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HIGHLIGHTS

e Equivalent circuits to use impedance spectroscopy under operating conditions.

o Constant temperature difference and constant heat power input modes analyzed.

e Main parameters can be obtained (module properties and thermal contact resistances).
e The origin of the processes that govern the I-V curve (power) can be identified.

e Powerful tool for in-situ characterization of devices and systems in applications.
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Thermoelectric (TE) devices can convert heat into electricity and have gained great interest as energy harvesters
in many applications, such as self-powered sensors, solar TE generators and industrial waste heat recovery. Not
many techniques are usually available for their characterization under operating conditions. Consequently, only
current-voltage (power output) curves are typically reported to account for their performance, which provide
limited information. Impedance spectroscopy, which has been mainly applied to the study of TE modules sus-
pended in air or vacuum, has the advantage to be used under operating conditions. Here, we exploit this
advantage and provide an in-depth analysis of the impedance response of standard TE devices when they operate
under a small temperature difference. First, we derive the physical models (equivalent circuits) for the two most
common operating conditions: (i) constant temperature difference and (ii) constant heat power input. Then, we
use the obtained equivalent circuit to successfully fit experimental impedance measurements in both operating
modes, which show significant differences. From the fittings, it is possible to obtain the thermal contact resis-
tance between the TE device and the heat exchangers (heat source and heat sink) among other key parameters. In
addition, we analyze the variations found in the impedance spectra for different current output levels. Moreover,
we show how different electrical resistances, extracted from the impedance results, directly relate to the slope of
the I-V curve (power output), and can provide very valuable information about the different processes that
determine its value. All these results establish impedance spectroscopy as a very powerful tool to characterize TE
devices under operating conditions and as a method that can provide highly valuable insights into their
performance.

1. Introduction temperature difference. When this occurs, a voltage difference arises

across the module at open circuit due to the Seebeck effect [1]. If the

Thermoelectric (TE) devices, also known as TE modules, are able to
directly convert heat into electricity when they operate as energy har-
vesters, which have potential energy conversion applications ranging
from industrial waste heat recovery to self-powered sensors [1,2]. In the
energy harvesting operation mode, the device is subjected to a
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circuit is closed with a load, electrical current is produced.

The typical architecture of TE devices consists of a large number of
TE legs which are electrically connected in series by metallic strips
(usually copper) and thermally in parallel [1,3]. The TE legs are orga-
nized as an array of alternating n and p-type highly-doped
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semiconductors, which are the TE materials. Electrically-insulating
plates (usually alumina ceramics) are attached at the top and bottom
sides of the TE legs structure and serve to establish the thermal contact
with the heat sink and the heat source (or with the heat exchangers).

Impedance spectroscopy is a powerful characterization technique
[4,5] that is widely used in many energy devices, such as Li-ion batte-
ries, solar cells, fuel cells, etc. [6-8]. The method consists in applying a
low amplitude sinusoidal current I, (or voltage) at a certain frequency f
to the system. This ac perturbation oscillates around a fixed current (or
voltage) level, usually known as the dc current Iy (or dc voltage Vg),
and produces a sinusoidal potential difference variation V. (or current
Iq) in the system with the same frequency and at a certain phase shift
(see Fig. 1). From this experiment, the impedance of the system Z at the
given frequency is calculated from the voltage and current sinusoidal
waves. The impedance value is represented in the complex plane
(Nyquist plot) as a point which is defined by a vector whose angle is the
phase shift angle ¢ and its module the voltage and current amplitudes
ratio (|Z| = Vae/Iao), as shown in Fig. 1. This experiment is repeated in a
wide range of frequencies (usually 1 MHz-10 mHz) and for each fre-
quency a point is generated in the complex plane, creating the final
impedance spectrum.

The fact of employing a wide range of frequencies typically allows
the separation of the physical processes that occur in the device. At the
highest frequencies, only the fastest processes can follow the quick
perturbation. As the frequency decreases, processes that are slower
progressively appear. This offers the possibility of having a kind of
‘video’ of the events happening in the system, due to the perturbation
produced, as they evolve, which represents one of the main advantages
of this method. In addition, powerful, accurate, and reliable instruments
able to perform impedance experiments are available in the market and
are frequently present in many research institutions. Another key
advantage of the method is its capability to be applied under actual
operating conditions.

Usually, experimental impedance results are analyzed by means of
equivalent circuits (physical models), which represent the physical
processes that occur in the system, such as electrical conduction, accu-
mulation of charge, and diffusion phenomena, among others. The
equivalent circuits are frequently formed by the combination of re-
sistors, capacitors, inductors, Warburg elements, etc. [5,9]. From a
fitting to the experimental impedance results using the equivalent cir-
cuit, highly valuable information of the system can be obtained. In many
cases, more than one equivalent circuit can provide a good fitting to the
experimental results. However, from all the possibilities, there is only
one accounting for the actual physical phenomena. For this reason, it is
very important to know the physics of the system, or perform further
experiments to guarantee that the equivalent circuit employed is the
correct one. This sometimes requires advanced expertise and represents
one of the drawbacks of the method.

Impedance spectroscopy has been applied to the study of TE devices,
mainly in the configuration when the device is suspended (neither in
contact with a heat sink nor a heat source) [10-18] showing the possi-
bility to obtain all the properties of the TE materials of the device. In
addition, it has also been employed when a TE module is contacted by
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Fig. 1. Perturbation, system response and complex plane (Nyquist) represen-
tation of a single frequency point of an impedance spectroscopy experiment.
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ideal heat sinks [19], showing the possibility to determine thermal
contact resistances. However, a detailed impedance analysis of TE de-
vices under actual energy harvesting operating conditions has not been
performed yet. Under these conditions, a previous analysis [20] and
some measurements have been reported [21,22]. However, these studies
employed empirical and simplified models and did not analyze in detail
the evolution of the impedance response at different current levels along
the current-voltage (I-V) curve with accurate theoretical models, which
should be obtained from the heat equation of the system.

In this work, we take advantage of the benefit of impedance spec-
troscopy to be used under operating conditions and provide an in-depth
analysis of the impedance response of standard TE devices when they
operate under actual energy harvesting conditions under a small tem-
perature difference. In our analysis, we first derive the physical models
(equivalent circuits) for two different conditions: (i) when the heat
source of the system is kept at a constant temperature, and (ii) when the
heat source provides a constant heat power input. These equivalent
circuits are obtained by solving the heat equation of the system in the
frequency domain. Then, we correlate the obtained theoretical models
with experimental results, and show the significant differences that exist
between the two conditions. Also, this correlation reveals the possibility
to obtain the thermal contact resistance between the TE device and the
heat exchangers (heat source and heat sink) among other key parame-
ters. On the other hand, the variations found in the impedance response
for different current output levels, and the contributions to the slope of
the I-V curve, which governs the power output, from different electrical
resistances extracted by the impedance analysis, are also analyzed.

2. Theoretical models

The system under analysis comprises a TE device operating in the
energy harvesting mode under a small temperature difference (e.g. 10
K). To establish the temperature difference, the device is thermally
contacted at the hot side to a heat source (e.g. a copper block with
inserted cartridge heaters) of the same area as the ceramic external layer
of the TE device, and to a heat sink (e.g. a copper block with internal
water circulation) at the cold side. It is assumed that thermal contact
resistivities rr¢ exist between the TE device and the heat source/heat
sink, being both thermal contact resistivities identical (see Fig. 2).

The TE module consists of 2 N identical TE legs of cross-sectional
area A and length L, being N the number of TE couples. The legs are
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Fig. 2. Schematic view of the theoretical model considered for one of the legs
that form a device with 2 N of these legs. The dashed line represents the initial
temperature profile. The dotted line shows the plane where the temperature
remains constant at all frequencies. The solid blue line represents a possible
temperature profile when electrical current is generated. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Equivalent circuit for thermoelectric modules under actual constant
temperature operating conditions and a small temperature difference.

contacted by two metallic strips (usually copper) with a slightly larger
cross-sectional area A/n (being 17, the ratio between the area of all the
TE legs and the area of all the metallic strips) and length Ly. Two
external ceramic layers of cross-sectional area A/i (being 7 the filling
factor of the TE module, i.e. the ratio between the area of all the TE legs
and the ceramic area), and length L¢ also form part of the device. At both
sides of the metallic strips, the possibility of having a thermal contact
resistance is considered, including ry¢; and rrcs as thermal contact re-
sistivities between the TE legs and metallic strips, and between the
metallic strips and the ceramic layers, respectively (see Fig. 2).

Average and temperature independent materials properties are
considered, being S = |[S(x = 0) + S(x = L)1/2|, Atg = [Are(x = 0) +
Are(x =L1)1/2, 6 = [6(x = 0) + o(x = L)1/2, and arg = [are(x = 0) + ar(x
= L)]/2 the average absolute Seebeck coefficient, average thermal
conductivity, average electrical conductivity, and average thermal
diffusivity of each of the identical TE legs that form the device. For the
metallic strips, Ay = [Am(x = 0) + Ap(x = L)1/2 and ay = [ap(x = 0) +
ap(x = L)1/2 are the average thermal conductivity and diffusivity. For
the external ceramic layers, Ac = [Ac(x = —Ly—L¢) + Ac(x = L + Ly +
Lc)]/z and ac = [{lc(x = —LM—L(;) + ac(x =L+ Ly+ Lc)]/2 are the
average thermal conductivity and diffusivity. For the thermal contact
resistivities, ryc, rrc1, and rpcz are considered to be the average of the hot
and cold sides values as well. It is also considered that the Peltier heat
power at both junctions is equal to STy, being Ty = [T(x = 0) + T(x =
1)1/2 and I the electrical current output.

In addition to the above description of the system under analysis, it is
also assumed that Joule effect is neglected due to the high electrical
conductivity of TE materials and the small current amplitude used
during the impedance spectroscopy measurements. Finally, the system is
also considered adiabatic (no radiation and convection losses).

The impedance function Z of a TE module with standard architecture
(as described above in Fig. 2) is given by,

L)-V(0 0, — 06
:V( )[ ( ):ij,,JrRQ—ZNS[ L 0]’
0 Lo

z (€3]

where V(0) and V(L) are the voltages at x = 0 and x = L, respectively, Ip
is the ac electrical current flowing through the device at x = 0, j =
(=1)%% is the complex number, = 2xf the angular frequency, Ly the
parasitic inductance, and Ry, is the total ohmic resistance, which in-
cludes the contribution of all the TE legs of the TE module, the metallic
strips, the leads, and the electrical contact resistances. Also, 6, = Z[T
(x)—Tinitiat(x)], indicating # the Laplace transform, and iy = Z[I(0)].
In order to know 6 and 6, the heat equation must be solved in the
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Fig. 4. Schematic view of the theoretical model considered for the constant
heat power input case. One of the legs that form a device with 2 N of these legs
is shown. The dashed line represents the initial temperature profile. The solid
blue line represents a possible temperature profile when electrical current is
generated. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

frequency domain for the system. At this point, it is important to
differentiate between two different possible operation modes, which
lead to different solutions of the heat equation (impedance functions):
(i) constant temperature difference, or (ii) constant heat power input.

2.1. Constant temperature difference

This first case takes place when the temperature at the heat ex-
changers does not change during the entire impedance measurement. No
temperature variation at the heat source, Ty, can occur when powering
the cartridge heaters inserted in a copper block by a temperature
controller, which powers the heaters of the heat source when a decrease
in temperature is noticed in order to keep it constant. At the heat sink, no
variation in temperature, T¢, can be produced by, for example, circu-
lating water at a constant temperature through a copper block. It should
be noticed that in this article Ty and T¢ are the temperature of the heat
source and heat sink, respectively, which are considered homogeneous
within the heat source/sink material, and not the temperatures at the
edges of the TE material. The configuration of the heat exchangers for
this first case simulates an energy harvesting application of TE modules
similar to the example of a hot exhaust gas circulating by a copper pipe.
Being the hot side of the TE device in contact with the pipe, and with
water circulation set at the cold side.

Fig. 2 represents this case, as it can be observed that the solid blue
lines at the heat source and heat sink overlap with the initial tempera-
ture profile (dashed lines). The solution of the heat equation and the
derivation of the impedance function for a system similar to this has
already been developed by us in recent articles considering homoge-
neous initial temperature in the system [17,23]. From those articles, the
equivalent circuit of Fig. 3 can be obtained when convection and radi-
ation losses are discarded, and a prismatic geometry is considered.

In Fig. 3, the different elements of the equivalent circuit are defined
as,

21, = joLy, (2
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RTC.M =

being wrg = are/(L/2)%, wm = am/Lit, wc = ac/LE, and %, the spreading-
constriction impedance [23],

fe = 23y isinZ(anxl) {y,/lprrp + tanh(y,Lc) }

Aemxiy, <= n?y,  |reActanh(y,Le)rc + 1

2y%1 S (Bu) [ Vwherre + tanh(y,Le)
Aemyixy £ my,  |whctanh(y,Lc)rmc + 1

YumAcrre + tanh(y, ,,Lc)
Vumhctanh(f,,Le)rre + 1

Axrys N sin® (@,x)sin®(B,,y1)
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19)

where the constants a, = nn/xa, fm = mn/ya, yn = (a2 + j(u/ac)l/ 2 Ym=
(P2 + jo/a)Y?, and yom = (@2 + f2 + jo/ac)’? define all the possible
solutions for the values n and m. The geometrical parameters x; = (A/

1/2 1/2 _ 172 . _ Al/2 _ 1/2
ne/2 + AV/2, x0 = (A/n)V 5, y1 = AV4/2, and y2 = (A/n)/</2, are
defined in the supplementary information of Ref. [23]. At steady state,
the spreading-constriction impedance becomes a resistance [23],

ANS Ty rs/cllyg

s/c = A (20)
2x22y, isinz(a,,xl) Audcrrc + tanh(o,Le)
Tsje =
T demiay: o n aActanh(a,Le)ric + 1
i 2y,%x1 ismz(ﬁmyl) Puhcrrc + tanh(f,Lc)
Aemyixy &= m? Actanh(B,Lc)rrc + 1
dxryr N sin(a,x))sin® (Buy1) | SumAcrrc + tanh (8, mLc)
Aemxiy A n2m2, SnmActanh (8, ulLc)rre + 1
@D
where Snm = (an + fa)"/%

The constant temperature Warburg element Zycr refers to the
diffusion of the Peltier heat towards the thermoelement. Similarly, the
Warburg elements (Zyqnm and Zyer,m for the metallic strips, and Zwg,
Zwer,c, Zwer,c,m and Zyg,cm for the ceramics) appear due to the heat
diffusion. The resistor Ryc; takes into account the thermal contact
resistance between the TE legs and the metallic strips, while Rr¢z and
Crcz only appear when there is a thermal contact resistance between the
metallic strips and the ceramics, and relate to this thermal contact
resistance and the temperature variation at this contact, respectively.
The elements Zg,c and Zs,c n consider the heat spreading/constriction
due to the difference in area between the TE legs and the metallic strips,
and between the metallic strips and the ceramics, respectively. Finally,
the elements Rr¢, Cre, Rre,m, and Crgm come from the thermal contact
resistance between the outer ceramic surfaces of the TE module and the
heat exchangers, being again linked to the thermal contact resistance
(resistances) and the temperature variation at this contact (capacitance).

Then, the impedance function is given by,

-1
. . _ _ 177!
Z=7,+Ro+ {ZWCT T4+ {R'I'Cl + (ZWU,M '+ Zon 1) "4 (ZWC’I'.M ! +Z’r01'2) ] } ) (22)
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being Zror; and Zrorz,

_ -l _ -l
Zror = Rrca + Zsjc + (Zwa™" + Rec™") ™ + (Zwere™ + Zeye ™) (23)
1 -1

+ (ZW(z,C.M + RTC,M)

24
It should be noted that for this constant temperature different case,

the dc resistance Ry, of the system, which is the steady-state value of the
impedance function Z(f — 0), is given by,

Zrorr = Zew, '+ Zsjem™ + (ZWCT,C,M + Zeye M)7

-1
Z(f—0) =Ro + [RTE "+ (Rrct + Ry + Ry + Rsjc + Re + Ric) 1] .
(25)

2.2. Constant heat power input

The other mode of operation (constant heat power input) results
when the heater cartridges of the copper block at the heat source are
powered using a fixed voltage and a fixed current. While this ensures a
constant power input, the temperature of the copper block with the
heaters inserted (Ty) can change during the impedance measurement
(see Fig. 4), in contrast to the constant temperature difference case
where it was constant. This configuration can occur for example in solar
TE generators, where a TE device is in contact at the hot side with a solar
absorber element which is radiated by a fixed radiation level. If at the
cold side water circulation is used, T¢ will not change.

To obtain the total impedance function in this case, we identify first
the heat source and heat sink impedances, Zs, and Zg;, respectively.
Notice that when constant heat power input is used, the temperature in
the heat source and at L/2 is not constant during the impedance mea-
surement and the system loses the antisymmetric temperature profile
(see Fig. 2 and Fig. 4).

To calculate the impedance of the heat source the thermal quadru-
pole method [24] is employed. This method consists in defining a matrix
for each material layer (TE leg, metallic strip, or ceramic) and thermal
interface. For example, when obtaining the impedance at the heat source
side of the TE legs, six matrices of four elements are used to relate the
complex temperature in the TE legs (at x = 0) and at the heat source.
These matrices represent: (i) the thermal contact between TE legs and
metallic strips (at x = 0), (ii) the metallic strips, (iii) the thermal contact
and spreading-constriction between the metallic strips and the ceramics
(at x = —Lypy), (iv) the ceramic layer, (v) the thermal contact between
ceramic layer and the heat source (at x = —Ly—L¢), and (vi) the heat
source. The complex temperatures and heat fluxes are represented by
two single-column matrices for a total of eight matrices,
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the thermoelectric module) under constant heat power input condition and a
small temperature difference.
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Fig. 6. Equivalent circuit that defines the heat sink impedance (cold part of the
thermoelectric module) under constant heat power input condition and a small
temperature difference.

From the derivation, different new elements of the equivalent circuit
are found (see Fig. 5),
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being Lg,, As0, and as, the length, thermal conductivity, and the thermal
diffusivity of the heat source, which also define wg, = aso/L%,. The four
Warburg elements are the consequence of the heat diffusion in the heat
source.

To calculate the impedance of the heat sink Zg;, the thermal quad-
rupole method is also used,
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Fig. 7. Equivalent circuit for thermoelectric modules under actual constant
temperature operating conditions and a small temperature difference. Notice
that the impedance element Zg, represents the 19 elements shown in Fig. 5 and
Zg; contains the 15 elements of Fig. 6. The impedance elements Z; and Z; ac-
count for the heat transport in the thermoelectric legs.

Table 1
Properties of the thermoelectric device tested.

Size N L Ly Lc A (mm?) v n
(mm?) (mm) (mm) (mm)
40 x 40 127 1.06 0.22 0.74 1.1334>< 0.67 0.27
= Lcnsinh < ﬁ)
cosh( ]—> L c Os:
¢ jw
AcAy[7— A 34
¢ —Os;
nrre

A fjw i) Jjo
——\/=—sinh — cosh —
LV oc wc wc

After solving the quadrupole method, the heat sink impedance
expression, represented by the equivalent circuit of Fig. 6 is obtained,

-1 -1
Ryc 2 -1 2
e (s r) s () |

Zo: = 35
5 2NS2T), (35)
where Zrors and Zyore are defined as,
Rrex | Zsje ( 2 2 )71 ( 2 2 )71
Zrors = ——+——+ +—— + + (36)
TOTS 2 2 ZWa RTC ZWCT.C ZCT(; ’
2 2 Zweren Zew\ Zwacn  Roew\ ™
7, = — — At Tl A
1 = Z e + Zsjcm + ( 2 T2 2 T2
(37)

(Vv'cz + Z.w)'?M

A
1

To reach the total impedance of the system, the effect of the TE legs
should be added to the heat source and heat sink impedances, so the
thermal quadrupole method is again used for this purpose,
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Fig. 8. (a) Schematic and (b) picture of the setup employed to measure the thermoelectric device under energy generation mode.
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being now wrg2 = aTE/LZ. However, the solution cannot be computed,
and it is necessary to define the quadrupole with exponentials [25],
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After some algebraic steps, 0y and 6; can be obtained,
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Finally, the total impedance under constant heat power, Z = V/I is
given by Eq. (1) when Eq. (40) and Eq. (41) are introduced. The final
equivalent circuit that fully describes the constant heat power condition
is represented in Fig. 7, where the elements Z;, and Z, are,

Table 2
Temperature values for the impedance measurements obtained under constant
heat power input for different dc currents.

Iac (A) Ty (°C) Tc (°C) AT (K) Ty (°C)
0 25.0 15.0 10.0 20.0

—-0.07 24.0 15.0 9.0 19.5

-0.14 22.4 15.0 7.4 18.7

-0.18 21.6 15.0 6.6 18.3

(42)

—

Z, = : (43)
21EA //lﬂ'nh( /ff_ﬂ)
L OTEY OTE

It should be noted that for this constant heat power input case, the dc
resistance of the system is given by,

Z(f—0) = R+ Ryp. 44

3. Experimental part

In order to validate the equivalent circuits developed, impedance
measurements were performed using a standard BiyTe3 TE device from
European Thermodynamics (ref. GM250-127-14-10) with the properties
shown in Table 1. The module was attached at the cold side to a copper
block with water circulation (see Fig. 8). The water was circulated using
a thermostatic circulating bath (PolyScience, SDO7R-20-A12E). A cop-
per block (40 mm x 40 mm x 20 mm) with 4 cartridge heaters (Watlow,
ref. E1J49-L12) inserted was used as the heat source. When experiments
under constant temperature difference were run, the heaters were
powered by a temperature controller (Watlow, EZ-Zone PM). In the case
of experiments under a constant heat power input, the heaters were
powered at a constant current and voltage values using a variable
transformer (RS, ref. 890-2872). A thin layer of a thermal interface
material (thermal grease from RS, ref. 217-3835) was placed at the two
interfaces of the TE module with the heat source and heat sink. The hot
and cold side temperatures were measured using K-type thermocouples
(RS, ref. 363-0250). At the hot side, the thermocouple was place inside a
small hole machined in the copper block, which was filled with thermal
grease to improve the thermal contact (see Fig. 8). At the cold side, the
thermocouple was located in a groove machined on the copper block,
which was also filled with thermal grease (see Fig. 8).

Before mounting the device in the setup of Fig. 8, it was measured
under suspended conditions in vacuum (pressure < 1.0 x 104 mbar)
inside a metallic vacuum chamber, which also acted as a Faraday cage.
Under suspended conditions, an impedance measurement was per-
formed at a 20.0 °C ambient temperature using a 50 mA ac current
oscillating around a 0 A dc value and employing a frequency range from
10 mHz to 100 kHz, measuring in total 40 points logarithmically
distributed. After the impedance measurement, the Seebeck coefficient
was measured by applying different constant currents (50, 100, 150, and
200 mA) to the suspended module in vacuum. Once steady state is
achieved after applying each current value (a temperature difference
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Fig. 9. Experimental impedance measurements (points) and their corresponding fittings (lines) for different conditions. (a) Impedance response of the module
suspended in vacuum, sandwiched between the heat exchangers under no temperature difference (Ipc = 0), and under 10 K temperature difference for the constant
temperature difference condition. (b) Impedance response of the module sandwiched between the heat exchangers under no temperature difference, and under a 10 K
temperature difference under constant temperature condition at different dc currents. The insets represent magnifications of zones of interest.
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Fig. 10. Experimental impedance measurements (points) and their corresponding fittings (lines) for different conditions. (a) Impedance response of the module
suspended in vacuum, sandwiched between the heat exchangers under no temperature difference, and under 10 K temperature difference for the constant heat power
input condition. (b) Impedance response of the module sandwiched between the heat exchangers under no temperature difference, and at an initial 10 K temperature
difference under constant heat power condition at different dc currents. The insets represent magnifications of zones of interest.

appears that is due to the Peltier effect), the circuit was opened and the
voltage and the temperature difference between the outer layers were
measured immediately. The temperature difference was measured with
the same K-type thermocouples touching the central part of the outer

layers and using a bit of thermal grease at their tips. The absolute See-
beck coefficient value (205.8 pV/K) was obtained from the slope of the
voltage vs temperature difference plot.

After these measurements, the device was assembled in the setup of
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Fitting parameters with their associated relative errors (in brackets) of the impedance spectra of Fig. 9 and Fig. 10, performed at different conditions.

L, (1) Ro (@) rre (MKW Arg (Wm™' K1) A (Wm™' K™ rrc (m*KW™")
Suspended 3.24 x 1077 1.242 1.01 x 10°° 1.96 30.29
P (1.41%) (0.032%) (3.07%) (0.56%) (0.84%)
Sandwiched 5.83 x 1077 1.241 ~ ~ B 223 x10°*
(2.15%) (0.054%) (2.29%)
5.92 x 107 1.241 2.37 x 10 *
AT constant 0 A (3.12%) (0.077%) - - - (2.69%)
5.80 x 10 7 1.240 2.33x10°*
AT ~0.07 A . _ _
constant —0.07 (4.48%) (0.099%) (3.53%)
5.81 x 10 7 1.240 234 x 10°*
AT constant —0.14 A - - -
constant (4.43%) (0.101%) (3.59%)
5.81 x 1077 1.240 2.57 x 1074
AT constant —0.21 A (4.30%) (0.101%) - - - (3.49%)
Qu, constant 0 A 5.83 x 107 1.241 2.24 x10°*
n (2.15%) (0.051%) - B B (2.18%)
5.71 x 1077 1.237 2.30 x 107*
; tant —0.07 A - - -
Qun constan (3.86%) (0.083%) (3.51%)
5.70 x 1077 1.234 2.29 x 1074
Qin constant —0.14 A (3.63%) (0.077%) - - - (3.36%)
5.71 x 1077 1.231 2.27 x 107*
X —~0.18 A - - —
Qi constant ~0.18 (3.38%) (0.075%) (3.17%)

Fig. 8 and several impedance measurements were performed employing
the same parameters of the suspended module measurement, except the
frequency range (2 mHz to 100 kHz was used). First, an impedance was
obtained with only water circulation at the heat sink, being for this case
the initial hot and cold side temperatures Ty = T¢ = 20.0 °C (AT = 0.0
K). Then, impedance measurements were carried out under constant
temperature difference. The hot and cold side temperatures were fixed
to 25.0 and 15.0 °C, respectively (AT = 10.0 K and Ty, = 20.0 °C). Under
these conditions, impedances (using 50 mA ac current) were performed
at 0, —0.07, —0.14, and —0.21 A dc currents, waiting 20 min between
each measurement to ensure reaching the steady state. Finally, imped-
ance measurements (using 50 mA ac current) were performed under
constant heat power input at 0, —0.07, —0.14, and —0.18 A dc currents,
waiting 20 min between each measurement to ensure reaching the
steady state as well. All the temperature values for the constant heat
power input experiments are shown in Table 2. In this case, in contrast
with the constant temperature difference regime, the hot side temper-
ature changes when current flows due to the Peltier effect (the TE device
is a refrigerator), and hence the average temperature Ty.

It should be mentioned that at each I, value, the dc voltage V4. was
also recorded for the impedance experiments of the constant tempera-
ture difference, and constant heat power input systems, in order to plot
their I-V characteristics. In addition, the I-V curve for the suspended in
vacuum system was also recorded for comparison, applying different
fixed current values (0.05, 0.1, 0.15, and 0.2 A) and registering the
corresponding voltage after reaching steady state. Moreover, a fast I-V
curve, performed at a 100 V/s scan rate, was carried out to the system
under the constant temperature difference of 10.0 K (Ty = 25.0 °C, T¢ =
15.0 °C). At such a high scan rate the temperature profile of the system is
not expected to change. All the impedance experiments and the elec-
trical signals were recorded using a Metrohm Autolab Vionic instru-
ment, controlled by Intello 1.2 software.

4. Results and discussion

All the impedance spectroscopy results with their fittings can be seen
in Fig. 9 and Fig. 10. In addition, Table 3 shows all the fitted parameters
and their associated relative errors, provided by the fitting. The
impedance response when the module was suspended in vacuum is
shown both in Fig. 9a and Fig. 10a. The fitting to this measurement
provides all the module properties which will be kept fixed in the rest of
the fittings, since they do not vary. In order to perform the fitting of the
suspended module, a simplified version of the equivalent circuit of Fig. 3
that considers ry¢c — oo was used, which is the same equivalent circuit

described in Ref. [23]. For this purpose, we used the MATLAB code
provided in Ref. [23]. As explained in that article, first, the specifications
of the TE module (see Table 1) are provided to the code. Then, we choose
Ly, Ro, r7c1, AtE, and Ac as the parameters to fit, and maintain fixed the
values of S = 205.8 pV/K (experimentally determined as mentioned
above), Ty = 20.0 °C (the initial uniform temperature of the device), arg
= 0.37 mm%, ac = 10 mm?%71, 2y = 400 Wm™ K7L, ay = 110
mm?s~!, and rycz = 0. As discussed in Ref. [17], the value of rrgs is
usually very low, since the metal strips/outer ceramic layers thermal
contacts are really good, and thus it can be neglected. In the same
reference, the values of arg, ac, Ay, and ay; were set as constants since
impedance measurements are less sensitive to them. As it can be seen in
Fig. 9a and Fig. 10a, the fitting performed to the suspended module
excellently fits to the experimental results, and provides the module
properties (Ly, Ro, 'rc1, A1g, and Ac) with low relative errors. All fittings
were performed using the MATLAB function Isqnonlin (non-linear least
square method) and the errors were calculated from the variance-
covariance matrix. These values will be fixed in the rest of the fittings
to be performed.

We now analyze first the impedance results for the case under con-
stant temperature difference. When the system is under AT = 10 K and
the impedance measurement is performed at I3 = 0 A, the response

T T T T
0.4 4 ® Fastcurve / 4
B Constant heat power
v Constant AT V=-0.0018 +/2.2261 |
A Suspended
0.3 A B
S
S V=0.3995 + 1.2637 |
5]
5 0.2 4 Ll
= V=0.4037 +R.1773 |
0.1 1 B
0.0 T T T T T
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Current (A)

Fig. 11. Current-voltage characteristics of the different systems analyzed. Lines
indicate the linear fits, and their equations are included. The underlined values
in the equations are the resistances (Ryy).
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Different resistances obtained from the impedance measurements that contribute to the total resistance (R4.) and its comparison with the resistances from the I-V
curves. For the fast curve case, R4 corresponds to the R, value from the suspended impedance measurement.

Ro (Q) Ry (Q) Rs/c () Ryc (Q) Rrer (Q) Rc (@) Ry (Q) Rgc (Q) Ry (Q) Deviation (%)
Fast curve - - - - - - - 1.242 1.264 1.77
Constant heat power 1.241 0.949 1.87 x 102 0.212 3.55 x 102 2.32 x 1072 1.29 x 103 2.190 2.177 —0.59
Constant AT 1.241 0.949 1.87 x 1072 0.225 3.55 x 1072 2.32 x 1072 1.29 x 1073 1.471 1.473 0.14
Suspended 1.242 0.949 1.91 x 10 2 - 3.55 x 10 2 2.32x10 2 1.29 x 103 2.191 2.226 1.60

overlaps with the suspended module at frequencies >10 Hz, approxi-
mately (inset of Fig. 9a), but when the frequency decreases, a much
smaller semicircle is observed (full red dots of Fig. 9). The overlapped
region corresponds to the processes that occur in both systems until the
moment when the injected Peltier fluxes at the metal/thermoelements
junctions reach the outer faces of the external ceramic layers of the
module. These processes are the same for both cases, since the differ-
ences only appear when the heat fluxes sense the heat exchangers and
cross the thermal contact (r¢). The strong reduction of the semicircle is
due to the constant temperature condition, which removes the heat
reaching the copper block at the cold side and does not let the temper-
ature change at the copper block that acts as the heat source. Hence, the
final temperature difference (Ty-T¢) will not increase, in contrast to the
suspended case, where the heat is stored/removed in the ceramic layers
instead of being extracted or cancelled by the heat exchangers, pro-
ducing a larger temperature difference in the device, and hence a larger
semicircle. As we reported in Ref. [19], the semicircle observed under
constant temperature conditions strongly depends on the module/heat
exchangers thermal contact, and decreases significantly when rr¢ is
reduced. The fitting performed to the system under AT = 10 K was
carried out using the equivalent circuit of Fig. 3, obtaining again an
excellent agreement with the experimental results. From the fitting, L,
R, and rc were determined (see Table 3).

It can be also observed in Fig. 9a that the impedance response of the
system under AT = 10 K overlaps for most of the frequencies with the
system when AT = 0 K. Differences only occur at the lowest frequencies,
where the AT = 0 K system (sandwiched device) exhibits a vertical rise
(onset of a semicircle), due to the fact that the temperature controller is
turned off at the heat source and the copper block is allowed to change
its temperature. Fig. 9b shows the variation of the impedance response
when the system under a fixed AT = 10 K was evaluated at different dc
current values of the I-V curve. It can be observed that all the spectra
basically overlap, as expected, since the average temperature does not
change and the TE properties do not vary significantly with temperature
due to the small temperature gradient. Fittings again agree well with
experiments and similar values of the fitted parameters result (see
Table 3).

We analyze now the impedance results for the case of constant heat
power input. Fig. 10a shows the difference between the suspended
system and the case when AT = 10 K and the heat power input is fixed
(at Ipc = 0). The response of the latter completely overlaps with the case
when no input heat power is present (triangles in Fig. 10a) and hence
AT = 0 K (sandwiched system), also shown in Fig. 10a. This is expected,
since the average temperature is identical in both cases and the TE
properties do not vary significantly with temperature. As mentioned
before, it can be observed that the main difference between the constant
heat power input and the constant temperature difference systems is the
existence of an onset of a semicircle for the former. This semicircle
would continue until closing at the same values than the suspended
measurement if lower frequencies had been registered, as predicted by
Eq. (25). However, this was not possible experimentally since it would
lead to an extremely lengthy measurement, since the dynamics of the
system are slow. The fittings to the sandwiched (AT = 0K) and AT =10
K with fixed heat power input systems were performed using the
equivalent circuit of Fig. 7, employing the MATLAB code in the Sup-
plementary Information. From the fitting, L,, Ro and rrc were obtained

10

(see Table 3).

Fig. 10b shows the impedance spectra of the system under a fixed
heat power input at different dc current values along the I-V curve. It can
be observed that all of them basically overlap, as in the constant tem-
perature difference case, however, as shown in the inset of the figure, the
value of the intercept with the real axis (ohmic resitance) slightly varies,
adopting lower values when the I, increases. This occurs since the
temperature difference is no longer constant, due to the absence of a
temperature controller (constant temperature difference condition), and
decreases with the dc current. Thus, the average temperature decreases,
producing the observed variation in the ohmic resistance, which is the
trend taking place in commercial modules when the temperature
changes [14]. This was not the case in Fig. 9b (constant temperature
difference) where the average temperature was always constant. Fittings
again agree well with experiments and similar values of the fitted pa-
rameters are found (see Table 3).

The different I-V curves recorded for the systems analyzed are shown
in Fig. 11. All of them show a linear trend and were fitted using the
equations shown in the figure. The slopes of the curves, underlined in
the figure, are the resistances given by the I-V curves (Rry), which are
significantly different for the cases of constant temperature difference
and constant heat power input. For this reason, it is important to indi-
cate the method employed when the I-V characteristics of TE modules
are determined. A higher power output is always expected for the con-
stant temperature difference case. It should be noted that the values of
Ry.y agree well with the dc resistances R4, (impedance value when f — 0)
given by the impedance measurements [Eq. (25) and Eq. (44) for the
constant temperature difference and constant heat power input,
respectively], as shown in Table 4, where deviations between both re-
sistances are below 2%. This is expected, since all the I-V curves (except
the fast curve) are recorded under steady state condition, which is
reached in the impedance measurements when f — 0. This fact, allows
knowing the different contributions to Ry from the impedance mea-
surements, as shown in Table 4. This is highly interesting, since the
maximum power output of TE devices is given by Ppax = Vgc/(4R[_V),
being V. the open-circuit voltage [3]. Since V. is the same for all the
systems under 10 K temperature difference (see Fig. 11), the maximum
power output strongly depends on the value of R;.y, whose contributions
can be determined by impedance measurements using the analysis
presented here.

For the case under constant heat power input, only two contributions
govern Ry [see Eq. (44)]: Rp and Ryg. Since both resistances add
together and their values do not differ much (1.241 and 0.949 Q,
respectively) they have similar contributions and it is important to
reduce both of them. This can be achieved by decreasing the electrical
conductivity and the thermal conductivity of the legs. If the latter is
produced, it will increase V,. as well, which is also desired to enhance
Prax.

For the case under constant temperature difference, Ry.y has a larger
number of contributions [see Eq. (25)]: Rg, R7g, Rrc1, Rms Rrez, Rssc,
and R¢. All of them represent the influence of the thermal contact re-
sistances and the thermal conductivities of the metallic strips and
external ceramic layers, apart from the TE properties of the legs. As it
can be seen from Table 4, the most significant contributions come from
R and Ryg, (as in the constant heat power input case) with the addition
of Rrc. This highlights the importance of reducing as much as possible
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the thermal contact resistance between the module and the heat ex-
changers (or heat source/heat sink). Moreover, this reduction will also
lead to a significant increase of V. Since Ry¢ connects in parallel with
Rr1E, a more reduced Rry will typically occur for the constant tempera-
ture difference case. It should be noticed that a similar analysis was
performed by us solving the heat equation under steady-state conditions
in a previous article [26], although the internal thermal contact re-
sistances (ry¢; and rpcz) were not considered in that study.

When determining R, and Ryp, which define the dimensionless
figure of merit of the TE module (2T = Ryg/Rp), both methods, an
impedance spectroscopy measurement in suspended conditions and two
I-V curves (one at a very high scan rate and another under constant heat
power input) provide the same information. Two impedance spectros-
copy measurements (one in suspended conditions) or an I-V curve is also
enough to determine Py, in both cases (constant temperature difference
and constant heat power input). However, if the aim is to determine rr¢,
the use of the three I-V curves requires de assumptions of ry¢c; = 0 and
rrcz = 0, making this method less accurate than two impedance mea-
surements. Furthermore, impedance spectroscopy measurements can be
used to determine properties of the TE module (e.g. rr¢1).

The fast I-V curve of Fig. 11, which was recorded at a very high scan
rate, shows a 1.264 Q slope value, which agrees well with all the R
values in Table 4 (1.8% deviation). This occurs since the very high scan
rate used does not allow the temperature difference to be established
and the voltage drop is only given by IR, (SAT = 0). Finally, it can be
seen that the R;.y values of the system under constant heat power (2.177
Q) and the suspended device (2.226 Q) are similar (2.2% deviation), as
expected from the impedance analysis, since both Ry values have the
same contributions (Rp and Rrg). Hence, an I-V curve of a suspended
device (or an impedance measurement) can be used to determine the
power output of the system under constant heat power input (if S is
known). It should be noted that for this to hold, also the assumptions
adopted in our analysis should be fulfilled (e.g. adiabatic conditions).

5. Conclusions

This article analyses in detail the impedance response of TE modules
under energy harvesting operation when a small temperature difference
is present. The study covers the two most common cases in applications
(constant temperature difference and constant heat power input). First,
the theoretical models (equivalent circuits) were developed in both
cases by solving the heat equation in the frequency domain under
adiabatic conditions and considering all the main thermal phenomena
occurring in the system, such as the thermal contact resistances between
the TE module and the heat source and the heat sink, the internal
thermal contact resistances (TE legs/metallic strips and metallic strips/
external ceramic layers), the spreading-constriction effects, and the
thermal influence of TE legs, metallic strips and ceramic layers. Then,
the impedance response of a commercial bismuth telluride module was
measured in the two cases under study, including measurements at
different current-voltage points along the current-voltage curve,
showing large differences between both scenarios. At the different
points of the current-voltage curve, only significant differences were
observed in the impedance spectra for the constant heat power input
case, due to the variations of the ohmic resistance of the device with the
average temperature. The developed equivalent circuits (provided as a
MATLAB code) were used to successfully fit the experimental data and
provided key parameters of the module, such as the thermal contact
resistance between the TE device and the heat exchangers (heat source
and heat sink), and the thermal contact resistance between the TE legs
and the metallic strips.

On the other hand, it was found that the dc resistance obtained from
the impedance response (when frequency tends to zero), matches with
the slope of the current-voltage curve. In fact, the different contributions
to this slope, which governs the power output, can be extracted from the
impedance measurements. For the constant temperature difference case,
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only the ohmic and TE resistances contribute to the slope. However,
under constant heat power input conditions, a larger number of addi-
tional contributions occur, coming from the influence of the thermal
contact resistances and the thermal conductivities of the metallic strips
and external ceramic layers. From all these additional contributions, it
was identified that the influence of the thermal contact resistance be-
tween the device and the heat source heat sink was the most relevant.
The new equivalent circuits developed allows the use of impedance for
the characterization of TE devices under operating conditions (small
temperature differences), which can determine key parameters of the
device and the system. Also, all the analysis performed provides new
insights to better understand the performance of TE modules and the
contributions to the power output in different conditions of operation.

Nomenclature

TE thermoelectric

1 current (A)

Iye current amplitude of an ac signal (A)

current value around the oscillation of an ac signal is
produced (A)
\% voltage (V)

Vae voltage amplitude of an ac signal (V)

Ve voltage value around which the oscillation of an ac signal is
produced (V)

Z Impedance (Q)

|Z] module of the impedance (Q)

¢ phase angle (rad)

zZ real impedance (Q)

Z imaginary impedance (Q)

N number of couples of a thermoelectric device

A area of the thermoelectric legs (m?)

L length of the thermoelectric elements (m)

M ratio between area of all thermoelectric legs and all metallic
strips

Ly length of the metallic strips (m)

n thermoelectric module filling factor, ratio area legs/area
ceramics

L¢ length of the ceramic contacts (m)

rrc thermal contact resistivity between thermoelectric module
and heat exchangers (mZKw 1)

rrei thermal contact resistivity between thermoelectric legs and
metallic strips (m*kw—hH

rrca thermal contact resistivity between metallic strips and
ceramics (mzKW’l)

S Seebeck coefficient (V/K)

o electrical conductivity (S/m)

ATE thermal conductivity of the thermoelectric legs Wm 'K

arg thermal diffusivity of the thermoelectric legs (m?%/s)

WTE characteristic frequency of heat diffusion in the
thermoelectric legs (rad/s)

Am thermal conductivity of the metallic strips Wm 'k

am thermal diffusivity of the metallic strips (m?%/s)

[0}y, characteristic frequency of heat diffusion in the metallic strips
(rad/s)

Ac thermal conductivity of the ceramic layers Wm 'k

ac thermal diffusivity of the ceramics (m?%/s)

wc characteristic frequency of heat diffusion in the ceramics
(rad/s)

T Temperature (K)

AT temperature difference (K)

Tinitial initial temperature (K)

Ty hot side temperature (K)

Tc cold side temperature (K)

Ty average temperature (K)

L, Inductance (H)
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j imaginary number

f Frequency (Hz)

w angular frequency (rad/s)

Ro total ohmic resistance (Q)

Ox complex temperature increase at location x (Ks)
bx complex heat flux at location x (Ws)

R resistor ()

C capacitor (F)

Zwer constant-temperature Warburg ()

ZwWa adiabatic Warburg (Q)

Zs/c spreading-constriction impedance (mZKkw 1

Ts/c spreading-constriction resistivity (mZKkw1)

Zso impedance of the heat source side (£2)

Zsi impedance of the heat sink side ()

Ls, length of the heat source (m)

Aso thermal conductivity of the heat source Wm 'K

aso thermal diffusivity of the heat source (m%/s)

Wso characteristic frequency of heat diffusion of the heat source
(rad/s)

Rac dc resistance (Q)

Voc open-circuit voltage (V)

Rry resistance (slope) of an I-V curve ()

Prax maximum power output of the thermoelectric device (W)

2T dimensionless figure of merit
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