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A widespread use of thermoelectric technology usually collides with their
limited efficiency. Efforts to overcome this limitation face difficulties in
decoupling the thermal conductivity from the electrical conductivity (because
of the Wiedeman—Franz law) and to obtain simultaneously high values of
electrical conductivity and Seebeck coefficient (because of the Pisarenko
relation). Some efforts to circumvent partially these limitations have been
oriented to non-equilibrium solutions. These have been proved for cooling and
in the last decade have been proposed as a means to increase power conversion
from time varying thermal gradients. Another possibility that has been ex-
plored is the enhancement of thermal conversion efficiency obtained by peri-
odically modulating the electronic load applied to a thermoelectric generator.
Using impedance spectroscopy and pulsed loads applied to thermoelectric
modules under adiabatic and non-adiabatic test conditions, we explored the
role of several experimental parameters on the output power and conversion
efficiency. We discuss operating limits and realistic perspectives of thermo-
electric pulsed load application. Moreover, we examined the difference be-
tween air and vacuum impedance measurement for a thermoelectric module
figure of merit determination and discussed the possible use of impedance
spectroscopy as a tool for the study of thermal contact resistance by means of
direct measurements under operating conditions.

Key words: Pulsed thermoelectric, impedance spectroscopy, conversion
efficiency increase, thermal contact characterization

INTRODUCTION

Thermoelectricity is often considered as a candi-
date for the production of electricity through the
recovery of thermal waste. In fact, it possesses
many potentially interesting features, such as low
costs, scalability, the possibility of being adapted to
different temperature ranges, and relative simplic-
ity in the design of thermoelectric generators. The
absence of moving parts also results in low mainte-
nance costs and the absence of noise emissions.
Unfortunately, despite the improvements obtained
in the two centuries of history of thermoelectric
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phenomena, the conversion efficiency values are
still rather limited. This limit has led to consider
this technology as E)otentially interesting only for
small applications,” for which the advantages
listed above make it competitive with other tech-
nologies, notwithstanding the limited conversion
efficiency.

Thermoelectric conversion efficiency is, under
stationary conditions, the ratio of the electrical
output power to adsorbed heat at the hot side. It
thus depends on the product of the electrical
conductivity and the square of the Seebeck coeffi-
cient and inversely from the thermal conductivity.
Thermoelectrics evolution was limited by the cou-
pling of electrical and thermal conductivity due to
the Wiedeman—Franz law. A further limitation is
posed by the inverse dependence on the carrier
concentration of electrical conductivity and the
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Seebeck coefficient (described by the Pisarenko
relation).

Among the various attempts to circumvent the
obstacle, in the last two decades attention has been
turned towards the possibility of exploiting solu-
tions far from equilibrium. Pulsed-type solutions
were initially proposed to increase the cooling
performance of cryogenic systems based on the
Peltier effect.”

Several attempts have been made to achieve
improvements in conversion efficiency by using
periodic heat sources or solutions that periodically
interrupt the thermal contact between a thermo-
electric generator (TEG) and heat source.®™®
Although coupling of TEGs with pulsed heat sources
is to some extent effective in increasing conversion
efficiency, this strategy has at least two major
disadvantages. First, it requires overcoming con-
structional difficulties to adapt a TEG to a given
heat source. This also eliminates a significant
advantage of thermoelectric devices, i.e., the
absence of moving parts. Second, an efficiency
advantage is obtained for very high starting effi-
ciencies and base operating regimes (those in sta-
tionary conditions) that are very far from the
optimal ones. Generally, these improvements are
obtained under constant flow operating conditions
(with temperature values far from the maximum
usable ranges) rather than for fixed temperature
difference: this allows to increase the temperature
on the hot side when they are used in alternating
regime. This regime efficiency gain disappears when
a device is employed under optimal conditions.

More recently, the possibility of increasing the
conversion efficiency of a TEG simply by means of a
dynamic load has been proposed. This load discon-
tinuously absorbs power, while maintaining work-
ing temperatures or stationary input flows.” A
partial justification of this possible effect was found
in the different internal resistance that is measured
for a thermoelectric module as the frequency
changes through impedance spectroscopy
measurements.

Impedance spectroscopy (IS) allows in fact to
collect numerous and interesting information about
a material or a thermoelectric device. Originally
proposed by Downey et al.® for this purpose, it was
later adopted in several works.”°

In these works, however, impedance spectroscopy
is used under adiabatic conditions in order to obtain
information on the properties of the thermoelectric
modules or in the attempt to obtain measurements
of the properties of the individual elements of
thermoelectric material.

A difficulty encountered in the use of this tech-
nique lies in the definition itself of adiabatic condi-
tions. In fact, if a module is characterized under
vacuum, the contribution to heat flux produced by
the air—normally present inside the module itsel-
f—is eliminated, resulting in overestimating its
performance during typical module operation. On
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the other hand, if the measurement is carried out in
the air, it is the exchange on the external faces of
the module that add a parasitic heat flux contribu-
tion.'® In this paper we have therefore analysed
different solutions in terms of thermal effusivity
and we propose a comparison between impedance
spectroscopy measurements carried out in vacuum,
in air and with the thermoelectric module enclosed
between two plates of expanded polystyrene (EPS)
or silica aerogel.

In adiabatic conditions, impedance measurement
on a thermoelectric module in Nyquist representa-
tion results in a semicircle at low frequencies,
typical of an RC circuit. The resistance and capacity
values, in addition to the time constant ¢ given by
their product, have been related to the thermoelec-
tric parameters of the module, to its dimensions and
to the thermal diffusivity of the used materials. In
particular, the apparent resistance value is propor-
tional to the Seebeck and Peltier product and the
thickness of the module and inversely to its surface
and thermal conductivity. Since this resistance
value, which is substantially the difference between
a high frequency and a DC electrical resistance
measurement, typically is of the same order of
magnitude as the internal resistance, one might be
led to think that operating with a high dynamic load
frequency can significantly increase the electric
power and consequently the efficiency.”

In this paper we also report impedance spec-
troscopy measurements performed on modules
under realistic operating conditions, i.e., between
two temperature values, and we show—to the best
of our knowledge for the first time—how these
conditions give rise to a significantly different
behaviour and unfortunately less promising from
the point of view of an increase in efficiency.

Finally some tests performed with square waves
of different period and duty cycle reveal the differ-
ence between the single (or few) wave used for
impedance measurement and the real periodic
pulsed operation.

EXPERIMENTAL

Impedance spectroscopy measurements were col-
lected using a Ref 600 (Gamry instrument) from
several different thermoelectric modules, con-
nected in the four-wire configuration with connec-
tions as close as possible to the module. Frequency
was normally varied from 10 kHz down to few
mHz, depending on the possibility to maintain
stable conditions for long time, collecting 10 log-
spaced frequency points per decade. In some cases
frequencies up to 1 MHz were tested, resulting in
inductive effects. Modules ranged from 4 mm x 4
mm up to 62 mm x 62 mm. Modules were tested
both in adiabatic (vacuum, ~ 10~2 mbar) or semi-
adiabatic (air, expanded polystyrene, silica aero-
gel) conditions and under realistic operating
conditions.
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Fig. 1. (a) Nyquist representation of impedance measurement obtained in vacuum, air and sandwiched between two large silica aerogel or EPS

slabs, (b).

During adiabatic tests, realized both in galvano-
static (not reported here) and potentiostatic mode,
signals of about 50 mVrms (potentiostatic) without
any DC component were used.

Operating conditions tests were performed
employing a home built test station (not described
here). Thermoelectric modules are placed between
two metallic blocks (copper for the hot side, alu-
minium alloy for the cold side) with a controlled
pressure. Hot (T'y) and cold (T¢) side temperatures
are controlled, and the heat flux at the cold side is
measured by means of a thermocouple array and
suitable calibrations. The time constant for the heat
flow measurements is about 1 s. Different thermal
interface materials and applied pressures were used
to evaluate the effect of good or poor thermal
contacts. To simulate an active load, which opens
and closes a circuit on a matched load (for maximum
power), impedance spectroscopy measurements
were obtained with potentiostatic mode, using sinu-
soidal signals ranging from open circuit potential
(Voc) to half open circuit potential. This corre-
sponds to currents oscillating from 0 A to the half of
a short circuit current. This choice was also moti-
vated by the possibility of easily comparing impe-
dance spectroscopy measurement with maximum
power matched conditions.

Finally, for square wave pulsed tests, a source
meter unit (Keithley 2601B) was used as electronic
load. Current pulse trains (2 min long) were
applied, with 2 ms to 20 ms pulse period and 10%
to 90% duty cycle (inset in Fig. 6). Tests were
performed both for good and poor thermal cou-
pling. The current applied during each pulse has
been set in order to obtain, after a long pulse train
(at equilibrium), a potential equal to the half of
Voc.

Table I. results of the fit of Fig. 1 Nyquist data: ZT
values obtained from Eq. 1

Ruyr (Q) Ryg (2) Crg (F) VAN
Air 0.845 0.567 12.1 0.67
Silica aerogel 0.845 0.562 12.8 0.66
EPS 0.849 0.574 12.3 0.68
Vacuum 0.845 0.613 12.1 0.73

RESULTS AND DISCUSSION
Adiabatic Test

Impedance tests are normally performed under
vacuum, in order to suppress at least thermal
conduction and convection in the module surround-
ing air, which has been proved to be an error
source'® for these measurements. Some parameters
could be obtained from the impedance diagram fit.
Among them the high frequency resistance, Ryp
(i.e., the electrical internal resistance Rq, the left-
most intersection of data with the real axis in Fig. 1,
or the series resistance in the equivalent circuit),
and the thermoelectric resistance Rrg (the resis-
tance associated with the RC equivalent circuit)
allow to estimate the figure of merit as'®

Rrg

ZT == 1
Rorr (1)

Unfortunately, measuring under vacuum could
produce an overestimation of the apparent conver-
sion efficiency achievable under normal module
operation (at atmospheric pressure). Neglecting
the convection in the air inside the module, the
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thermoelectric material and air conductance ratio
could be expressed as:

Kre Jte f
Kair B )“air ' 1- f7 (2)

where f is the module fill factor and A the thermal
conductivity of thermoelectric device and air. Con-
sidering them as typical values for a commercial
module: g =1.5 WmK, 1. =0.03 WmK and
f = 0.3, the parasitic contribution to heat flux pro-
duced by air conduction is about 5% of the total.

Figure 1 shows the impedance measurements
obtained at room temperature for a 20 mm x 20
mm module (31 couples) in vacuum (1073 mbar), in
air, and obtained by placing the module between
two slabs (5 cm side, thickness of 2 cm) of silica
aerogel or EPS. The latter configuration was chosen
in order to suppress external air convection while
maintaining air conduction in the thermoelectric
module gaps. For silica aerogel the estimated time
for heat to go through the plate is about 7 min: for
frequencies down to a few mHz it can reasonably be
considered a semi-infinite plate. The thermal per-
turbation produced by the insulating layer could be
neglected.* We note that measurements made in air
and with insulating materials result in closer
values, with lower Rpg. The figure of merit ZT
obtained with Eq.1, and reported in Table I,
resulted in being the same for the air, silica aerogel
and EPS measurement, but significantly higher for
the vacuum one (7-10% higher). This ZT difference
can be attributed to the reduction in thermal
difference produced by air conduction inside the
module. It is worth noting that if heat removal by
conduction in insulating materials were higher than
the heat removed by external air (both conduction
and convection), this would result in a lower ZT
value for these measurements, if compared with air
measurement. For this reason, adequately insulat-
ing a thermoelectric module (e.g., with silica aerogel
or EPS) and measuring at room pressure seem to be
the most appropriate technique to obtain a reliable
value of the module effective ZT.

Furthermore, vacuum measurement requires
careful design in order to minimize Joule heating.
Employing large signal (e.g., 100 mVrms) in order
to reduce measurement noise could easily result in a
few degrees temperature increase during an impe-
dance measurement: since frequency scans nor-
mally start from higher frequency, this in turn
results in an additional small overestimation of ZT.

Operating Condition Measurements

The apparently large difference between DC and
high frequency electrical resistance (see Fig. 1a) is
among the reasons’ used to motivate the possible

*The thermal effusivity (e = (/lpcp)o‘5) of air and insulating
material were similar and < 0.5% of Al;O3 effusivity.
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Fig. 2. Heat flux measured at cold side during an impedance
spectroscopy scan from 10 kHz to a few mHz.
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Fig. 3. Nyquist representation of impedance measurements
obtained under adiabatic or operating condition (i.e., in thermal
contact with a hot source and a heat sink).

advantage produced by pulsed operation. This could
apparently result from the electrical power increase
produced by a lower internal resistance,

P— VCZ)C . ( Rload

__Moad 3
Rioad + R;)? @)

where R),.q is the load resistance and R; the module
internal resistance, combined with the thermal flux
reduction. The latter results from the intermittent
nature of the current dependent contribution to
heat flux (neglecting the Thomson effect):

Q =K -AT + IoTy — %Riﬂ =Qo+C). (4)

With K (K/W) the thermal conductance of the
module, « = N (ocp - ocn) the Seebeck coefficient for N
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Fig. 4. (a) Impedance data collected with different interface materials at 1.4 MPa, Ty = 90°C and Tc= 50°C. Impedance data comparison at
three different applied pressures (0.05 MPa, 0.5 MPa and 1.4 MPa) for (b) thermal paste, (c) 0.16 mm and (d) 0.48 mm.

couples and Ty the hot side temperature. C(J) is the
current dependent heat flux, and since the Joule
contribution is small if compared to the Peltier, C(I)
is with good approximation proportional to I.
Figure 2 shows the typical heat flux measured at
the cold side during a frequency scan (from high to
low frequency) in an impedance measurement.

The last term in Eq. 4 is affected by a pulsed
operation (even if the hot and cold side tempera-
tures remain constant). Being D the duty cycle:

Qur ~ Qo +D - C(I). (5)

Rrg results proportional to Ty — Tc,'? but this
temperature difference is produced by the equilib-
rium of the Peltier thermal flux, resulting in a
temperature gradient in the material, and the Four-
ier thermal flux. Temperature difference tends to be

drastically lower when the module is no longer in
adiabatic conditions and the same happens to Rrg.
Figure 3 reports the impedance data collected on a
40 mm x 40 mm thermoelectric module (TG 12-8, II-
VI Marlow) in adiabatic conditions, clamped between
two metallic slabs (Cu and Al alloy) at room temper-
ature using thermal paste and 1.4 MPa, and apply-
ing temperature differences. Clearly, the coupling
between thermoelectric module and metallic slabs
reduces the low frequency impedance: the heat
transfer to the metal reduces the thermal gradient
inside the module and consequently the Harman
over-potential. In the limit case, where the module is
in contact with two thermal reservoirs, the temper-
ature difference within the thermoelectric material,
produced by applied current during impedance mea-
surement, would equal the temperature difference
across a module passive element (ceramic and
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Fig. 6. Output power recorded with a square wave load, Ty = 90°C

and T = 50°C, for different values of the applied duty cycle. Data

were recorded either with a good thermal contact (thermal paste,
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contact resistances), with opposite sign. For this
reason, impedance measurements allow to evaluate
variations in the thermal resistance in the coupling of
a module with heat source and heat sink.

To study the effect of contact resistance, the same
module was tested (between Ty = 90°C and T =
50°C) varying the applied pressure (0.05 MPa,
0.5 MPa and 1.4 MPa) and the interface material
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(thermal paste, one or three 0.16 mm thick graphite
foils). Thermal paste and 1.4 MPa pressure are the
condition recommended by the manufacturer. Fig-
ure 4 shows the impedance data obtained with
Ty = 90°C and T = 50°C, for different values of
interface thermal resistance, obtained varying the
interface material, thickness and pressure. Wors-
ening the thermal contact increases the low fre-
quency impedance.

Figure 5 shows the relative electrical resistance
difference (Rpc — Rur)/Rur, where Rpc is the low
frequency limit (obtained from the fit) and Ryr the
high frequency resistance, versus the measured
thermal resistance of TE module and interfaces
materials. The latter is measured under open circuit
conditions as the ratio of AT =Ty — T¢ and the
heat flux measured at the cold side. Different
thermal resistance values correspond to the three
different applied pressures. Since this electrical
parameter increases with total thermal resistance,
it appears that impedance measurements can be
profitably used to study/monitor thermal interface
resistances, even without the need for temperature
measurements. Impedance spectroscopy allows
developing suitable procedures, based only on elec-
trical measurements on the TE module, to test
contact resistance dependence from interface nat-
ure, contact pressure or other parameters in a
thermoelectric generator.

Pulsed Operation

Even if impedance spectroscopy revealed a pow-
erful technique, moving from its results to the
pulsed operation is not straightforward. In fact,
impedance data are usually collected using one or
few wave periods, while in pulsed operation the heat
flux tends to cumulate. In Fig. 6 we report the
maximum output power recorded with different
duty cycles. In a 2 ms long period the load applied
was I« for a fraction D (duty cycle) of the period
and zero (open circuit) for the remaining time.
During current application, voltage was measured,
in order to calculate power output. These power
outputs are average values, corrected for the duty
cycle. At these frequencies, around 1 kHz, there is
no phase shift between current and voltage, as
revealed by the impedance measurements. Part of
the output power gain produced by the apparently
lower internal resistance at high frequency disap-
pears after a few seconds. As D increases, the
difference between first pulse and the power after
some seconds also increases. This could result from
the higher heat flux for higher D (Eq. 5). For good
thermal contact, obviously, higher output power
was found (due to the higher actual temperature
gradient in the module). After a few seconds, power
converged to about 0.235 W. On the same thermo-
electric module, we measured a steady state
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maximum power of 0.47 W in the same conditions,
about the double of the power registered with a 50%
duty cycle.

CONCLUSIONS

In the last decade, impedance spectroscopy
attracted increasing attention as a tool for the study
of thermoelectric devices and materials. One of the
most consolidated applications is the determination
of the figure of merit of thermoelectric devices. In
this work we propose to improve its accuracy by
testing directly at room pressure, suppressing pos-
sible convection losses with suitable thermal insu-
lators. Furthermore, we wused impedance
measurement to investigate the possibility of taking
advantage of a pulsed operation of thermoelectric
devices. We performed some preliminary tests of
thermoelectric modules under realistic operating
conditions, as far as we known not previously
reported in the literature. We outlined also the
possibility to use impedance spectroscopy to study
or monitor interface contact resistance of thermo-
electric devices without the need for temperature
measurements. The supposed gain in internal resis-
tance at high frequency, if compared to steady state
operation, was shown to slowly vanish as the
thermal coupling with a heat source and a heat
sink is improved. Directly testing thermoelectric

modules with square wave load at high frequencies
also supported these observations.
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