore repre-
sents a compromise between heat-transfer area and fluid-flow resistance. Pujol et al. [51]
developed an optimization methodology for a forced-convection plate-fin heat sink coupled
to a single-module TEG. Their results demonstrated that net output power rather than
minimum heat-sink resistance should be used as the primary optimization objective because
increasing airflow simultaneously improves heat rejection and increases fan consumption.

Dimpled fins provide another route for disturbing the boundary layer while retaining
relatively compact geometry. Luo et al. [68] developed an automotive TEG incorporating
dimple fins and found that increasing dimple number and size enhanced heat transfer
but simultaneously increased exhaust pressure losses. Porous fins and porous-media
heat exchangers offer still greater surface-area density. Recent work has proposed porous
minichannel heat exchangers for low-grade thermoelectric waste-heat recovery, with opti-
mization requiring simultaneous consideration of thermal performance, hydraulic losses,
mass, and economic cost [69].

8.2. Microchannel Heat Sinks

The major thermal advantage of microchannels originates from the short conduction
distance between the heated wall and coolant, large surface area per unit volume, and thin
thermal boundary layers. Chein and Chen [70] investigated the thermal performance of
TECs integrated with microchannel heat sinks, examining the coupled effects of thermo-
electric cooling and liquid-side heat removal. Their results demonstrated that microchannel
thermal resistance, coolant flow conditions, and electrical operating parameters strongly
influence cooling capacity, temperature control, and overall system performance. Reza-
nia and Rosendahl [71] investigated a parallel microchannel heat sink coupled to a TEG.
Their analysis demonstrated that optimum pumping power exists because stronger coolant
flow lowers the cold-side temperature but increases hydraulic energy consumption. This
trade-off was subsequently demonstrated experimentally by Rezania and Rosendahl [72].
The experiments showed that a unique coolant flow rate maximizing net power existed at
each imposed TEG temperature difference, illustrating why maximum coolant flow is not
necessarily the optimal operating condition.

Further, Lin et al. [73] experimentally combined a TEC with a nanofluid-cooled mi-
crochannel heat sink for high-power LED thermal management. Replacing water with the
investigated nanofluid reduced substrate temperature by as much as 18.5 °C and effective
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thermal resistance by up to 42.4% under their test conditions. Liu et al. [74] integrated a TEC
with an embedded teardrop-shaped milli-channel heat sink for high-heat-flux electronic
cooling. Direct integration reduced the thermal resistance associated with conventional
interfaces and enhanced heat rejection from the TEC. Lei et al. [75] investigated hybrid
TEC-microchannel cooling for high-heat-flux hotspots under steady and transient operating
conditions. These results demonstrate the advantage of TEC—microchannel integration for
rapid temperature regulation of dynamically varying electronic hotspots. Lei et al. [76]
further developed an embedded-microchannel TEC architecture to minimize interfacial
thermal resistance in high-heat-flux hotspot cooling. At 2000 W/cm?, the integrated de-
vice achieved a total thermal resistance of 6.00 K/W, approximately 22% lower than a
conventional TEC—microchannel configuration.

Flow maldistribution can also become important when multiple parallel microchan-
nels are supplied through common inlet and outlet manifolds. Some channels may receive
substantially greater coolant flow than others, resulting in spatial variations in heat-transfer
coefficient and module temperature. Microchannels are also vulnerable to fouling, blockage,
and manufacturing variability. These issues are especially relevant for long-term indus-
trial TEG operation, where coolant quality may be difficult to control. Surface roughness
and dimensional tolerances become proportionally more important as hydraulic diameter
decreases. The optimum microchannel therefore requires simultaneous optimization of
channel width, height, aspect ratio, number of channels, manifold geometry, and coolant
flow rate.

8.3. Jet Impingement Cooling

In jet impingement cooling, fluid exits a nozzle or array of nozzles and strikes the
heat-transfer surface approximately normally. Near the stagnation region, the incoming jet
disrupts the thermal boundary layer and generates high local heat-transfer coefficients. This
makes jet arrays particularly attractive for high-flux and spatially localized thermal loads.
Karwa et al. [60] developed a confined water-jet-array heat sink for the hot side of a ther-
moelectric refrigerator. A particularly important feature of their design was that the coolant
impinged directly on the thermoelectric module, eliminating an intermediate solid-interface
resistance. The prototype achieved a thermal resistance of approximately 0.025 K/W with a
pressure drop of approximately 25 kPa. A conventional heat sink usually transfers heat first
through a base plate and subsequently into fins or channels. Jet impingement can instead
place the region of maximum heat-transfer coefficient directly above the heat-generating
or heat-rejecting surface. However, the strongly nonuniform local heat-transfer coefficient
associated with individual jets can be problematic for thermoelectric modules.

Recent developments further demonstrate the potential of jet impingement for high-
heat-flux electronic cooling. Kim et al. [77] investigated energy-efficient jet impingement for
semiconductor heat fluxes up to 865.8 W/cm?, emphasizing the trade-off between enhanced
heat transfer and hydraulic losses. Jin et al. [78] showed that jet height and array configura-
tion can be optimized to improve temperature uniformity while controlling pressure drop.
More recently, Wu et al. [79] developed jet-enhanced manifold microchannels capable of
cooling electronics at heat fluxes up to 3000 W/cm?. These advances suggest considerable po-
tential for integrating optimized jet-impingement structures with TECs, although pumping
power and pressure drop must be considered in system-level performance evaluation.

Table 5 summarizes representative studies employing single-phase heat exchanger
solutions for thermoelectric modules and devices. The comparison demonstrates that the
relative merit of single-phase thermal-management technologies cannot be assessed from
heat-transfer coefficient or thermal resistance alone. Forced-air finned heat sinks provide
relatively simple and low-cost thermal management but become increasingly constrained
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at high heat flux because increasing airflow incurs fan-power and pressure-drop penalties.
Liquid microchannels substantially reduce thermal resistance through short conduction
paths and large surface-area-to-volume ratios, but their hydraulic resistance increases
rapidly as channel dimensions decrease. Jet impingement can achieve extremely low local
thermal resistance, but this advantage must be evaluated against pumping power and
possible surface-temperature nonuniformity.

Table 5. Quantitative comparison of representative single-phase heat-exchanger and cooling solutions

for thermoelectric modules and devices.

TE Thermal Hydraulic TE i
Ref. Application HX Type Key Parameter Performance Penalty Performance Critical Assessment
Chan TEC, Forced-air TEC current; Ry, decreases Fan power Optimum TEC ~ Simple and practical,
ctal %67] electronics finned heat airflow; with increased ro u}i)re d current but performance
’ cooling sink thermal load airflow q identified limited by heat sink
Optimized
Forced- through Optimum Demonstrates why
Pujoletal.  Single- convection Fin geometry; thermal Fan power baie d on net thermal resistance
[51] module TEG  plate-fin heat air velocity resistance and  included alone is an inadequate
. - TEG power L L
sink airflow optimization objective
interaction
Heat transfer System Heat-transfer
Liuetal. Automotive Finned exhaust  Fin geometry; enhanced by Exhaust Ap };r formance enhancement must be
[49] TEG HX exhaust flow fin considered perior! balanced against
S optimized
optimization exhaust back-pressure
62.46 W net Strong example .of
. Boundary- . o thermo-hydraulic
Dimple layer Higher output; 10.09% optimization:
Luo et al. Automotive . ) number and A & higher net pHn .
Dimple-fin HX o disturbance exhaust maximum heat transfer
[68] TEG size; exhaust h 1 power than -
fow enhances pressureloss o onal and maximum net
convection late fin power occur at
p different designs
External heat rejection
onventiona ery low hot oolin can become the limitin,
C ional Very low h Cooling b he limiting
Chein and TEC, and TEC current; side Ry, capacity resistance; increasing
Huang electronics microchannel-  cooling load; required at NR strongly TEC current alone is
[55] cooling assisted hot side Ry, high thermal dependent on ineffective when the
cooling load hot side Ry, hot side cannot reject
the additional heat
Improved . .
. ilicon oolant flow; ot-side heat . oolin, .
Sili Coolant fl hot-side h Cooling Suitable for high heat
Chein and . o Pumping flux but requires
TEC microchannel heatload; TEC  rejection and ; performance . .
Chen [70] . . required : consideration of
heat sink current transient increased . .
. hydraulic resistance
cooling
Rezania Lower T, and Pumpin Maximum coolant flow
Parallel Channel . < ping Optimum net is not optimum because
and C icroch 1 . increased power inal th )
Rosendahl TE microchanne geometry; effective TEG increases output marginal therma
[71] cold-side HX coolant flow AT with flow predicted improvement is offset
by pumping power
Rezania 20 plate-fin Experimental Pumpin grtléque flow Experimental evidence
and TEG Microchannel channels; improvement oweP; 8 maximizin for an optimum
Rosendahl cold-side HX Dy =093 mm; in cold-side Ic)onsi dered net power §t thermal-hydraulic
[72] coolant flow heat rejection P operating point
each AT
Substrate T High thermal
. TEC, Nanofluid- Nanoﬂuld. redugtlon up to . Improve.d performapce, but' .
Lin et al. high-power cooled concentration; 18.5°C; Pumping electronic nanoparticle stability
[73] LEgD P microchannel flow rate; TEC  effective Ry, penalty thermal and pumping
current reduction up to management requirements must be
42.4% considered
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Table 5. Cont.

TE Thermal Hydraulic TE s
Ref. Application HX Type Key Parameter Performance Penalty Performance Critical Assessment
- Embedding the channel
M1n1m:1 m T of into the TEC substrate
Embedded Channel —18.6°Cat3.5 reduces parasitic
Liu et al TEC teardrop- geometry; Aand 0.2m/s;  Liquid Improved contact tlflermal
electronic shape coolant .5-4. umpin, electronic . .
[74] . ! haped ! 3544 "¢ pumpIng ! TEC Lesistance while
cooling milli-channel velocity; TEC lower than required cooling o
- maintaining favourable
heat sink current reference .
configurations thermo-hydraulic
performance.
Maximum Particularly effective for
Hybrid cooling  TEC temperature . e
Heat flux; outperformed electrical variation rapidly varying
. Hybrid TEC- . . ) high-heat-flux hotspots,
Lei et al. TEC hotspot f coolant flow; microchannel-  input and reduced by )
. microchannel . . o but system-level benefit
[75] cooling . transient load;  only cooling coolant >75% for .
cooling . - . should include both
TEC operation  up to 1380 pumping transient heat TEC and pumpin
W/cm? required loads below ower pumping
800 W/cm? power
Embedded- At 2009 TEC D¥re.ct integration .
. W/cm?, 22% . eliminates the hot-side
TEC high- . channel electrical Enhanced
. TEC with lower Ry, than | - TIM and
Lei et al. heat-flux geometry; : input and dynamic .
embedded conventional I simultaneously reduces
[76] hotspot . steady and liquid thermal : . ;
; microchannel ; TEC- . interfacial resistance
cooling transient heat . pumping response : .
flux microchannel required and improves transient
configuration q response.
Excellent local heat
Karwa TEC Confu}ed Jet flow rate; Hot _51de Pumping Xery %ﬁe}itlve translfer, bu; hydraulic
etal. [60] refrigeration water-jet pressure drop Ren = 0.025 requirement ot-side heat penalty an
’ impingement K/W rejection temperature uniformity
must be assessed
Demonstrates the need
Potential Jet geometry; Thermal ;grolféltr}rluhzja]f Ir:z(;lfler;g
. TEC/high- Jet flow performance . Not directly .
Kim et al. - o o . Pumping . and hydraulic energy
heat-flux impingement conditions; optimized with evaluated with . ¢
[77] : . : penalty consumption; provides
electronics cooling heat flux; hydraulic a TEC useful desien
cooling pressure drop characteristics - 5
principles for future
TECjet integration.
Provide basic
Pressure understanding of the
Jet height; Intermittent drop immersed jet
Potential Immersed jet jet-array fins provided strongly . impingement cooling
. - ) . Not directly . . .
Jin et al. TEC/server impingement configuration; better thermal  affected by . with cooling oils and
. e ) . . evaluated with
[78] electronics with finned fin performance jet height address the local
. ) a TEC S )
cooling heat sink arrangement; than and array hotspot in immersion
coolant flow continuous fins  configura- cooling servers with
tion limited pumping power
consumption.
Combines jet
impingement and
Potential Tapered Dissipated heat ~Pumping m'amfold
TEC /ultra- manifold: fluxes up to power only microchannels to
. Jet-enhanced o 3000 W/cm?;at 0.9 W/ecm? at  Not directly achieve extremely high
Wu et al. high-heat- ) microjet layer; 2 . . :
manifold 1000 W/cm?, maximum evaluated with  heat-flux removal with
[79] flux . sawtooth . . . .
. microchannels . maximum chip  demon- a TEC relatively low pumping
electronics microchannels; h hiohl
cooling water flow temperature strated heat power; highly
rise was 65 K flux promising for future
integration with TEC
hotspot cooling.

Abbreviations and symbols: TE, thermoelectric; HX, heat exchanger; TEG, thermoelectric generator;
Ry,, thermal resistance; AT, temperature difference; Ap, pressure drop; D,, hydraulic diameter; T,
temperature; T, cold-side temperature; COP, coefficient of performance; NR, not reported.
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9. Phase Change-Based Thermal Management
9.1. Heat Pipes

As shown in Figure 4, a conventional heat pipe consists of an evaporator, adiabatic
transport section, and condenser, together with a wick structure that returns condensed lig-
uid to the evaporator by capillary action. Thermosyphons operate on a similar phase-change
principle but generally rely on gravity rather than capillary pumping for liquid return [80].
The principal advantage of heat pipes in thermoelectric systems is their extremely low
effective thermal resistance and ability to redistribute heat over comparatively large dis-
tances. For TEGs, heat pipes can collect thermal energy from distributed or geometrically
inconvenient heat sources and deliver it more uniformly to thermoelectric modules. They
can also be placed on the cold side to spread rejected heat over a larger area, reducing the
cold-side temperature and increasing the temperature difference across the TEG [81].

Sun et al. [82] studied a TEC system coupled with a gravity-assisted heat pipe and
reported substantial improvements in cooling capacity together with reductions in electrical
consumption. Cao et al. [83] proposed a heat-pipe-assisted automotive TEG for exhaust
waste-heat recovery and demonstrated that heat-pipe geometry, insertion depth, and ori-
entation influenced both heat transfer and electrical output. Wang et al. [84] developed a
high-temperature heat-pipe TEG for industrial waste-heat recovery and showed that the
heat pipe produced substantially more uniform temperatures than direct cooling. Mu-
ratcobanoglu et al. [85] evaluated heat-pipe-integrated TEGs and used response surface
methodology to optimize thermal and electrical performance and confirmed that efficient
removal of rejected heat is critical for maintaining thermoelectric conversion efficiency. As-
train et al. [86] combined heat pipes with radiative cooling in a passive TEG heat exchanger.
The phase-change/radiative system improved electrical generation compared with the corre-
sponding configuration without the radiative surface. Xie et al. [87] investigated a loop heat
pipe integrated with TECs for active electronic thermal management and demonstrated that
combining passive two-phase heat transport with thermoelectric regulation can provide
accurate and rapid temperature control.

Cooling ~*— —> Cooling
—— — ~— —
—— — ~— —
Vapor — Vapor
Shell Shell
¥ Liquid condensate +——Liquid condensate
Wick ;
— <— —_ - | """"""""""""""" :
Heati —_— | — Heating —> | | Gravity directioni
eating 8 i 1 for thermosyphon
—|| o —_— le— iy !
—_ \\ / )— —\ ) — ;
(@) (b)

Figure 4. Schematics of heat pipes. (a) Conventional heat pipe and (b) Thermosyphon.

Heat pipes are nevertheless subject to operating limits. At high heat flux, capillary dry-
out can occur if liquid return is insufficient to replenish the evaporator. Other limitations
include sonic, entrainment, and boiling limits, while thermosyphons additionally depend
on orientation relative to gravity. The working fluid must also be selected according to
operating temperature, materials compatibility, and internal pressure requirements [88].
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9.2. Vapor Chambers

Vapor chambers operate according to the same evaporation—condensation principle
as heat pipes but are generally configured as flat, two-dimensional heat spreaders [89].
Their primary function is not long-distance heat transport but redistribution of highly
localized thermal loads across a larger area. This makes vapor chambers particularly
attractive for thermoelectric systems subjected to concentrated heat fluxes or requiring
uniform temperatures across multiple thermoelectric legs. Inside a vapor chamber, heat
supplied to the evaporator region vaporizes an internal working fluid. The vapor spreads
rapidly through the chamber and condenses over cooler regions, while the condensate
returns to the evaporator through a wick structure. Because latent heat transport occurs
at nearly constant saturation temperature, the effective in-plane thermal conductivity can
greatly exceed that of a solid metal spreader. Xie et al. [90] reviewed the major parameters
governing vapor-chamber performance and highlighted the coupled roles of evaporation
resistance, vapor flow resistance, condensation, and capillary liquid return. The typical
structure and working principle of vapor chambers with axial and radial heat transfer are
shown in Figure 5.

Lertsatitthanakorn et al. [91] integrated a vapor-chamber heat sink with the hot side
of a thermoelectric air-cooling system. Compared with a conventional plate-fin heat sink,
the vapor-chamber configuration reduced hot-side thermal resistance and increased the
system COP by up to 34.2% under the tested conditions. Sarris et al. [92] investigated vapor
chambers coupled with pin-fin heat sinks for aerospace TEG applications and demonstrated
that the vapor chamber increased heat spreading and electrical output compared with
conventional heat-sink-only arrangements. The thermal performance of vapor chambers
depends strongly on filling ratio, wick permeability, chamber thickness, working fluid,
surface geometry, and operating orientation.
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Figure 5. Schematics of vapor chambers: (a) with axial heat transfer and (b) with radial heat transfer.

9.3. Phase Change Materials

Unlike heat pipes and vapor chambers, phase change materials (PCMs) primarily pro-
vide thermal storage rather than continuous heat transport. During melting, PCM absorbs a
substantial amount of latent heat while maintaining a relatively small temperature variation.
During solidification, this stored heat is released. This property makes PCMs particularly
suitable for thermoelectric systems exposed to intermittent, pulsed, or highly variable heat
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sources. Jaworski et al. [93] investigated a TEG integrated with a PCM module for thermal
energy management. The PCM provided latent-heat storage that stabilized the thermal
conditions and prolonged the temperature difference across the TEG. Atouei et al. [94]
investigated a two-stage TEG integrated with PCMs for enhanced thermal-energy utilization.
PCM integration provided transient thermal storage and improved temperature regula-
tion across the thermoelectric stages. Shittu et al. [95] investigated a solar TEG subjected
to transient and spatially nonuniform concentrated radiation. Integrating PCM reduced
heat-flux fluctuations and helped protect the TEG from excessive temperatures. Selvam
etal. [96] investigated PCM-enhanced thermal management of TEGs and showed that PCM
can reduce and stabilize the cold-side temperature during the phase-change interval. Tuoi
etal. [97] demonstrated a PCM-TEG system capable of harvesting electrical energy from
daily ambient-temperature variations. Instead of requiring a continuous external hot and
cold reservoir, the PCM introduces a thermal time lag relative to ambient conditions.

A persistent limitation of many PCMs is low thermal conductivity. This can restrict
the charging and discharging rate and prevent the full PCM volume from participating
effectively during short thermal transients. Enhancing PCM conductivity with fins, graphite
structures, metallic foams, or nanoparticles is therefore a major research direction. Meng
et al. [98] examined the heat-transfer mechanism and structural design of PCM-integrated
thermoelectric systems and showed that finned PCM configurations can significantly im-
prove heat transfer. Krishna et al. [99] incorporated PCM into hot-side heat sinks of a
TEC. The fully filled PCM reduced both hot- and cold-side temperatures compared with
an equivalent configuration without PCM and improved cooling performance during the
latent storage period. Hong et al. [100] investigated PCM-TEG operation under square,
triangular, linear, and sinusoidal pulsed heat inputs and demonstrated that latent thermal
storage can significantly modify the power-generation dynamics and reduce the risk of
excessive TEG temperature. Furthermore, PCMs do not provide unlimited cooling. Once
PCM is completely melted, its ability to regulate temperature decreases sharply until re-
generation or solidification occurs. PCM thermal management must therefore be designed
according to heat-load magnitude, pulse duration, PCM mass, latent heat, melting tem-
perature, and available regeneration period. Table 6 summarizes representative studies on
phase-change-based thermal management for thermoelectric modules and devices.

Table 6. Quantitative comparison of phase-change-based thermal-management solutions for thermo-
electric modules and devices.

TE Phase-Change  Operating/De- Quantitative . Main
Ref. - . . Thermal TE Benefit R
Application Technology sign Variables Limitation
Performance
Lower thermal
HX geometry; . .
> resistance than Improved Gravity
Vidn and Thermosyphon  thermal load; . .
. TEC . . conventional cold-side heat dependence;
Astrain [81] cold-side HX operating o o
;. heat-dissipation removal operating limits
conditions
arrangements
Heat load; Reduced thermal Orientation
Gravity-assisted  hot-side resistance and Improved dependence
Sun et al. [82] TEC y . . . hot-side heat P .
heat pipe operating improved cooling . and operating
. spreading o
conditions performance limits
. Decouples TEG ~ Geometry,
Heat-pipe . . .
Heat-pipe cometry: Improved from direct orientation, and
Automotive PP geometry; waste-heat exhaust high-
Cao etal. [83] assisted exhaust  insertion depth; A
TEG ) utilization and exposure and temperature
heat recovery operating . s : .
e electrical output facilitates heat integration
conditions S .
redistribution constraints
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Table 6. Cont.
TE Phase-Change  Operating/De- Quantitative . Main
Ref. o . . Thermal TE Benefit .
Application Technology sign Variables Limitation
Performance
. High effective Improved Working-fluid
. Operating thermal oo
High- temperature compatibility
temperature; conductance; more . . .
Wangetal. [84] TEG temperature ) . uniformity and high-
. heat-pipe uniform thermal
heat pipe . - . across TE temperature
design field than direct R
. system operating limits
cooling
Simultaneous
o Performance
Thermal and optimization
Mu- . . Improved dependent on
. Heat-pipe- electrical enhanced heat :
ratgobanoglu TEG . . thermal heat-pipe
integrated TEG ~ operating removal and e .
etal. [85] . distribution operating range
parameters electrical . )
. and integration
generation
Ambient Improvgd electr.1cal Performance
Phase-change ps generation relative .
. conditions; . Passive strongly
Astrain et al. HX and L to corresponding .
TEG . radiative ' . continuous heat  dependent on
[86] radiative configuration - . .
. boundary . . rejection ambient/radia-
cooling rs without radiative . s
conditions tive conditions
surface
Combines
passive
Heat load two-phase heat
85-250 W; .
transport with
. condenser Target temperature .
Loop heat pipe . . s . active TEC
. . ' orientation; reached within 168  Passive heat .
Xie et al. [87] TEC integrated with ) . - regulation,
heat-sink s under optimized  rejection .
TECs enabling
temperature; control
accurate and
TEC control .
rapid
strategy
temperature
control
Start-up Improved Start-up
Huang et al. Flat loop heat characteristics; ~ Improved start-up ~ thermal behavior and
[88] TEC ine thermal and thermal response and system-
p1p resistance; TEC resistance heat integration
operation redistribution complexity
thermal ressance 18 planar
) Hot-side heat i heat spreading  Filling ratio,
Lertsatit- . compared with .
Vapor-chamber  spreading; . and improved dry-out, and
thanakornetal. TEC . . conventional . . :
heat sink operating ) hot-side integration
[91] e plate-fin HX; COP .
condition . temperature constraints
increased by up to uniformit
34.2% y
Improved heat
f:hstrlbutlon and Improved Wick design,
Heat-source increased .
Vapor chamber . . temperature thickness,
. Aerospace L footprint; heat thermoelectric o . .
Sarris et al. [92] and pin-fin heat . ) distribution working fluid,
TEG . spreading; HX  output relative to ) .
sink . . . over TEG/HX and integration
configuration conventional .
. assembly constraints
heat-sink-only
arrangement
Maintained useful
PCM transition Finite
TEG AT for a .
) Solar temperature; . Strong transient  latent-heat
Jaworski et al. longer period and .
thermal PCM module thermal load; .. thermal capacity;
[93] . . extended electricity : .
TEG charging/dis- . . buffering regeneration
. generation during .
charging required

thermal discharge
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Table 6. Cont.
TE Phase-Change Operating/De- Quantitative . Main
Ref. C L. . . Thermal TE Benefit R
Application Technology sign Variables Limitation
Performance
PCM functioned as
heat sink for one
PCM stage and heat Cascaded Added
Atouei et al. Two-stage PCM between properties; source for another; thermal-ener mass/volume;
[94] TEG TEG stages stage extended electrical storage &Y regeneration
temperatures generation after 8 requirement
removal of external
heating
Nonuni- ﬁgi{?ﬁfd Strong Low intrinsic
Shittu et al. PCM thermal form/transient  fluctuations and SUppTession of  PCM the_:rr.naI
Solar TEG transient conductivity;
[95] buffer solar heat flux;  reduced .
PCM properties  temperature temperature finite storage
excursions fluctuations duration
Maintained lower
El?l\:[ir%eome“y’ and more stable T, Cold-side Thermal benefit
Selvam et al. TEG PCM-enhanced behavifc;)r' increasing useful temperature decreases after
[96] heat sink cold-si de, AT during s tab}i)liza tion complete PCM
oy latent-storage melting
condition .
period
Ambient- Thermal lag Enables. enersy
harvesting from  Low power
PCM thermal temperature between PCM and temnporal density;
Tuoietal. [97] TEG ) varjation; PCM  ambient generated . ) -
reservoir i ambient- intermittent
transition temporary AT and
. . temperature output
behavior electrical power o
variations
Fins accelerated
Fin geometry; melting/solidifica- Added fin
Meng etal. [98] TEG Finned PCM PCM tion and improved fﬁz;eﬂ;hjg:_d mass/volume
& ’ structure melting/solidifi- PCM utilization charging and reduced
cation and TE snG PCM fraction
performance
Reduced hot- and
cold-side o
Thermal load; temperatures and ]O“u:;;igl
Krishna et al. TEC PCM-integrated ~PCM melting; improved TEC Peak-load dIl),lI‘a tiongbe fore
eat sin transient heat cooling durin ufferin
%9 h k h ling during buffering complete PCM
rejection useful mel tPi)n
phase-change &
period
Square, PCM smoothed
triangular, TEG temperature Stron Finite storage
Hong et al. TEG PCM thermal linear, and and d nar%lic—loa d capacity and
[100] storage sinusoidal electrical-power at}’zenua tion regeneration
pulsed heat response under requirement
inputs dynamic loading
Different phase- Thermal hysteresis Low bower
transition generated useful Extended densilst)y and
Subhash et al. TEG Dual PCM temperatures; AT durlr}g heating therr'nal— increased
[101] ambient and cooling, gradient desien
heating/cooling  enabling ambient duration comg lexit
cycle energy harvesting pledty

Abbreviations and symbols: TE, thermoelectric; TEC, thermoelectric cooler; TEG, thermoelectric
generator; HX, heat exchanger; PCM, phase change material; COP, coefficient of performance; T,
cold-side temperature; AT, temperature difference.

https://doi.org/10.3390/pr14213495


https://doi.org/10.3390/pr14213495

Processes 2026, 14, 3495

26 of 35

Table 7 compares the principal phase-change-based thermal-management technologies
and highlights their distinct roles in heat transport, heat spreading, and transient thermal
storage. The comparison demonstrates that no thermal-management technology is univer-
sally optimal. Selection should be based on the complete thermoelectric system rather than
the minimum thermal resistance of the cooling component. For TEG systems, the appropri-
ate objective is the maximization of net electrical output, Prer = Preg — Pran — Ppump — P
whereas for TEC systems, auxiliary thermal-management power should be incorporated
into the system COP, COP,,, = 9

sys pTEC+Pfan+Ppump+Pcontrol
Prec, Ptans Ppumps and Pegniro are the electrical power consumptions of the thermoelectric

control”

, where Q, is the cooling capacity, and

cooler, fan, coolant pump, and control/auxiliary systems, respectively. Consequently, mi-
crochannels and jet impingement are particularly attractive for compact high-heat-flux
applications where very low thermal resistance is essential, but their pumping penalties
must be justified by the resulting thermoelectric performance gain. In contrast, heat pipes
and vapor chambers are attractive where low parasitic consumption and temperature unifor-
mity are dominant requirements, while PCMs are most advantageous for intermittent loads
where transient temperature stabilization is more important than continuous steady-state
heat rejection.

Table 7. System-level comparison of thermal-management technologies for thermoelectric de-
vices [80-97].

Effective Auxiliary- Tempera- . Major Most
Transient . Key TE . . :
Technology Thermal Power ture o Size X Engineering  Appropriate
Capability Benefit
Performance Requirement Uniformity Limitation Application
Natural- Low-moderate Zerg . High Ripi
. Moderate— parasitic unsuitable Low-power
convection heat-transfer None Moderate Low )
finned HX capability large fan/pump for high heat TEG/TEC
power flux
Electronics
) Moderate Ryy; Simple, Fan power, TEC;
Forced-air strongly geom-  Low-moderate . .
X f Moderate Moderate Moderate mature and noise, airflow  low/moderate-
finned HX etry/airflow fan power . . .
dependent inexpensive resistance heat-flux
P TEG
Lower T, or Pump, .
o . High-power
Liquid cold Low Ry, Moderate Good Good Moderate Th., supports leakage, TEC and
plate pump power higher heat corrosion, TEG
flux plumbing
. High .

. Very low Ry, Moderate-high heat-flux Large Ap, High-power
Microchan- high mpin Good Good Compact removal: maldistribu- electronics;
nel HX surface-area p o £ erg p larger usal:;le tion, compact

density P gTE AT clogging TEC/TEG
Jet Very low local Moderatg—hlgh Very high High AP; jet Very-high-
N pumping Moderate Excellent Compact nonunifor- heat-flux
impingement Ry local HTC -
power mity TEC
Capil-
. Very low . Remote heat lary/dry- Waste-heat
Heat pipe ! Passive Good Good Moderate ) TEG; TEC
effective Ry, transport out/sonic h -
limits eat rejection
High- Strong
Ther- Low effective Passive Good Good Moderate capacity orientation Stationary
mosyphon Ry passive dependence TEG/TEC
transport P
Suppresses Dry-out,
Vapor Very low Thin- hotspotsand filling ratio, Electronics
charlrglber spreading Passive Excellent Very good moderate improves wick/inter- TEC; multi-
resistance module face module TEG
uniformity resistance
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Table 7. Cont.
Effective Auxiliary- Tempera- Transient . Key TE Ma] or Most.
Technology Thermal Power ture o1 Size X Engineering  Appropriate
Capability Benefit
Performance Requirement Uniformity Limitation Application
Low effective Finite storage =~ Solar/inter-
. transient . . Stabilizes T duration; mittent TEG;
Single PCM thermal load Passive Good Excellent High and AT low thermal transient
during melting conductivity TEC
Improved PCM Faster RePdCuI\C/[ed Pulsed/high-
Finned /com- . ) . . transient . .
. charging/dis- Passive Good Excellent High fraction; transient TE
posite PCM ; thermal
charging response added systems
P complexity
. Excellent o
ﬁ:ﬁgﬁ over Extends Clgﬁpls:;eti” Autonomous
Dual/cas- storage Passive Good broader Hich useful AT deng in Sensors;
caded PCM tem eragture tempera- & and thermal ambité’nt ambient-
P ture hysteresis . energy TEG
ranges window harvesting
Combines More
PCM and . rapid . Dynamic
. Low spreading . . interfaces, .
heat pipe or . Passive or very Moderate— spreading high-heat-
resistance and Excellent Excellent . . mass and
vapor low high with . . flux TE
latent storage integration
chamber peak-load complexity systems
buffering

Abbreviations and symbols: TE, thermoelectric; TEC, thermoelectric cooler; TEG, thermoelectric
generator; HX, heat exchanger; PCM, phase change material; Ry, thermal resistance; AT, temperature
difference; Ap, pressure drop; HTC, heat transfer coefficient; COP, coefficient of performance; T,
hot-side temperature; T, cold-side temperature.

10. Emerging Solutions and Future Directions
10.1. Nanostructured Thermal Interfaces

Nanoengineered interfaces can establish effective heat-conduction pathways while ac-
commodating surface roughness and thermal-expansion mismatch for advanced TIMs [102].
Chung et al. [39] demonstrated this approach in a TEG using a hybrid all-carbon TIM com-
posed of single-wall CNTs and graphite. The optimized interface achieved an area-specific
thermal contact resistance of approximately 2.19 x 10~* m? K/W, while chemical surface
treatment further reduced the resistance by approximately 30%. Consequently, TEG output
power increased by up to 18.5%, demonstrating the direct relationship between improved
interfacial heat transfer and electrical performance.

However, manufacturing complexity, material cost, dispersion uniformity, and repro-
ducibility hinder large-scale implementation. Moreover, nanostructured interfaces may
experience mechanical degradation, delamination, oxidation, or changes in contact resis-
tance during repeated thermal cycling. Their electrical conductivity can additionally create
insulation challenges in thermoelectric modules [103,104].

10.2. Additive Manufacturing

Additive manufacturing (AM) emerges as a transformative fabrication strategy for
thermoelectric devices by overcoming the geometric constraints associated with conven-
tional cutting, pressing, and assembly processes. AM enables thermoelectric materials
to be fabricated directly into application-specific, three-dimensional architectures with
improved geometric conformity. Kim et al. [105] demonstrated extrusion-based printing of
shape-conformable Bi,Te;-based materials using all-inorganic viscoelastic inks, achieving
ZT values of approximately 0.9 and 0.6 for p- and n-type materials, respectively. Conformal
half-ring generators designed for cylindrical heat sources exhibited the potential for higher
power generation than conventional planar configurations. Lee et al. [106] extended this
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strategy to PbTe-based inks and tubular power-generating architectures. Yang et al. [107]
demonstrated multimaterial 3D printing of composition-segmented BiSbTe generators, en-
abling spatial tailoring of thermoelectric composition to local temperature conditions and
providing new opportunities for thermally optimized device architectures.

AM also offers major opportunities for thermal management surrounding the ther-
moelectric material. Complex microchannels, lattice heat exchangers, jet manifolds, and
topology-optimized heat spreaders can potentially be printed together with structural sup-
ports. This would enable the thermoelectric material and heat exchanger to be designed as
a single integrated system rather than as separately manufactured components. However,
AM introduces challenges including porosity, anisotropy, weak interfaces, residual stresses,
and variability caused by printing and sintering conditions.

10.3. Machine Learning-Assisted Thermal Optimization

Machine learning (ML) and artificial intelligence are increasingly being applied to accel-
erate thermoelectric materials discovery and thermal-system optimization. Wan et al. [108]
reviewed data-driven approaches for predicting thermal conductivity, interfacial thermal
conductance, and thermoelectric properties and demonstrated their potential to reduce the
computational burden of high-throughput materials screening. Seko et al. [109] combined
first-principles lattice-dynamics calculations with Bayesian optimization to efficiently iden-
tify compounds with low lattice thermal conductivity, a critical requirement for achieving
high ZT. Iwasaki et al. [110] further demonstrated ML-guided discovery of a new ther-
moelectric material, illustrating the transition from property prediction to experimentally
validated materials discovery. Juneja et al. [111] integrated high-throughput calculations
with ML to predict lattice thermal conductivity. These developments demonstrate the
potential of data-driven methods to accelerate thermoelectric material screening, property
prediction, and multivariable optimization.

The main limitation of ML is data quality. ML models trained on narrow experimental
datasets may interpolate well but extrapolate poorly outside their training domain. Physics-
informed models that embed conservation laws, thermoelectric governing equations, and
known monotonic relationships therefore offer a more promising path than purely black-
box prediction.

10.4. Hybrid Cooling Technologies

Hybrid thermal management combines two or more cooling or heat-transport
mechanisms to overcome the limitations of individual technologies. Examples include
TEC-heat-pipe systems, TEC-microchannel systems, TEC-PCM systems, and TEG-heat-
pipe-radiative-cooling configurations. Mousavi et al. [112] comprehensively reviewed the
integration of radiative cooling with thermoelectric technologies for passive cooling and
power generation. The study examined system configurations, thermoelectric materials,
radiative surfaces, environmental influences, and performance-enhancement strategies,
highlighting the potential of radiative cooling-thermoelectric coupling for sustainable,
low-maintenance energy harvesting and thermal management applications.

Hybrid systems should nevertheless be assessed using net system metrics. Adding
more components can reduce thermal resistance but increase mass, contact interfaces, pump-
ing power, manufacturing cost, and control complexity. The most promising architectures
will therefore be those in which each subsystem addresses a different thermal limitation
rather than redundantly performing the same function.
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11. Conclusions and Future Work

Thermoelectric technology enables direct conversion between thermal and electrical
energy and offers significant potential for waste-heat recovery, solid-state refrigeration,
electronics cooling, renewable-energy harvesting, and autonomous power generation. How-
ever, this review demonstrates that the practical performance of TEGs and TECs cannot be
assessed solely from ZT. Heat transfer across multiple length scales, from phonon transport
within thermoelectric materials to thermal contact resistance, module-level heat spreading,
and external heat acquisition and rejection, critically determines conversion efficiency, power
density, cooling capacity, coefficient of performance, operating temperature, and reliability.

At the material scale, thermoelectric optimization involves competing requirements for
a high Seebeck coefficient and electrical conductivity while maintaining low thermal con-
ductivity. However, temperature-dependent properties, anisotropic transport, electrodes,
bonding layers, ceramic substrates, and packaging modify the effective thermal pathway
within practical modules. Moreover, the externally imposed source-to-sink temperature
difference is distributed across multiple thermal resistances, such that only a fraction is
established across the active thermoelectric elements. Future material development should
therefore consider device-relevant operating temperatures, interfaces, mechanical compati-
bility, and system boundary conditions alongside intrinsic thermoelectric properties. Future
studies should quantify what fraction of the externally available source-to-sink temperature
difference appears across the active TE legs and how this fraction changes with contact
resistance, packaging, and external heat-exchanger resistance.

Thermal contact resistance is a particularly important link between material- and
system-level performance. Imperfect interfaces at the heat source-module, semiconductor—
electrode, and module-heat sink boundaries introduce additional temperature drops and
reduce the effective thermodynamic driving force. Although TIMs can mitigate these
losses, their performance depends on bond-line thickness, surface conformity, contact
pressure, interfacial resistance, mechanical compliance, and long-term stability rather than
bulk thermal conductivity alone. Thermal contact resistance should be reported together
with contact pressure, surface roughness, bond-line thickness, operating temperature, and
thermal-cycle history so that results from different studies can be compared meaningfully.
Future studies should combine accelerated thermal cycling with thermal and electrical
resistance measurements and microstructural characterization to establish quantitative
relationships among intermetallic growth, void formation, cracking, delamination, contact
resistance, and device degradation.

Parasitic heat transfer constitutes another fundamental limitation. Thermal energy
bypassing the active TE legs through electrodes, substrates, packaging, structural supports,
air gaps, or radiation contributes little or no useful thermoelectric conversion. This effect
becomes increasingly important in compact modules, where increased packing density
may improve electrical power density while simultaneously increasing parasitic conduction.
Future module design should therefore simultaneously optimize leg geometry, fill factor,
electrode configuration, substrates, insulation, and packaging to maximize useful heat flow
through the active thermoelectric elements while suppressing thermal bypass.

The thermal-management requirements of TEGs and TECs differ substantially. For
TEGs, efficient heat-source coupling and low-resistance cold-side heat rejection are required
to maximize the effective temperature difference across the thermoelectric material. Tem-
perature nonuniformity can additionally generate unequal electrical outputs and electrical
mismatch across multi-module arrays. For TECs, hot-side heat rejection is particularly
critical because the heat sink must dissipate both the cooling load transferred from the cold
side and the electrical power supplied to the module. Heat exchangers therefore should be
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assessed using TEG net power or TEC system COP rather than minimum thermal resistance
alone. Fan/pump power and pressure drop should therefore be routinely reported.

Advanced heat exchangers play a central role in practical TE performance. Finned heat
sinks remain attractive because of their simplicity and reliability, whereas microchannel
heat sinks can achieve substantially lower thermal resistance for high-heat-flux applications.
However, reductions in hydraulic diameter generally increase pressure drop and pumping
requirements. Jet impingement can provide very high local heat-transfer coefficients but
introduces additional challenges associated with flow distribution, pumping power, and
integration complexity. Thus, minimizing heat-sink thermal resistance alone is not an ap-
propriate optimization objective. Future studies should maximize net system performance
by simultaneously considering heat transfer, fan or pump consumption, pressure drop,
temperature uniformity, size, mass, and cost.

Phase-change technologies provide complementary approaches to thermal manage-
ment. Heat pipes and thermosyphons enable passive, low-resistance heat transport, vapor
chambers improve two-dimensional heat spreading, and PCMs buffer transient thermal
loads through latent-heat storage. PCM integration can stabilize the temperature difference
across TEGs, extend useful power generation, and suppress transient temperature excur-
sions in TEC applications. Hybrid architectures combining PCMs with heat pipes or vapor
chambers is particularly promising because they integrate transient thermal storage with
rapid heat redistribution.

The influence of thermal-management strategies on thermo-mechanical reliability
and lifetime should receive greater attention in future thermoelectric-system develop-
ment. Spatial temperature nonuniformity, localized hot spots, rapid transient loads, and
repeated heating—cooling cycles can generate differential thermal expansion and cyclic
thermo-mechanical stresses within thermoelectric legs, electrodes, solder joints, ceramic
substrates, and interfacial layers. These stresses may promote solder fatigue, interfacial
delamination, and cracking, progressively increasing electrical and thermal contact resis-
tances and degrading device performance. Future studies should couple transient thermal,
electrical, and mechanical models with accelerated thermal-cycling experiments to establish
quantitative relationships among cooling strategy, temperature uniformity, stress evolution,
efficiency degradation, and lifetime.

Future thermoelectric development should transition from material-centric optimiza-
tion toward integrated material-interface-module-heat-exchanger—control co-design. The
principal challenge is no longer simply to increase ZT but to control how heat enters, propa-
gates through, spreads across, and leaves the device while maintaining low parasitic losses,
structural integrity, manufacturability, and long-term stability. Addressing these coupled
challenges through standardized characterization, transient experimentation, advanced ther-
mal management, scalable manufacturing, reliability-aware modeling, and intelligent con-
trol offers the most credible pathway toward efficient and durable thermoelectric systems for
waste-heat recovery, electronics cooling, transportation, and renewable-energy applications.
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