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TOPICAL REVIEW — Progress in thermoelectric materials and devices
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Thermoelectric power generation provides us the unique capability to explore the deep space and holds promise for
harvesting the waste heat and providing a battery-free power supply for IoTs. The past years have witnessed massive
progress in thermoelectric materials, while the module-level development is still lagged behind. We would like to shine
some light on the module-level design and characterization of thermoelectric power generators (TEGs). In the module-level
design, we review material selection, thermal management, and the determination of structural parameters. We also look
into the module-level characterization, with particular attention on the heat flux measurement. Finally, the challenge in
the optimal design and reliable characterization of thermoelectric power generators is discussed, together with a calling to

establish a standard test procedure.

Keywords: thermoelectric, module-level design, characterization

PACS: 85.80.Fi, 84.60.Rb, 72.15.Jf, 73.50.Lw

1. Introduction

Thermoelectric power generation, based on the Seebeck
effect, is an established technology that initially served as di-
rect heat to electricity conversion for deep space missions.!!!
It also holds promise for the waste heat recovery applications
into electricity, which is used to increase fuel economy!? and
provides a battery-free power supply for IoT sensors.*! The
past years have witnessed significant advances in thermoelec-
tric materials, benefiting from both theoretical interpretation
and various new syntheses techniques. The thermoelectric
figure-of-merit, ZT, defined by A. F. Toffe, ! serves as a criti-
cal parameter to guide the material-level design,

h—T. V1+2ZT-1
T V1+ZT+T,)T

It provides a simple picture to connect the energy conversion

ey

max —

efficiency of thermoelectric devices to the measurable trans-
port parameters of thermoelectric materials, including electri-
cal conductivity, Seebeck coefficient, and thermal conductiv-
ity. The measuring methodology of these thermoelectric trans-
port parameters has been well established.®! The combination
of laser flash method for thermal diffusivity and the differen-
tial scanning calorimeter for the specific heat provides accu-
rate measurement of thermal conductivity, which corrects the
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thermal conductivity of the PbTe system.!®! The progress of
the measurement technique corrects the ZT values and allows
to consider the accuracy of the prevalent theoretical interpre-
tation. In the latest international round-robin tests of n-type
half-Heusler materials (300-800 K), the uncertainty of ZT was
determined to be about +16.7%.!”) Thermoelectric materials
development has been focused on improving ZT. However,
the gap between laboratory research and commercial applica-
tions must be narrowed by reliable materials properties. For
example, recently, Pei et al. proposed a new minimum lat-
tice thermal conductivity by considering the correction of the
heat capacity model, which could eliminate the contradiction
between the experiment observation and Cahill’s values.!®]
Wei et al. have made an elegant commentary on the reliable
measurement of the thermoelectric transport parameters. )
While material property measurement has been standard-
ized, the module-level characterization has many challenges in
measuring methods and acceptable standard facilities. Many
practical issues have rarely been addressed yet, including dif-
ferent device architectures, heat loss calibration, and interfa-
cial resistances. The device assembling or system integra-
tion also adds extra challenges to obtain the reliable system-
level performance. The interface between electrode and ther-
moelectric elements requires a low interfacial resistivity and
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strong mechanical bonding to survive under large thermal
stresses.!!9) The interfacial thermal resistances between the
thermoelectric device and the heat source/sink also increase
the complex to obtain accurate module-level performance. ']
A “standard module” is needed regardless of the materials,
temperature range, and applications so the power generation
capacity and conversion efficiency can be evaluated under the
same standard.

Here, in this perspective, we would shine some light
on the module-level design and characterization in a timely
manner. Firstly, we inspect the materials selection, thermal
management, and structural design of thermoelectric modules
(TEMs). Secondly, we summarize the general methods avail-
able for the assessment of the output performance, with a par-
ticular attention on the heat flux measurement. Finally, we
present the challenges for reliable measurement systems and
future directions of thermoelectric device characterization and
call for establishing a standard test procedure.

2. Module-level design
2.1. Material selection

The thermoelectric figure-of-merit (ZT) provides a direc-
tion to explore newly developed thermoelectric materials from
an efficiency point of view. However, in real cases, the thermo-
electric transport properties and hence the ZT value are heav-
ily temperature dependent, resulting in a proper working tem-
perature range and hence a limitation for most thermoelectric
materials. Furthermore, the temperature-dependent ZT values
also embarrass the calculation of efficiency by using Eq. (2)
derived from a constant property assumption. An accurate way
is to numerically solve the one-dimensional heat transfer for
the temperature gradient across the legs and obtain the output
electricity and input heat.'”! However, the numerical calcula-
tion is time-consuming and not convenient to use.[!3 Alterna-
tively, an average ZT over a temperature range, together with
Eq. (2), is adopted to roughly estimate the efficiency and ex-
plain the superiority of new materials by many material scien-
tists.

Kim et al. proposed a more rigorous cumulative tempera-
ture dependence model and redefined the relationship between
the efficiency and the materials performance scale engineer-
ing (ZT )eng within a wide temperature range in the following

way:[14]

1+ @ ggonne '~ 1
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where 7. is the Carnot efficiency and ¢; (i =0, 1, 2) are non-
dimensional parameters representing practical contribution of
Peltier heat, Thomson heat, and Joule heat, depending on a de-
gree of temperature dependence of properties. (Z7 )eng shows
a linear correlation with the efficiency regardless of materi-
als systems and operating temperature ranges, "> which would
provide module-level engineers a reliable performance evalu-
ation of materials across a large temperature difference.

Both Egs. (2) and (3) suggest that a higher ZT is respon-
sible for a higher conversion efficiency no matter how it is
defined, but ZT is not the only material index when choosing
materials for TEMs. The power factor (PF) is in charge of the
power density by wiyax = A%PF . Consequently, choosing a
suitable material index between ZT and PF depends on which
output performance, conversion efficiency or the power den-
sity, is preferred in a specific application scenario. Recently,
Xing et al. have demonstrated a double-high TEM, meaning a
module with high conversion efficiency and high power den-
sity, using a new material selection strategy.!'®! The key is to
realize high power factor and well-matched thermal conduc-
tivities of n-type and p-type legs, which makes it possible to
achieve the optimal conversion efficiency and power density at
the same structural parameters.

2.2. Thermal management

TEMs are primarily characterized under fixed tempera-
tures, provided by the controllable heater and cooler, as illus-
trated in Fig. 1(a). However, the constant temperature bound-
ary condition is impractical in real applications because of the
finite heat transfer rates. The real thermal boundary conditions
are characterized by the heat transfer coefficients at both the
hot and cold sides (Fig. 1(b)). Landmann et al. 171 carried out
a comparison between thermal boundary conditions of fixed
temperatures and constant heat transfer coefficients for TEMs
based on half-Heusler materials, where the heat source and
heat sink temperatures were set as 605 °C and 30 °C, respec-
tively, with the hot side heat transfer coefficient being assumed
to be 4 kW-m?-K~!, and the cold side heat transfer coefficient
to be 1.5 kW-m~2-K~!. It was found that the temperature dif-
ference in a real thermal boundary case was 345 °C rather than
575 °C in the idea case, which resulted in 50% reduction of
the output power. The temperature slip of a TEM under a real
thermal condition was recently analyzed by Zhu ez al.!'81 They
derived an explicit formula to directly evaluate the effective
temperature difference across the module under certain heat
transfer conditions. Besides the operating performance, the
cost of the heat exchanging system would be another critical
factor in the external thermal environmental design. A com-
parative study was performed on the output performance as
well as the cost of a TEG system, under three different types of
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cooling methods, i.e., air cooling, water cooling and heat pipe
cooling.'"”) The power consumptions of the auxiliary equip-
ments such as fans and pumps were taken into account when
evaluating the net energy efficiency. As a result of the eco-
nomic analysis, the air cooling method is found to have the
lowest initial investment while the most inferior output perfor-

A 7

Te

mance and the highest specific heat exchanger cost in a unit
of $-W~1.K~!. The water cooling method could lead to a bet-
ter output performance but accompanied with higher auxiliary
consumption. The heat pipe produces the best output perfor-
mance and consumes the lowest specific heat exchanger cost

despite the highest initial investment.
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Fig. 1. (A) Ideal thermal condition for a TE device; (B) practical thermal condition for a TE device; (C) variations of optimal leg length and
maximum power density versus the combined heat transfer coefficient for a Bi;Tes unicouple (7;, = 250 °C, T, = 25 °C, ZT = 1.1);5% (D) the

thermal resistance match condition for maximum output power. >}

2.3. Structural design

Structural design usually involves the architecture selec-
tion and the thermal resistance match under a given external
thermal environment. Classic TEMs are typically assembled
in the m-shape architecture. For TEG applications under large
temperature gradients, the concerns on the thermomechanical
stresses and output performance motivate the efforts to exploit
new architectures.?>?!! Various structures beyond the con-
ventional 7-shape have been investigated, including the linear
design,?>"2%] angled structure,!*! cylindrical-shaped?®! and
tapered structures.>”] Recently, He et al.[*8! have made an ex-
cellent review relative to module architectures.

Once the architecture is determined, the critical task
would be choosing the proper internal structural parameters
to match the heat flux boundary in Subsection 2.2. The fill-
factor f, defined as the area ratio of thermoelectric legs to the
substrate, the thermoelectric leg length L and the Ap /An ra-
tio are three important geometric parameters, ! among which
Ap /A, could be set to 1 for fabrication convenience and ther-
momechanical safety if the properties of the p and n type ma-

terials are well matched, 3% so it will not be discussed here.
Under ideal conditions with fixed hot source and cold sink
temperatures, a higher f and a lower L are beneficial to give
both lower internal electrical and thermal resistances, allowing
higher heat flux and output power. However, it is more compli-
cated in a real circumstance. As the leg length is too small or
the fill factor too high, the effective temperature-drop across
the module will be very limited due to the minor occupancy
of the internal thermal resistance in the whole thermal circuit.
Suarez3!! demonstrated that only about 5% of the available
temperature difference between the core of a human body and
the ambient could fall into the thermoelectric device due to
large contact resistance at the interfaces. Mayer and Ram!3?!
suggested a longer leg length of thin-film TEMs to increase
the power density under heat sink-limited conditions. On the
other hand, if the internal thermal resistance occupies the cen-
tral part of the thermal circuit (meaning the legs are long and
thin), a large portion of the available temperature difference
will fall into the device. However, the heat flux would be sig-
nificantly reduced due to the excessive total thermal resistance,
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resulting in small output power density.

The trade-off between the allowing heat flux and the ef-
fective temperature drop is a critical topic to achieve high out-
put power performance, which is referred to as thermal resis-

[33-38] Baranowski et al.3%! de-

tance match in the literature.
fined an effective thermal conductivity (k) in such a way
that the relationship between the heat flux (g) and the effec-
tive temperature drop (AT tg) within the leg could be treated

in a simple manner as

AT 1 = gnOr1E, “4)

where Ot is the internal thermal resistance calculated by

L
O = : ®)
KeffATE
The effective thermal conductivity was derived as
KT (1+ZT +V1+7T) (G ke
Keff = ) (Th — 7::) - Tc )
2-2/1+ZT
A (©)

where Ty, and T; are the TE leg terminal temperatures. With
the above relationships, the leg parameters could be optimized
for the maximum power output based on the thermal resistance
match (Fig. 1(d)) as

_ [kt

L .
th

)

The optimal leg length, as well as the maximum output power,
is depicted in Fig. 1(c) as a function of the heat transfer coef-
ficient hyx with specified temperature conditions and material
properties. Although Baranowski’s work offers a way to guide
the thermal resistance match, it is noted that the leg terminal
temperatures are unknown priori in real applications, as dis-
cussed in the former section. It is better to use the heat source
and sink temperatures, which are directly available, instead of
those of the leg terminals in the guiding formula. Zhu ez al.!'8]
proposed a new guideline for thermal resistance match as

* K TEZ Th
=" 1vzn( 4t
h\/ n h(hh+hc), ®)

where L* = L/f, T, and T, are the temperatures of the heat

source and sink, respectively. &y and & are the heat trans-
fer coefficients at the hot and cold sides, respectively, and
1/h = 1/hy+ 1/h.. The authors further demonstrated that
their formula and that given by Baranowski et al. would con-
verge to the same approximate one as

Loy = %\/ 1+ 2T, )
under relatively limited available temperature differences.
Overall, the above two formulae lead to similar module pa-
rameters, but that in Eq. (8) is more convenient to use since it
circumvents the unknown leg terminal temperatures.

3. Module level characterization

The output power and conversion efficiency are the most
important scales at the module-level characterization. It is
quite mature to measure the output power precisely. Once a
temperature difference is created across a module, the electric
output power generation is measured by configuring a voltage
as a function of electric current (/). There are two methods to
measure the /-V curve and the output power (P) along with
the current flow: (1) adjusting a tunable electric load resis-
tance (Ry),[*Y and (2) controlling a current flow using a cur-
rent source meter./*!! Both settings are valid for power output
measurement, however, the current control method by a cur-
rent source is more popular and more accessible to implement
than the variable external load resistance method. In addition,
the effects of connectors and lead wires on the terminal volt-
age could be well eliminated by using the 4-probe measuring
method.

Under fixed temperature boundary conditions, the device
efficiency (1) is obtained according to the definition formula,
i.e.,, n = P/Op, where P is the output electrical power and
O is the input heat flux transferred to a thermoelectric device
from the heat source. However, the measurement of the heat
flux is very challenging as compared with the output power
measurement. In contrast to the electrical current, the heat flux
is more difficult to be regulated in a specified unique direction
and could be dissipated through various pathways. In large
temperature difference circumstances, the accurate measure-
ment of incoming heat flux is even more challenging because
of the intensive parasitic losses by radiative, convective and
conductive heat losses.[*?! Here, we will summarize available
strategies and methods for measuring the heat flux and mini-
mizing the measuring errors.

3.1. Hot side heat flux based measurement

The heat flux at the hot side is usually measured accord-
ing to Fourier’s law of thermal conduction.!*!! Technically, a
reference block with known dimensions and thermal conduc-
tivity is inserted between the heat source and TE device to
obtain the temperature gradient within the block, as shown in
Fig. 2(a). The dimensions and material of the reference block
should be carefully chosen to possess a reasonable thermal
conductance range as compared with the TE materials. Ther-
mometers are usually inserted in blind holes machined in the
reference material to measure the temperature profile. The-
oretically, the temperature gradient within the block can be
obtained using just one pair of thermometers. While in case
of low heat flux or a slight temperature gradient, it is benefi-
cial to arrange multiple (4 or 5) thermometers into the block,
to minimize errors caused by position uncertainties and indi-
vidual derivations among thermometers.*3] The temperature
profile could also be measured using an infrared camera. 44!
Furthermore, the thermoelectric method, which is based on the

Seebeck effect, was also reported to measure the heat flux. (401
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(a)

TCs for
Ni heat heat flux
source block measure
TCfor T,
TeG — IIHOND
TCfor T,
Cu heat TCs for
sink block heat flux
measure
(C) Heated

radiation
Heater shield

assembly

Base plate

(b) Cartridge

Cu heat heaters

source block

TCforT,

IONOEL— TEG

AIN plate

TC for T,
RTDs for
heat flux
Cu heat measure
sink block
(d) F
Cu plate —
AIN heater—_
TEG — Heat sink

_— BC

Fig. 2. Measurement configuration based on one-dimensional heat flow. (a) A commercial system (PEM-2) by ULVAC,®* where 7 thermocouples
are used to measure heat flux on hot and cold sides and the boundary temperatures (7}, and 7¢). (b) The measurement system by AIST. 1551 Cu
blocks are used for heat source and heat sink materials and heat flux on cold side is measured from 6 resistance temperature detectors (RTDs). The
boundary hot and cold side temperatures are measured by AIN thin plates. (c) The measurement set-up is enclosed by the heated radiation shield
that is suspended and its temperature (7..) is controlled with similar to the hot side temperature (7;). The cold side temperature is maintained by
the combination of the water circulation and a thermoelectric cooler. The input heat energy is measured by the electrical heater power (Py) and

no reference material is needed to measure the heat flux.[!75¢

! (d) A symmetric vertical structured measurement set-up. A thin AIN heater plate

is sandwiched by two identical thermoelectric devices and the assembly is compressed by an air cylinder unit. On both sides of thermoelectric
devices, Cu spreaders are inserted to detect temperatures, T, and T,. This system also measures the heat flow by the electric power input. 4]

The heat loss calibration for the hot side heat flux mea-
surement is worthy of being given more attention. In a con-
tact measurement system, the cables of sensors act as ther-
mal bridges to disperse heat out of the device, introducing er-
rors to the heat flux, particularly for devices of mini or micro
sizes.!*] When the measurement is carried out in atmospheric
environment, air convection emerges. A deviation of 15% in
conversion efficiency was reported between a measurement in
vacuum and that in atmosphere, for the same module under a
temperature difference of 25 K. Under high temperature con-
ditions, thermal radiation is recognized as an important error
source, and some means have to be taken to minimize its influ-
ence on the measurement of heat flux. A radiation shield was
adopted to envelop the high-temperature section from the cold
side and surroundings, and the shield should be well thermally
insulated.[4¢!

The use of a reference heat flow meter to measure the heat
flux can cause deviations due to the systematic errors of tem-
perature readings across the reference block and uncertainty
of the thermal conductivity of the reference material. Alterna-
tively, an electric heater could serve as the heat source, whose
electric power, regarded as the input heat flux of the mod-
ule, can be easily measured by electrical methods.!*”) Krae-
mer et al.'*8) utilized a radiation shield heated close to the
heater temperature to minimize the parasitic heat losses from
the heater component through radiation, as shown in Fig. 2(c).
In Ref. [49], a symmetric configuration (Fig. 2(d)) was ap-
plied, with a single heater sandwiched between two test de-

vices and heat sink components, so that the heat provided by
the electric heater is equally transferred to both devices. Apart
from the heat losses caused by the ambient, the Joule heating
and thermal conduction along the lead wires and electrodes of
the electric heater should also be carefully considered. *°!

For solar thermoelectric generators, the incoming heat
flux at the hot side was assessed by measuring the incident so-
lar radiation power. In Kraemer et al.’s work!! '] on thermal
(and optical) concentrating solar thermoelectric generators, a
solar simulator with an AM 1.5G filter was adopted to impose
radiation to the absorber on the hot side of a TEG. The device
was enclosed within a vacuum environment to reduce convec-
tion heat loss. The incident heat flux was measured by a cali-
brated power meter as well as a calibrated solar cell. The con-
version efficiency was calculated based on the incident heat
flux and the output power, which consequently included the
heat losses caused by the glass, the absorber layer, and para-
sitic electrical and thermal losses of the whole system.

3.2. Cold side heat flux based measurement

Due to the inevitable heat loss under high temperatures,
a precise measurement of the hot side heat flux is challeng-
ing. Alternatively, considering the relationship among heat
fluxes and power output, i.e., Op = P + Q., the cold side heat
flux could be measured instead, and the conversion efficiency
can be rewritten as ) = P/ (P + Q.).1*13233] Compared to the
measurement of the hot side heat flux, the cold side heat flux
measurement has the advantage of fewer heat losses caused
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by conduction, convection, and radiation due to the compa-
rable temperature to the surroundings. Figures 2(a) and 2(c)
depict the output power and efficiency measurement systems,
in which a thermoelectric device is placed between a heat sink
unit and a heater part made of nickel (Fig. 2(a), a commercial
system by ULVACP*!) or copper (Fig. 2(b) by AIST!>! and
Fig. 2(c) by lab-made system!!7-). The heat flux is measured
at the cold side using copper as a reference block. If the cold
side is cooled by a water loop with controlled mass flow rate,
the cold side heat flux could also be obtained by measuring
the temperature difference of water into and out of the cooling
module. This method is particularly suitable for large-scale
TE systems for industrial applications with a large heat flow
rate.’”] Although the heat transfer between the cold side and
the surroundings is significantly reduced due to limited tem-
perature differences, the cold side heat flux could be affected
by the thermal radiation from the hot side of the testing sys-
tem. Hence it is essential to keep the cold side insulated from
the hot side.

3.3. Harman method and impedance spectroscopy ap-
proach

The direct testing configuration for thermoelectric perfor-
mance provides a practical operating environment. However,
it demands longer measurement time for a steady-state condi-
tion, and complicated calibrations to account for the parasitic
heat losses. Indirect measurement techniques for the device-
level performance are available based on Harman method
and impedance spectroscopy, providing a quick estimation of
the module-level performance. Harman method!®! enables a

(a) I A
IO —_
V A 't
Viot |- — :— e
|
VOhm -
't
(b) heated radiation shield
vacuum /
TC TC
g
"4

module ZT measurement under adiabatic conditions. The to-
tal voltage is measured as a sum of the Ohmic voltage (Vohm)
and Seebeck voltage (Vseebeck) When a DC current is applied
to a device, in which the thermal power pumped by Peltier ef-
fect is equal and opposite to the heat transported by thermal
conduction under adiabatic conditions. The module ZT is ob-
tained by ZT = Vseebeck /Vohm, Where Vopn, is instantaneous by
the Ohmic nature and Vseepeck 1S lagging due to the response
of temperature, as shown in Fig. 3(a). One critical point when
using this method is to extract Von, from the total voltage.
Chaves et al.!! realized high resolution (-0.008) module ZT
characterization from the ohmic resistance measured by us-
ing AC current flow at optimized frequency. In this method,
an appropriate operation frequency is crucial as it should be
high enough to avoid Peltier induced voltages but low enough
to prevent any reactance in the circuit which could affect the
measurement. Figure 3(b) shows a measurement setup for di-
rectly measuring ZT value of a TE couple, in which the para-
sitic heat loss is minimized by the heated radiation shield and
the vacuum environment. To eliminate errors caused by tem-
perature non-uniformities within the experimental setup, a dif-
ferential form of the Harman method was proposed, in which
the device ZT was calculated by ZT = dVt/dVopm — 1. The
slope of Viot versus Vonm was obtained by performing tran-
sient voltage measurement with several different direct cur-
rents. Figure 3(c) depicts a comparison between the directly
measured ZT values and those calculated from measured in-
trinsic thermoelectric leg properties at different temperatures,

which gains much confidence in this method. 0!
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Fig. 3. (a) The voltage change as a function of time based on the transient Harman method, where Voppy is the voltage changes by the resistive nature
and Vi is the total voltage. (b) A measurement setup based on the Harman method measurement. % (c) Comparison between directly measured
ZT and calculated ZT at different temperatures. (d) Impedance spectra of the Bi, Te3-based thermoelectric device as a function of temperature for

an oscillation voltage of 10 mV up to 150 °C.[61]
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Another approach based on an impedance spectrum mea-
sured device ZT under ambient conditions. Yoo et al.[®! re-
ported rapid measurements of the device ZT' and device prop-
erties simultaneously at elevated temperature conditions. Fig-
ure 3(d) shows the Nyquist impedance spectra and its equiv-
alent circuit of a Bi,Tes based thermoelectric device in the
range of 23 °C-150 °C with an oscillation voltage of 10 mV
under open-circuit voltage conditions in the range of 10° Hz to
1073 Hz. In the equivalent circuit, Wy and W, are the short and
open Warburg elements describing the diffusion at the trans-
missive and reflexive boundaries, respectively, from which the
device ZT can be calculated from the Ohmic and Warburg re-
sistance measurements. These techniques characterize a de-
vice at a specific temperature that is uniform through the de-
vice rather than under a finite temperature gradient.

4. Challenges for optimal design and reliable
characterization

In real applications of thermoelectric power generation,
the service environment is more complicated than that of lab-
oratory testing. Usually, the heat flow and temperature distri-
bution are not stable, making TE devices’ actual output prop-
erties diverge from the designed values. Moreover, the cou-
pled unexpected mechanical and electrical changes will dra-
matically influence the reliability of the TE devices. There-
fore, optimizing the TEM’s design and accurately matching
the real service conditions are the key issue for maximizing
output power and service life of TE devices.

4.1. Changes in the service environment

The laboratory testing environments of TE devices, in-
cluding the temperature distribution, vacuum, and mechani-
cal and electrical loads, are stable and controllable. How-
ever, during the real service, the environments are flexible
and unexpectable. For measurement, it is pretty difficult to
obtain the relationships between the output properties and
environments.[©2! For example, when the heat flow is unstable,
the temperature distribution changes. The maximum power
cannot be obtained if the external load is not modified cor-
respondingly. Actually, to solve this problem, the maximum
power point tracking (MPPT) technique will be used in the

5.163-65] For eval-

case of unstable heat flow in real application
uating the TEG system, the most challenging part is to mea-
sure thermoelectric energy conversion efficiency because it is
challenging to acquire the accurate heat flow. For a closed en-
ergy system, the total energy efficiency can be calculated by
the output power and input energy, such as RTG. However, it
is almost impossible for an open energy system to measure the
natural input energy, such as the waste heat of steel factories,

solar thermal energy, environment heat, etc. In practice, the

cold side heat flow (Q.) was used to calculate the efficiency
because its measurement was relatively more accessible than
that of the hot side heat flow (Qy,).

4.2. Degradations in the internal properties

In the real service environment, the degradations due to
the thermal cycles,[®! oxidation,[%”! humidity, salt mist, and
many others need to be considered. Most TE materials are
metal-based semiconductors (except oxide compounds) and
sensitive to oxygen, especially at high service temperatures.
To prolong the service life of TE devices in real applications,
vacuum or hermetic package under inert gas is introduced to
isolate them from the outside environment. Mechanical stress
is another challenge for TE devices. For most of the TE ma-
terials are brittle, such as Bi,Tes and skutterudite, thermal and
mechanical vibration or shock results into extra stress, which
will cause structural degradation often leading to mechanical
failure. Furthermore, the degradation may emerge at the TE
materials surface, interface and even inside. For example, ox-
idation and sublimation appear at the surface, and diffusion
and fracture take place at the interface. In system-level design,
spring or other buffer structure was used to reduce the stress.
However, the evaluation of the degradation of TE devices and
the failure mechanism are still not clear, which impede the in-
dustrial application of TE power generation.

4.3. Disturbance and loss control in measurements

Because of the unstable service environment, the system-
level measurement cannot be operated at steady-state. How
to control the disturbance of transient response is the key is-
sue to improve the measurement accuracy. Multi-point mea-
surement and minimize response time were used in common.
For example, the average temperature from multi-point ther-
mal couples on the same level is more reliable than single-
point value. Multi-channel data collection of temperatures
and voltages with high frequency can reduce the error from
the time-delay. Meanwhile, the loss control is also important
for system-level measurement. Thermal and electrical losses
are caused by external thermal dissipations such as conducting
thermal bridges, heat radiations, and internal factors includ-
ing interfacial resistances.[%®! External heat loss calibration is
necessary in system-level measurement, especially for high-
temperature measurement. The electrical and thermal contact
resistances should be estimated to get a fundamental knowl-
edge of the interfacial resistances and their influences within
a TEM.[9-78] Furthermore, actions need to be taken to re-
duce interfacial resistances. For example, the application of
comppresive pressure or thermal conductive adhesive can ef-

fectively reduce the thermal resistance.
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5. Outlook

Thermoelectric power generation has great potential with
the increasing concern of the carbon neutral. The develop-
ment of thermoelectric materials has outpaced module and
system development. Recent efforts on improving the qual-
ity of materials properties and reliability are essential steps to-
wards commercial applications. Although TEG systems are
different from each other, the common features in system de-
signs need to be standardized. For example, an internationally
recognized standard module and test procedures need to be
developed so various thermoelectric materials made in simi-
lar dimensions and basic designs can be compared for power
generation capability.[””] At the module level, comprehensive
standard for models and simulations should be made to in-
clude material properties, electrical and thermal interfaces, hot
side/cold side heat exchangers, insulation/packaging materials
and degradation and life predictions.
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