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Abstract: The status of metrology for the characterization of thermoelectric generator modules
(TEM) is investigated in this work by an international round robin (RR) test including twelve labor-
atories from nine countries on three continents. Measurements have been performed with three
samples of a BizTes-based commercial TEM type, which has prevailed over three competing types
during previous tests on the short- and long-term stability. A comparison of temperature-dependent
results is provided up to 200 °C hot side temperature for the maximum power output Pmax, the inci-
dent heat flow @y, (at maximum efficiency conditions), and the maximum efficiency fmax. Data
evaluation from all RR participants reveals maximum standard deviations for these measurands of
27.2% (Pmax), 59.2% (Q1n), and 25.9% (1)max). A comparison between RR data sets and reference data
from manufacturer specifications shows high deviations of up to 46%, too. These deviations reflect
the absence of measurement guidelines and reference samples and confirm the need for improve-
ments in the standardization of TEM metrology. Accordingly, the results of the RR are presented
against the background of our own investigations on the uncertainty budgets for the determination
of the abovementioned TEM properties using inhouse-developed characterization facilities, which
comprise reference and absolute measurement techniques for the determination of heat flow.

Keywords: thermoelectric generator module; metrology; reference sample; standardization;
uncertainty; round robin

1. Introduction

Thermoelectric generator (TEG) systems are suited to supply electric energy by the
direct conversion of waste heat from mobile applications [1-4] and stationary processes
[5-7]. TEGs consist of one or multiple thermoelectric generator modules (TEM), which
operate within heat transmission paths between heat reservoirs. Every TEM includes an
electric series connection of a variable number of p- and n-type thermoelectric (TE) legs
(Figure 1). These connections are formed by metallic bridges, which shall have low electric
contact resistances for low parasitic internal power dissipation. Secondly, a high heat
transfer coefficient at interfaces is needed in order to maximize the effective temperature
difference along the TE legs, which is the driving force for the generation of a thermo-
voltage Vo due to the Seebeck effect [8]. Assuming constant material properties, the ther-
movoltage Vo of a TEM can be expressed as

Vo= N-(Sp—Su)  (Ty—Tc)= S - AT 1)
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Here, N is the number of thermocouples in a TEM, while Sp, S, Tt, and Tc denote the
Seebeck coefficients of the p-/n-type TE legs and the hot and cold side temperature, re-
spectively. The effective Seebeck coefficient of the TEM is defined as S = N*(Sp — Sn), with
the temperature difference AT = Tu — Tc. AT is typically measured in the vicinity of the
sample within adjacent components for heat exchange, which are installed inside the
measuring section in a thermal serial connection to the TEM under test. Such measure-
ments consequently involve temperature drops at the interfaces of the TEM coupling
faces. Thus, the thermal contact resistances of the module under test become an inherent
part of the derived TEM properties and should be reproduced according to the installation
conditions of the later application to the highest possible degree. The open-loop voltage
Vo can be tapped at the terminals of the TEM at zero electric current (I = 0). Under current
flow (I # 0), the terminal voltage V of the module is reduced by the ohmic voltage drop
owing to its electric resistance R.

V="V,—1-R @)

The power output P of a TEM equals the product of the terminal voltage and the
electric current.

P=V-I=S-AT-1—-I*-R ©)

The maximum power output Pmax is delivered by a TEM, if the electric load resistance
Rt matches the internal resistance R of the TEM, which can be expressed by a load ratio m
=Ri/R=1[9].

V2 m m=1 V2
> Pmax - ﬁ (4)
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Figure 1. N- and p-type thermoelectric legs form a thermocouple (a). Multiple thermocouples can
be connected electrically in series within a TEM (b). The TEM is operated between a heat source at
the hot side temperature Tx and a heat sink with a cold side temperature Tc. The heat flow O is
partially converted into electric energy.

The efficiency nrem of a TEM is defined by dividing the electric power output P by
the incident heat flow @y, at the hot side [10].

d ®)

NTEM = =

QIn
As for any other heat engine, the Carnot efficiency nc = (Tu - Tc)/TH represents the
theoretically maximum achievable conversion efficiency nmax. Loss mechanisms, which
originate from material properties and electric and thermal contact resistances within the
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TEM, affect nmax additionally. These properties are combined within the module’s figure
of merit ZTrem = S%/(R-K)-Tm, with the mean temperature Tm = (Tt + Tc)/2, S = N+(Sp — Sn)
being the effective Seebeck coefficient value, K the thermal conductance (at I = 0), and R
the electric resistance of the module. All these module properties represent averaged val-
ues, which are calculated under consideration of the operation temperature range [10].

TH_TC 1’1+ZTTEM_1

Nmax =
T TF ZToem + %
H

(6)

Bi:Tes represents an established TE material, which is commonly used for industrial
TEM production [11-17]. Commercial TEMs with BizTes show maximum conversion effi-
ciencies of 7.2% [18]. Many works investigated the improvement of the functional stability
of BizTes using adapted temperature treatments [19-21] or by the altering of compositions
[22-24]. Although measurements of the material figure of merit zT >1 (zT = Spn?0pn/Kpn,
with op-n, ®p-n being the electric and thermal conductivities of p- and n-type TE materials)
have been demonstrated for Bi2Tes up to hot side temperatures of 500 °C [25], the applica-
tion of commercial Bi-Tes-TEMs remained below 300 °C [26], which is related to the lim-
ited stability of Bi2Tes and the contacting of this material. Progress on contacting technol-
ogies and the improvement of high-temperature TE materials revealed mature TEM pro-
totypes [27-29] and enabled the establishment of small batch production by industries
[30-33]. Attractive TEM efficiencies between 8.9% [34] and 12% [35] have been demon-
strated in recent years by laboratory prototypes with different high-temperature TE ma-
terials, effectively offering the possibility for future applications with temperature differ-
ences > 500 K. This progress increases the demand for reliable characterization techniques
for TEM, which can be recognized as a prerequisite for the future industrialization of this
technology and exploitation of markets by TE applications.

However, the lack of standardized characterization techniques, guidelines, and TEM
reference samples still impedes the reliable specification of TEM properties. Development
of high-precision characterization methods and their transformation into primary meth-
ods with specified uncertainty budgets and traceability of measurands is required. Several
works with this focus have been accomplished in the field of TE material characterization,
yielding uncertainty analyses for commercial or custom-made measurement systems for
the determination of the Seebeck coefficient and the electric resistivity [36-38], as well as
for zT measuring systems [39]. This has led to an increased standardization level of me-
trology for TE material properties, which is characterized to date by available reference
samples [40,41], descriptive guidelines for the conduct of transport property measure-
ments [42,43], and reports on comparative measurement campaigns [44—47].

Corresponding studies for TEM characterization techniques lag behind. Although
recent works reported on starting initiatives for the development of TEM reference sam-
ples [48,49], their current lack still complicates the expression of uncertainty budgets. Ac-
cording to the “Guide to the expression of uncertainty in measurement” (GUM) [50], the defi-
nition of uncertainty budgets requires the determination of influencing parameters and
sensitivity coefficients for every measurand, which raises high experimental effort in the
absence of standardized reference samples. A statistically meaningful number of repeti-
tive measurements is required for various TEM measurands and within a wide range of
measurement boundary conditions. The level of complexity with regard to instrumenta-
tion, control of measurement conditions, and evaluation procedures for TEM metrology
places high effort in such investigations, which might be one reason for which respective
work has not been started on a broader front yet.

A brief presentation on reported approaches for TEM characterization and the level
of confidence for the determination of TEM properties will be discussed in the beginning
of Section 2 of this publication. However, available information from published works
shows that only a few experimental studies have been accomplished. Herein, authors
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mainly demonstrate the functionality of developed devices and present measurement re-
sults without or with only basic discussion and consideration of measurement uncertain-
ties. Uncertainties for measurements of central TEM properties, such as power output,
heat flow, and efficiency, have neither been determined in accordance to the GUM nor
reported before in the literature to the best of our knowledge.

In order to improve this situation, we provide further information on characteriza-
tion facilities, which are operated at the German Aerospace Center (DLR). In addition to
previous publications, which have quantified the uncertainty of heat flow measurement
on a thermal reference material [51] and the uncertainty of module resistance measure-
ments [52], we report on the uncertainty budget for the maximum power, heat flow, and
efficiency measurement on a TEM in this work, in order to allow for a conclusive inter-
pretation of observed deviations between round robin (RR) results. Besides discussion of
the RR results, a brief summary of experiments for module sample selection will be given,
in addition to further relevant information on the organization of comparative RR tests
and their technical concept.

2. Materials and Methods

This section starts with a survey on reported measurement techniques for TEM char-
acterization and a brief introduction to the inhouse-developed characterization facilities
“TEGMA” and “A-TEGMA” (Absolute Thermoelectric Generator Measurement Appa-
ratus). A detailed description of these apparatuses has been given in a previous work [51].
Here, we report on basic device operation and stabilization criteria only, which are rele-
vant for the definition and quantification of uncertainty budgets for measurements of the
power output, heat flow, and efficiency. Results of the uncertainty analyses are presented
in Section 3. The analyses are based on experimental TEGMA results, which have been
obtained on a comparative sample of the RR.

2.1. TEM Metrology Survey

Several approaches for TEM characterization are known from the literature. Tech-
niques can be differentiated by transient and steady-state measurement approaches. Fur-
thermore, they can be divided into methods that conclude on 1 from measurements of the
heat flow and the electric power output according to Equation (5), or those that use Equa-
tion (6), effectively calculating the module efficiency on the basis of measured ZTtem val-
ues. Impedance spectroscopy [53] and the Harman method [54,55] represent transient
methods, which measure ZTtem to conclude on 1. However, steady-state characterization
techniques with direct measurement of the power output and the heat flow are most com-
mon and yield more application-oriented predictions of TEM performance compared to
the use of ZTtem and the subsequent calculation of 1 by Equation (6). One reason for this
is the small temperature differences of a few K, which are typically applied for measure-
ments of ZTtem, whereas usual operation of TEMs implies several hundreds of K temper-
ature difference. Generally, higher temperature differences have been applied for meas-
urements of ZTtem, too [56]. However, Equation (6) is based on a constant property model
(CPM) using averaged values of temperature-dependent material properties [57]. Sec-
ondly, CPM neglects further relevant impacts on the operation and performance of TEMs,
such as Thomson heat, asymmetric distribution of Joule heat, electric and thermal contact
resistances, and the presence of parasitic heat bypasses by means of radiation or convec-
tion [58], which yields approximated values for n only. Armstrong et al. [59] studied the
performance determination for 18 TE materials and showed an overestimated prediction
of n (by an average factor 1.16) by CPM compared to a cumulative model, which was
proposed earlier by Kim et al. [60] to account for the temperature dependence of material
properties by means of the so-called “engineering figure of merit”. Even neglecting spe-
cific features of known analytic models for TEM efficiency prediction, any analytically
based determination of TEM properties will suffer from elusive thermal and electrical
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coupling conditions and from uncertainties of input parameters, which are obtained by
preceding TE property measurements on material samples.

Classic steady-state measurement techniques for TEM characterization mainly differ
with regard to the applied approach for heat flow determination. The most widespread
technique is the so-called reference principle [61-63], which uses reference blocks as heat
flow meters (HFM). Technical details and uncertainty sources of this measurement prin-
ciple have been described extensively, but only for thermal conductivity measurements
on material samples by the standard test method ASTM-E1225 [64] and within scientific
publications [65-68]. Analogous to thermal conductivity measurement, used reference
blocks are made from materials with known thermal conductivity and placed thermally

in series to the TEM under test. Temperature sensors inside the HFM give access to the
ATwm
!

average temperature gradient =, from which the heat flow Qg,; can be deduced by ap-

M
plication of the one-dimensional Fourier’s law.

. ATy
QRef =—Ay - ky (T)-VTy = —Ay - ky K ()

Here, ky, Am, ATy, and ly denote the thermal conductivity, the cross-sectional
area, the temperature difference, and the length of the HFM section, which is equipped
with temperature sensors. The underlying uncertainty was analytically derived in our re-
cent work [51], which considered uncertainty contributions from all input variables ac-
cording to Equation (7). The study was conducted with an HFM made of the thermal ref-
erence material NPL 2109 (Inconel 600) from the National Physical Laboratory (NPL) [69].
The combined uncertainty of heat flow determination u(Q) by the reference principle
was experimentally determined in accordance to the GUM in a temperature range be-
tween 373 and 1023 K, yielding u(Qge £) =10%-13% (k = 2). Here, k denotes the coverage or
probability factor, which expresses the statistical uncertainty of a measured value and the
corresponding confidence interval (k =1/1.96 — 68%/95% confidence).

Previous works on the reference principle were mainly limited to descriptions of the
employed setup and demonstration of their use for the characterization of lab prototype
[61,62,70] or commercial [71-73] TEMs. Although measurement procedures and instru-
mentation for temperature-dependent heat flow measurements have been described in
some of these works—for instance, Konig et al. [72] and Man et al. [73] —they finally did
not present heat flow results at all, while Populoh et al. [70] gave only a single heat flow
value for a particular temperature condition, without further discussion on its uncer-
tainty. Hejtmanek et al. [71] admitted the heat flow to be the most difficult parameter to
be measured and described temperature measurements at the center and the edges of the
employed HFM, which was made from Cu and placed at the hot side of the tested TEM.
Independently, the cold side heat flow was determined additionally from the specific heat
and flow rate and the in- and outlet temperature of a coolant in the heat sink of the meas-
urement setup. Despite thermal insulation inside the measuring chamber, Hejtmanek [71]
reported heat losses of the used heater of approximately 25%. This finding was not dis-
cussed further but probably arose from differences in both methods for heat flow deter-
mination. Without further analyses on the accuracy of both methods, the authors stated a
higher measured heat flow compared to manufacturer specifications of the tested TEM.

Beyond the reference principle, a measurement on a commercial TEM was demon-
strated by Chien et al. [74]. In this work, one side of the sample was kept adiabatic. Meas-
urements were conducted with a hot side heater in a temperature range between 21 and
155 °C. A maximum temperature difference of approximately 5 K was set by varying the
electric current flow through the sample. The authors claimed errors of the average ther-
mal conductivity of #11%, while reporting +2% and +3% for the average Seebeck coeffi-
cient and resistivity, respectively. However, the authors equated measurement errors with
the total scattering range of the respective measurands in dependence on the applied
heater temperature and current flow setting. This is in conflict with the common definition
of a measurement error, which is actually resulting from an evaluation of an underlying
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error propagation model. Such models are based on analytic functions for the determina-
tion of particular measurands and account for individual influencing parameters and their
statistical distribution, which is well expressed by the corresponding standard deviation.
Besides the fact that characterization results obtained on commercial TEMs have been
compared to manufacturer specifications in rather few cases, the absence of error analyses
or imprecise use of terminology reflect a lack of awareness, which can potentially lead to
an incorrect perception of data confidence and inaccurate conclusions from scientific
work.

Returning to the reference principle, measurements on inhouse-developed double
leg configurations have been described by Grof3 et al. [61] and Miiller et al. [62], who com-
pared their experimental results with analytically determined reference data on heat flow,
thermal resistance, or efficiency, which were calculated on the basis of one-dimensional
(1D) approximation models for TEM operation, with input parameters from transport
property measurements on TE materials used in the couples. Although the distinct dis-
cussion and disclosure of quantitative deviations and experimental uncertainties was left
also here, the authors pointed to several reasons for possible deviations, such as the qual-
ity of contacts or convective heat losses, and gave a visual indication of results’ agreement
by figures, which reflected a decent accordance between experiments and analytic prop-
erty predictions for the studied double leg configurations.

Takazawa et al. [63] quantified exemplarily a deviation between a single data point
of measured heat flow and a reference value from calibration with a certified reference
material for thermal conductivity. The authors used an oxygen-free highly conductive Cu
(OFHC) HFM. This Cu-HFM was positioned at the cold side of the measuring section at
approximately 300 K mean temperature, while a second HFM was placed thermally in
series between the heater and the Cu-HFM. The HFM at the hot side with the same cross-
section as the Cu-HFM was made of the certified standard reference material (SRM) for
thermal conductivity, RM8420 (electrolytic iron), from the National Institute of Standards
and Technology (NIST) [75]. Using this configuration, the thermal conductivity of the Cu-
HFM was calibrated using the measured temperature gradient inside and heat flow data,
which were determined from the gradient in the SRM-HFM and its certified values for
thermal conductivity. However, the authors did not consider any heat flow deviation be-
tween both HFMs or the uncertainty of linear approximations of the temperature profiles
inside both HFMs. Assessment of their reported results for this experiment [63] indicates
a maximum scatter of the calibration data for the thermal conductivity of the Cu-HFM of
approximately +2.5 Wm"-K-! around 300 K. The temperature-dependent thermal conduc-
tivity of the Cu-HFM was finally defined by an unspecified line fit to the results of the
calibration test. In a last step, Takazawa et al. characterized a dummy sample with known
thermal conductivity in a following experiment. This dummy sample was made from
quartz glass and was installed replacing the SRM-HFM. Without further comment on the
reference value for the thermal conductivity of the dummy sample or citation of the un-
derlying data source, a maximum deviation of <5% for the heat flow measured by the Cu-
HFM was assumed. This deviation was attributed to a parasitic heat input into the cali-
brated cold side Cu-HFM by thermal radiation from the heater, which was possibly re-
flected by the environment of the experimental setup, effectively yielding an overestima-
tion of the measured heat flow. The temperature dependence of heat flow data was not
considered, nor were the uncertainty contributions and statistic distributions of measur-
ands discussed.

Short et al. [76] tested a measurement system based on the reference principle using
a reference sample made from fused quartz glass. This sample was connected thermally
in series between a hot and a cold side reference block, yielding a two-fold heat flow de-
termination. The hot side block was made from stainless-steel (55-304), while OFHC was
used at the cold side. Non-certified reference values for the thermal conductivity of both
materials were taken from literature references [77] and [78], respectively, without further
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statement on their accuracy or applicability. Neither the resulting experimental uncer-
tainty nor deviations between heat flow results and reference values have been quantified
or discussed throughout the paper. Instead, graphically, the almost perfect linearity of Qo
vs. Qeold (from SS-304 and OFHC HFMs) was presented and good accordance of the meas-
ured thermal conductivity of the quartz sample to a reference by Sugawara [79] was con-
cluded.

An absolute measurement technique is given by the guarded hot plate (GHP), which
can be used for heat flow determination alternatively to the reference principle. A GHP
transfers the heat flow determination into measurements of the voltage drop Vgup and
current flow Igyp of a metering heater (MH) in order to determine its dissipated Joule
heat.

QGHP = Vgup  Igup (8)

Heat losses of the MH are minimized by actively controlled guard heaters. These
guard heaters enclose the MH and yield desirably isothermal conditions in every direction
except towards the sample under test. GHPs have been described as a standard test
method for thermal conductivity measurements on monolithic material samples by the
ISO-8302 [80] or ASTM-C177 [81]. The GHP method has been extensively studied over the
last few decades with regard to its accuracy [82-87] and customized devices are available
from companies for metrological equipment [88-90]. However, technical implementations
of commercial products and the design described by ISO-8302 or ASTM-C177 differ sig-
nificantly from a GHP for the characterization of TEMs. First, TEM samples come with a
high variety of geometric designs, whereas commercial GHP devices require large sample
geometries with lateral dimensions of several tens of cm. Secondly, TEMs have to be char-
acterized under variable mechanical pressure and high temperature differences, which is
neither offered by customized GHP products nor foreseen by respective normatives. Fi-
nally, TEMs have to be characterized electrically, too, which requires consideration of the
Peltier effect [91] on the temperature distribution and heat flow along measuring sections
in the first place. Instrumentation and adapted design for the accommodation of current
leads and signal sensing are additionally needed for a meaningful test on a TEM but not
offered by commercial GHP devices.

The few reports on the application of custom-built GHPs for TEM characterization
can be split into concepts with passive thermal insulation and active temperature guard-
ing of the MH. Montecucco et al. [92], Sandoz-Rosado et al. [93], and Zybala et al. [94]
described GHP apparatuses with passive thermal insulation of the MH and proposed a
correction of its measured power by estimates of heat losses to the environment.

Montecucco [92] calculated the conductive heat losses of the MH from the thermal
resistance of the surrounding insulation and emerging temperature differences within the
measurement system. The thermal resistance was calculated from the thermal conductiv-
ity and geometry of the insulation. Neither technical implementation of temperature sen-
sors in the system nor observed temperature differences between the MH and its sur-
rounding nor any results on calculated heat losses were reported. The measured efficiency
and effective thermal conductivity of a commercial TEM were presented without any in-
formation on measurement uncertainties and without data comparison to product speci-
fications.

Sandoz-Rosado [93] described a similar approach and gave analytic expressions for
the parasitic heat bypass within a TEM due to radiation between the hot and the cold
substrate surfaces. No information was given on technical implementations or the method
for the determination of heat losses of the MH. The authors stated a temperature-depend-
ent measurement of heat losses through the insulation of the MH and claimed a maximum
uncertainty of these measurements of 3%-5%, without indicating the magnitude of the
heat loss itself. The heat flow measurement was validated by tests on two monolithic ma-
terial samples made from Borofloat® borosilicate and Macor® glass ceramics. The devia-
tion between the measured and specified thermal conductivity was reported as <4.2%
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(Borofloat®) and <6.5% (Macor®) [93], without a source of reference data cited. When char-
acterizing a commercial TEM, consistency of data was shown visually, without discussion
on statistic distributions of measurands or resulting uncertainties. The authors compared
the measured power output, heat flow, and efficiency of the tested TEM with simulated
values from a 1D-TEM model, without taking into account electric contact resistances, but
considered thermal interface properties and TEM-internal heat leakage due to radiation
between hot and cold substrates. Input data for the 1D model were partly given, e.g., for
TEM properties but not for the assumed thermal conductivity of the measurement atmos-
phere or emissivity of ceramic plates. The authors gave a visual comparison between
measured and simulated TEM efficiency and heat flow [93], involving considerable mis-
match. Deviations between measured and simulated module efficiency and heat flow
have not been quantified or discussed.

Zybala [94] described an apparatus comprising two independent methods for heat
flow determination. Besides a GHP, which was used as a heat source, Zybala determined
additionally the outgoing heat flow at the cold side of the TEM, similarly to Hejtmanek
[71], from the specific heat, flow rate, and temperature difference between the coolant in-
and outlet in the heat sink. The latter principle was reported earlier by Hu et al. [95], who
stated the measurement of the flow rate as the dominant source of heat flow error. Hu
indicated another systematic error contribution due to the intrinsic dissimilarity of the
two temperature probes for coolant measurement but did not quantify or discuss the over-
all uncertainty or individual contributions. However, Zybala [94] reported thermal losses
of the GHP to the environment in the range of 30% of the measured GHP power. This is
in good accordance with the 25% heat loss of a passively insulated heater as reported by
Hejtmanek [71]. Zybala [94] added the electric power output of the TEM and the cold side
heat flow, which was measured at the heat sink, and subtracted this sum from the meas-
ured GHP power for an assessment of the GHP heat losses. No additional information on
the uncertainty of heat flow determination by the GHP or at the heat sink was given. Dis-
cussion of TEM results obtained on a commercial type was limited to heat flow data from
measurement at the heat sink. Zybala discussed variation of the thermal TEM coupling
and resulting temperature deviations as possible reasons for the observed mismatch be-
tween the measured and specified power output and resistance of the tested TEM. Finally,
the authors stated an overestimation of the maximum efficiency by the supplier data com-
pared to their own experimental results, which was not traceable since the listed reference
data in [94] did not include any information on the thermal resistance, heat flow, or effi-
ciency of the TEM.

GHPs for heat flow measurement on TEMs involving actively controlled guard heat-
ers for thermal shielding of the MH have been described by Anatychuk et al. [96], Kwon
et al. [97], Rauscher et al. [98,99], and Ziolkowski et al. [51]. Anatychuk developed a GHP
and tested the accuracy of the MH against a custom-made heat flux sensor, which was
installed at the cold side of a tested TEM. This flux sensor was ingeniously fabricated as a
thin plate-type HFM containing an internal thermopile, which was formed by a series
connection of several thermocouples with areally distributed junctions between the hot
and the cold coupling side of the plate. The thermopile effectively translates a cross-plane
heat flow into a thermovoltage signal, which is proportional to the temperature difference
over the plate-type HFM. The benefit of using a thermopile instead of single temperature
sensors distributed in the axial direction of heat flow is given by the signal formation of
the thermopile, which reflects a mean temperature difference averaged over both cou-
pling planes of the HFM. Anatychuk presented the sensitivity of this heat flux sensor in a
temperature range between 10 and 90 °C. As stated but not described, the uncertainty was
experimentally investigated upon a ceramic dummy sample with a thermal resistance of
2 KW The authors claimed a maximum scatter of heat flow data from the flux sensor <
3%, which was likewise observed for measurements on commercial TEM types. Anat-
ychuk described a measurement on an Altec-1060 generator module, which was tested at
Tc =30 °C and Tu = 300 °C, where the heat flux sensor measured a heat release at the cold
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side of the TEM of 140 W, while the GHP source produced 190 W of incident heat flow.
Anatychuk attributed the observed heat flow difference to several heat losses of the MH
to the environment, such as through the temperature-controlled casing (30 W), along sup-
ply leads (4 W), and by radiation of a so-called “hot heat-levelling plate” located between
the GHP and the TEM sample (3 W). While 9 W was the converted electric power of the
TEM, the missing 4 W from the energy balance was attributed to the heat flow measure-
ment error of the heat flux sensor at the cold side of the configuration, and a maximum
heat flow error < 3% was claimed for the apparatus, which refers most likely to the plate-
type heat flux sensor at the cold side but would be difficult to interpret as an uncertainty
specification for the GHP in view of an estimate of 19% of heat loss. Although the authors
mentioned an experimental quantification of the above-listed heat losses, no details or
references were given. A follow-up publication of Anatychuk [100] revealed a data-sheet-
like survey on the performance characteristics of commercial Altec modules, according to
which the previously studied Altec-1060 TEM was specified with a lower maximum
power output of 8 W, instead of 9 W as previously. This discrepancy and the reported
heat loss level of the MH raise questions about the claimed heat flow error of the plate-
type HFM, the efficiency of the active thermal guard, and the resulting heat flow uncer-
tainty of the GHP, which effectively remained unspecified but was assessed non-traceably
for a single temperature condition.

Kwon et al. [97] described a GHP apparatus with a rectangular-shaped MH and two
actively controlled guard heaters. One guard was manufactured as a ring-shaped heater
for the suppression of lateral heat losses, while a second guard was placed above the MH
to minimize heat losses to the mechanical mounting. Kwon tested a commercial TEM of
40 mm x 40 mm in cross-section, while the size of the coupling area of the MH was speci-
fied as 30 mm x 30 mm. The protruding margin of the TEM outside the coupling area to
the MH was thermally coupled to the ring-shaped guard heater and its gap towards the
MH, which is in conflict with a configuration for thorough heat flow measurement by the
MH and raises questions about the temperature homogeneity of the hot side of the TEM.
Kwon finally did not present any heat flow results of the described GHP apparatus but
showed a temperature-dependent measurement of the ZT value by means of the Harman
principle, which does not require any heat flow measurement.

Rauscher et al. [99] reported a GHP apparatus with a single guard heater for the sup-
pression of heat losses in an MH made from a heating wire, which was embedded within
an AIN block. The guard heater was installed on top of the MH with a ceramic thermal
insulation block in between. This insulation block was constructed with a flat cavity,
which involved a pin-like support of the MH. This shape effectively ensured the thermal
enclosure of the MH by the insulation block in every direction except towards the TEM
under test, while simultaneously minimizing paths for a possible conductive heat ex-
change between the MH and the insulation block due to the local fixing of the MH. Instead
of using single, localized temperature sensors for the temperature control of the guard
heater, a thermopile configuration was used, which was installed in the thermal insulation
block. This thermopile effectively formed thermocouple junctions on both sides of the in-
sulation block and covered a large part of the opposite surfaces of the MH and the guard
heater. This original solution is considered to provide a more meaningful temperature
setpoint for the guard heater since the thermopile delivers a voltage signal, which is pro-
portional to the mean temperature difference of both heater surfaces and less prone to
uncertainties involved with the usage of a single sensor. Rauscher et al. tested the GHP
apparatus on an SRM for the thermal conductivity, PR.41.08 (Nimonic 75 CrNi-Steel) from
the NPL [101]. A reference block with a cross-section of 23.5 x 23.5 mm? (matching the
sample coupling area of the MH) and a height of 40 mm was manufactured from the ref-
erence material and equipped with two thermocouples positioned at its central axis at a
distance of 30 mm in the direction of heat flow. The GHP test involved a power measure-
ment of the MH and a heat flow measurement by the reference block, which was evalu-
ated from the measured temperature difference inside the SRM and its known thermal
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conductivity. Rauscher estimated the uncertainty of the heat flow measurement by the
reference block at +5%, which was mainly caused by contributions of the specified thermal
conductivity of the SRM (+3%), contributions of a potential displacement of temperature
sensing points inside the reference block (+2.4%), and calibration uncertainties of the used
thermocouples (+1.6%). Rauscher et al. specified a temperature-dependent deviation of
the GHP-based heat flow compared to the outcome of the reference block of 2%-3% in the
temperature interval between 50 and 275 °C. The authors concluded that they could not
decide from the acquired data which of the two heat flow measurements would provide
more accuracy, since the deviation of the GHP was within the combined uncertainty of
the reference value from the SRM.

A similar deviation of 2.25% between a GHP-based heat flow and a comparative
value from an SRM-based reference block measurement was described by Ziolkowski et
al. [51]. Here, the authors reported on reproducible findings from repetitive measure-
ments, which revealed a temperature-dependent deviation of the GHP heat flow within
the uncertainty limit of the SRM-based reference value. Ziolkowski et al. studied the ther-
mal crosstalk between the MH and its guard heater system, which contained four individ-
ually controlled heater circuits. By varied detuning of the guard heater temperatures rel-
atively to the MH temperature Twmn, the authors obtained an effective mean thermal con-
ductance Kcuara-mt between the MH and the guard heater system. Kcuard-MH Was measured
at 373 K < Tmu < 773 K and revealed a linear increase from 0.04 to 0.12 WK-'. The temper-
ature distribution of the guard heater system and the MH was investigated by concurrent
temperature measurements using 20 installed thermocouples. Inevitable temperature dif-
ferences along the heat flow path from the MH to the sample, which occur even under
nominally balanced temperature conditions of the MH and the guard heater system,
amounted to maximum values between 1 and 18 K in dependence on Tws. Additional
consideration of Kcuara-crr allowed for quantification of the parasitic heat exchange within
the GHP system and determination of the maximum heat flow uncertainty of the GHP
apparatus of u(Qgyp) = 0.1%-0.8% (k = 2) for optimal temperature settings of the guard
heater system.

The given overview does not claim for completeness but indicates widespread in-
complete awareness of uncertainties in TEM metrology. Often, unspecified uncertainty
budgets reflect the current lack of reference and standardization, which is partly caused
by the lack of appropriate TEM reference samples. The use of uncertified reference sam-
ples requires multiple experiments under repetitive conditions to determine measure-
ment uncertainties according to official regulations given, for instance, by the GUM. Such
time-consuming investigations are rarely performed, which leads to unnoticed or under-
estimated influencing parameters on TEM measurands. In particular, the statistic distri-
bution and sensitivity coefficients of individual parameters are unknown or not well
known for many employed TEM characterization devices. According to normative direc-
tives, such data build an indispensable basis to express individual uncertainty contribu-
tions and to quantify the overall combined uncertainty for any measurand. Compliance
with approved guidelines for the expression of uncertainties gives access to traceable re-
sults for TEM properties with high confidence and enables stepwise improvements in
metrological devices with respect to design, control functions, and evaluation procedures
for better accuracy and reliability.

2.2. TEGMA —Thermoelectric Generator Measurement Apparatus

The A-TEGMA and TEGMA (Figure 2) are metrological devices for fully automated
TEM characterization under variable boundary conditions (atmosphere, mechanical con-
tact pressure, temperature, current flow). Although representing separate device setups,
both facilities have been constructed similarly and comprise identical electronic instru-
mentation, with the only exception of components for heat flow determination. The refer-
ence principle is applied within the TEGMA, whereas the A-TEGMA offers additionally
a GHP-based measurement. A comprehensive description of both facilities has been given
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in [51], which includes a detailed presentation of their instrumentation, measurement pro-
cedures, and analytic functions for the evaluation of TEM properties.

Figure 2. “A-TEGMA” (a) and “TEGMA” (b) devices for TEM characterization.

Both facilities comply with a uniform measurement protocol, which involves the set-
ting of measurement boundary conditions at the beginning. First, the atmospheric (pres-
sure of inert gas/vacuum) and the axial pressure, which is applied to the TEM sample, are
set. Next, temperature conditions on both sides of the sample are adjusted by the setting
of appropriate temperatures for the heater and the cooler. Measurements of TEM proper-
ties are conducted under thermal steady-state conditions. Thus, the temperatures of heat-
ers, heat sinks, and exchangeable components within the measuring sections (HFM, heat
exchangers, plates) are continuously recorded and analyzed during the transient phase of
temperature adjustment. The required temperature stabilization time varies in depend-
ence on the installed components and depends on their properties, such as geometry, ther-
mal conductivity, and specific heat. For heat flow determination by means of the reference
principle, the temperature stability is assessed by the remaining temperature drift at the
hot and cold side of the TEM, which are typically limited to maximum values of 0.15 K
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min. This yields a usual total stabilization time in the order of 1 h. The GHP-based meas-
uring system has to fulfil the same criterion but additionally with regard to the maximum
temperature drift of the MH and all guard heaters, too. The intentionally weak thermal
coupling between the MH and the guard heaters, which is caused by thermal insulation,
and the thermal insulation between the guard heaters and their outer environment lead
to much longer stabilization times of the GHP, reaching the order of 3 h. Independent of
the method for heat flow determination, further temperature stabilization is needed after
every variation of the electric current flow through the TEM due to an induced change in
the heat balance of the measuring section, which is caused by the Peltier effect and the
generated Joule heat inside the TEM. These current-related effects usually induce much
smaller changes in heat flow and temperatures along the measuring section compared to
the adjustment of new temperature set points for the heater or cooler, respectively. Con-
sequently, compliance with maximum limits of the allowed temperature drift for thermal
stability is usually reached after shorter stabilization times of approximately 10-20 min.

The functional characterization of TEMs follows a defined sequence after reaching
thermal stability. This measurement procedure was discussed along with a description of
applied characterization and evaluation methods for electric, thermal, and thermoelectric
TEM properties in previous works [51,52]. It should be noted at this point that all relevant
measurement signals are recorded after temperature stabilization for a period of typically
3-5 min. This elongated reading time is used to account for signal fluctuations, which can
stem from noise, elusive offsets, or temperature fluctuations induced by the instrumenta-
tion for temperature control. The captured raw data for temperatures, voltages, and elec-
tric currents are forwarded to evaluation procedures for the calculation of fitting residuals
from mathematical post-processing routines and distribution functions. These evaluation
routines result in quantified standard deviations, sensitivity coefficients, and best esti-
mates for particular measurands, building the basis for the expression of individual un-
certainty contributions and combined uncertainties.

2.3. Round Robin Tests on TEM Metrology
2.3.1. Sample Information

Commercial BizTes-based TEMs from four manufacturers have been investigated in
a previous study [52] concerning their functional stability, assessed by measurements of
the internal electric resistance Ri during short- and long-term stability tests under temper-
ature cycling. The most stable TEM type showed lowest changes over time ARi = 0.25%
(short-term test) and 2.43% (long-term test), respectively. Uncertainty budgets for the
measurement of Ri have been evaluated and revealed a combined uncertainty of u(Ri) =
2.97% (k = 2) for this module type. This confirmed the barely traceable degradation of
module properties in the course of short- and long-term stability tests, since AR: remained
under the limit of #(Ri). Additional tests revealed the lowest sensitivity of Ri against vari-
ations in the mechanical pressure for this module type (ARip = -1.07% within a pressure
interval of 1.5 MPa) and compared to other tested module types likewise a superior simi-
larity (homogeneity) of Ri (1.21% < ARi_n < 3.11% within a temperature interval of 100 K),
which was investigated by comparative measurements on four TEMs. Table 1 summarizes
additional information about this module type, which was selected for comparative sam-
ples of the RR test. Three new modules of this type were forwarded to the RR after the
abovementioned test series.
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Table 1. Information on the module type selected for RR tests according to manufacturer specifica-
tions. The geometry data refer to the cross-section area, which is available for thermal coupling. The
nominal hot and cold side temperatures Tu and Tc give the testing conditions of the specified mod-
ule properties.

Place of Origin

Geometry [mm?] Max. Tu [°C]  Nominal To/Tc [°C]  Ri[Q] Pmax[W]  fjmax [%]

USA

40 x40 x 3.5 230 230/50 3.46 7.95 4.97

Results of the RR have been compared to TEM specifications from the supplier
datasheet. The comparative values were calculated from polynomial approximation of the
manufacturer references, since the original data referred to other hot side temperatures
than the ones during the RR. Except for the lowest temperature difference during the RR
test (AT = 50 K), all manufacturer’s comparative data have been obtained from interpo-
lated values of respective approximation functions. Figure 3 visualizes the TEM specifica-
tions of the manufacturer, approximation functions, and derived reference values repre-
sentative for temperature boundary conditions of the RR.
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Figure 3. Manufacturer specifications (full symbols) on maximum power output, incident heat flow
at maximum efficiency conditions, and maximum efficiency in dependence on the applied temper-
ature difference across the TEM. The manufacturer specifications refer to a cold side temperature of
Tc=50 °C. Manufacturer’s reference data (blank symbols) for comparison of RR results were derived
from polynomial approximations (lines) of given module specifications. Extrapolated reference val-
ues obtained from approximation functions of manufacturer data are limited to the lowest AT =50
K and indicated by blue circles.

2.3.2. Participants, Organization, and Test Program of the Round Robin Test

An international RR campaign was organized among twelve laboratories from seven
countries in Asia, North America, and Europe in order to review the quality of TEM meas-
urements and to derive a representative estimate on the comparability of employed meas-
urement techniques. The RR was conceived as a blind study. An exception is made for
DLR results, which are disclosed as measurements by Lab3a/3b (A-TEGMA) and Lab3c
(TEGMA), since specified uncertainty budgets are needed to assess deviations among RR
measurements. Measurements conducted at DLR contain heat flow results obtained by
the GHP method (Lab3a—A-TEGMA) and the reference principle (Lab3b-
A-TEGMA/Lab3c-TEGMA).
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All participants confirmed the operation of custom-built devices for TEM character-
ization. Commercial measurement devices, although available in the market, did not par-
ticipate in the RR. Detailed information on construction, instrumentation, and underlying
measurement and evaluation protocols was not available from the participants to an ex-
tent, which could allow for a thorough case analysis of observed deviations of measure-
ment results.

Due to the limited execution time of the RR, the participants were split into three
groups. Each of the three selected TEM samples was assigned to one group, as shown in
Table 2. Each TEM shipment was additionally equipped with fresh graphite foils (Dr.
Fritsch Gerdtebau GmbH, 200 um thickness), which were taken from one and the same
batch in order to ensure the most similar thermal coupling conditions at the hot and cold
sides of the TEMs. Modules were resent after each measurement to the managing labora-
tory of the RR at DLR. This allowed for repeated visual inspection of the module integrity
and short room temperature tests of Ri in order to exclude intermediate module damage
and to ensure the best possible comparability for following measurements.

Table 2. Distribution pattern of the RR campaign. The order of listed laboratories corresponds to
the chronological order of conducted measurements on a particular TEM sample.

TEM 1 TEM 2 TEM 3
Lab 1 Lab 12 Lab 2
Lab 4 Lab 5 Lab 6

Lab 10 Lab 8 Lab 7
Lab 3c Lab9 Lab 3a/3b

Lab 11 -/- -/-

Participating laboratories were requested to conduct measurements under vacuum
conditions. Each laboratory was asked to conduct one temperature cycle (up and down)
at the hot side of the TEM, covering five stabilized temperature points (Tu =
100/125/150/175/200 °C) while keeping the cold side temperature constant (Tc = 50 °C).
From Laboratory 8, no results on the heat flow and efficiency were available but only for
the maximum power output during the heating sequence of the temperature cycle. More-
over, Laboratory 12 delivered data only from the heating sequence. With the exception of
the supplied graphite foils, every laboratory was requested to conduct measurements sim-
ilarly to routine tests with standard components, usually used instrumentation and eval-
uation protocols, and with typically applied settings for stabilization times and the den-
sity of setpoints for the variation of the electric current flow. In order to involve as many
participants as possible, an axial pressure of 1 MPa was specified for the RR tests, since
higher values could not be applied by some of the participating custom-built characteri-
zation facilities.

The maximum power output, the incident heat flow at the hot side of the TEM (at
maximum efficiency operation conditions), and the maximum efficiency had to be deter-
mined at predefined boundary conditions. In the case of heat flow measurements at the
cold side of a TEM, the electric power output was added to the measured heat flow to
conclude on the incident heat flow. Although participants were asked to provide heat flow
data for maximum efficiency conditions, some laboratories (Lab 4, 6, 10) sent only those
results for maximum power output conditions.

Generally, the provided data by all laboratories showed slight differences for the ef-
fective hot and cold side temperatures in the order of a few K due to varying approaches
for temperature stabilization and individual contributions of thermal transfer resistances
from components along the heat transmission paths of the measuring sections. In order to
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eliminate the effect of differing temperature conditions on the comparison of RR data,
every temperature-dependent data set was fitted individually for the heating and cooling
sequence by a fourth-order polynomial function. Based on these approximation functions,
interpolated values have been calculated for heating and cooling curves of each measur-
and at uniform temperature intervals. Mean values have been determined from interpo-
lated data points of the approximated heating and cooling curves and finally entered the
comparison of RR results. Generally, the standard deviation of the resulting mean values
can be interpreted either as an indication of TEM instability (divergence of results from
heating and cooling sequence), minor reproducibility of measurement conditions during
a temperature cycle (variation of temperatures or contact pressure), or persisting meas-
urement uncertainties. Since no significant TEM degradation could be observed before,
during, and after successive RR tests, data differences between heating and cooling se-
quences are linked most likely to uncertainties and/or changing measurement conditions
in the course of the applied temperature cycle. A summary on the standard deviation of
interpolated mean values from heating and cooling curves can be found for each tested
TEM in the Supplementary Information S1 within Figure S1-53.

3. Results and Discussion
3.1. Uncertainty of TEGMA Power Measurement

The power output P of a TEM is determined according to Equation (3) and based on
measurements of the current flow I and the terminal voltage V of a TEM. The combined
uncertainty u#(P) considers individual uncertainty contributions of both input variables,
which are combined in a geometric sum. Every contribution equals the product of a stand-
ard measurement uncertainty u and the sensitivity coefficient c of the respective input var-
iable.

u(P) = \/c,zu(l)z + cgu(V)? 9)
apP

= E =V (10)

¢y = 3—5 =1 (11)

Here, I and V denote best estimates of both measured values. Best estimates equal
expectation or mean values from the repetitive measurements at given and nominally
constant TEM boundary conditions. The standard uncertainty of a voltage measurement
u(V) relates either to the distribution width of captured data or to the measurement un-
certainty of the measurement hardware (e.g., a digital multimeter—DMM), whichever is
greater. Typically, result distributions exceed the expectable uncertainty range of a DMM
due to the presence of signal noise, offsets, or temperature fluctuations. Assuming a
Gaussian data distribution, the full width at half maximum value (FWHM) enables the
determination of the standard measurement uncertainty by means of Equation (12) [102].

FWHM
u = ——
2+v21In2

Alternatively, the empiric standard deviation s is taken for specification of the un-
certainty in case of random data distributions [50,103].

(12)

N
1 _
o= a0 13)

with N being the number of data points within a set (in this study, N =10), V; as the jth
reading, and V as the mean value of the result distribution. The resulting standard meas-
urement uncertainty u is calculated from s according to Equation (14) [50,103].
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S
Y= N (14)

The current I is deduced from the voltage drop Vger over a high-precision shunt re-
sistor Rger = 0.1 Q (PBV0.1, Isabellenhiitte), which has a tolerance of +0.5% [104].
| = VRef
RRef

(15)

The combined uncertainty u(I) is calculated by a sub-model, which is based on Equa-
tion (15). Consequently, u(I) accounts for uncertainty contributions from the voltage meas-
urement and the tolerance u(Rges) of the shunt resistor Rges.

(D) = JcéRefucvReaz + c2u(Rge)? (16)
dl 1 17)
C = ——N0_=
VRef dVRef RRef
dl Vi
CR Ref (18)

B dRRef T (RRef)z

Again, partial derivatives of the underlying measurement instruction (Equation (15))
are taken for the calculation of individual sensitivity coefficients. Vg is the mean value
of all voltage readings and the standard uncertainty u(Vger), which is determined by the
above-specified procedure, enabling the calculation of the uncertainty contribution of the
voltage measurement. The specified value of the shunt resistor Rger =0.1 Q, while its tol-
erance equals its corresponding standard uncertainty #(Rgef) = 0.5 mQ).

The power output is usually measured at discrete current setpoints, which do not
necessarily match with the optimum operation points of the TEM for maximum efficiency
or maximum power output, respectively. In order to obtain the maximum power output
Prmax, the power output P is initially approximated by a parabolic function of I.

P=a-I’+b-1+¢c (19)

Herein, g, b, and ¢ denote the coefficients of the approximated power parabola func-
tion. The optimum current flow I,pp for maximum power output is derived by setting
the partial derivative function to zero.

dP
E = 2a- Iopt,P +b=0 (20)
-b
Ioptp = 2a 21)

The maximum power output Pmax corresponds to P(Iypp).

bZ
Phax = P(Iopt,P) =Cc—- @ (22)

As stated above, every measurement of P is subjected to signal fluctuations. The re-
sulting uncertainty of Pmax can be determined from the standard uncertainties of the coef-
ficients of the parabolic approximation u(a), u(b), and u(c) and corresponding sensitivity
coefficients.

U(Ppax) = \/cgu(a)z + ciu(b)? + cZu(c)? (23)
APy b?

— max - 24

‘a da 4q2 @4
dPn.x  —b

¢ = —mex _ 2 (25)

db 2a
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deaX
C. = e - 1 (26)

Based on the exemplary characterization results of DLR (Lab 3a/3b) obtained during
the RR on sample TEM 3, the following discussion shall demonstrate the quantitative eval-
uation of #(P) and u(Pmax) for a single temperature point. Additional information on un-
derlying data for best estimates, sensitivity coefficients, and individual uncertainty con-
tributions is given for every input variable and every tested boundary condition in the
Supplementary Information S2 within Table S1.

Figure 4 shows the measured dependence P(I) of the sample TEM3 for AT =125 K at
open-loop condition (I = 0). Generally, AT is initially stabilized at the TEM for I = 0. Both
the heater and cooler temperature setpoints are not changed during the following eight
current steps, which yields a successive decrease in AT with increasing current flow due
to the Peltier effect. For the case considered, AT decreased from 125 K at open-loop condi-
tion to 116.8 K at optimum current for maximum power output (Figure 4 inset). After
every current change, the system is allowed to stabilize with respect to temperatures at
the TEM. The electric current and the terminal voltage are measured after stabilization
during an observation time of at least 3 min, which provides the shown data on P(t). As
can be seen from the inset in Figure 4, P(I,¢) scatters due to fluctuations in recorded current
and voltage values. The mean value P(I)mean is calculated from all values of P(/,t) at a given
current setpoint, along with standard uncertainties and sensitivity coefficients for the
quantification of u(P) according to Equation (9). The resulting u(P) is indicated within the
inset of Figure 4 by an error bar for P(I)mean at a current of approximately 0.835 A. More
details on the current dependence of u(P) can be found in Figure S4 within the Supple-
mentary Information S2. However, the average absolute uncertainty u(P)avg (k = 2), which
is calculated as the mean value of all u(P) within a tested current interval, increases with
increasing temperature difference from 5.27 up to 24.26 mW, whereas corresponding rel-
ative values decrease from 2.33% for the lowest AT to 1.25% at the highest AT (Table 3).
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Figure 4. Power output P of TEM3, measured at DLR (Lab 3a/3b) in dependence on current flow I
for AT =125 K at open-loop conditions. P(,f) represents raw data for nominally stable boundary
conditions. P(I)mean is calculated as an average of P(I,t) for each current value. The shown error bar
of P(I)Mean corresponds to the uncertainty u(P(I,t)) (k = 1) according to Equation (9). Both P(I,¢) and
P(I)Mean are input to parabolic approximations (dashed lines). The inset indicates the maximum
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power points determined from approximations of P(I,t) (open red triangle) and P(I)mean (0pen black
triangle). Error bars of both maximum power points correspond to uncertainties #(Pmax) (k = 1) ac-
cording to Equation (23).

Table 3. The average uncertainty u(P)avg is calculated as a mean value from uncertainties of power
measurements u(P) (k = 2) at individual current set points. The average uncertainty u(P)avg is given
by absolute and relative values in dependence on the applied AT.

AT [K] 50 75 100 125 150
u(P)avg [MW] 527 9.72 14.07 18.21 24.26
u(P)avg [%] 2.33 2.02 1.63 1.21 1.25

The uncertainty contribution of the current measurement c;-u(I) dominates u(P) in
the low and medium current range, while the uncertainty contribution of the voltage
measurement cy-u(V) becomes more significant at higher current flow (Figure S5). The
uncertainty u(I) is mainly determined by the uncertainty contribution due to the tolerance
of the shunt resistor cp-u(Rgef), Wwhich exceeds the contribution of the voltage measure-
ment at the shunt resistor cyges-u(Vref) significantly (Figure S6) and almost over the entire
current range except at lowest current. Additional information on the calculation of u(P)
can be found in Table S1, which summarizes underlying data for every input variable in
dependence on AT. It should be mentioned at this point that the temperature-averaged
relative uncertainty u(P)avg = 0.86% (k = 1) determined by this study is in good agreement
with 0.85% of power deviation, which was reported in a previous work about an inter-
laboratory test on a Ni-based prototype TEM for prospective use as a high-temperature
metrological reference sample [49].

Data of P(I,t) and P(I)mean are used for parabolic approximations, which each provide
coefficients 4, b, and ¢ according to Equation (19), allowing for the determination of the
optimum current flow I, p according to Equation (21) and the maximum power output
Pmax according to Equation (22). The inset of Figure 4 reveals only marginal differences in
Pmax and Iypp obtained from both approximations but confirms the lower uncertainty
u(Pmax) for the approximation of P(I,t) compared to P(I)mean. A detailed comparison of re-
sults, standard uncertainties, and sensitivity coefficients can be found for both input data
sets in dependence on AT within Table S2.

Figure 5a shows the combined uncertainty for the determination of Pmax. Similarly as
for u(P)avg, likewise u(Pmax) increases absolutely but shows a decreasing trend of relative
values with increasing temperature difference over the TEM. The relative u(Pmax) lies
within 0.27 % < u(Pmax) < 0.54 % (k = 2) for the tested temperature range. Both the absolute
and relative u(Pmax) are displayed in Figure 5a for a confidence interval of 95%. In order to
achieve the highest possible comparability of RR results, DLR data for #(Pmax) and Pmax
were interpolated for AT = 50, 75, 100, and 125 K, whereas extrapolated for AT = 150 K.
Here, a piecewise-linear interpolation has been used for u(Pmax), whereas a parabolic ap-
proximation was used for Pmax.
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Figure 5. The absolute and relative uncertainty #(Pmax) (k = 2) (a) and Pmax (b) are shown in depend-
ence on AT. Pmax has been determined from a parabolic approximation of P(l,t) according to Equation
(19), while u(Pmax) was determined from Equation (23). In order to achieve comparability of RR re-
sults, DLR data were interpolated for AT = 50, 75, 100, and 125 K and extrapolated for AT =150 K. A
linear fit was used for u(Pmax), whereas Pmax has been approximated by a parabolic fit. Extrapolated
values are indicated by blue circles.

3.2. Uncertainty of TEGMA Heat Flow Measurement

Equations (7) and (8) are measurement functions for heat flow determination by
means of the reference principle and the GHP method, respectively. The methodology,
analytic description, and discussion of individual uncertainty contributions for the ex-
pression of combined uncertainties 1u(Qref) and u(Qgyp) have been reported in a previous
study, which was conducted on a comparative sample made from a thermal reference
material [51]. The underlying approach is recapitulated for both characterization methods
within Supporting Information S3 of this article, together with current data on sensitivity
coefficients and uncertainty contributions obtained by this study on a TEM sample. Figure
6 summarizes best estimates (Qe/Qgup) and results for u(Qges) and u(Qgyp) in dependence
on the temperature boundary conditions.
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Figure 6. Heat flow measurement results (best estimates) of the reference principle (a) and the
guarded hot plate (c) in dependence on AT. Combined uncertainties of heat flow determination (k =
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2) are displayed as absolute and relative values for the reference principle (b) and the guarded hot
plate (d). For details on the determination of uncertainties refer to Supplementary Information S3.
In order to achieve comparability of RR heat flow results, DLR data were interpolated for AT = 50,
75,100, and 125 K and extrapolated for AT =150 K. Parabolic fits have been used for the approxima-
tion of uncertainties u(Qger) and u(Qgup) and heat flow results Qrer and Qgyp. Extrapolated values
of these fits are indicated by blue circles.

Both methods reveal a monotonous increase in absolute values of heat flow uncer-
tainties with increasing AT. The uncertainty of the reference principle u(Qges) lies between
4.32 and 14.45 W (k = 2), which corresponds to an almost constant relative uncertainty
slightly higher than 16% for the entire temperature interval. The main contributor to
1u(Qrer) is the uncertainty of the thermal conductivity of the used HFM, which exceeds
other contributions such as the temperature gradient measurement (Figure S7) and the
uncertainty of the cross-section of the HFM over the entire temperature range (Figure S8,
Table S3). The main source of uncertainty of the GHP method is given by the thermal
crosstalk between the MH and its guard heater system [81-83]. The heat flow, which is
generated by the MH, causes an inevitable temperature difference ATmu = Tme — Tre along
the heat flow path inside the GHP from the MH to the hot coupling surface of the GHP,
which has the temperature Tuc. This temperature spread prevents the adjustment of iso-
thermal conditions between the MH and the guard heater, which is used to surround this
heat flow path and to shield it thermally. The respective heat exchange can be minimized
if this guard heater is set to a temperature between the maximum (Tmu) and minimum
(THc) temperature inside the GHP system. However, in a worst-case consideration, one
has to assume ATwn as the maximum temperature deviation between the MH and this
guard heater. This maximum temperature deviation and the effective thermal conduct-
ance between the guard heater system and the MH, which was determined experimen-
tally (Figure S9), build the basis for the expression of the uncertainty of the GHP method
u(Qgnp)- The uncertainty u(Qgyp) is considerably lower than u(Qges) and lies in this study
between 0.04 and 0.25 W, which corresponds to a relative uncertainty between 0.14% and
0.25%. A previous study on a thermal reference material [51] revealed slightly higher val-
ues of 0.2% < u(Qgpp) < 0.75% than this study. The reduced uncertainty of this study can
be explained by the lowered heat flow through the tested TEM and therefore lowered
ATwvu compared to the previously tested reference material.

Best estimates of heat flow data of the GHP method show systematically higher val-
ues over the entire temperature range compared to the outcome of the reference principle.
The deviation between Qggp and Qges scales almost linearly with AT and lies between
1.61 and 7.93 W, which corresponds to 5.7 % and 8.7 % of Qgup, respectively. It should be
noted that this deviation is still within the uncertainty budget of the reference principle,
similarly as was observed by other works [51,99]. The deviation of both methods is caused
in this study by the configuration of the measuring section, which made use of an HFM
between the GHP and the hot side of the tested TEM. This opens the possibility of parasitic
heat losses along the HFM, which yields a systematically higher heat flow by the GHP
method compared to the reference principle. Better accordance of both measurement
methods was achieved for a cold side heat flow measurement according to the reference
principle, effectively yielding configurations with direct coupling between the GHP and
the sample. Tests of such configurations have been described by previously conducted
studies [49] and [51], which yielded deviations between Qgyp and Qger lower than 1.5%
and 1.14%, respectively.

3.3. Uncertainty of TEGMA Efficiency Measurement

Equation (5) describes the TEM efficiency as a function of power output P and inci-
dent heat flow Qj, at the hot side of the TEM. The combined measurement uncertainty
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for the TEM efficiency u(n), which depends on sensitivity coefficients and standard meas-
urement uncertainties (k = 1) for both input variables, can be expressed by the following
equation.

uGn) = [culPY? + clu(Gin)’ @7)
_dn 1
Cp = 9P - Q_In (28)
d —p
Coin = L (29)

Wln B (an)z

Sensitivity coefficients ¢, and cqy,, best estimates P and Qcup/Orer (as Qp,), and
standard measurement uncertainties u(P) and u(Qgup)/t(Qgrer) have been calculated for
conditions of maximum efficiency operation and used for the determination of nma.x and
u(nmax). Figure 7 summarizes these results.
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Figure 7. Best estimates for the maximum efficiency nmax obtained from Equation (5) with data on
power output and heat flow from the reference principle and the GHP method, respectively (a). The
error bars, which are actually only visible for the reference principle, give combined uncertainties
of the maximum efficiency u(nmax) (k = 2). These uncertainties have been determined for both heat
flow measurement methods using Equation (27) (b).

The higher heat flow measured by the GHP method yields lower maximum effi-
ciency compared to the reference principle. However, similarly as for the heat flow results,
the best estimate nmax of the GHP method is still within the uncertainty limit of results
from the reference principle (Figure 7a). Considerable differences in heat flow measure-
ment uncertainties are passed on to the uncertainty of the maximum efficiency (Figure
7b). The uncertainty contribution of the heat flow measurement exceeds the contribution
of the power measurement by orders of magnitude (Figure S10), which yields a combined
uncertainty of 0.37 % < u(nmax) < 0.64 % for the GHP method and 15.68 % < u(fmax) < 16.12
% for the reference principle. The uncertainty u(fmax) of the GHP method is strictly only
valid for direct coupling between the GHP and the TEM, since parasitic heat losses of a
hot side HFM have not been taken into account.

3.4. Results of the Round Robin
3.4.1. Maximum Power Output

The participants were requested to derive the maximum power output Pmax from
their usually employed procedures by means of approximations of captured power pa-
rabola curves P(I) or evaluation of I/V characteristics. Figure 8a summarizes all results for
the maximum power output Pmax, which have been obtained on all tested TEMs. Gener-
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ally, results show similar temperature characteristics of Pvax but are subjected to signifi-
cant deviations from each other and, in most cases, to manufacturer specifications, too.
Calculation of the mean value of Pumax from all data sets (RR mean) revealed a standard
deviation, which increases monotonously from 0.131 to 1.07 W within the tested temper-
ature interval (Figure 8b). This corresponds to a relative standard deviation between
24.5% and 27.2% of the respective RR mean values of Pvax. Comparison between the RR
mean and the manufacturer’s reference data reveals a deviation between 28% and 35%.
The deviation between the RR mean and manufacturer’s reference data is smallest for the
lowest AT and increases with a rising temperature difference.
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Figure 8. RR results for maximum power output Pmax in dependence on the temperature difference
AT in comparison to manufacturer specifications (a). The temperature-dependent mean value (RR
mean) and its corresponding standard deviation have been calculated from all data sets. The abso-
lute standard deviation is indicated as error bars (a) and shown separately together with the relative
standard deviation (b).

Deviation of power measurements can be principally caused by varying or uncertain
boundary conditions and/or lacking accuracy of applied fitting routines during post-pro-
cessing of the I/V characteristic or power curves. Apparently, the deviation among RR
data for Pmax exceeds a level that could be expected from previous studies on the power
sensitivity of this module type against changes in the mechanical pressure (ARi =
0.71%/MPa). The deviation of Pmax due to uncertainties of set temperature conditions could
potentially explain the power differences at lower AT but can hardly cause the observed
level of deviation at higher values of AT. For at least three laboratories (Lab 2, 4, 8), the
evaluation of submitted measurement data gave evidence of a too low number or unsuit-
able setting of electrical current values, which either ranged within an interval close to
open-loop or short-circuit conditions only, while omitting measurements near the opti-
mum operation conditions close to half of the short-circuit current. Consequently, extrap-
olation of power output data to the optimum current for Pmax might be overlaid then by
considerable uncertainties. Other laboratories have either used more than 20 test points of
the electric current (Lab 2) or applied a continuous current sweep (Lab 10). Since no fur-
ther information was given on employed stabilization times during changes of the electric
current flow, both laboratories possibly provided measurement data for the power output
from transient temperature conditions.

Another cause for the deviation of measured output power is given by different mod-
ule properties due to manufacturing tolerance or due to intermediate module degrada-
tion. Figure 9a—c show TEM-specific results of Pmax. This comparison indicates a higher
scatter of module properties compared to previous studies on the variation of the internal
electric resistance Ri, which was assessed on four TEMs of the same type and which was
in the range of 1.21% < ARi <3.11%. The comparison of mean values among the TEM points
to systematic differences in Pmax, which is highest for TEM 1 and lowest for TEM 3 (Figure
9d). This observation makes it difficult to exclude manufacturing tolerance as contributing
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to the large scatter of the RR test. However, TEM-specific relative standard deviations give
likewise elevated values (TEM 1: 12.5%-15.9%, TEM 2: 19.5%—62.4%, TEM 3: 9.3%-17.3%).
A comparison between TEM-specific mean RR data for Pmax and manufacturer specifica-
tions reveals maximum relative deviations of 19.2% (TEM 1), 46.6% (TEM 2), and 46.9%
(TEM 3). Data comparison between participants of the RR and DLR results shows that
only a single laboratory (TEM 1: Lab 4) obtained results for Pmax within the uncertainty
limit of measurements by DLR (Lab 3c). Results from Lab 10 showed good accordance
with manufacturer specifications but ranged beyond the uncertainty limit of DLR meas-
urements. It is worth noting that the manufacturer specifications for Pmax could not be
confirmed by DLR measurements on TEM 1 and TEM 3.
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Figure 9. RR results for maximum power output Pmax in dependence on the temperature difference
AT. The results are shown separately for measurements on TEM1 (a), TEM2 (b), and TEM3 (c). Mean
values and their corresponding standard deviation, which is displayed as error bars, have been cal-
culated from all data sets of each TEM. Manufacturer specifications are shown for comparison with
the mean values of the tested TEMs (d).

3.4.2. Heat Flow at Maximum Efficiency Operation

Various methods have been used by RR participants for heat flow determination.
Most laboratories applied the reference method using an HFM either on the hot or cold
side of the TEM. Except for Lab 2, which has manufactured specific new heat exchanger
parts with an adapted cross-section of 40 x 40 mm?, no further details have been revealed
by other laboratories about the material choice, the geometry, or the sensor instrumenta-
tion of the employed HFMs. Two laboratories (Lab 1 and 3a) applied an absolute heat flow
measurement by active GHP. Lab 10 applied an absolute heat flow determination using
passive thermal insulation only. In order to consider occurring heat losses, temperature-
dependent correction factors have been applied by Lab 10, which were previously deter-
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mined from FEM simulations and analytic calculations for generic cases reflecting exem-
plary measurement conditions for TEM but not specifically those applied for measure-
ments of the samples of the RR.

Figure 10a shows the comparison between all heat flow measurement results of the
RR. The overall standard deviation of all data sets from the mean value scales linearly
with AT from 14.1 to 70.7 W, which equals a relative deviation between 41.6% and 59.2%.
In view of the significant deviation of results from Lab 10, heat losses of the applied abso-
lute method have been apparently underestimated, yielding an insufficient correction of
measurement data. However, even omitting results from this particular laboratory, the
resulting standard deviation of the heat flow mean value (RR mean) still ranges from 6.2
to 18.6 W, corresponding to 19.8% and 17.48% of the mean value (Figure 10b) within the
tested temperature interval. Differences among RR results related to heat flow determina-
tion for operation conditions of maximum power output or maximum efficiency cannot
contribute significantly to these deviations since TEM properties barely vary by more than
1% between these operation points. Furthermore, a comparable level of deviation could
be observed for Pmax, which was determined by all participants according to their usually
applied procedures and without doubt concerning the chosen operation point. Compar-
ing the RR mean (excluding Lab 10) with manufacturer reference data reveals a deviation
between 24.1% and 18.1%. A surprising finding is that, contrary to the maximum power
output, the relative heat flow deviation between the RR mean (from all data sets) and the
manufacturer’s specification is highest for a small AT.
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Figure 10. RR results for incident heat flow @y, at conditions of maximum efficiency operation in
dependence on the temperature difference AT (a). The temperature-dependent mean value (RR
mean) and the standard deviation have been calculated from all data sets for the left diagram. The
standard deviation is indicated here by error bars for the RR mean. This diagram contains addition-
ally a comparison to manufacturer specifications. The absolute and relative standard deviations
have been calculated, excluding data from Lab 10 (b).

A TEM-specific evaluation of heat flow data (Figure 11a—c) yields a relative standard
deviation of individual mean values of 13.8%-14% (TEM 1), 1%-5.9% (TEM 2 without Lab
12), and 17%-8.2% (TEM 3), respectively. The relative standard deviation is increasing
with AT for all tested TEM, probably mainly due to an increase in unnoticed heat losses at
elevated temperatures by radiative heat exchange.
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Figure 11. RR results for incident heat flow @, at maximum efficiency in dependence on the tem-
perature difference AT, shown separately for TEM1 ((a) without Lab 10), TEM2 (b), and TEM3 (c).
Mean values and standard deviation displayed by error bars have been calculated excluding certain
data sets as indicated and compared to manufacturer specifications. Comparison among the mean
values for the TEM is shown in (d).

Contrarily to the observed scatter of Pmax, which indicated a dissimilarity of the tested
modules (Figure 9d), the TEM-specific comparison of resulting mean values for the heat
flow Q;, (Figure 11d) revealed similar mean values within the limits of the standard de-
viations for TEM 1 and TEM 2. A comparison to manufacturer specifications showed max-
imum relative deviations of 14.8% (TEM 1), 12.6% (TEM 2), and 36.3% (TEM 3). Results of
Lab 1 and Lab 4 show very good accordance with manufacturer specifications for AT >
100 K, while being simultaneously within the uncertainty limit of the DLR measurement
(Lab 3c reference principle) for the entire range of tested AT (Figure S11). Although TEM
3 showed a significant difference compared to other samples and the highest deviation
from manufacturer specifications, almost all heat flow measurements (exception: data
from Lab 6 at AT <100 K) on this sample are within the uncertainty limit of the DLR meas-
urement according to the reference principle (Lab 3b), as can be seen from Figure S11.
Comparison of heat flow data from the absolute GHP-based measurement technique by
DLR (Lab 3a) confirms that only measurement results by Lab 7 fall within the uncertainty
limit of the GHP measurement. As mentioned earlier, the GHP-based measurement by
DLR systematically overestimates the incident heat flow to the TEM due to heat losses if
combined with an HFM block at the hot side of the measuring section. However, consid-
ering only DLR results obtained by the reference principle confirms that manufacturer
specifications for Q;, could be reproduced within the limits of uncertainty by measure-
ments on TEM 1 only.



Materials 2022, 15, 1627

26 of 34

3.4.3. Maximum Efficiency

Power output and heat flow results have been used to determine the maximum effi-
ciency of the tested TEM. As can be seen from Figure 12, the absolute standard deviation
of the resulting mean value (RR mean), which was calculated from all data sets, ranges
from 0.4%pts to 0.83%pts within the tested interval of AT. This corresponds to a relative
standard deviation between 21.3% and 25.9% from the mean value. Comparison of the RR
mean values with manufacturer specifications revealed a deviation between 17.6% and
22.3%.
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Figure 12. RR results for the maximum efficiency nmax in dependence on the temperature difference
AT (a). The mean value (RR mean) and the standard deviation (shown by error bars for the RR mean)
have been calculated from all available data sets. For comparison, manufacturer specifications are
plotted. The absolute and relative standard deviations are shown in (b).

Evaluation of all TEM-specific results of the maximum efficiency (Figure 13) leads to
significant standard deviations of 0.5%pts—0.99%pts (TEM 1), 0.48%pts—1.2%pts (TEM 2),
and 0.26%pts—0.46%pts (TEM 3). Omitting results from Lab 10 (TEM 1) and Lab 12 (TEM
2) yields reduced relative standard deviations of the TEM-specific mean values of
0.3%pts—0.28%pts (TEM 1) and 0.44%pts—1.1%pts (TEM 2), respectively. Even with the
omission of data from Lab 10 and Lab 12, relative differences between TEM-specific mean
values of nmax and manufacturer specifications equal 15.1% (TEM 1), 28.1% (TEM 2), and
17.1% (TEM 3).
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Figure 13. RR results for the maximum efficiency nmax versus temperature difference AT shown sep-
arately for TEM1 (a), TEM2 (b), and TEM3 (c). Mean values and standard deviation, displayed as
error bars, have been calculated from all data sets of each TEM. Missing data sets or specification of
efficiency at maximum power as well as manufacturer specifications are indicated. Mean values of
the TEM are compared in (d).

Comparison between TEM-specific RR data on nmax and DLR results obtained by the
reference principle for heat flow determination (Figure S12) shows that only a few labor-
atories (TEM 1: Lab 4 at AT <100 K, TEM 3: Lab 7) obtained results outside the specified
uncertainty budget by DLR. Accordance of the nmax results of the RR and DLR measure-
ments, which are based on the reference principle, is recognized for data from Lab 1, 4,
and 11 (TEM 1) and from Lab 2 and 6 (TEM 3). However, comparing participants’ data for
nmax with DLR results obtained on the basis of heat flow results from the GHP method
reveals that only data from Lab 2 and Lab 6 delivered consistent results within the deter-
mined uncertainty budget u(nmax) of reference principle measurements by DLR. Any co-
incidence between DLR and RR results for nmax is caused most likely by compensation
effects from over- or underestimating measurement results of the power output and the
heat flow, which might partly originate from deviations of temperature conditions due to
different stabilization criteria and different approaches for the compensation of the cur-
rent-dependent Peltier effect on the temperature boundary conditions. The best accord-
ance with DLR results was achieved for data from Lab 4, which kept within the uncer-
tainty budgets of DLR for every tested module measurand.

4. Conclusions

Uncertainty analyses of DLR measurement techniques for the determination of the
power output, the heat flow, and the TEM efficiency were presented. Analyses of standard
deviations and sensitivity coefficients of individual input parameters to the measurement
instruction for Pmax revealed a combined uncertainty 0.27 % < #(Pmax) < 0.54 % (k = 2). The
highest uncertainty contributions to power measurements originate from current meas-
urements, which showed a strong correlation to the temperature difference over the TEM,
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AT. The uncertainty contribution of the current measurement showed maximum values
close to the optimum operation conditions of maximum power output and maximum ef-
ficiency. The combined uncertainty of heat flow measurement by the reference principle
revealed an almost temperature-independent value of u(Q,)~16% (k = 2). It is dominated
by the uncertainty of the thermal conductivity of the HFM, followed by the contribution
of the temperature gradient measurement, which is sensitive to thermal transients, signal
noise, and any violation of the one-dimensionality of heat flow through the HFM.

The combined uncertainty of heat flow measurement by the GHP technique showed
significantly lower uncertainties 0.27% < u(Qy,) < 0.34% (k = 2), which stem from a parasitic
heat exchange within the GHP system between the MH and its guard heaters. This heat
exchange is triggered by the imperfect temperature homogeneity of the guard heater sur-
faces. Mainly, the heat flow from the MH leads to an inevitable temperature drop along
the heat flow path from the MH to the coupling surface of the measuring section, which
does not allow for the perfect thermal guarding of the MH by the guard heaters. However,
despite lower uncertainties of the GHP-based measurement compared to the reference
principle, DLR results showed a deviation between both methods, which scaled linearly
from 5.7% and 8.7% of the nominal heat release by the MH within the tested interval of
AT. This deviation corresponded to and originated from the lateral heat losses of the HFM,
which was located in this study on the hot side of the measuring section between the GHP
block and the TEM. Significantly smaller deviations of 1.5% [49] and 1.14% [51] have been
observed between both methods during previous studies with a cold side HFM instead.
Then, the HFM is operated at a lower mean temperature, which consequently reduces
heat losses to the surroundings in the measurement compartment. Sensitivity coefficients
and standard uncertainties for power output and heat flow were used for the calculation
of individual uncertainty contributions of the module efficiency. The resulting combined
uncertainty of the maximum module efficiency was specified for the reference principle
at u(Mmax) ~ 16% (k= 2) and for GHP-based measurements at 0.37% < u(7max) < 0.64% (k = 2).

The comparison of TEM characterization results from an international RR campaign
with twelve participating laboratories revealed severe deviations of Pmax, Qp,, and fmax,
with maximum standard uncertainties of 27.2% (Pmax), 59.2% (Qyp), and 25.9% (fmax), re-
spectively. These deviations might be partially caused by possible dissimilarities in the
properties of the tested TEM samples. However, analyses of RR results on individual
TEMs confirmed likewise substantial discrepancies and point to significant measurement
uncertainties, major differences in applied measurement conditions (temperatures, pres-
sure, stabilization criteria), or inaccurate evaluation procedures. A comparison between
TEM-specific RR data sets and manufacturer specifications has shown deviations between
12.6% and 46.9%. Only a few laboratories obtained results within the uncertainty budgets
of DLR measurements. A distinct analysis of systematic reasons was not feasible in the
course of the RR due to the lack of detailed information on individual device construction,
applied measurement protocols, and data processing.

It should be stated that this RR test was conducted up to a moderate hot side temper-
ature of 200 °C only. More severe practical difficulties and larger uncertainties can be ex-
pected, particularly for measurements of the heat flow at higher temperatures. Against
the background of the continuous development of high-temperature thermoelectric mod-
ules on the one hand and the outcome of the RR campaign on the other hand, two main
conclusions can be drawn. There is a distinct need for standardization activities in order
to increase the accuracy and confidence level of TEM measurements. High-temperature
TEM reference samples need to be made available, which would allow for the efficient
qualification of characterization methods by determination of their deviations and appar-
ent uncertainty budgets.
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Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/ma15051627/s1, Figure S1: Relative standard deviation of the mean
value of the maximum power output o(Pwmax) calculated from approximated heating and cooling
curves of respective laboratory data sets. o Pwmax) is plotted for each of the three RR samples individ-
ually in an own graph (a—TEM1, b—TEM2, c—TEM3). Every legend reflects the chronological or-
der of the conducted measurements by respective laboratories, Figure S2: Relative standard devia-
tion of the mean value of the incident heat flow o(Qm) calculated from approximated heating and
cooling curves of respective laboratory data sets. o(Qm) is plotted for each of the three RR samples
individually in an own graph (a—TEM1, b—TEM2, c—TEMB3). Every legend reflects the chronolog-
ical order of the conducted measurements by respective laboratories, Figure S3: Relative standard
deviation of the mean value of the maximum efficiency o 7max) calculated from approximated heat-
ing and cooling curves of respective laboratory data sets. o(7max) is plotted for each of the three RR
samples individually in an own graph (a—TEM1, b—TEM2, c—TEMS3). Every legend reflects the
chronological order of the conducted measurements by respective laboratories, Figure S4: Absolute
(left axes) and relative uncertainty (right axes) of power measurement u(P) in dependence of electric
current flow I. The shown uncertainties are displayed in relation to AT at open loop conditions (a.
50 K, b. 75 K, c. 100 K, d. 125 K, e. 150 K) and for a coverage factor k = 1, Figure S5: Uncertainty
contributions (k = 1) of current (a) and voltage (b) measurements to #(P) in dependence of normal-
ized current I. The shown contributions are grouped in relation to AT at open loop conditions, Figure
S6: Uncertainty contributions (k = 1) to u(I) given by uncertainty of current measurement over the
shunt resistor (a) and the uncertainty of the referenced value of the shunt resistor (b) in dependence
of normalized current I. The shown contributions are grouped in relation to AT at open loop condi-
tions, Figure S7: Repetitive measurement (N = 20) of temperature profiles by five thermocouples
within an HFM under nominally stable temperature conditions (AT = 116.9 K) close to conditions of
the optimum current flow for maximum efficiency operation of TEM3 (a). Resulting mean temper-
atures Tmean are transferred to a linear approximation (b) for determination of a best estimate of the
temperature gradient VT and its standard uncertainty u(VT), Figure S8: Uncertainty contributions
(k =1) to the combined uncertainty of heat flow determination according to the reference principle.
The uncertainty of the thermal conductivity (a) of the employed heat flow meter contributes most
compared to the uncertainty contributions of the temperature gradient measurement and the geom-
etry of the heat flow meter (b), Figure S9: The effective thermal conductance Xcuard-cHr between the
metering heater (MH) of the GHP and the guard heater system (a) was obtained from an imbalance
experiment for a GHP temperature range between 373 K < Tmu < 773 K (black squares). The left
figure shows a linear approximation of Xcuard-rr up to 1023 K (blue circles). The maximum temperature
difference along the heat transmission path from the MH to the exit point of the GHP at the begin of the
measuring section (b) was determined experimentally during characterization of TEM3, Figure S10: The
combined uncertainty of the maximum efficiency contains contributions from the power output meas-
urement (a) and heat flow measurement (b). Both contributions have been calculated with measurement
data obtained from the reference principle and the GHP-method. All uncertainty contributions are dis-
played for a coverage factor k =1, Figure S11: RR results for incident heat flow Qmn at conditions of maxi-
mum efficiency operation are shown in dependence of the temperature difference AT. The results are
shown separately for measurements on TEM1 (a—without Lab 10), and TEM3 (b). DLR results show
uncertainties of heat flow measurement (k = 2) as error bars. Specifications of heat flow data from condi-
tions of maximum power output instead of maximum efficiency operation are indicated within the fig-
ures, Figure S12: RR results for the maximum efficiency 7vax are shown in dependence of the temperature
difference AT. The results are shown separately for measurements on TEM1 (a—without Lab 10), and
TEM3 (b). DLR results show uncertainties of efficiency measurement (k = 2) as error bars. Specifications
of underlying heat flow data from conditions of maximum power output instead of maximum efficiency
operation are indicated within the figures, Table S1:Best estimates (mean values), sensitivity coefficients,
and standard uncertainty contributions for determination of the combined uncertainty u(P) for power
output measurement. The analysis is accomplished for every set value of electric current flow and for
different AT, which are related to the temperature differences over the TEM at open loop conditions,
Table S2: Best estimates (mean values), sensitivity coefficients, and standard uncertainty contributions
for determination of the combined uncertainty u(Pumax) for the measurement of maximum power output
Pwax. All values have been derived from parabolic approximations of raw data P(I,t) and averaged values
P(I)Mean. The analysis is accomplished in dependency of AT and evaluated at optimum current flow for
maximum power output. ATemax is indicated accordingly, Table S3: Best estimates (mean values), sensi-
tivity coefficients, and standard uncertainty contributions for determination of the combined uncertainty
u(Qges) of heat flow measurement according to the reference principle. The analysis is accomplished for
conditions of maximum efficiency operation. All values are displayed in dependency of ATqmax.



Materials 2022, 15, 1627 30 of 34

Author Contributions: Conceptualization, P.Z. and E.M.; Data curation, P.B.; Formal analysis, P.Z.,
P.B. and B.R,; Funding acquisition, P.Z., B.R., S.P. and E.M.; Investigation, P.Z., P.B. and B.R.; Meth-
odology, P.Z. and E.M.; Project administration, P.Z., B.R., S.P. and E.M.; Resources, P.Z., B.R. and
E.M.; Supervision, P.Z. and E.M.; Validation, P.Z. and P.B.; Visualization, P.Z., P.B. and S.P.; Writ-
ing—original draft, P.Z., B.R. and E.M.; Writing—review and editing, P.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: Financial support is gratefully acknowledged for the project “Thermoelectric Standardi-
zation for High Temperatures” (TEST-HT, grant number 03VP04401), which was granted by the
German Federal Ministry of Education and Research. Further financial support from the Energy
Efficiency & Resource Core Technology Program of the Korea Institute of Energy Technology Eval-
uation and Planning (KETEP) was granted by the Ministry of Trade, Industry & Energy (MOTIE),
Republic of Korea (grant number 20188550000290).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the manuscript and
Supplementary Information of the article.

Acknowledgments: The authors thank all participants of the round robin campaign for their sup-
port and collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Rodriguez, R.; Preindl, M.; Cotton, J.S.; Emadi, A. Review and Trends of Thermoelectric Generator Heat Recovery in Automo-
tive Applications. IEEE Trans. Veh. Technol. 2019, 68, 5366. https://doi.org/10.1109/TVT.2019.2908150.

2. Heghmanns, A.; Wilbrecht, S.; Beitelschmidt, M.; Geradts, K. Parameter Optimization and Operating Strategy of a TEG System
for Railway Vehicles. J. Electron. Mater. 2016, 45, 1633. https://doi.org/10.1016/j.matpr.2015.05.098.

3. Kiristiansen, N.R.; Snyder, G.J.; Nielsen, H.K.; Rosendahl, L. Waste Heat Recovery from a Marine Waste Incinerator Using a
Thermoelectric Generator. J. Electron. Mater. 2012, 41, 1024. https://doi.org/10.1007/s11664-012-2009-6.

4. Singh, D.V,; Pedersen, E. A review of waste heat recovery technologies for maritime applications. Energy Convers. Manag. 2016,
111, 315. https://doi.org/10.1016/j.enconman.2015.12.073.

5. Ebling, D.G.; Krumm, A.; Pfeiffelmann, B.; Gottschald, J.; Bruchmann, J.; Benim, A.C.; Adam, M.; Labs, R.; Herbertz, R.R. De-
velopment of a System for Thermoelectric Heat Recovery from Stationary Industrial Processes. |. Electron. Mater. 2016, 45, 3433.
https://doi.org/10.1007/s11664-016-4511-8.

6. Wang, C; Tang, S.; Liu, X.; Su, G.H,; Tian, W.; Qiu, S. Experimental study on heat pipe thermoelectric generator for industrial
high temperature waste heat recovery. Appl. Therm. Eng. 2020, 175, 115299. https://doi.org/10.1016/j.ap-
plthermaleng.2020.115299.

7. Champier, D. Thermoelectric generators: A review of applications. Energy Convers. Manag. 2017, 140, 167.
https://doi.org/10.1016/j.enconman.2017.02.070.

8.  Rowe, D.M. General principles and basic considerations; Chapter 1; In Thermoelectric Handbook—Macro to Nano; Rowe, D.M.,
Ed.; Taylor & Francis Group: Boca Raton, FL, USA, 2006; p. 1-15. https://doi.org/10.1201/9781420038903.sec1.

9.  Zabrocki, CK.; Goupil, H.; Ouerdane, Y.; Apertet, W.; Seifert, M.E. Continuum Theory and Modeling of Thermoelectric Elements;
Goupil, C., Ed.; Wiley-VCH: Berlin, Germany, 2016; pp. 84-90.

10. Ioffe, A.F,; Stilbans, L.S.; Iordanishvili, E.K.; Stavitskaya, T.S.; Gelbtuch, A.; Vineyard, G. Semiconductor Thermoelements and
Thermoelectric Cooling. Phys. Today 1959, 12, 42.

11. Kajikawa, T. Overview of Thermoelectric Power Generation Technologies in Japan, in Thermoelectrics Application Meeting of
the U.S. Office of Energy Efficiency and Renewable Energy. Available online: https://www1.eere.energy.gov/vehiclesand-
fuels/pdfs/thermoelectrics_app_2011/tuesday/kajikawa.pdf (accessed on 17 June 2021).

12.  Hi-Z. Available online: https://hi-z.com/products/ (accessed on 17 June 2021).

13. II-VI Marlow. Available online: https://www.marlow.com/products/power-generators/thermoelectric-generator-teg-modules
(accessed on 17 June 2021).

14. Kryotherm. Available online: http://kryothermtec.com/thermoelectric-modules-for-power-generation.html (accessed on 17
June 2021).

15. Komatsu. Available online: https://www kelk.co.jp/english/products/generation.html (accessed on 17 June 2021).

16. Evonik. Available online: https://www.espryx.com/product/thermoelectric-generators/en/ (accessed on 17 June 2021).

17.  Thermonamic. Available online: http://www.thermonamic.com/products.asp?cid=384 (accessed on 17 June 2021).



Materials 2022, 15, 1627 31 of 34

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hachiuma, H. Activities and future vision of komatsu thermo modules. In Proceedings of the 5th European Conference on
Thermoelectrics, Odessa, Ukraine, 10-12 September 2007. Available online: http://ect2007.thermion-com-
pany.com/ect2007.its.org/system/files/ul/pdf/01.pdf (accessed on 17 June 2021).

Zheng, Y.; Tan, X.J.; Wan, X,; Cheng, X.; Liu, Z.; Yan, Q. Thermal Stability and Mechanical Response of Bi»Tes-Based Materials
for Thermoelectric Applications. ACS Appl. Energy Mater. 2020, 3, 2078-2089. https://doi.org/10.1021/acsaem.9b02093.

Lee, D.M.,; Lim, C.H.; Cho, D.C; Lee, Y.S.; Lee, C.H. Effects of annealing on the thermoelectric and microstructural properties
of deformed n-type Bi2Te3-based compounds. |. Electron. Mater. 2006, 35, 360. https://doi.org/10.1007/BF02692457.

Zhao, L.D.; Zhang, B.-P.; Liu, W.S.; Zhang, H.L.; Li, ].-F. Effects of annealing on electrical properties of n-type Bi2Te3 fabricated
by mechanical alloying and spark plasma sintering. J. Alloys Compd. 2009, 467, 91-97. https://doi.org/10.1016/]jall-
com.2007.12.063.

Yamashita, O.; Tomiyoshi, S. High performance n-type bismuth telluride with highly stable thermoelectric figure of merit. J.
Appl. Phys. 2004, 95, 6277. https://doi.org/10.1063/1.1712013.

Chen, S.; Cai, K.F,; Li, F.Y,; Shirley, S.Z. The Effect of Cu Addition on the System Stability and Thermoelectric Properties of
Bi2Tes. J. Electron. Mater. 2013, 43, 1966-1971. https://doi.org/10.1007/s11664-013-2928-x.

Lognoné, Q.; Gascoin, F. Reactivity, stability and thermoelectric properties of n-Bi2Te3 doped with different copper amounts.
J. Alloys Compd. 2014, 610, 1-5. https://doi.org/10.1016/j.jallcom.2014.04.166.

He, W.; Zhang, G.; Zhang, X.; Ji, ].; Li, G.; Zhao, X. Recent development and application of thermoelectric generator and cooler.
Appl. Energy 2015, 143, 1-25. https://doi.org/10.1016/j.apenergy.2014.12.075.

Chen,Y.; Hou, X.; Ma, C.; Dou, Y.; Wu, W. Review of Development Status of Bi2Tes-Based Semiconductor Thermoelectric Power
Generation. Adv. Mater. Sci. Eng. 2018, 2018, 1210562. https://doi.org/10.1155/2018/1210562.

Salvador, J.R.; Cho, J.Y.; Ye, Z.; Moczygemba, J.E.; Thompson, A.J.; Sharp, J.W.; Konig, ].D.; Maloney, R.; Thompson, T.; Sa-
kamoto, J.; et al. Thermal to Electrical Energy Conversion of Skutterudite-Based Thermoelectric Modules. ]. Electron. Mater.
2013, 42, 1389. https://doi.org/10.1007/s11664-012-2261-9.

Ochi, T.; Nie, G.; Suzuki, S.; Kikuchi, M.; Ito, S.; Guo, ].Q. Power-Generation Performance and Durability of a Skutterudite
Thermoelectric Generator. J. Electron. Mater. 2014, 43, 2344. https://doi.org/10.1007/s11664-014-3060-2.

Garcia-Canadas, J.; Powell, A.V; Kaltzoglou, A.; Vaqueiro, P.; Min, G. Fabrication and Evaluation of a Skutterudite-Based Ther-
moelectric Module for High-Temperature Applications. J. Electron. Mater. 2013, 42, 1369. https://doi.org/10.1007/s11664-012-
2241-0.

Bartolomé, K.; Balke, B.; Zuckermann, D.; Kohne, M.; Miiller, M.; Tarantik, K.; Kénig, J. Thermoelectric Modules Based on Half-
Heusler Materials Produced in Large Quantities. J. Electron. Mater. 2014, 43, 1775. https://doi.org/10.1007/s11664-013-2863-x.
TEC TEG MEFR. Available online: https://thermoelectric-generator.com/teg-cascade-800c-hot-side-thermoelectric-power-mod-
ules (accessed on 17 June 2021).

Novus Energy Technologies. Available online: http://www.novusenergytechnologies.com/technologies/power_genera-
tion.html (accessed on 17 June 2021).

Kryotherm. Available online: http://kryothermtec.com/medium-temperature-generating-modules-mars-series.html (accessed
on 17 June 2021).

Joshi, G.; Poudel, B. Efficient and Robust Thermoelectric Power Generation Device Using Hot-Pressed Metal Contacts on
Nanostructured Half-Heusler Alloys. |. Electron. Mater. 2016, 45, 6047. https://doi.org/10.1007/s11664-016-4692-1.

Zhang, Q.; Liao, J.; Tang, Y.; Gu, M.; Ming, C.; Qiu, P.; Bai, S.; Uher, C.; Chen, L. Realizing a thermoelectric conversion efficiency
of 12% in bismuth telluride/skutterudite segmented modules through full-parameter optimization and energy-loss minimized
integration. Energy Environ. Sci. 2017, 10, 956. https://doi.org/10.1039/C7EE00447H.

Mackey, J.; Dynys, F.; Sehirlioglu, A. Uncertainty analysis for common Seebeck and electrical resistivity measurement systems.
Rev. Sci. Instrum. 2014, 85, 085119. https://doi.org/10.1063/1.4893652.

Lenz, E.; Edler, F.; Ziolkowski, P. Traceable Thermoelectric Measurements of Seebeck Coefficients in the Temperature Range
from 300 K to 900 K. Int. ]. Thermophys. 2013, 34, 1975-1981. https://doi.org/10.1007/s10765-013-1516-x.

Jacquot, A.; Pernau, H.-F.; Konig, J.; Nussel, U.; Bartel, M.; Ebling, D.; Jagle, M. Measurement uncertainties in thermoelectric
materials. In Proceedings of the 8th European Conference on Thermoelectrics, Como, Italy, 22 September 2010. Available online:
http://docs.google.com/folder/d/0Bzub7mUISXF3NjcyNWFiIM2MtODQzMC00YmZhLWJIMTMtY-
TewM2QxMjBhZjQx/edit?num=50&sort=name&layout=grid&pli=1 (accessed on 17 June 2021).

Miers, C.; Marconnet, A. Uncertainty quantification for a high temperature Z-meter characterization system. In Proceedings of
the 17th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), San
Diego, CA, USA, 29 May-1 June 2018; pp. 572-581. https://doi.org/10.1109/ITHERM.2018.8419511.

Ziolkowski, P.; Stiewe, C.; de Boor, J.; Druschke, I.; Zabrocki, K.; Edler, F.; Haupt, S.; Kénig, ].; Miiller, E. Iron Disilicide as High-
Temperature Reference Material for Traceable Measurements of Seebeck Coefficient Between 300 K and 800 K. J. Electron. Mater.
2017, 46, 51. https://doi.org/10.1007/s11664-016-4850-5.

Lowhorn, N.; Wong-Ng, W.; Lu, Z.; Martin, ].; Green, M.; Bonevich, J.; Thomas, E.; Dilley, N.; Sharp, ]. Development of a Seebeck
coefficient Standard Reference Material. J. Mater. Res. 2011, 26, 1983. https://doi.org/10.1557/jmr.2011.118.

Borup, K.A.; de Boor, J.; Wang, H.; Drymiotis, F.; Gascoin, F.; Shi, X.; Chen, L.; Fedorov, M.L;; Miiller, E.; Iversen, B.B.; et al.
Measuring  thermoelectric ~ transport  properties of  materials.  Energy  Environ.  Sci. 2015, 8,  423.
https://doi.org/10.1039/C4EE01320D.



Materials 2022, 15, 1627 32 of 34

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Martin, J.; Tritt, T.; Uher, C. High temperature Seebeck coefficient metrology. J. Appl. Phys. 2010, 108, 121101.
https://doi.org/10.1063/1.3503505.

Wang, H.; Porter, W.D.; Béttner, H.; Konig, J.; Chen, L.; Bai, S.; Tritt, T.M.; Mayolet, A.; Senawiratne, J.; Smith, C.; et al. Transport
Properties of Bulk Thermoelectrics — An International Round-Robin Study, Part I: Seebeck Coefficient and Electrical Resistivity.
J. Electron. Mater. 2013, 42, 654. https://doi.org/10.1007/s11664-012-2396-8.

Wang, H.; Bai, S.; Chen, L.; Cuenat, A.; Joshi, G.; Kleinke, H.; Konig, J.; Lee, H.W.; Martin, J.; Oh, M.-W_; et al. International
Round-Robin Study of the Thermoelectric Transport Properties of an n-Type Half-Heusler Compound from 300 K to 773 K. J.
Electron. Mater. 2015, 44, 4482. https://doi.org/10.1007/s11664-015-4006-z.

Lowhorn, N.D.; Wong-Ng, W.; Zhang, W.; Lu, Z.Q.; Otani, M.; Thomas, E.; Green, M.; Tran, T.N.; Dilley, N.; Ghamaty, S.; et al.
Round-robin measurements of two candidate materials for a Seebeck coefficient Standard Reference Material. Appl. Phys. A
2009, 94, 231. https://doi.org/10.1007/s00339-008-4876-5.

Alleno, E.; Bérardan, D.; Byl, C.; Candolfi, C.; Daou, R.; Decourt, R.; Guilmeau, E.; Hébert, S.; Hejtmanek, ]J.; Lenoir, B.; et al. A
round robin test of the uncertainty on the measurement of the thermoelectric dimensionless figure of merit of Co097Nio.03Sbs.
Rev. Sci. Instrum. 2015, 86, 011301. https://doi.org/10.1063/1.4905250.

Chetty, R.; Nagase, K.; Aihara, M.; Jood, P.; Takazawa, H.; Ohta, M.; Yamamoto, A. Mechanically durable thermoelectric power
generation module made of Ni-based alloy as a reference for reliable testing. Appl. Energy 2020, 260, 114443.
https://doi.org/10.1016/j.apenergy.2019.114443.

Ziolkowski, P.; Chetty, R.; Blaschkewitz, P.; Ohta, M.; Yamamoto, A.; Miiller, E. Inter-Laboratory Testing for High Temperature
Power Generation Characteristics of a Ni-Based Alloy Thermoelectric Module. Energy Technol. 2020, 8, 2000557.
https://doi.org/10.1002/ente.202000557.

BIPM; IEC; IFCC; ILAG; ISO; IUPAC; IUPAP; OIML. Guide to the Expression of Uncertainties in Measurement. Joint Committee
for Guides in Metrology 100:2008, GUM 1995 with Minor Corrections. Available online: https://www.bipm.org/docu-
ments/20126/2071204/JCGM_100_2008_E.pdf/cb0Oef43f-baa5-11cf-3{85-4dcd86{77bd6 (accessed on 17 June 2021).

Ziolkowski, P.; Blaschkewitz, P.; Miiller, E. Heat Flow Measurement as a key to Standardization of Thermoelectric Generator
Module Metrology: A Comparison of reference and absolute Techniques. Measurement 2021, 167, 108273.
https://doi.org/10.1016/j.measurement.2020.108273.

Ziolkowski, P.; Blaschkewitz, P.; Miiller, E. Validation of commercial Bi2Tes-based thermoelectric generator modules for appli-
cation as metrological reference samples. Measurement 2021, 177, 109247. https://doi.org/10.1016/j.measurement.2021.109247.
Marchi, A.D.; Giaretto, V. An accurate new method to measure the dimensionless figure of merit of thermoelectric devices
based on the complex impedance porcupine diagram. Rev. Sci. Instrum. 2011, 82, 104904. https://doi.org/10.1063/1.3656074.
Iwasaki, H.; Yokoyama, S.; Tsukui, T.; Koyano, M.; Hori, H.; Sano, S. Evaluation of the Figure of Merit of Thermoelectric Mod-
ules by Harman Method. Jpn. |. Appl. Phys. 2003, 42, 3707. https://doi.org/10.1143/JJAP.42.3707.

Wang, H.; McCarty, R.; Salvador, J.R.; Yamamoto, A.; Konig, J. Determination of thermoelectric module efficiency: A survey. J.
Electron. Mater. 2014, 43, 2274. https://doi.org/10.1007/s11664-014-3044-2.

Min, G.; Rowe, D.M.; Kontostavlakis, K. Thermoelectric figure-of-merit under large temperature differences. J. Phys. D Appl.
Phys. 2004, 37, 1301-1304.

Zabrocki, K. Continuum theory of TE elements. In Continuum Theory and Modeling of Thermoelectric Elements; Goupil, C., Eds.;
Wiley-VCH: Berlin, Germany, 2016, pp. 1-74. ISBN 9783527413379.

Ryu, B.; Chung, J.; Park, S. Thermoelectric degrees of freedom determining thermoelectric efficiency. Iscience 2021, 24, 102934.
https://doi.org/10.1016/j.isci.2021.102934.

Armstrong, H.; Boese, M.; Carmichael, C.; Dimich, H.; Seay, D.; Sheppard, N.; Beekman, M. Estimating Energy Conversion
Efficiency of Thermoelectric Materials: Constant Property Versus Average Property Models. J. Electron. Mater. 2017, 46, 6.

Kim, H.S,; Liu, W.; Chen, G.; Chu, C.-W.; Ren, Z. Relationship between thermoelectric figure of merit and energy conversion
efficiency. Proc. Natl. Acad. Sci. USA 2015, 112, 8205.

GroS3, E.; Riffel, M.; Stohrer, U. Thermoelectric generators made of FeSi: and HMS: Fabrication and measurement. |. Mater. Res.
1995, 10, 34-40.

Miiller, E.; Bruch, J.U.; Schilz, J. TE generator test facility for low resistance single elements. In Proceedings of the International
Conference on Thermoelectrics, Nagoya, Japan, 24-28 May 1998; pp. 441-444.

Takazawa, H.; Obara, H.; Okada, Y.; Kobayashi, K.; Onishi, T.; Kajikawa, T. Efficiency measurement of thermoelectric modules
operating in the temperature difference of up to 550 K. In Proceedings of the 25th International Conference on Thermoelectrics,
Vienna, Austria, 6-10 August 2006; pp. 189-192. https://doi.org/10.1109/ICT.2006.331330.

ASTM E1225-13 —Standard Test Method for Thermal Conductivity of Solids Using the Guarded-Comparative-Longitudinal
Heat Flow Technique. ASTM International: West Conshohocken, PA, USA, 2020.

Tye, R.P. The measurement of thermal conductivity by the comparative method. In Compendium of Thermophysical Property Meas-
urement Methods: Volume 2 Recommended Measurement Techniques and Practices; Magli¢, K.D., Cezairliyan, A., Peletsky, V.E., Eds.;
Springer: Boston, MA, USA, 1992; pp. 77-97.

Chiba, H.; Ogushi, T.; Nakajima, H.; Torii, K.; Tomimura, T.; Ono, F. Steady state comparative-longitudinal heat flow method
using specimen of different thicknesses for measuring thermal conductivity of lotus-type porous metals. J. Appl. Phys. 2008, 103,
013515. https://doi.org/10.1063/1.2830843.



Materials 2022, 15, 1627 33 of 34

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Zhao, D.; Qian, X,; Gu, X,; Jajja, S.A.; Yang, R. Measurement Techniques for Thermal Conductivity and Interfacial Thermal
Conductance of Bulk and Thin Film Materials. J. Electron. Packag. 2016, 138, 040802. https://doi.org/10.1115/1.4034605.

Eivari, H.A.; Sohbatzadeh, Z.; Mele, P.; Assadi, M.H.N. Low thermal conductivity: Fundamentals and theoretical aspects in
thermoelectric applications. Mater. Today Energy 2021, 21, 100744. https://doi.org/10.1016/j.mtener.2021.100744.

National Physical Laboratory. Available online: https://www.npl.co.uk/products-services/advanced-materials/thermal-conduc-
tivity (accessed on 17 June 2021).

Populoh, S.; Trottmann, M.; Brunko, O.C.; Thiel, P.; Weidenkaff, A. Construction of a high temperature TEG measurement
System for the evaluation of thermoelectric oxide modules. Funct. Mater. Lett. 2013, 6, 1340012.
https://doi.org/10.1142/51793604713400122.

Hejtmanek, J.; Knizek, K.; Svejda, V.; Horna, P.; Sikora, M. Test System for Thermoelectric Modules and Materials. ]. Electron.
Mater. 2014, 43, 3726-3732. https://doi.org/10.1007/s11664-014-3084-7.

Koenig, ].D.; Nussel, U.; Bartel, M.; Vetter, U. Complete Thermoelectric Generator Performance Measurement. MRS Online Proc.
Libr. 2009, 1218, 410 https://doi.org/10.1557/PROC-1218-Z04-10.

Man, E.A.; Schaltz, E.; Rosendahl, L.; Rezaniakolaei, A.; Platzek, D. A High Temperature Experimental Characterization Proce-
dure for Oxide-Based Thermoelectric Generator Modules under Transient Conditions. Energies 2015, 8, 12839-12847.
https://doi.org/10.3390/en81112341.

Chien, H.C; Chu, E.T,; Hsieh, H.L.; Huang, J.Y.; Wu, S.T.; Dai, M.].; Liu, C.K,; Yao, D.J. Evaluation of Temperature-Dependent
Effective Material Properties and Performance of a Thermoelectric Module. J. Electron. Mater. 2013, 42, 2362-2370.
https://doi.org/10.1007/s11664-012-2456-0.

National Institute of Standards and Technology. Available online: https://www-s.nist.gov/srmors/view_detail.cfm?srm=8420
(accessed on 22 June 2021).

Short, J.; D’ Angelo, ].; Downey, A.; Pajor, M.; Timm, E.; Schock, H.; Kanatzidis, M.; Hogan, T. Characterization of Thermoelectric
Power Generation Modules Made from New Materials. MRS Proc. 2005, 886, 0886-F08-09. https://doi.org/10.1557/PROC-0886-
F08-09.

Sweet, ].N.; Roth, E.P.; Moss, M. Thermal conductivity of Inconel 718 and 304 stainless steel. Int. J. Thermophys. 1987, 8, 593-606.
https://doi.org/10.1007/BF00503645.

Lide, D.R. Handbook of Chemistry and Physics, 79th ed.; CRC Press LLC: New York, NY, USA, 1998-1999; pp. 12-193.

Sugawara, A. The Precise Determination of thermal conductivity of fused quartz. . Appl. Phys. 1968, 39, 5994-5997.
https://doi.org/10.1063/1.1656103.

ISO 8302:1991. Thermal Insulation —Determination of Steady-State Thermal Resistance and Related Properties —Guarded Hot
Plate Apparatus; International Organization for Standardization: Geneva, Switzerland, 1991.

ASTM C177-19. Standard Test Method for Steady-State Heat Flux Measurements and Thermal Transmission Properties by
Means of the Guarded-Hot-Plate Apparatus; ASTM International: West Conshohocken, PA, USA, 2019.
https://doi.org/10.1520/C0177-19.

Woodside, W. Analysis of errors due to edge heat loss in guarded hot plates. In Symposium on Thermal Conductivity Measurements
and Applications of Thermal Insulations; ASTM International: West Conshohocken, PA, USA, 1957; pp. 49-64.
https://doi.org/10.1520/STP43656S.

Pratt, A.W. Analysis of error due to edge heat loss in measuring thermal conductivity by the hot plate method. . Sci. Instrum.
1962, 39, 63-68.

Hemminger, W.; Jugel, R. A guarded hot-plate apparatus for thermal conductivity measurements over the temperature range
=75 to0 200 °C. Int. ]. Thermophys. 1985, 6, 483—-498. https://doi.org/10.1007/BF00508892.

Hammerschmidt, U. Guarded Hot-Plate (GHP) Method: Uncertainty Assessment. Int. ]. Thermophys. 2002, 23, 1551-1570.
https://doi.org/10.1023/A:1020737900473.

Flynn, D.R.; Zarr, R.R.; Hahn, M.H.; Healy, W.M. Design concepts for a new guarded hot plate apparatus for use over an ex-
tended temperature range. In Insulation Materials: Testing and Applications: 4th Volume, ASTM STP 1426; Desjarlais, A.O., Zarr,
R.R., Eds.; ASTM International: West Conshohocken, PA, USA, 2002.

Yao, K,; Zheng, H.; Liu, Y.; Meng, X.; Zhou, Y.; Wang, X.,; Wang, K.; Wang, Q. Calibration Method and Uncertainty Assessment
of a High-Temperature GHP Apparatus. Int. J. Thermophys. 2018, 39, 1-17 https://doi.org/10.1007/s10765-017-2349-9.

GHP 456-Titan. Website of the Manufacturer Netzsch Gerdtebau GmbH. Available online: https://www.netzsch-thermal-anal-
ysis.com/en/products-solutions/thermal-conductivity/ghp-456-titan/ (accessed on 21 June 2021).

Thermal Conductivity Test Tool A-Meter EP500e. Website of the Manufacturer Lambda-Mefitechnik GmbH. Available online:
https://www.lambda-messtechnik.de/en/thermal-conductivity-test-tool-ep500e/lambda-meter-ep500-characteristics (accessed
on 21 June 2021).

Fox 600 GHP. Website of the Manufacturer TA Instruments. Available online: https://www.tainstruments.com/ghp-600/ (ac-
cessed on 21 June 2021).

Liao, M.; He, Z,; Jiang, C.; Fan, X; Li, Y.; Qi, F. A three-dimensional model for thermoelectric generator and the influence of
Peltier effect on the performance and heat transfer. Appl. Therm. Eng. 2018, 133, 493-500. https://doi.org/10.1016/j.ap-
plthermaleng.2018.01.080.

Montecucco, A.; Buckle, J.; Siviter, J.; Knox, A.R. A New Test Rig for Accurate Nonparametric Measurement and Characteriza-
tion of Thermoelectric Generators. |. Electron. Mater. 2013, 42, 1966-1973. https://doi.org/10.1007/s11664-013-2484-4.



Materials 2022, 15, 1627 34 of 34

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Sandoz-Rosado, E.; Stevens, R.J. Experimental Characterization of Thermoelectric Modules and Comparison with Theoretical
Models for Power Generation. J. Electron. Mater. 2009, 38, 1239-1244. https://doi.org/10.1007/s11664-009-0744-0.

Zybala, R.; Schmidt, M.; Kaszyca, L.; Ciupinski, L.; Kruszewski, ].; Pietrzak, K. Method and Apparatus for Determining Opera-
tional Parameters of Thermoelectric Modules. J. Electron. Mater. 2016, 45, 5223-5231. https://doi.org/10.1007/s11664-016-4712-1.
Hu, X.; Nagase, K.; Jood, P.; Ohta, M.; Yamamoto, A. Power Generation Evaluated on a Bismuth Telluride Unicouple Module.
J. Electron. Mater. 2015, 44, 1785-1790. https://doi.org/10.1007/s11664-014-3556-9.

Anatychuk, L.I; Havrylyuk, M.V. Procedure and Equipment for Measuring Parameters of Thermoelectric Generator Modules.
J. Electron. Mater. 2011, 40, 1292-1297. https://doi.org/10.1007/s11664-011-1619-8.

Kwon, S.; Kim, Y.-G.; Lee, S.; Kim, J.C. Measurement of the figure-of-merit of thermoelectric devices. In Proceedings of the XX
IMEKO World Congress Metrology for Green Growth, Busan, Korea, 9-14 September 2012. https://www.imeko.org/publica-
tions/wc-2012/IMEKO-WC-2012-551-O2.pdf (accessed on 23 June 2021).

Rauscher, L.; Kaibe, H.T.; Ishimabushi, H.; Sano, S.; Muller, E.W.; Platzek, D. New approach for highly accurate efficiency de-
termination of thermoelectric generator modules. In Proceedings of the ICT 2003, 22nd International Conference on Thermoe-
lectrics, La  Grande Motte, France, 17-21 Agust 2003; pp. 508-511; IEEE Cat. No.03TH8726.
https://doi.org/10.1109/ICT.2003.1287560.

Rauscher, L.; Fujimoto, S.; Kaibe, H.T.; Sano, S. Efficiency determination and general characterization of thermoelectric genera-
tors using an absolute measurement of the heat flow. Meas. Sci. Technol. 2005, 16, 1054. https://doi.org/10.1088/0957-
0233/16/5/002.

Anatychuck, L.I; Kuz, R.V. Materials for Vehicular Thermoelectric Generators. J. Electron. Mater. 2012, 41, 1778-1784.
https://doi.org/10.1007/s11664-012-1982-0.

Clark, J.; Tye, R. Thermophysical properties reference data for some key engineering alloys. High Temp.-High Press. 2003, 35, 1-
14. https://doi.org/10.1068/htjr087.

Weisstein, E.W. Gaussian Function From MathWorld-A Wolfram Web Resource. Available online: https://mathworld.wolf-
ram.com/GaussianFunction.html (accessed on 16 February 2022).

Haésselbarth, W. BAM-Leitfaden zur Ermittlung von Messunsicherheiten bei Quantitativen Priifergebnissen—1. Fassung Mirz 2004;
Wirtschaftsverlag NW: Bremerhaven, Germany, 2004; pp. 1-52. Available online: http://d-nb.info/991763459 (accessed on 17
June 2021).

Isabellenhiitte PBV Product Brochure. Available online: https://www.isabellenhuette.de/fileadmin/Daten/Praezision-
swiderstaende/IHH_Bauelementebroschuere_dt.pdf (accessed on 6 July 2021).



