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ABSTRACT
A high thermoelectric (TE) figure of merit zT of materials enables a high energy conversion efficiency. The quantity zT is defined by the
Seebeck coefficient (S), the electric (σ) and thermal (κ) conductivity, and the absolute temperature (T). In this paper, we report on a compu-
tational model of the Combined ThermoElectric Measurement (CTEM) apparatus, which is a simultaneous characterization method capable
of measuring the full set of above-mentioned thermoelectric transport properties between −190 and 600 ○C. Currently, the measurement
results show deviations due to unidentified error sources. As a solution approach of identifying possible error sources, a digital twin of the
CTEM was developed. The computational thermal-electrical circuit model mainly consists of thermal sieving chains representing the relevant
sample holder components, in particular two metallic blocks and a TE sample. For a computational consistency check of the measuring prin-
ciples, ideal conditions are assumed, while no potential error sources are implemented, yet. Here, we present the measurement principles and
procedures of creating the computational model of the CTEM. After studies on local discretization, the computational model undergoes a
consistency check for model validation. The deviations between input parameters and simulated results of the three mentioned thermoelectric
properties have been found negligibly small (≪1%) for ideal measurement conditions. This agreement certifies a realistic representation of the
behavior of the sample holder by the digital twin with a satisfying reproduction of ideal measurement conditions by simplifying assumptions
and the applicability of underlying measurement principles and evaluation protocols.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129504

I. INTRODUCTION
Thermoelectric (TE) materials can reversibly transport heat,

and by that, they have the possibility to transform heat into electric-
ity and vice versa.1–3 That means that if a temperature difference is
applied to a TE material, a voltage can be generated, and by applying
the voltage to an isothermal TE material, heat can be transported
and a temperature difference over the material is generated. Ther-
moelectric energy converters (thermogenerators) use these features,
and the key step for the optimization of them is the characterization
of its efficiency η. The efficiency itself strongly depends on the figure
of merit zT,4–6 which is defined by the following equation:

zT =
S2σ
κ

T, (1)

including the three thermoelectric transport properties, such as See-
beck coefficient S, electrical conductivity σ, and thermal conductivity

κ and the absolute temperature T. Commonly, the electrical con-
ductivity and the Seebeck coefficient that together form the power
factor5–7 of a sample are measured simultaneously in a custom-
made measuring system (HT-S-σ8 or ZEM9). On the other hand,
the characterization of the thermal conductivity is often performed
in a separate experimental setup (XFA,10 LFA,11 and 3ω method12

or other, steady-state methods13). Usage of several dissimilar meth-
ods could lead to several uncertainties regarding the accuracy of zT
obtained by Eq. (1):

● If the same sample is measured successively in two differ-
ent measuring systems, aging effects of the sample during
temperature cycle can occur,14,15 effectively falsifying the
specification of zT.

● If different geometries of the sample are necessary due to
individual requirements of each experimental setup, two dif-
ferent samples need to be used for a full characterization.
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These samples can be taken from different batches or can
be separated from a single batch. Thus, either lacking repro-
ducibility or any functional inhomogeneity can introduce
a dissimilarity of thermoelectric properties.16–18 Therefore,
characterizing one material by two samples can also cause a
misinterpretation of the calculated zT.

Accordingly, a measurement system for the simultaneous
investigation of all thermoelectric properties of a material will not
provide the mentioned uncertainties. Furthermore, there can be
more advantages using only one measurement system of a full
characterization. Only one sample is necessary, which has to be syn-
thesized and prepared; the sample has to be contacted and mounted
just once; operation time and energy are saved as only one temper-
ature cycle is necessary; and all properties are measured along the
same axis of the sample, which is essential in the case of crystallo-
graphically anisotropic crystalline or textured materials. This type
of measurement system has been already used for several materials,
also in the temperature range below room temperature.19,20 As ther-
moelectric converter materials are often used to convert waste heat
into electric energy in industrial or automotive applications,21–25 it
is required to characterize thermoelectric materials in wide tem-
perature ranges, which typically range from the room temperature
up to 600 ○C and beyond for thermoelectric generators. The device
ALTEC10001, developed in the Institute of Thermoelectricity, Cher-
nivtsi, Ukraine, is such a measurement system for measuring the
three mentioned thermoelectric properties of material samples.26

In the case of ALTEC10001, the characterization of the electrical
conductivity and of the Seebeck coefficient provides sufficient accu-
racy. Possible error sources, which can have a certain influence on
the accuracy of the results, appear only to a minor extent. On the
other hand, several effects can disturb the measurement of thermal
conductivity. Some of the relevant error sources are well known,
generally.27–29 In the case of the thermal conductivity measurement
by ALTEC10001, the effect of the thermal exchange between the
sample and its environment via radiation has been investigated by
means of a computational model30 using the software tool COM-
SOL Multiphysics. The computational model is used not only to
investigate the accuracy of the measurement, in general, but also
to study faster measurement procedures for the determination of
thermal conductivity31 and to finally reveal the methodical rela-
tion between the measuring rate and the achievable accuracy of the
measurement in the presence of radiative effects.32 Computational
models are very important tools to clarify the impact of experimental
error sources and to find suitable ways for their compensation by the
implementation of adapted measurement procedures and evaluation
protocols.

This work is dedicated to the Combined ThermoElectric Mea-
surement (CTEM) apparatus, which is a custom-made experimen-
tal setup for the characterization of thermoelectric materials. The
CTEM provides an exact time resolution of the signals (e.g., tem-
peratures, voltages, and currents) due to simultaneous capturing
during a measurement, while the signals are recorded successively
by using ALTEC10001. Additionally and redundant to the calculated
figure of merit zT obtained by Eq. (1) from individual measure-
ments of the constituting properties S, σ, and κ, it is possible to
obtain the figure of the merit directly by the independent Har-
man measurement procedure.33,34 Similarly to ALTEC10001, the

measurement procedures of the CTEM for the electrical conduc-
tivity and Seebeck coefficient including data analysis provide highly
accurate results. The characterization of the thermal conductivity by
the CTEM includes the contribution of the thermal contact resis-
tance between the sample and the attached metal blocks of the
sample holder. Furthermore, the CTEM measurement is sensitive
to several error sources of thermal nature, e.g., radiation coupling
between the sample and the environment, or heat loss due to ther-
mally conductive measuring probes and lead wires. The effect of
these error sources is partially known from finite-element modeling
(FEM) with the simulation tool ANSYS,28 and consequently, correc-
tion terms are considered in the analysis to provide more precise
results. In particular, the correction of radiative effects is already
applied in the real experiment,29 which allows for a reduction of
deviations for the thermal conductivity measurement by ∼30% to
∼3% at the highest measurement temperature of 600 ○C. For study-
ing further possible error sources of the electrical conductivity and
Seebeck coefficient measurement, a simplified network model of the
real CTEM turned out to be very helpful. A digital twin, which is
the virtual illustration of a real object using computational soft-
ware tools, whether or not the object exists in the real world, saves
resources since the implementation and testing of new components
can be easily accomplished by digital counterparts, which effectively
reduce the number of steps for the purchase, production or re-design
of components, and the work associated with their installation into
the experimental measuring setup. This particularly saves effort and
time not only during early development phases but also for the
improvement of the existing setups by investigations on the influ-
ence of geometries and material properties on measurement results
or for studies on suitable means to minimize influences of a broad
spectrum of possible error sources. The digital twin of the CTEM
apparatus developed here is modeled using the software Scilab and
its simulation tool Xcos. This software environment is very similar
to the common software Matlab and its simulation tool Simulink.
Several computational models of thermoelectric problems already
exist,35–37 but they are not applicable to the CTEM. Therefore, a
digital twin of the in-house built CTEM apparatus, including its
measurement principles, will be a unique feature of its qualifica-
tion. As a start, the digital twin should perfectly reproduce several
input parameters, such as temperature-dependent functions of the
thermoelectric properties, under ideal conditions without consid-
eration of possible error sources. Second, disturbing effects, e.g., as
are known from the literature28 can be added to simulation, trying
to reproduce erroneous experimental data. Additionally, the digital
twin enables the investigation of complex combinations of uncer-
tainties in various measured parameters. Thus, the identification of
the acting spurious effect(s) is facilitated.

In the following, we present the measurement setup and prin-
ciple of the in-house CTEM apparatus and its measurement pro-
cedures. Furthermore, the build-up of the digital twin is described
and the results of the consistency check under ideal conditions are
shown.

II. EXPERIMENTAL
A. Setup

The key element of the experimental setup is the assembly of
the sample holder [Fig. 1(a)], which is inserted and fixed by two
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FIG. 1. Assembly of the sample holder in the CTEM. (a) Thermoelectric sample
contacted by two metallic blocks via a soldering material. Each of the current
supply lead and measuring cable is attached to either a block or the sam-
ple and to a block of the screwing terminal located above the sample holder.
(b) Schematic sketch of the assembly, including the wiring and the thermal
environment interacting with the sample.

screws in a sample vessel. The vessel acts as desirably isothermal and
temperature-controlled thermal environment. After mounting of
the sample holder, the sample vessel is placed in a vacuum chamber
(recipient) for the measurement. This compartment includes a type-
K thermocouple for the control of the environment temperature by a
proportional-integral-derivative (PID) temperature controller from
Eurotherm.

The sample holder assembly can be divided in two parts: the lid
of the sample vessel with the attached screw terminal and the sample
holder.

The screw terminal consists of 14 electrically insulated cop-
per blocks arranged in a horizontal rectangular pattern, with four
blocks at the front and at the back and three blocks at the
left side and at the right side of the screw terminal. The cop-
per blocks are used as dismountable connection points for cur-
rent and measuring signals from the sample holder. Fixed leads
are installed from the screwing blocks to the feedthroughs of the
recipient. The electric insulation between different channels within
the screw terminal is accomplished by means of mica platelets
[phlogopite—KMg3(AlSi3O10)(OH)2], which provide an insulating
resistance of > 1017 Ωcm at 23 ○C and > 1012 Ωcm at 550 ○C.38

The sample holder [Fig. 1(b)] uses a pair of leaf springs to
apply a small compressive force along the block–contact–sample
(bcs) stack in order to hold the configuration in place. The sample is
placed between two identical metal blocks and is contacted to them
by a solder material. Different species of solder materials are needed
from case to case depending on the block material and the sample
material, regarding its chemical compatibility to the material of the
blocks, as well as of the sample.39,40 The cross section of the metal-
lic blocks and the sample are identical. A current lead (for electrical
conductivity and Harman measurement) and a small gradient heater
(for Seebeck and thermal conductivity measurement) are attached to
each block. Furthermore, there are four type E (chromel-constantan)
thermocouples (TCs) attached to the assembly, one at each block and
two on the sample, each of the latter located very close to the solder
contact of either side of the sample (Fig. 2).

FIG. 2. Measuring circuits linked to the sample holder and attached thermocou-
ples. Two types of voltage taps of the four thermocouples operate simultaneously.
Besides the temperatures of the blocks T1 and T2 and the temperatures at the
sample Ts1 and Ts2, the voltage drops V1 and V2, provided by the block potential
probes and Vs1 and Vs2 and provided by the sample potential probes, are also
recorded.

These TCs can work in two different modes simultaneously. On
the one hand, each thermocouple provides a temperature measure-
ment, which is accomplished by a read out of their thermovoltage.
The temperatures of the blocks T1 and T2 are measured by the eval-
uation of thermovoltages VT1 and VT2, whereas VTs1 and VTs2
are used to determine the temperatures at samples Ts1 and Ts2. On
the other hand, measurement loops, which are formed by the same
type of the lead material of the two TCs, provide the voltage in
between these sensing points, which is the thermovoltage between
these points in the absence of an electric current. Accordingly, the
TCs also act as potential probes and these circuits provide the signals
V1 and V2 at the blocks and Vs1 and Vs2 for sensing points located
at the sample under test. TCs at the sample additionally to those
at the blocks have not been used previously with the CTEM29 but
represent a new feature of it. This modification opens the option to
measure temperature and potential differences across the interface
zones and by that enables characterization of thermal and electric
contact resistances of the solder contacts.

The choice of suitable materials for the blocks and the sol-
der depends on their electric and thermal properties and on their
chemical compatibility. In the case of a solid contact material, a pos-
sible mismatch of thermal expansion coefficients with respect to the
material of the sample and the blocks should be considered. Copper
blocks are used due to their high electric and thermal conductiv-
ity in order to reduce resistive signal contributions by the blocks.
Since copper can diffuse into many thermoelectric sample materials,
especially at high temperatures,41 the solder should preferably act
as a diffusion barrier too or should be complemented by a separate
diffusion barrier. Common materials for the contacting solder are
Galinstan39 and Field’s metal.40 Although these solders do not sup-
press diffusion or intercalation of species totally, experiments with
several thermoelectric material samples confirmed the formation of
thin and stable intermetallic layers, which revealed a self-inhibiting
behavior effectively limiting the growth of diffusion zones and their
possible impact on the measurement.40
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B. Measuring principles
With the described setup, the thermoelectric properties of

a sample are obtained by exploiting the following three mea-
suring principles. The measurements are started under steady-
state temperature conditions of the sample vessel Tsv and run
sequentially:

● electrical conductivity (σ measurement),
● Seebeck coefficient and thermal conductivity (S–κ measure-

ment, simultaneously), and
● Harman method to directly obtain the figure of merit zTH.

1. Temperature stabilization
Before starting any measurement, the temperature of the sam-

ple vessel is stabilized first to achieve steady-state temperature

FIG. 3. Temperature evolution during a CTEM measurement cycle. (a) Thermal
history over the whole ascending period of the measurement cycle. (b) Zoom on
the temperature stabilization at a set point of 300 ○C (labeled as “stabilization”
range). The black curve represents the setpoint value Tset of the controller, the red
curve represents the temperature of the sample vessel Tsv, the blue and green
curves represent the block temperatures of the sample holder. The temperature
peaks during the measurement (labeled as “meas.” range) following the stabiliza-
tion phase are linked to the periods when the gradient heaters in the holder blocks
are operated.

conditions. The temperature of the sample holder, represented by
the temperatures T1 and T2, follows passively. A temperature set-
point value Tset is set for the sample vessel and controlled by the
Eurotherm temperature controller, which is connected to an addi-
tional TC located at a sample vessel wall providing its actual local
temperature (Fig. 3).

The temperature of the sample vessel reaches the target value
quickly, while the temperature of the sample holder follows slowly
constrained by the heat transfer from the vessel to the holder by
thermal radiation. The final temperature of the sample is lower than
the temperature of the vessel. The most probable explanation of
the remaining difference between Tsv and the sample temperature
is that the assembly of the sample holder does not see an isother-
mal environment as intended, especially that the vessel lid has a
poor thermal connection to the sample vessel [Fig. 1(b)]. Addition-
ally, the lid of the vessel is thermally facing the top of the recipient,
which is connected to the laboratory and has nearly a room tem-
perature of about 20 ○C. Therefore, the measuring head is slightly
colder than the sample vessel. The thermal coupling between the ves-
sel lid and the sample vessel or rather the top of the recipient and the
resulting temperature profile within the sample vessel has not been
fully monitored, yet. Preliminary tests with provisional fixation of
thermocouples at the terminal block indicate a vertical and lateral
temperature difference in the range of 10 K. After the sample has
reached its final temperature, the system is kept for a certain stabi-
lization time to fully ensure steady-state temperature conditions of
all components of the measuring system.

2. Electrical conductivity measurement
An alternating current (AC) is applied to the sample by an

external power supply for the measurement of the electrical conduc-
tivity. Prevention of Peltier heat transport, which would otherwise
cause parasitic thermovoltages between the joints of dissimilar mate-
rials within the measuring circuit (in particular at the sample),
is accomplished by the application of a sufficiently high current
frequency > 10 Hz. For higher frequencies, noise signals will be
intensified, which could impair the signal-to-noise ratio and there-
fore affect the signal acquisition. All signals are captured by using
a transient recorder (“GEN3t” from the company Hottinger, Brüel
& Kjær) with a sampling rate of 10 kHz. Prior to amplification by
the transient recorder, signals are filtered by using a low pass filter
with a frequency of 500 Hz. The current frequency is set to 127.2 Hz
in order to avoid interferences with the power line frequency of
50 Hz. The sample current is measured by using a voltage drop
over a shunt resistor (0.1 ± 0.001 Ω), which is connected in series
to the sample holder and located outside the recipient in a thermally
dammed box to prevent deviations due to temperature fluctuations.
The voltage drop across the sample is measured by either the signal
Vs1 or Vs2. The amplitudes of the current I and the sample voltage
drop V are determined by a Fourier analysis of the signals, which
are captured by the transient recorder. Knowledge of the sample’s
geometry and both amplitudes gives access to the electrical conduc-
tivity of the sample σs, which is calculated under the assumption of
a one-dimensional (1D) current flow through the configuration as

σs =
d
As

I
Vsi

, i = 1 or 2, (2)
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with the distance of the sample TCs d and the cross section As of
the sample. The distance of the sample TCs is obtained by preced-
ing measurements after sample installation by means of a caliper,
and it is in the range of 5 mm. Since the sample TCs are welded
manually to the sample, d is not a constant value for every sam-
ple installation but has to be measured each time and prior to the
start of the measurement. Moreover, it is very difficult to iden-
tify the exact distance of the sample TCs due to the geometric
extension of the contact points (Δd ≈ ± 10%), which finally yields
deviating results of the sample’s electric conductivity compared to
literature or reference values. Another way of obtaining the sample’s
electrical conductivity is the usage of the voltage drop between
the block TCs V1 and V2. The electric resistances of the block
and the contact material are very low compared to the resistance
of the sample. Thus, neglecting these contributions, the electri-
cal conductivity of the sample σb provided by the block TCs is
approximated by

σb =
ls
As

I
Vi

, i = 1 or 2. (3)

Here, ls denotes the total length of the sample. Systematic deviations
between σs and σb stem from the inherent electric contact resistances
between the blocks and the sample and the contribution of the block
resistance along the distance between the TC connection points and
the sample interface. In the case of using a highly conductive metal
as the block material (copper, nickel, or molybdenum), the electric
resistance of the block Rb will be much smaller than the electric resis-
tance of a typical TE material Rs (Rb/Rs < 10−8) so that the resistive
contributions of the blocks are negligible.

Another possible source of uncertainty is linked to the under-
lying definition of a one-dimensional (1D) measurement principle.
The presented evaluation models assume a homogeneous cur-
rent density over the block and sample cross sections throughout
the sample holder configuration. This is ensured only by a uni-
form contact quality between the blocks and the sample and by
a functional homogeneity of the sample material. The control of
the contacting step and the application of the solder material to
reproducibly reach low electrical and thermal contact resistance
are very relevant for a correct measurement, as described in a
previous study.40

3. Measurement of Seebeck coefficient and thermal
conductivity

By applying a constant output to one of the gradient heaters, the
Seebeck coefficient and the thermal conductivity are obtained simul-
taneously by the analysis of the exponential decay of the occurring
temperature difference after switch-off. Hereby, the heating power
of the gradient heater should be large enough to create the tem-
perature difference over the sample of a few Kelvin in a short time
of some seconds. A thermovoltage is generated along the sample
in response to this temperature difference. The total thermovoltage
of the measuring circuit, including the contributions of the signal
paths, is tapped by both potential probes of the sample, providing
the voltages Vs1 and Vs2 (Fig. 4).

The total thermovoltages Vs1 and Vs2 are captured simultane-
ously and given by

FIG. 4. Signals during the S–κ measurement. The thermal excitation is accom-
plished by a voltage pulse, which is applied to the resistance heater (graph on the
top). The lower panel represents the thermovoltages Vs1 and Vs2, which are used
to calculate the Seebeck coefficient and the thermal conductivity and monitor the
evolution of thermovoltages Vs1 and Vs2, which reflects the build-up and relaxation
of the temperature difference over the sample. The inset shows the linear relation
between Vs1 and Vs2.

Vs1 = −∫

Ts2

Ts1

dT[Ss(T) − S1(T)]

≈ −[Ss(T̄) − S1(T̄)](Ts2 − Ts1), (4)

Vs2 = −∫

Ts2

Ts1

dT[Ss(T) − S2(T)]

≈ −[Ss(T̄) − S2(T̄)](Ts2 − Ts1), (5)

with the Seebeck coefficient of the sample Ss and the Seebeck coeffi-
cients of both wire materials of the TCs S1 and S2, which are taken
from the literature.42 For a sufficiently small temperature difference,
the average temperature T̄ = 1

2(T1 + T2) can be used for the calcula-
tion of the Seebeck coefficients. In the case of obtaining the Seebeck
coefficient of the sample Ss, the equations of Vs1 and Vs2 are com-
bined to replace the temperature difference ΔT = (Ts2 − Ts1), which
is equal in both Eqs. (4) and (5),

Vs1

(Ss − S1)
=

Vs2

(Ss − S2)
. (6)

After some transformations of Eq. (6), Ss is given by8,43

Ss =
STC(T)

1 − a
+ S2(T), (7)
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with the differential Seebeck coefficient of the thermocouple
STC(T) = S1 − S2 and the slope of the linear curve a = ∂Vs1/∂Vs2,
which is obtained by plotting both signals Vs1 and Vs2 against each
other (inset of Fig. 4). The sample TCs should have a very good
thermal coupling to the sample in order to minimize temperature
differences between the sample and the sensing beads of the TCs.
Chemical reactions of the TC materials with the sample should be
avoided during the welding process, too, due to possible deviations
from references of sensor characteristics. In the case of a parasitic
thermal contact resistance of the two sample TCs and in the pres-
ence of an elusive heat flow along the sensing bead, the measured
temperature difference will be misinterpreted (cold finger effect44)
and, therefore, the calculated Seebeck coefficient, too. Suppression
of the cold finger effect can be achieved by thermal anchoring of the
sensor cables very close to the measurement point (coiling the cables
along an isothermal around the blocks or the sample) or by thermal
anchoring at a temperature-stabilized base further away from the
sample. In this case, the screw terminal represents the temperature-
stabilized base, and it is roughly 10 cm above the sample
holder [Fig. 1(b)].

The thermal conductivity is calculated from the relaxation time
τ1 of Vs1 (of Vs2) during the decay phase of the temperature dif-
ference after switch-off of the gradient heater. The concept is based
on the generalized Ioffe method45 and is comparable to the electric
analogy of a capacitor with capacitance C discharging over a resis-
tance with its electrical conductance G. Here, the blocks represent
the capacitor (heat reservoirs) and the sample in between describes
the behavior of a low-pass (simple RC element) over which both heat
reservoirs are balanced in the course of the relaxation process. The
time dependent relaxation of the electric potential follows an expo-
nential decay function according to a time constant τ = C/G in the
electrical analogy. In the thermal domain, the relevant values are the
heat capacities Cp and the thermal conductances K of the blocks
and the sample, respectively. The formula of the thermal conduc-
tivity of the sample is obtained by considering the following basic
concept (Fig. 5).

A temperature difference ΔT over the sample is already applied,
and heat exchange between the bcs stack and its ambiance is possi-
ble. In a first step, the temperature profiles Ti(x, t) (i = 1, 2, 3), which
are indices according to the individual components (Fig. 5), namely,
of the sample and two blocks, have to be determined. The two blocks
are completely identical, and they are made out of the same mate-
rial and have the same geometry. Furthermore, the following initial
conditions (i.c.) at t = 0 are applied:

T1(x, 0) = T10, (8)

FIG. 5. Model of the bcs stack for the derivation of the formula of the sample’s
thermal conductivity.

T2(x, 0) = T20, (9)

T3(x, 0) = T30. (10)

A first set of boundary conditions (b.c.) is obtained by consider-
ing adiabatic conditions at the ends of the bcs stack (x = l + L and
x = −l − L),

(
∂T2

∂x
)

x=l+L
= 0, (11)

(
∂T3

∂x
)

x=−l−L
= 0. (12)

Furthermore, a continuous heat flow at the interfaces between the
sample and each block (x = l and x = −l) can be assumed as another
set of b.c.,

κs(
∂T1

∂x
)

x=l−0
= κb(

∂T2

∂x
)

x=l+0
, (13)

κs(
∂T1

∂x
)

x=−l+0
= κb(

∂T3

∂x
)

x=−l−0
, (14)

with the thermal conductivity of the sample κs and of the blocks κb.
On the other hand, at each of the inner interfaces, there is a tem-
perature drop due to the presence of a thermal contact, which is
represented by the soldering material,

T1(l − 0, t) = T2(l + 0, t) −
κb

Kc
(
∂T2

∂x
)

x=l+0
, (15)

T1(−l + 0, t) = T3(−l − 0, t) −
κb

Kc
(
∂T3

∂x
)

x=−l−0
, (16)

with the thermal conductance of the soldering material Kc. In a final
step, the temperature profile within each component is subjected to
Fourier’s heat conduction law and the radiation law of Stefan and
Boltzmann, regarding the thermal coupling to the ambiance due to
radiation. The ambient temperature T0 is considered as constant
during the whole steady-state temperature conditions,

Cp,s
∂T1

∂t
= Ks

∂2T1

∂x2 − 4σSBεsOsT3
0(T1 − T0), (17)

Cp,b
∂T2

∂t
= Kb

∂2T2

∂x2 − 4σSBεbObT3
0(T2 − T0), (18)

Cp,b
∂T3

∂t
= Kb

∂2T3

∂x2 − 4σSBεbObT3
0(T3 − T0), (19)

with the heat capacities Cp = mcp, obtained by multiplying the mass
m and the specific heat cp; the thermal conductances K = κ A

l , cal-
culated by multiplying the thermal conductivity κ and the geometry
factor; and the emissivity ε and the outer surfaces O of each compo-
nent, respectively. The geometry factor is given by taking the inverse
of the length l times the cross section A, while the latter is considered
as equal for all components (blocks, contacting areas, and sample).
In the case of using copper as a block material, the specific heat cb
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and the thermal conductivity κb are known from the literature.46 The
mass mb and the length lb of the block, as well as the mass ms, the
total length ls = 2l, and the specific heat cp,s of the sample have to
be measured beforehand. The general solutions of the temperature
profiles T1, T2, and T3 of the mentioned problem were obtained by
a Laplace transform technique introduced by Doetsch47 and already
derived by Stecker and Teubner,48

T1(x, t) = T0 +
∞

∑
n=1
[Cne−Pnt cos(snx) + Ane−Mnt sin(znx)], (20)

T2(x, t) = T0 +
∞

∑
n=1
{Dne−Pnt cos[vn(x − l − L)]

+ Bne−Mnt cos[un(x − l − L)]}, (21)

T3(x, t) = T0 +
∞

∑
n=1
{Dne−Pnt cos[vn(x + l + L)]

− Bne−Mnt cos[un(x + l + L)]}, (22)

with a set of coefficients Cn, Pn, sn, An, Mn, zn, Dn, vn, Bn, and
un, which can be obtained by introducing the aforementioned ini-
tial conditions and boundary conditions. For simplicity, the focus is
on the exponential behavior of the temperature profiles T2(l, t) and
T3(−l, t). Let the applied temperature difference ΔT be at symmet-
rically chosen positions x = x0 and x = −x0; consequently, ΔT can be
calculated by the difference between Eqs. (21) and (22),

ΔT = T2(x, t) − T3(x, t)

= 2
∞

∑
n=1

Bne−Mnt cos[un(x0 − l − L)]

≈ 2B1e−M1t cos[u1(x0 − l − L)]. (23)

For n > 1, all sum terms are smaller than 0.1% of the first term. The
pre-factor u1 is given by

u1 =
1
l

√
κsρb

κbρs
, (24)

with the material densities ρ. From Eq. (23), it is clearly seen that the
temperature difference decays with a certain relaxation time τ1 ≡

1
M1

,
as is also shown in Fig. 4, whereby the behavior of ΔT is represented
by the thermovoltages Vs1 and Vs2. The relaxation time τ1 can be
obtained by fitting an exponential decay function V(t) = Ae−

t
τ1 + V0

to the thermovoltage signals in the time range after switch-off of the
heater until the end of the measurement. The thermal conductivity
of the sample κs scales with the inverse of the relaxation time τ1 and
can be expressed after some math as follows:29

κs =
ls

2As

mbcpb

τ1
(1 +

mscps

6mbcpb
+

2lbks

3lskb
). (25)

The formulation in the bracket represents a set of correction terms
with respect to the block material. For simplicity (and for the consis-
tency check of the digital twin under ideal conditions), the thermal
coupling between the heated bcs stack and the ambiance due to
radiative effects and the impact of the thermal resistance of the

soldering material are not considered here. However, the thermal
resistance of the contacting is not negligible in the real-life CTEM
apparatus. In particular, the interfaces within the bcs stack (block
↔ contact, contact↔ sample) can affect the S–κ measurement due
to changes of materials properties if the same bcs stack is measured
several times where the thermal contact resistance of the solder con-
tacting could vary from one to the next temperature cycle, which is
not further investigated at this point.

4. Figure of merit
The efficiency of a thermoelectric generator strongly depends

on the figure of merit zT of the employed thermoelectric legs. On the
one hand, zT can be calculated via Eq. (1) with the knowledge of the
aforementioned thermoelectric transport properties. On the other
hand, zT can be also directly measured by the Harman method,
which can be operated by the CTEM, yielding the henceforth called
zTH. By applying a direct current (DC) I through the sample, the
sample potential probes immediately measure a voltage drop VΩ due
to the electric resistance of the sample. Concurrently to this ohmic
voltage drop, the DC current yields an absorption and liberation of
Peltier heat Q̇Π at both sample contacts, respectively, which is given
by

Q̇Π = (Πs −Πcs)I = (Ss − Scs)TI, (26)

with the Peltier coefficients Πi = SiT, obtained by the product of the
temperature T and the Seebeck coefficient of the sample Ss and of the
material of the current supply wire Scs. A temperature difference ΔT
establishes over the sample as a reaction to this Peltier heat transport,
which yields a transient thermovoltage contribution VS to the mea-
sured voltage signal Vs1 (Fig. 6). The temperature difference over the
sample saturates once the Peltier-driven heat flow equals the back
flow through the sample by Fourier transport Q̇F and residual ther-
mal bypasses. The Fourier heat flow through the sample is obtained
by

Q̇F =
As

ls
κsΔT, (27)

with As and ls being the cross section and the length of the sample.
Once the temperature difference stabilizes and with the neglection
of thermal bypasses, the thermal equilibrium is given by the balance
between Peltier heat and Fourier heat,

(Ss − Scs)TI = −
As

ls
κsΔT, (28)

and thus, the temperature difference over the sample can be
expressed by

ΔT = −
ls
As

(Ss − Scs)

κs
TI. (29)

The temperature difference can be substituted in Eq. (4), which
describes the obtained thermovoltage measured by the potential
probes,

VS =
ls
As

(Ss − S1)(Ss − Scs)

κs
TI. (30)
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FIG. 6. Signals during the Harman measurement. It shows the signals from which
zT can be directly measured as zTH. A DC current pulse function is applied
through the bcs stack (graph on the top). The occurring voltage signal consists
of an ohmic voltage drop and concurrent development of a thermovoltage caused
by the Peltier-driven temperature difference (graph on the bottom).

Introducing the ohmic voltage drop VΩ =
ls
As

I
σs

yields the following
expression of the voltage signal VS:

VS =
(Ss − S1)(Ss − Scs)σs

κs
TVΩ

=
S2

sσs

κs
T(1 −

S1

Ss
)(1 −

Scs

Ss
)VΩ

= zT(1 −
S1

Ss
)(1 −

Scs

Ss
)VΩ. (31)

By transformation of this equation, the Harman figure of merit is
obtained,

zTH =
VS

VΩ
[(1 −

S1

Ss
)(1 −

Scs

Ss
)]
−1

, (32)

whereas the thermovoltage signal VS is set to the value subse-
quent to the ohmic voltage drop, which is achieved after turning
off the current. It has to be mentioned that it is very important
to reach thermal equilibrium before the current is switched off in
order to measure the full thermoelectric voltage Vs1 and not to
underestimate zTH.

III. SIMULATION
A simulation tool for studying thermoelectric systems should

include electrical and thermal components and thermoelectric ele-
ments to cover coupled effects of both physical domains. The Mod-
elica language, which was introduced by Elmqvist and Mattsson in
1997,49 is very suitable for this purpose since its library contains
many physical components, such as electric resistors, capacitors,
thermal conductors, heat capacitors, sensors, and sources of current,
voltage, and heat,50 and was already used to simulate thermoelec-
tric problems.21,25,51 It is an equation-based language, which allows
for an implementation of user-defined functional elements. The
numerical software Scilab/Xcos is using the Modelica language,
which enables the simulation of a 1D network model of the exper-
imental CTEM setup. In considering time notations of Xcos, the
duration of a simulated measurement principle tsim from a start-
ing point tstart to a final point tend is called “final integration time.”
Additionally, the time stepping Δt of simulation, which is the time
in seconds between two output events, is named “period.” The
elements of the computational model should fulfill the following
requirements:

● possibility of simulating the thermoelectric effects Joule
heating, Seebeck effect, and Peltier effect. The Thomson
effect will not be considered due to the fact that the tem-
perature difference over the sample is very small in the
CTEM, and consequently, the spatial gradient of the See-
beck coefficient does not contribute significantly to the heat
balance;

● implementation of temperature dependent material proper-
ties fi(T) (i = σ, S, κ, and cp);

● possibility to connect electric and thermal equivalent circuits
for the representation of user-defined thermoelectric effects
(Fig. 8); and

● availability of control functions for a user defined setting
or automated selection of material properties, experimen-
tal details, and boundary conditions within the simulation
workflow (Sec. II B).

The toolbox Coselica, which was already developed and pub-
lished for Scilab/Xcos,52 includes thermal components, which can
be tuned as well,53 but none of the other requirements are fulfilled.
Therefore, new self-made elements were added to the component
library of Xcos to enable the development of a digital twin of the
CTEM. In a first step, a simple computational model of the CTEM
sample holder without consideration of error sources (e.g., non-
ideal contacts, heat exchange from or to the sample holder by
thermal radiation) enables a consistency check of the implemented
measurement principles and determination of accuracy limits or
deviations between input properties and simulated measurement
results, respectively.

A. Structure
As a first approximation, the digital twin of the experimental

CTEM consists of the above described bcs stack, which is the central
element of the sample holder align with the above chosen denom-
inations. Furthermore, potential electric and thermal short circuits
within the screw terminal or thermal coupling to the ambient-like
radiative heat transfer between the bcs stack and the sample vessel
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FIG. 7. Sections of the bcs stack. The model of the bcs stack is divided into dif-
ferent components: two blocks, two contact layers, and one sample. Except for
the contact layer, all other components are divided into several sections, which
reflect physical representations of different domains of the assembly with respect
to locations of heaters and sensors.

are excluded so far. The bcs stack itself is composed of several parts
(Fig. 7):

● edge section of the block with the connection point of the
current supply (a),

● gradient heater section (b),
● middle section of the block (c),
● thermocouple section of the block that is equipped with a

block TC and divided into inner [connected to (e)] and outer
[connected to (c)] sub-sections (d),

● contact layer (e),
● thermocouple section of the sample that is equipped with a

sample TC and divided into inner [connected to (g)] and
outer [connected to (e)] sub-sections (f), and

● middle section of the sample (g).

A full equivalent thermoelectric circuit model (ECM) is built up
for this configuration, which is the basic concept of the 1D network
model of the CTEM (Fig. 8).

Temperature dependent material properties have been
approximated by polynomial functions, which are stored in the

implementation files of respective components of the CTEM model.
Depending on the measurement principle to be simulated and the
starting temperature of the bcs stack T(tstart) = Tstart, the model
calculates the material properties automatically from these polyno-
mials. There are two possible modes for calculating the properties.
On the one hand and for simplicity, the material properties can be
calculated at the very beginning of the simulation tstart and are kept
constant until the end of the simulation tend,

f i = f i[T(tstart)] = f i(Tstart) = const. ∀ t = [tstart, tend]. (33)

This case is designated as the constant mode (CM); the change of
the properties with respect to temperature is not considered. Conse-
quently, no disturbing effects on the simulated measurement results
are expected by using the aforementioned measurement principles.
A more realistic behavior of the material properties will be repre-
sented by the second calculation mode, the so-called non-constant
mode (non-CM). For every time step Δt in between [tstart, tend] and
for each section, the average temperature T̄ between the ends of it
(o: outer, and i: inner) is calculated by

T̄(t) =
1
2
[To(t) + Ti(t)], (34)

and from that, the material properties are obtained,

f i = f i[T̄(t)]. (35)

This is very important in order to consider their temperature depen-
dency in the case of temperature changes of the bcs stack during the
simulation of different temperature settings and the thermal excita-
tion by gradient heaters. Furthermore, each of the block [(a)–(d)],
contact (e), and sample [(f) and (g)] sections of the ECM consists
of a subgroup of elements, which reflect the local discretization
(sieving chain) of the modeled part. This one-dimensional

FIG. 8. Fully thermoelectric circuit of the bcs stack. The blue path defines electric elements of the equivalent circuit, mainly ohmic resistances. The current source is installed
outside of the recipient. The red path represents thermal elements, such as thermal resistances and heat capacities. The purple paths contain self-defined elements
implementing thermoelectric effects and representing resistive heaters, sources of thermovoltages (Seebeck), and heat (Peltier, Joule, and heater power).
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discretization is necessary in order to achieve a correct reproduction
of the physical behavior of the bcs stack, especially with respect to the
spatially distributed heat capacity close to material transitions. The
discretization will be particularly important in specifying precise
temperature profiles during fast relaxation processes, e.g., after turn-
ing off an electrical current abruptly. Every element of the sieving
chain contains a full set of relevant functional elements (resistances
and heat capacities), which carry information about the underly-
ing physical properties. In addition, it contains equations for the
description of their electric, thermal, and thermoelectric behavior
(Fig. 9). The input parameters and queries of the functional elements
are defined as follows:

● n: numbers of sieving chain elements in the section; here,
n = 10.

● sim_g_s_sc_m: geometry factor g of one sieving chain ele-
ment of the middle section of the sample, g = lsec

nA , with the
length of the section lsec.

● sim_T_start: starting value of the temperature Tstart.
● sim_m_s_sc_m: mass of one sieving chain element of the

middle section of the sample, m = msec
n , with the mass of the

section msec.
● sim_mat_s: material of the TE sample, e.g., iron disilicide.
● sim_prop_type: keeping the transport properties fi con-

stant [CM, Eq. (33)] or temperature (time) dependency
of the transport properties fi during simulation [non-CM,
Eq. (35)].

The gradient heater sections (b) contain voltage-controlled
PT-10029 resistive heating elements that release a heat flow of

FIG. 9. Middle section of the sample. All sections of the bcs stack contain a certain
number of sub-elements. Each of these elements includes input and output nodes
for the electric current (blue) and heat flow (red) and a set of input parameters
and queries of the physical components. The sub-elements are connected within
a sieving chain. The physical behavior is reproduced by pre-defined heat capaci-
tors (thermal inertia), thermal and electric resistances, and user-defined functional
blocks for the representation of thermoelectric effects, such as the Seebeck and
Peltier effects, respectively.

Q̇ = UI = U2

RPT−100
. The Peltier effect at the interface between the

block and the contact (d ↔ e) and at the interface between the
contact and the sample (e ↔ f) is considered by Peltier heat
sources, which absorb or release heat at the underlying sub-elements
according to the following equation:

Q̇Π = (Sm2 − Sm1)TI. (36)

Sm1 denotes the Seebeck coefficients of the block or contact mate-
rial and Sm2 denotes the Seebeck coefficient of the contact or sample
material, respectively, for the consideration of Peltier heat at two
interfaces on each side of the bcs stack according to Fig. 8.

B. Simulation overview
In a first step, the described model is tested under ideal

measurement conditions for a consistency check. This test is accom-
plished with the set of material properties of iron disilicide as
input quantities of the CTEM model. Measuring principles and
evaluation procedures were implemented into the digital twin in
analogy to the experimental counterpart and have been simulated
in order to validate the digital twin with respect to its functional-
ity and correctness of simulated measurement results. In addition,
the validity of simplifying assumptions in the thermal conductivity
measurement can be judged from the coincidence of the simulated
measurement result to the input value. The process from executing
simulation to obtaining the results of the simulated data is shown
in Fig. 10.

The first step is the implementation of the parameters for the
simulation control, initial conditions, and provision of material and
geometry data, which include the following:

● experiment type: σ, S–κ, or Harman measurement;
● time settings: duration (final integration time) and time

stepping (period) of simulation;
● temperature settings: set of starting temperatures Tstart to be

simulated;
● source properties: amount of output, which is applied to the

current source or to the gradient heater(s) and selection of
side from which current or heat is applied to the bcs stack;

● selection of materials: block, contact, and sample; and
● bcs stack component properties: mass and geometry.

Reference data of the thermoelectric transport properties of
the iron disilicide compound sample are taken from other in-house
measuring systems (HT-S-σ and XFA). Highly conductive copper is
used for the blocks and soldering material ( =̂ , no soldering mate-
rial), whose properties are taken from the literature.46 A set of
starting values for the temperature Tstart is selected, which speci-
fies the temperature range of the simulated characterization by the
digital twin. The stabilization period of the experiment is not consid-
ered by simulation. Simulation is rather executed after stabilization
by starting from constant temperatures Tstart sequentially, assum-
ing each time a homogeneous temperature distribution over the bcs
stack at the beginning. Following all measurements at a tempera-
ture point, the obtained values (temperatures and voltage signals) are
stored in matrices, which are exported to data files. These files have
the same data format as the real CTEM experiment, which facilitates
a direct comparison.
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FIG. 10. Flowchart of simulation of a
CTEM measurement in dependence on
temperature.

C. Impact of local discretization of elements
in the sieving chain

A reasonable number of elements in the sieving chains of
individual components (Fig. 9) are a relevant aspect for the com-
putational model. The aim is to find a configuration, which provides
very low deviations on the one hand and saves computation time
on the other hand. This kind of local discretization plays a crucial
role in any kind of physical simulation, for example, in simulat-
ing the thermal conductivity, which mainly covers heat capacity
effects here. The underlying heat equations consist of three partial

differential equations (PDEs), namely, the ones of the sample and of
both blocks, respectively [see the derivation of κs, Eqs. (17)–(19)].
In doing so, the derivatives of the temperature (with respect to
space and time) are transferred into temperature differences and the
related differential equations are converted into systems of linear
equations. The question, therefore, is how the extensive quanti-
ties (heat capacities and conductances) of a certain sieving chain
section change with respect to the temperature range, defined by
the applied temperature difference and by varying the length of the
section. In the case of simulating the measurements of the electric

TABLE I. Number of elements in the sieving chains of the middle section and the thermocouple sections of the sample. This
table shows the number of sieving chain elements nele of all of the five sample’s sections [2× inner and outer sub-section of
the thermocouple sections (f) and 1× middle section (g)]. Additionally, the average computation time tcom per temperature
step is given and the average relative deviation Δκav between simulated results and input data is presented.

Config. Middle section Thermocouple section
Number nele nele tcom (s) Δκav (%)

1 1 1 95 +0.788
2 2 120 +0.769
3 3 135 +0.763
4 4 155 +0.760
5 5 185 +0.758
6 2 120 +0.088
7 4 120 −0.257
8 6 135 −0.374
9 8 140 −0.429
10 10 2 155 −0.461
11 20 230 −0.533
12 40 390 −0.562
13 60 580 −0.574
14 80 865 −0.580
15 100 1115 −0.581
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TABLE II. Properties of the bcs stack components.

Component Section Parameter Value

Each All Cross section 64 mm2

All Density 8.938 ⋅ 10−3 g/mm−3

Edge section (a) Length 0.5 mm
Block Middle section (c) Length 15 mm

Subsections (inner and outer) of thermocouple section ( 1
2 d) Length 0.25 mm

Contact All Density 7.880 ⋅ 10−3 g/mm−3

Total (e) Length 0.01 mm
All Density 4.800 ⋅ 10−3 g/mm−3

Sample Subsections (inner and outer) of thermocouple section ( 1
2 f) Length 0.5 mm

Middle section (g) Length 2.5 mm

conductivity and the Seebeck coefficient, the temperature difference
over the bcs stack or over a certain sieving chain section of it is
either zero (σ measurement) or very small (S measurement). The
local temperature dependence of σ and S is also very small within the
given temperature range. Therefore and with respect to the CTEM
conditions, these two properties can be generally accumulated in a
few or rather in one sieving chain element without loss of accu-
racy between input values and simulated measurement results. On
the other hand, a fine local discretization is inevitable in simulat-
ing the measurement of the thermal conductivity even though the
temperature difference is small since it is measured by a transient
method and, therefore, is affected by the heat capacity of the sam-
ple. This is due to the fact that the heat stored in the sample is
compensated during the relaxation process. Consequently, tempera-
ture gradients accumulate, which acts like an increase of the thermal
resistance of the sample. In the following, the deviation Δκ between
simulated measurement results κsim and input values κin is inves-
tigated for the thermal conductivity for different settings of the
local discretization of sample sections (Table I) and Δκ at each
temperature is calculated via

FIG. 11. Deviation of the thermal conductivity for sieving chain configurations
1–5. It shows the resulting temperature-dependent deviations of the simulated
measurement of the thermal conductivity during tests for a single element in the
middle section of the sample and the varying number of elements in the sample
thermocouple sections.

Δκ = (1 −
κsim

κin
). (37)

An average deviation Δκav of each configuration and for all of the
seven starting temperature values (STV) is obtained by

Δκav =
1
7

7

∑
STV=1

ΔκSTV , (38)

FIG. 12. Deviation of the thermal conductivity of iron disilicide for different sieving
chain configurations. (a) Temperature-dependent deviations for a varying number
of sieving chain elements in the middle section of the sample and two elements
per thermocouple section. (b) Dependence of Δκav and of tcom with respect to the
number of sieving chain elements in the middle section of the sample.
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TABLE III. Number of elements of the sieving chains of the middle section of the
blocks.

Config. Middle section
Number nele tcom (s) Δκav (%)

16 4 440 −0.182
17 10 600 −0.053
18 20 1100 −0.002
19 30 1800 −0.016

FIG. 13. Average deviation of the simulated κ and computation time with respect
to the improved version of configuration 11.

with the deviation ΔκSTV for a certain starting temperature from
Eq. (37).

All sieving chains of other components of the bcs stack are rep-
resented by one subgroup of electric and thermal elements, as is
shown in Fig. 9(b), and their properties are given in Table II.

Furthermore, the time stepping is set to 0.1 s ( =̂ 10 events per
second) and the following initial and boundary conditions are equal
for all simulations:

● initial conditions: the whole bcs stack is isothermal at Tstart;
● boundary conditions: no heat flow from the bcs stack to

the environment (no environment is considered in the
model yet) and ideal heat transfer at the interface between
all neighboring sections (no thermal contact resistances
considered yet).

In configurations 1–5, the middle section of the sample is rep-
resented by one sieving chain element, while the number of those
representing the sample’s section close to the contact layer is varied.
Indeed, varying the number of sieving chain elements of the ther-
mocouple sections of the sample will not strongly affect the results
of the thermal conductivity because these sections are smaller than
the middle section of the sample. On the other hand, finding the
optimal number of sieving chain elements of the thermocouple sec-
tions and setting the number of sieving chain elements of the middle
section of the sample to 1 save computation time. The optimal
number of the latter is found out afterward. The simulated mea-
surement results for each of the configurations (1–5) are represented
in Fig. 11.

TABLE IV. Full set of parameters and their values during the simulated measurements.

Parameter Value

Starting temperature values Tstart (○C) (0, 100, 200, 300, 400, 500, 600)

Total simulation time tsim (s) σ meas. S–κ meas. zTH meas.
2 360 365

Simulation period (time stepping) Δt (s) σ meas. S–κ meas. zTH meas.
0.0004 0.1 0.1

Block

Material Copper
Total length (mm) 16
Total mass (g) 9.15

Number of sieving
chain elements

Edge section (a) 4
Middle section (c) 20

Each TC section (d) 2

Contact
Material Copper
Total length (mm) 0.01
Total mass (g) <0.01

Sample

Material Iron disilicide
Total length (mm) 4.5
Total mass (g) 1.38
Number of sieving
chain elements

Each TC section (f) 2
Middle section (g) 20
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Increasing the number of sieving chain elements in the ther-
moelement section from one to five (configurations 1–5) yields a
moderate reduction for the deviation only, which seems to be not
significantly reducible once these sections are discretized by more
than five elements (configuration 5). With respect to the computa-
tion time, the second configuration (two sieving chain elements for
the inner and outer sub-section of the thermocouple section) is cho-
sen for further tests. In a next step, a number between two and 100
elements of the sieving chain is investigated for the middle section
of the sample [configurations 6–15, Fig. 12(a)].

It is clearly seen that the usage of more elements of the middle
section of the sample results in a saturation of the average devia-
tion of κ, which is almost achieved for a number of sieving chain
elements of 20 (configuration 11). However, Δκav does not achieve
zero deviation. As the thermal conductivity of the sample strongly
depends on the heat capacity of the blocks [Eq. (25)], the local dis-
cretization of the individual sections of the blocks [edge (a), middle
(c), and inner and outer thermocouple (d) sections, Fig. 7] needs to
be considered similarly. The following simulations are done based
on configuration 11 (20 subsections in the middle part) because the
computation time is reasonable besides the saturation of deviation
values at this point. For the improved version of configuration 11
(Table I), the sieving chain element length lsce of sections (a) and
(d) is set to 0.25 mm, the same value as the sieving chain element
length of the outer sections of the sample (Table I). This yields four
elements of the edge section of the blocks and two elements of the
inner and outer thermocouple sections, respectively, which are held
fixed for the following simulations. Therefore, only the number of
sieving chain elements nele of the middle part of the blocks (c) is
modified. The average time of computation tcom per temperature
step and the average relative deviation Δκav between simulated mea-
surement results and input values are represented in Table III and
Fig. 13.

By varying the number of sieving chain elements of the mid-
dle section of the blocks (Table III), the deviation between input
values and simulated measurement results decreases in absolute val-
ues and closely approaches zero (black dots labeled configuration
“16”–“19” in Fig. 13). Because the usage of 20 or 30 elements for the
middle section of the block provides fairly accurate results and the
deviation saturates close to zero, we assume that the usage of more
elements will not affect the results strongly. With respect to compu-
tation time, configuration 18 is chosen for the simulation of a full
characterization of iron disilicide, which provides the results for the
consistency check of the digital twin. Further parameters are stored
in Table IV.

Simulating the aforementioned procedures of the σ, S–κ, and
Harman measurement provides very precise results with the usage
of the settings presented here. The deviations Δp between input val-
ues pin and simulated results psim for all properties are calculated
similarly to Eq. (37),

Δp = (1 −
psim

pin
), p = σ, S, κ, and zTH. (39)

An overview of the obtained values of each deviation Δp is shown
in Table V, while the results of the thermoelectric figure of merit
zT are represented in Fig. 14. To verify the simulated measurement

TABLE V. Overview of the deviations of the simulated thermoelectric properties σ, S,
κ, zTcalc, and zTH.

Quantity ∣Maximum value∣ (%)

Δσ <5 ⋅ 10−4

ΔS <3 ⋅ 10−3

Δκ <2 ⋅ 10−2

Δ(zTcalc) <6 ⋅ 10−2

Δ(zTH) <1.2

results of the thermoelectric figure of merit, a reference value zTref
is calculated. In doing so, the temperature-dependent polynomials
of the individual transport properties are inserted in Eq. (1) with the
measuring temperature of the simulation Tsim,

zTref =
S(Tsim)

2σ(Tsim)

κ(Tsim)
Tsim. (40)

FIG. 14. Simulated measurement results of the thermoelectric figure of merit zT .
In the upper panel, zTH (marked in purple) represents the thermoelectric figure
of merit, which is obtained by simulating the Harman measurement and using
Eq. (32) for the analysis. zTcalc (marked as light magenta) denotes the thermo-
electric figure of merit, which is obtained by inserting the results of the individual
transport properties in Eq. (1). The deviation between zTH and zTcalc with respect
to a reference value zT ref [upper graph, marked in green and obtained by Eq. (40)]
is presented in the lower panel.
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IV. CONCLUSION
The equivalent network model of the experimental CTEM

apparatus, which is used to numerically simulate the characteriza-
tion procedures for the determination of thermoelectric properties,
has been presented. We described the underlying measuring prin-
ciples and evaluation procedures, which are used in the real CTEM
experiment. Furthermore, the development and the current imple-
mentation status of the digital twin have been shown, including
important components to simulate the thermophysical behavior of
the bcs stack under ideal measurement conditions. A consistency
check between input datasets of material properties and simulated
measurement results was accomplished for properties of an iron
disilicide sample in the temperature range 0–600 ○C. Investigations
on the local discretization of individual components of the mea-
suring configuration by the variation of the numbers of sieving
chain elements revealed a dominating impact by the middle section
of the sample and the sample holder blocks and confirmed that
the sensitivity of simulated measurements results upon changes of
these discretizations. However, the calculation of comparative prop-
erty values from temperature-dependent characteristics of transport
properties and their assignment as input parameters to locally dis-
cretized components of the simulated measurement configuration
seem to represent a remaining source of deviation of the digital
twin. Setting the discretization to 20 elements for the middle sec-
tions of the sample and the blocks yielded a minimum deviation
of 2 ⋅ 10−2% for the thermal conductivity. The deviations of S and
σ did not depend on the number of sieving chain elements. For
the electric conductivity, absolute values of the relative deviation
are smaller than 5 ⋅ 10−4% and, in the case of the Seebeck coeffi-
cient, smaller than 3 ⋅ 10−3%. Consequently, the figure of merit zTcalc
calculated by the three properties can be obtained very precisely
and the deviation with respect to a reference value zTref comprises
approximately the sum of the individual deviations ΔS, Δκ, and Δσ
so that ΔzTcalc ≈ ΔS + Δκ + Δσ. The results of the simulated Har-
man measurement are also very accurate. The maximum value of
the deviation between zTH and zTref is about 1% at a simulated
measurement temperature of 0 ○C, and the deviation decreases for
higher temperatures. This can be explained as follows. On the one
hand, the transient thermovoltage contribution VS of the voltage
signal is very low (cf. Fig. 6), and therefore, the calculated fitting
functions are not always as accurate as possible, which could lead
to uncertainties in the results of zTH. On the other hand, the abso-
lute values of zTH and zTref are in a very good agreement, and the
largest difference between them is smaller than 5 ⋅ 10−4. However,
due to the fact that the absolute value of zTH is also very small (e.g.,
1.394 ⋅ 10−2 at 0 ○C), the relative values of the deviations seem to be
larger. Accordingly, the higher the absolute value of zTH, the lower
the deviations of the simulated zTH. Therefore, there are no fur-
ther investigations regarding the deviations between zTH and zTref.
Consequently, the presented computational model of the experi-
mental CTEM apparatus is validated for iron disilicide. In a next
step, a spectrum of TE materials with thermoelectric properties dif-
ferent from those of iron disilicide can be investigated to check the
limitations of the digital twin with respect to the input tempera-
ture dependent functions representing the thermoelectric proper-
ties. Furthermore, potential error sources, such as radiative heat
exchange or the presence of a soldering material with thermal and

electrical contact resistances, will be implemented within the digi-
tal twin in order to reproduce experimental behavior of the CTEM.
The digital twin shall be used as a tool to check for the relevance and
impact of individual error sources on measurement results in order
to identify possible means for the reduction or compensation of
their impact.
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