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Thermoelectric (TE) devices operate under large temperature differences, but material property
measurements are typically accomplished under small temperature differences. Because of the
issues associated with forming proper contact between the test sample and the electrodes and the
control of heat flux, there are very few reports on large temperature difference measurements.
Therefore, practically relevant performance parameters of a device, namely, power output and
efficiency, are estimated by temperature averaging of material properties, whose accuracy is rarely
validated by experimental investigations. To overcome these issues, we report an apparatus that
has been designed and assembled to measure the TE properties - Seebeck coefficient, electrical
conductivity, thermal conductivity, and power output and efficiency of a single thermoelectric
material sample over large temperature gradients. The sample holder — a unique feature of this
design, lowers the contact resistance between the sample and the electrodes, allowing for more
accurate estimates of the sample’s properties. Measurements were performed under constant
temperature differences (CTD) ranging from 50 K to 300 K with the hot side reaching 673 K on a

metallized Mg2Sio3Sno.7 leg synthesized in the laboratory. To simulate practical operating
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conditions of a continuously loaded generator, continuous current flow measurements were also
performed under large temperature differences. The temperature-averaged TE properties from
standard low temperature difference measurements and the experimental TE properties agree with
each other indicating that the designed setup is reliable for measuring various thermoelectric
generator properties of single TE legs when subjected to temperature gradients between 50 K and

300 K.
I. INTRODUCTION

Thermoelectric (TE) devices convert heat energy into electrical energy and vice versa without
any moving parts. They are noise-free, reliable and environment-friendly. However, their
commercial usage is not as widespread as their advantages would suggest. This is in part due to
their low efficiency!, which is limited by the Carnot efficiency 7c = (TH — Tc)/Tw with Th and Tc
being the hot and the cold side temperature at the TE device. Additionally, physical properties of
the TE materials limit the maximum conversion efficiency 7nmax by another factor which is a
function of the figure of merit zT = (&2 - 6 / k) - Tm, defined with respect to the temperature interval
of operation and its mean temperature Tm = (Tn — Tc)/2 and averaged values of the Seebeck
coefficient «, and the electrical and thermal conductivity o and x, respectively. Without
consideration of electrical and thermal contact resistances and influences of other device

components TE conversion efficiency for a single leg is given by:

Ty—Tc V1+zT-1
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In order to increase device efficiency efforts are concentrated at finding new materials with high

ZT, improving existing materials and lowering the contact resistances between the TE legs and the



electrodes. All of these tasks require accurate measurements of the aforementioned TE properties.
But material testing is normally done under low temperature differences of only a few K, while a
device typically operates under hundreds of K temperature difference. Usually temperature
averaging of material properties is used to approximate high temperature gradient properties and
to conclude on effective operation parameters of TE devices by using such averages in constant
property models (CPM) allowing for an analytical solution of the thermoelectric heat balance
equation®. Depending on the method of averaging it is possible to get different values for the same
property because material properties are functions of temperature. This makes it difficult to choose
the best method although attempts have been made®* to make theoretical averaging more accurate.
However, experimental verification of results obtained from averaging methods is missing due to
the lack of equipment capable of performing high temperature gradient characterization on
materials. The need for such measurements becomes especially critical because good TE materials
are identified on the basis of maximum zT, which given its low temperature gradient nature of
measurement and estimation is not sufficient to determine the goodness of a TE material in

practical applications.

One major issue associated with measuring the electrical and thermal signals accurately at the
sample at high temperatures is creating minimally invasive thermal and electrical contacts between
the sample and measurement probes. Generally, measurements on TE modules under large
temperature gradients are performed with the electrical connections soldered onto the cold side.
But single leg measurements require the measuring probes to be on either side of the leg and at
high temperatures a generic solder simply will not hold up. While a two-point probing
configuration® for tapping of electric signals requires low contact resistance so that the properties

being measured are close to the material properties, four-point probing methods’ can be applied to



overcome the influence of electric contact resistances on measured properties. Another problem
associated with large temperature gradient measurements is the cold finger effect® ®, which creates
a temperature gradient across the thermocouple tip-sample interface and typically results in an
underestimation of the temperature difference measured across a TE material leading to an
overestimation of the measured Seebeck coefficient. The origin of the cold finger effect is given
by an asymmetric parasitic heat flow across the sensor-sample interface. This heat flow scales with
the temperature difference between the sensing point and the background temperature of signal
leads. The temperature difference measurement is principally not affected by the cold finger effect,
as long as the associated temperature drop is equal for all sensor interfaces. Due to similar
temperatures at sensing points this can be controlled for small thermal gradient experiments to a
certain extent by sophisticated constructions for sample holders involving a thermal anchorage of
sensing leads. Characterization of TE materials at high thermal gradient inherently involves a
higher asymmetry of temperature differences along the sensing leads and therefore can yield to a
potentially increased impact of the cold finger effect ® 1°. The measurement of the thermal
conductivity is affected by the accuracy of temperature measurements likewise. Besides the cold
finger effect, measurements of the thermal conductivity suffer from parasitic heat losses along the
measurement configuration, which scale with the temperature difference between the sample and

its surrounding, effectively impeding a precise characterization at elevated temperatures.

Experimental setups, which have tested'! 2 bismuth telluride legs, have been reported with
maximum temperature difference in the 150 K-160 K range. Zhu and Ren ** have designed a setup,
employing the four probe technique, in which the electrodes are mechanically pressed onto the
single leg thereby bypassing the need to form bonded contacts, and reported measurements with a

temperature difference of ~420 K. However, they perform power output and heat flow



measurements separately, i.e. heat flow measurements are performed without the electrodes. Thus,
power output and efficiency are measured under different conditions. Also, it must be noted that
any practical application will need contacted TE legs. Thus, a setup which tests contacted legs is
advantageous for a realistic prediction of performance under application-oriented conditions. As a
corollary, the setup can also be used while developing contacts for various TE materials as the
contact resistance can be characterized using this setup (with appropriate reference data for the
electric conductivity of the employed TE material). Additionally, measurement on a contacted leg

can provide more realistic input for Finite Element Method (FEM) simulations of modules.

In this work, an experimental setup has been designed and assembled which has been tested for
a temperature difference of ~300 K with the hot side reaching ~673 K. The setup measures all
relevant TE material properties- a, o, x, and the power output (Pout) and efficiency (») under large
temperature gradients. A novel feature of the design is the sample holder which does not require
soldering of the electrodes, but can be used for testing of contacted legs at high temperatures and

allows for simultaneous measurements of electrical properties and heat flow.

Testing was carried on a metallized n-type Mg2Sio3Sno.7 (Bi-doped) which is a low cost,
environment-friendly and high zT TE material**®. To simulate practical working conditions
steady state and transient measurements of power output and efficiency were carried out.
Reference values for measurands have been calculated from temperature averaging of TE material
properties, which were obtained from standard low temperature gradient measurements. The
investigation reveals a good agreement between the reference and experimental values measured

under large temperature gradients.

II.EXPERIMENTAL SECTION



A. Design of the Experimental Setup

A schematic of the testing assembly is shown in Figure 1. An enclosed setup was designed to
conduct measurements under vacuum conditions in order to protect the sample and the components
against oxidization at high temperatures. A custom-made heating block has been used as the heat
source which is connected to a proportional—-integral—derivative (PID) temperature controller. Two
reference blocks hold the sample in between. Each block is equipped with three thermocouples,
which are placed inside holes, which have a spacing of ~10 mm between each other in the direction
of heat flow. All thermocouples used were class 1 type K thermocouples since they are suitable
for measuring temperatures in the desired range (20°C- 500°C). These thermocouples allow for
temperature measurements along the center line of each block to calculate the temperature gradient
for determination of heat flow. Including the two thermocouples placed in the sample holder, a
total of eight thermocouples are used. Both blocks have been manufactured with a cross section of
~10 x10 mm?, offering similar lateral dimensions as the sample holder. With regard to a desirably
maximized applicable hot side temperature of the sample, Ni was chosen to provide a thermal
connection between the heater and TE sample. A moderately high thermal conductivity (~ 90
W/mK) of the Ni block is high enough to avoid too high requirements on the heating power and
thermomechanical stability of the heater. However, the temperature profile of the Ni block is
almost flat rendering it unsuitable for measuring the heat flow through the sample. Therefore,
reference block at the cold side of the configuration was made from stainless steel (SS 304) with
a lower thermal conductivity of ~14 W/mK at room temperature!’. In view of a limited cooling
capacity of the used chiller, which improves at increased working temperatures of the coolant, the
higher thermal resistance of the SS increases the temperature gradient over this block

(temperatures can be recorded within the precision limits of the thermocouples used), allowing for
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precise heat flow measurements, but at the expense of an increased minimum cold side temperature
at the sample. The bottom of the cold side block is connected to a copper cooling plate, which is
cooled by the external chiller to maintain a low temperature of 293 K for all measurements.
Graphite sheets are inserted between the hot side reference block and the sample holder to establish
good thermal contact between these components whereas thermal paste is used between the sample
holder and the cold side reference block. To minimize heat loss, reference blocks and the sample

are encapsulated with ceramic wool for thermal damming.
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Figure 1 Schematic of the testing assembly showing the placement of the sample in the sample holder between two reference
blocks with all signal connections

Temperature and voltage measurements are carried out using a 6% digit multimeter (Keithley
2700) equipped with a scanner card (Keithley 7700). An electronic load/precision current source

(GWINSTEK PPH-1503) was used for the control of the electric current through the sample. The
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I-V measurement is based on a four-point probing configuration with individual leads for current
supply (1) and voltage measurement (V). These leads are attached to the sample holder, which is a

unique feature of this setup and is shown in Figure 2.
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Figure 2 (a) Sample holder with the sample attached to it. The four silver colored protrusions are the lugs screwed to the holder.
The white circles highlight the holes drilled for thermocouple attachment. (b) Photograph of the sample installed in the testing
facility.

Being made of copper, which possesses high thermal and electrical conductivity, the
sample holder does not significantly disturb the electrical and thermal field distributions within
the measurement configuration. This yields low drops of temperatures and electric potentials over
the sample holder, effectively increasing the signal contribution of the sample. Two holes were
drilled on either side of the sample holder for thermocouple placement. Temperatures measured
by these thermocouples were taken as the sample hot (7%) and cold side (7:) temperatures. Four
more threaded holes were drilled (two on either side) and four metallic lugs were screwed to the

sample holder, as shown in Figure 2 (a). Connections for current supply and voltage measurements
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were made by crimping the wires to the lugs, effectively establishing a four-point measurement
scheme for determination of the sample voltage. This four-point measurement is neither influenced
by contact resistances nor by Ohmic voltage contributions of the current-supplying leads. Copper
(Cu) wires were used for voltage measurement. The low Seebeck coefficient of Cu promotes an
accurate measurement of the sample’s Seebeck coefficient due to low thermovoltage contributions,
which are calculated from measurements of Tn, and Tc, respectively, the base temperature of the
wires and their Seebeck coefficient. This allows for a correction of parasitic signal contributions

from the used wiring. A photograph of the setup is shown in Figure 2 (b).

B. Material Synthesis

An ingot of nominal composition of Mg2.2(Sio.3Sno.7)0.9927Bl0.0073 was synthesized by melting the
constituent elements in an atmosphere-controlled induction melting furnace. Various elements
were taken in the correct stoichiometry in a graphite crucible for melting. The melting was carried
out at a furnace temperature of 1273 K in an Argon atmosphere (0.5 atm) with a holding time of 5
minutes. Excess Mg was added to account for Mg loss due to evaporation (its boiling point being
1364 K). The weight change, which was monitored after melting in all experiments, was ~0.5%.
The obtained ingot was hand-crushed to a fine powder and further compacted to form a pellet using
a rapid hot-induction uniaxial press at a temperature of 923 K and pressure of 50 MPa (on the
furnace). To achieve high densification, a holding time of 5 minutes at the maximum temperature

was maintained. X-Ray Diffraction pattern of the leg is shown in Figure 3.
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Figure 3 XRD pattern of the synthesized pellet with nominal composition of Mg (Sio.35N0.7)0.9927Bio.0073. The inset shows the
synthesized contacted leg.

C. Joining the TE Leg to the Sample Holder

Before any connections could be made to the sample holder, the sample leg had to be
attached to the sample holder. The leg (composition Mgz.2(Sio.3Sno.7)0.9927Bio0.0073) was metallized
with copper foils on both sides'®. A mixture of powdered Ni and the TE material were placed on
either side between the TE material and the Cu foils to prevent diffusion of the TE material into
Cu and vice versa. This assembly was then sintered at ~923 K, using a uniaxial hot press to produce
a metallized leg. To promote a good contact between the Cu sample holder and the metallized leg,
Zinc was used as a high temperature solder. Zinc pieces were placed in between the metallized leg
and the sample holder. This assembly was heated inside an induction furnace. Taking into
consideration the melting of Zinc (693.65 K), thermal stability of the material and the temperature
gradient inside the furnace, the temperature of the furnace was set to ~743 K and held for ~30
seconds. This was performed for joining both sides of the contacted leg to the sample holder, one
at a time. Afterwards, the sample holder was placed inside the measurement setup and electrical

and thermal connections were made.

I11. PRINCIPLE OF MEASUREMENT
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Two types of measurements have been performed in this study — constant temperature difference
(CTD) and continuous current flow (CCF) measurements. When current is passed through the
circuit, at the interface of the sample holder and TE leg, heat is released at one end and absorbed
at the other due to the Peltier effect. This leads to a drop in the temperature difference across the
leg and in turn in the generated thermo-voltage due to the Seebeck effect. To measure V-I
characteristics at a constant temperature difference, the sequence of measurements (described in
the following subsection) has been designed in a way to minimize the impact of the Peltier effect.
These measurements have been referred to as the CTD measurements. The purpose of CTD
measurements is to measure the TE properties under large temperature differences. The other type
of measurement, i.e. the CCF measurement allows for the temperature differences to change and
stabilize while the current flows through the TE leg. Thus, a single V-I characteristic generated
during steady state measurements is associated with a varying temperature difference. The CCF
measurements simulate application scenarios, as the TE generator would be under load, and are
more relevant for power output and efficiency estimation. The two types of measurements are

detailed in the following subsections.

A. Constant Temperature Difference (CTD) Measurements

1. Voltage and Power Output

Readings of voltage and current were taken at five different set temperatures of the heater
—373K,473 K, 573 K, 673 Kand 763 K, while the temperature of the cooling plate was controlled
by the chiller set to 293 K. The data were acquired manually. At every stabilized temperature
difference, characterization started with the measurement of the open loop voltage Voc. Following

this, an electronic load was used to pass the desired direct current (1) through the sample. The
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current flow lowers the terminal voltage instantaneously by the Ohmic voltage drop over the
internal resistance of the sample. Thus, immediately after activation of the current flow the voltage
is noted. Secondly, due to the Peltier effect the electric current flow introduces a decrease of the
temperature difference over the sample, which reduces the terminal voltage additionally. If the
next V-I point had been recorded by immediately passing the next higher current value, the V-1
point would have been measured at a different temperature difference. To overcome this issue,
which arises due to manual data acquisition, the electronic load is switched off and the terminal
voltage is allowed to return to its open circuit value due to the ceasing Peltier heat transport, which
effectively yields the originally set temperature difference across the sample. The stepwise
procedure for taking the voltage readings is shown in Figure 4. It should be noted that once the
current is supplied to the circuit, it will take time for the Peltier effect to cause significant changes
in the measured electrical or thermal signals since the signals are measured at the sample holder
whose large thermal mass requires more time to change the temperature difference than is allowed
before noting the voltage difference. Steps 4 to 7 in Figure 4 were repeated till either of the
following conditions were satisfied, i.e. the measured terminal voltage was zero (short circuit, Isc,

condition) or the electronic load reached its maximum current limit.
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Figure 4 Procedure of obtaining CTD V-I plots at various set temperatures
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Generally, for a given set temperature, when temperatures across the sample holder
stabilize, the measured voltage has contribution from the sample and the Cu wires. The corrected

sample voltage (1) is calculated as:

V = Vineasurea — Veu (1)

Vcu is the contribution from Cu wires given by,
T
Veu == Jp" acu(T)dT 2

Data for the temperature dependent Seebeck coefficient of Cu were taken from literature®. The V-

I curve is then plotted, as shown in Figure 5. For power output, the simple formula
Py =V XI 3

is used. A representative power parabola is also shown in Figure 5. The condition of maximum
power is achieved when load resistance (Ruwaq) equals the resistance of the sample (Rt), which is a
sum of the sample resistance Rs and both contact resistances Rc towards the sample holder. The

maximum power (Pmax) is given by:
Brax = Voc/2 X Isc/2 (4)

Isc is determined from the V-1 curve either by direct measurement or from a linear approximation

of the terminal voltage V, with Rt being the measured slope of the V-I curve.

V=VOC—I-Rt—>ISC=%V“‘:“O (5)
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Figure 5 Representative P-I and V-I plot indicating the short circuit current, open circuit voltage, maximum power and total
resistance measurement.

2. Efficiency and Radiation Correction
Fourier’s law is used to calculate one-dimensional heat flow:
Q =x *A-VT (6)

Here, k is the thermal conductivity, A is the cross-sectional area of the material, and VT is the

temperature gradient.

The heat flow through the reference SS 304 block in the open circuit condition, Qo is calculated
using the reference block’s thermal conductivity, xres its cross-sectional area, Ar; and the
temperature gradient across it, ’7rez The data for thermal conductivity of SS 304 block are taken

from literature!”. xrer is taken at the mean temperature of the block T,,’, where T, = 2206 A

transmission path for radiative crosstalk exists between the top and bottom parts of the sample
holder which are not covered by the sample. This leads to an overestimation of heat flow through
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the sample. To calculate the contribution from the radiative heat bypass flowing through the lower
reference block, @raq, everything except the heater, the bottom part of the sample holder, the lower
reference block with its thermocouple and ceramic wool insulating the lower reference block, is
removed for a radiation test. The heater is fixed with a mechanical support above the reference
block with a gap similar to that in the normal run. The heat flow through the reference block is
measured at different set temperatures (373 K, 473 K, 573 K, 673 K and 763 K) for the heater.
The schematic of this setup is shown in Figure 6 (a). Temperatures are noted after stabilization,
and the heat flow through the block is calculated using Equation 6. Thermal conductivity of SS
304 has been used. The cross-sectional area considered in the calculation is the difference between

the cross-sectional area of the reference block and that of the TE leg (Asgmpie) Since in leg

measurements the cross section of the TE is not a part of the radiative transmission path, i.e.
Qraa = Kref * (Aref - Asample) VT (7)

The top view of the reference block for the radiative test is shown in Figure 6 (b). Qrad is then
subtracted from transient and steady state heat flows measured in the normal run. A similar method

has been employed by Hu et al. 1! in their high temperature gradient measurement setup.
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Figure 6 (a) Schematic of the setup for measuring the radiative contribution to the heat flow calculated from the cold side
reference block (b) Top view of the reference block (not to scale). The dotted square indicates the cross-sectional area of the TE
leg subtracted from the cross-sectional area of the reference block.

In the open circuit condition, assuming no radiative losses from the sample (practically no
loss from the lateral surface of the sample through conduction and convection in vacuum), the heat
flow through the hot side of the sample should equal the heat flow to its cold side. In presence of
radiative heat losses of the sample the situation can potentially change, particularly if the sample
is exposed to a high thermal gradient, since the sample will emit heat to the ambient along its side
faces preferably at sections with higher temperatures, which will yield differences between the
incident and outgoing heat of the sample. However, if the sample side areas are thermally insulated
and insignificant in size compared to the area of the lower reference block outside the cross-
sectional area of the sample (Fig. 6b), the dominant heat bypass by radiation is still given by the
direct heat exchange between the heater and the lower sample holder/reference block. The
calculation of a radiation-corrected incident heat flow into the sample from a measured heat flow
at the cold side reference block Qoc has therefore to account for this direct heat exchange by
radiation, Qrad. Under open loop conditions this yields an incident heat flow Qoc — Qrad. When
current flows through the TE leg, Peltier heat is released at the junction of the leg and sample

holder and causes changes in the incident heat flow, even in the short time for which the current is
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allowed to flow. The Joule heat which is very small in magnitude, however, does not alter the heat
flow in this short time and is not included in the incident heat flow estimation under load. The

CTD incident heat flow to the sample (Qi,crp) is given by:

Qincrp = Qoc — Qraa + aylTy (8)

Here, ay is the Seebeck coefficient at hot side. Then the CTD efficiency (7crp) is:

Nerp = Pout/Qin,CTD 9

B. Continuous Current Flow (CCF) Measurements

To estimate the performance of a generator in working conditions, continuous current flow

measurements have been performed.

When current is passed through a TE device, the Joule and Peltier heat components lead to
variation in temperatures and sufficient time is needed for temperature stabilization before
generating a V-1 point. Also, Vo (li) (instantaneous voltage after switching off the at the current I)
has to be obtained to correct for the Peltier effect while calculating resistance from the continuous
current V-1 plot. The procedure for obtaining V-1 plots is given in Figure 7. A set of V-I values are

obtained till the short circuit current or the maximum current of the electronic load is reached.
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Figure 7 Procedure of obtaining steady state V-I plots at various set temperatures
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After the temperatures stabilize, heat flow through the reference block under load, Qioad, is
obtained using Equation 6. Also, due to localized heating at the screw joints (see metallic lugs in
Figure 2(a)) on the cold side, half of the Joule heat liberated at the cold side sample holder, Q,
flows through the reference block. Just like Qraq, this fraction (0.5* Q) is not a part of the heat
flowing through the sample. Therefore, it is also subtracted from Qioad t0 Obtain the incident heat
flow to the sample. Procedure to find Qi is given in Section IV. The same effect happens at the
hot side but since here (“half of”) the Joule heat, which is liberated at the contact between the
sample and its holder, flows through the sample, it is already a part of Quas. Heat input to the

sample under CC condition, Qincc, is given by:

Qin,CC = Qioad — @raa + Pout — 0.5 * Qjp, (10)

The efficiency is then calculated as:

Nee = Pout/Qinycc (11)

C. Material Properties

Material properties have been measured under high temperature differences during the
CTD measurements. Seebeck coefficient and thermal conductivity are measured under open circuit
conditions and electrical conductivity is measured using the V-1 plots. Note that the material
properties are measured as a function of the temperature difference (indicated by the subscript

LTD standing for large temperature difference) and not a single temperature.
a. Seebeck Coefficient

After temperature stabilization and under open circuit conditions, the Seebeck coefficient

of the sample is obtained using

18



arrp = —Voo/ (T — T¢) (12)
b. Electrical Conductivity

Slope obtained from V-I plots gives the total resistance being measured, i.e. R:which is the
sum of the contact resistance R. and the sample resistance Rs. To calculate R the room
temperature V-1 plot are generated. Room temperature resistance of the sample was calculated
from the standard conductivity measurement of the material and the dimensions of the sample.

Using this, the contact resistance is evaluated as
R, = R, — R,. (13)

The contact resistance is assumed to be independent of temperature and taken as a constant
for subsequent measurements. Using this known value of R, electrical conductivity of the sample

is obtained from CTD V-1 plots generated under different temperature differences.
c. Thermal Conductivity

Under open circuit conditions, only conductive heat flow occurs (Equation 6). Thus, the
heat flow through the cold side reference block will be equal to the heat flow into the sample at its
hot side. However, Qras must be subtracted from Qocas Qraq does not flow through the sample but
is directly coupled into the cold side block by heat radiation from the surrounding. « for the

material was obtained using:

kKirp = (Qoc — Qraa) X /(AT X Asample) (14)

Here, AT =T, — T, and [ is the length of the sample. It should be noted that k;;p includes

contribution from the thermal resistance of the metallic sample holder parts and the thermal contact
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resistances between the sample, sample holder and the reference blocks, which are considered to

be small compared to the large thermal resistance of TE-materials.

IV. RESULTS
A. Material Properties under Small Temperature Gradient

Small temperature difference «, o, x were measured on a pellet (synthesized from the same
batch as the TE leg) between 300 K and 700 K. Subscripted SM has been used to denote standard
measurements. « and o were measured using a custom-built device while x was measured using a
laser flash apparatus. Thermal diffusivity (D) of the pellet was measured followed by the sequential
measurement of electrical conductivity (o) and Seebeck (a) coefficient in the same temperature
cycle (300-700 K). The thermal conductivity of the pellet was calculated using the relation k =
D-C,-d, d being the density of the sample (theoretical density of 2.97 g/cc was used)*’. The specific
heat capacity at constant pressure, Cp, for the composition was calculated from the Dulong-Petit
limit for the specific heat capacity at constant volume, C?”(0.534 J/g.K), using the relation: C, =

9EZT

CPP + e

Here, E, is the linear coefficient of thermal expansion (1.68x10° K!) and B, is the

isothermal compressibility (2.19x10!! Pa)?’. The temperature variation of @, &, k and z7T from
standard measurements is shown in Figure 8. Polynomial fits were obtained for these data sets.

The obtained coefficients for the polynomial equation (a + b-T + ¢ T2 + d-T°) are given below:

For o(T) in uV/K: a = 64.14918, b = -1.0597, ¢ = 0.00133, d = -6.2726x107
For o(T) in S/cm: a = 3192.64898, b = -9.54088, ¢ = 0.01302, d = -6.73732x10°

For x(T) in W/mK: a =-0.10676, b = 0.01745, ¢ = -4.04769 x10°, d = 2.86927 x10®
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Figure 8 Seebeck coefficient (a), electric conductivity (b) and thermal conductivity (c) from standard measurements under small
temperature gradient obtained on an Mg; (Sio.35N0.7)0.9927Bi0.0073 pellet. zT (d) is obtained indirectly from a, o and «.

B. Material Properties under Large Temperature Differences

Material properties measured under large temperature differences are plotted in Figure 9

along with reference values. Polynomial fits of TE properties for the data obtained from standard

measurements were used to calculate the reference values. Averaging formulae for calculating

material and device properties with the hot and cold side temperatures, 7»and 7, respectively, for

a given TE property, M(T), are listed below?" %2,
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(i) Area under the curve (May):

1 Th
Mav AT

= [ " M(T)dT (15)

(ii) Value at mean temperature (Mzm):
My, = M(Ty,) (16)

Tn+T,
Here, T, = £—<

(iii) Mean value (Mm):

— M(Th)"‘M(Tc)

M, . 17)
(iv) Logarithmic average (My):
1 Ty M(T)
ML —_ In (;_h) ch TdT (18)

It should be noted that the electrical and thermal conductivity averages using Equations 15
and 18 were obtained by first taking the polynomial fits for their corresponding resistivities
because physically, the integrals are sums over infinitesimal sections of the TE leg in series, and
resistive elements are summed in series while conductive elements are summed in parallel. Error
bars for aLtp, oLto and kLtp are 5%, 3% and 5% respectively. For the Seebeck coefficient, all
calculated values are within the error bars. For electrical conductivity, at larger temperature
gradients, the experimental results show good agreement with calculated values using temperature
mean and integral averaging. However, the errors are higher for thermal conductivity which is
partly due to the difficulty associated with heat flow measurement. Also, a recent study has shown
that area under the curve averaging (Equation 15) is the most accurate among the four averaging

formulae listed here? to estimate the Seebeck coefficient. This validates the measurement setup for
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the measurement of Seebeck coefficient. In the same study, it has been suggested that pure

temperature averaging of electrical and thermal conductivities are bound to be inaccurate, and

spatial averaging is needed. Thus, discrepancies between the experimental LTD properties and the

temperature averaged properties are not necessarily or entirely linked with instrument accuracy.

The temperature-averaged and experimental zT values shown in Figure 9(d) are obtained using zT

= (a?- o/ «) - Tm where averaged and experimental individual TE properties, respectively, are

taken.
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Figure 9 (a) Seebeck coefficient (b) Electrical Conductivity (c) Thermal conductivity obtained from large temperature difference
measurements (black) and different averaging methods. The error bars are 5%, 3% and 10%, respectively. (d) zT obtained indirectly

from o, ocand k with a 10% error bar.
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C. Power Output and Efficiency from CTD measurements

Figure 10 shows the room temperature plot used to obtain the contact resistance. Based on
the obtained value of Rc = 17 pQ cm? the soldering of the metallized TE leg to the sample holder

using Zn was successful.

It was observed that the temperature-averaged TE properties did not differ among each
other, i.e., they were all within the error bars for a and x and oav and otm Were within the error bars
for o. Since area under the curve averaging has been reported to be more accurate than other
methods and is also within the error bars for all TE properties, it is the only one which has been
used for calculating the reference V-1 and P-1 plots for simplicity. Reference voltage and theoretical

power as a function of current, Veer?) and Pousrer(1) are obtained using the following formulae
Vref(l) = =gy AT — (Rgy + R.) X 1 (19)
Pitrer(D) = Vrep (1) x 1 (20)

Here, Rav is obtained from oav and leg dimensions. Experimental and reference V-1 and P-
I curves are shown in Figure 11. Various parameters obtained experimentally are listed in Table
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Figure 11 Experimental and reference P-I and V-l plots. Symbols represent experimental data while the solid curves represent
the corresponding theoretical curves.

Table I: Measured properties of the TE leg with varying temperature difference

Th(K) AT (K) owm OLTD KLTD Voc Isc Rs Prmax Tmax
(uV/K)  (Slem)  (W/mK) — (mV) — (A)  (mQ)  (mW) (%)

356.44  52.07 -164.97  1229.46 2.58 8.59 1.43 5.69 31 1.32

438 123.84 -177.73  1100.48 2.50 2201 331 6.36 182  3.16
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51499 190.71 -191.23 99592 227 36.47 498 7.03 454 5.21

586.16 251.13 -201.45 90594 2.13 5059 631 7.73 79.9 6.98

655.55 308.5 -207.55 83798 197 64.03 7.40 8.35 1185 8.59

For obtaining theoretical efficiencies, the formulae used are

(i) Constant property formula?! with contact resistance, where § = % and Rs=Rav.

S

1
_ (Tg-T¢) ((1+8)2+(1+8)ZTp)2—(1+6)
nmax - TH

(21)

((1+8)2+(1+6)ZTM)%+77:—;(1+8)

Using Equations 15-18, different Z (= a?0/k) values were calculated to obtain maximum
efficiencies nav, nem nm and 7.

(i) Efficiency from engineering figure of merit??
J1+(ZT)eng(d/nC—1/2)—1

Neng = MNc - (22)
é((\/1+(ZT)eng(a/nc—l/z)"'l)_nc
(iii) Efficiency from engineering figure of merit including the contact resistance?®,
(ZT)eng (& 5—
_ \/1+ 5+1g(77c+22( 5+1)>_1 (23)
Nenge =~ \/  ZDeng (& 268-1 26-1
I Y R e e '2(§+1)>+1 REUTTETSY
2
. frrs(r)ar ,
Equations 22 and 23 use, (ZT)¢pg = Ure - ) AT and & = AT
fTC p(T)dT [ Ch k(T)dT Jr ChS(T)dT
Maximum experimental efficiency (7.,,,) was calculated as a function of current, 7,,,, (1) as
Voc—IR)I
T’max(l) - max (ro_Qrad‘l';HITH) (24)

Efficiencies as a function of temperature difference calculated using the different equations along

with the experimental data are plotted in Figure 12 (a). The match between experimental and

26



AlP
.-_’f"f:. Publishing

calculated efficiencies is not as good at smaller temperature differences due to the relatively poor
estimation of thermal conductivity at lower temperature differences. However, all calculated
efficiencies lie within 10% of the maximum experimental efficiency at high temperature

differences. Thus, a single best formula for determining efficiency cannot be concluded upon.
Calculation of the reference maximum power output was carried out using

Pref _ (a AT)?
max.CTD 4(RS+RC)

(25)

Using different temperature-averaged values for o and o (for Rs) (Equations 15-18), various
averaged reference values were calculated. Comparison of experimental and theoretical maximum
power output is shown in Figure 12 (b). There is an excellent match between the experimental and

theoretical maximum powers over the entire temperature range.

a)., . b)
120 4
(K]
E. ) ne
- = 1004 ;
a2 — F
5 6 { & ® /
E L
2 2 A
a [ For
£, E %1
3 1 T = |
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AT(K) Temperature Difference, AT(K)

Figure 12 Comparison of experimentally determined (a) maximum efficiency and (b) maximum power with theoretical results
obtained from different averaging methods.

TABLE II: Comparison between experimentally determined maximum efficiency (%) and theoretical
values obtained from different averaging methods.
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A T(K) TNexp Ntm TNav Heng Tengc Nm nL

52 1.32 1.45 1.45 1.49 1.43 1.45 1.45
123 3.16 3.58 3.57 3.60 3.48 3.59 3.55
190 5.21 5.61 5.57 5.55 5.38 5.64 5.53
251 6.98 7.44 7.33 7.23 7.03 7.41 7.27
308 8.59 9.11 8.86 8.69 8.47 8.86 8.80

D. Continuous Current Flow (CCF) Measurements

Steady-state measurements were done for two set temperatures - 373 K and 763 K of the
heater controller. When current flows through a material, due to current dependent effects- Peltier
effect, Ohmic Heating and Thomson effect, temperature difference across it changes. In CCF
measurements, different constant current values have been set and passed through the TE leg till
the temperature difference stabilized at each current setpoint. For calculations of the CCF heat
flow Thomson’s coefficient (t) was included and the formulae used for obtaining reference power

output and efficiency are?:

PorIfZCCF(I) = ((aHTH—acTc) - (RS,Tm + Rc)l) X I — Ty AT (26)
Q;Z{,CCF(I) = acITe + kpmAT + 0.5(Rgr + Re)I? + 0.577,,IAT (27)

Both reference power and efficiency were calculated at each current value as in the
experiment. Figures 13 and 14 show the measurements under steady state for open circuit
temperature differences of 52 K and 308 K respectively. The cold side temperature is expected to
increase due to contributions from Peltier heat transport and Ohmic heating. On the hot side
however, Peltier heat is being absorbed and Ohmic heat is being released. Additionally, because
current flows through the circuit in the CCF measurements for much longer than in the transient

measurements, a high contact resistance between the Cu lugs and connecting wires would lead to
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the liberation of a substantial amount of Joule heat. This Joule heating (called screw heating in
Section 111 (B)), on the hot side, could possibly counteract the Peltier effect on the hot side even
leading to increased temperature on the hot side and on the cold side, it would increase the
temperature alongside the Peltier effect. This hypothesis could explain the temperature profiles in
Figures 13 (a) and 14 (a) as a function of current. Overall, the temperature difference decreases
with current (Figures 13(b) and 14 (b)). On the cold side, this additional screw heating is being
calculated as a part of Qout even though it is not a part of heat flowing though the sample. This
additional localized heating due to contact resistance due to the connectors, Q,. was calculated

using
Qic = Quoaa() — Qraa — QZZ];,CCF(I) (28)

The resistance was calculated for each data point using Rg.,.., = Q;c/I%and an average resistance
(Rscrew) Was taken. This average resistance was then used to deduct the additional heat from the

measured heat using

Qic = Istcrew (29)

Rscrew Value at A7oc =52 K is 126 mQ and at 47, = 308K is 29 m(, with standard deviations of
52 mQ and 23 mQ, respectively. The high standard deviation is most likely due to the uncertainty
in radiation correction. This correction does not appear in CTD efficiency measurement because
the current flows through the circuit for relatively much less time, which prevents significant

heating at the screws.
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The impact of reducing temperature differences on the V-1 characteristics is evident from
Figures 13(c) and 14 (c), which show declining open circuit voltage with increasing current. To

obtain the corrected resistance from these plots, the following equation is used?>:

AV AV,
IL-1I

R; (30)

Here AV, = V,.(I;) — V(I;). The total resistances are obtained using Equation 27 and is
found to be 6.07 mQ and 10.40 mQ for 47, =52 K and 308 K respectively. CTD measurement
slopes for similar temperature differences are 5.98 mQ and 8.64 mQ. Experimental power output
and efficiency have been compared with their reference values and the results are shown in Figures

13 (d) and 14 (d).
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Figure 13 Experimental data from the continuous current flow measurements at open circuit temperature difference of 52 K. (a)
Hot side (Ty) and cold side (T.) temperature and (b) temperature difference as functions of current. (c) V- | curve obtained during
steady state measurement (d) Reference and experimental power output and efficiency as functions of current.
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V. DISCUSSION

A. Comparison between CTD and CCF Power and Efficiency
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Figure 15 (a) Comparison of (a) power output and (b) efficiency from continuous current and constant temperature difference
measurements at an open circuit temperature difference of 308 K.

A comparison of the CCF and CTD power (Figure 15 (a)) shows that starting from the
same open circuit temperature difference, the power output under continuous current flow keeps
on decreasing with increasing current when compared to the CTD power output with same current.
This is the effect of the decreasing temperature difference with increasing current shown in Figures
14 (b). The decreasing temperature difference causes a lowering of the open circuit voltage, which
effectively pretends an increase in the electric resistance. Thus, the total resistance obtained for
the CCF and CTD measurements are 10.39 mQ and 8.59 mQ, respectively. The higher resistance
of the circuit in CCF measurements lowers the measured maximum power output according to
Equation 25. Moreover, the current corresponding to maximum power output in the CTD condition
is ~20% higher than that of the CCF measurement. Therefore, while theoretically estimating the
performance of a CCF operation (reflecting application conditions), especially with respect to the
current or load for maximum power output or maximum efficiency, it is necessary to include the

effect of current based phenomenon on the temperature difference as this reduces the generated
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thermopower leading to decrease in power output, similar to a real application scenario, which will

be exposed to finite thermal conductivities along the heat transmission paths, too.

Figure 15 (b) shows a comparison of CTD and CCF efficiency at 47=308 K. The CCF
efficiencies are lower than their CTD counterparts, especially at higher current values. This can be
attributed to decreasing temperature difference as a function of the current in CCF measurements.
It must however be highlighted that the decrease in AT is a consequence of increase in Tc to which
screw heating gives a significant contribution. This problem is not expected to occur if modules
with multiple legs are tested because the increased heat flow, which makes any heating at
connection points of signal and supplying leads negligible if corresponding contact resistances can

be kept low. For greater clarity, comparison of the relative difference in the CTD and CCF power

outputs and efficiencies, given by w * 100%, where M denotes the quantity of interest, at
CCF

corresponding CCF current values is shown in Figure 16.

— s 3
AT, =308K 3
Bi: |
% & Power output
E ac- @ Efficiency
=
£ ard 1
=
o
= 204 g -
a3
| @ . a
& @
T 1 ' T T 1
i 2 3 F £
lHA)

Figure 16 Relative difference in the CTD measurements of power output and efficiency with respect to the CCF measurements as
a function of current for AT,.= 308K

B. Error Analysis (CTD Measurement)
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Figure 17 Relative error in Seebeck coefficient, Electrical conductivity, Thermal conductivity and Efficiency obtained from CTD
measurements.

Relative error vs. temperature difference for Seebeck coefficient, thermal conductivity,

electrical conductivity and efficiency based on CTD measurements are shown in Figure 17.

. . Mexp—M .
Relative error was calculated using %”f Reference values are obtained from the area under
ref

the curve formulae (Equation 15) for o, ¢ and k. Efficiency error comparison has been shown with
the reference efficiency taken as 7engc (Equation 23). As seen in Figure 17, the errors in the Seebeck
coefficient and electrical conductivity are relatively small (less than 2%). There are various reasons
for this. First of all, it must be mentioned that since the comparisons are based on the averaging
methods employed on experimental data from standard TE properties-measurements, which
inherently have some error (standard error of 5% and 4% for a and o, respectively % and 5% for
kappa), the relative error does not actually compare with true values. An additional advantage of
a high temperature gradient Seebeck measurement is that the relative uncertainty in the measured
temperature difference becomes smaller as the difference increases. Also, a good contact between

the sample and the holder lowers the errors. Using spatial averaging along with temperature
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averaging, further reduction in error is perhaps possible for electrical and thermal conductivities

and can be attempted.
VI. CONCLUSION

Experiments were accomplished up to a temperature difference of ~300 K with a maximum
hot side temperature of ~673 K. The presented setup is reliable for power output and efficiency
measurements and also for determination of various thermoelectric properties (Seebeck
coefficient, electrical conductivity, and thermal conductivity) under large temperature gradients.
Good electric contact (17 pQ cm?) was established between the tested material and the sample
holder, which could be proven by the match between the experimental and calculated TE properties
using various averaging techniques (within 3%,5% and 10% error bars for a, ¢ and k, respectively).
The contacting, however, is material specific. The setup can be used to analyze the performance
of a material under working conditions, i.e. when current flows continuously through the material
under which the temperature difference across the material can be significantly different from the
one in open circuit condition. It was shown that the current corresponding to maximum power
output can differ significantly when the temperature difference is maintained constant (20%
higher) compared to a more practical scenario where temperature difference reduce under electric
current flow due to the impact of the Peltier effect. With the help of this apparatus, it is not only
possible to measure thermoelectric properties of a single leg under high temperature gradient but
also to optimize contacting technologies. Measurements under continuous current flow conditions

can also guide us in the optimization of materials suitable for practical applications.

ACKNOWLEDGMENTS

Financial support is gratefully acknowledged for the project “Thermoelectric Standardization

for High Temperatures” (TEST-HT, grant number 03VP04401), which was granted by the German

36



Federal Ministry of Education and Research. TD acknowledges financial support provided by

IRCC IIT Bombay (Grant No. R1/0317-10001389-001).

REFERENCES

ID. Champier, Energy Conversion and Management 140,167 (2017).

2T. Tritt and D. Rowe, (CRC Press Boca Raton, FL:, 2005).

3P. Ponnusamy, J. de Boor and E. J. A. E. Miiller, Applied Energy 262,114587 (2020).

“B. Ryu, J. Chung and S. J. I. Park, Iscience 24,102934 (2021).

>C. Goupil, Continuum theory and modeling of thermoelectric elements (John Wiley & Sons, 2015).

®). Corcoran, S. Raja and P. B. Nagy, NDT & E International 94,92 (2018).

’K. A. Borup, J. De Boor, H. Wang, F. Drymiotis, F. Gascoin, X. Shi, L. Chen, M. I. Fedorov, E. Miiller and B.
B. Iversen, Energy & Environmental Science 8,423 (2015).

8F. Edler and K. Huang, Measurement Science and Technology 32,035014 (2020).

%). Martin, Measurement Science and Technology 24,085601 (2013).

10J, Martin, Review of Scientific Instruments 83,065101 (2012).

1X. Hu, A. Yamamoto, M. Ohta and H. Nishiate, Review of Scientific Instruments 86,045103 (2015).
12p, Muto, D. Kraemer, Q. Hao, Z. F. Ren and G. Chen, 80 (2009).

13Q. Zzhu and Z. Ren, Energy 191,116599 (2020).

14G. K. Goyal, S. Mukherjee, R. C. Mallik, S. Vitta, I. Samajdar and T. Dasgupta, ACS Appl. Energ. Mater.
2,2129 (2019).

BW. Liu, X. Tang and J. J. J. 0. P. D. A. P. Sharp, Journal of Physics D: Applied Physics 43,085406 (2010).
18X, J. Tan, W. Liu, H. J. Liu, J. Shi, X. F. Tang and C. Uher, Physical Review B 85,205212 (2012).

7R, S. Graves, T. G. Kollie, D. L. McElroy and K. E. Gilchrist, International Journal of Thermophysics
12,409 (1991).

18G. K. Goyal and T. Dasgupta, ACS Applied Materials & Interfaces 13,20754 (2021).

N. Cusack and P. Kendall, Proceedings of the Physical Society 72,898 (1958).

204, Kamila, P. Sahu, A. Sankhla, M. Yasseri, H.-N. Pham, T. Dasgupta, E. Mueller and J. de Boor, Journal
of Materials Chemistry A 7,1045 (2019).

2IA. F. loffe, Semiconductor thermoelements and thermoelectric cooling ( Infosearch, Ltd., London,
England, 1957).

224, S. Kim, W. Liu, G. Chen, C.-W. Chu and Z. Ren, Proceedings of the National Academy of Sciences
112,8205 (2015).

23C. L. Hapenciuc, T. Borca-Tasciuc and I. N. Mihailescu, 7,045007 (2017).

24G. Fraisse, J. Ramousse, D. Sgorlon and C. Goupil, Energy Conversion and Management 65,351 (2013).
25p, Ziolkowski, P. Blaschkewitz and E. Miiller, Measurement 167,108273 (2021).

26p_Ziolkowski, C. Stiewe, J. de Boor, |. Druschke, K. Zabrocki, F. Edler, S. Haupt, J. Kénig and E. Mueller,
Journal of Electronic Materials 46,51 (2017).

37



_ Heater and
Temperature
Controller

Current
Source/

Electronic
Load

Insulation

—
Wiool

Hot e
sicde Mi +
block

=
Cu sample

holder
T,

-,

Cold side
55304
block

Cooling

Plate

Enclosed
Chamber

Thermocouple
Connections T,-T,
T T,

Kiethley
2700



_...._.L.“_‘.ﬂ-._l._m._q_ (AN d._._*__.__._._____t__._____._._ ._

;._,H,ﬁ

.:i

._.__
AL .._.__
1Y _.._.."”.._”.“._..."... i

,._./__m

Far electrical

== connections
¥ -

u,

i
g i-g;;-._,y

Hales far
Thermocoupl




LRy

(') Aysuaguy



-

[
4, Pass the | 5. Note down the

———— T O
| umj;esr::urz temperature 3':,""'“ | desired Ostape ii::ﬁzf
. ) stabilise = | current i

Yos e -

= e I.l' T R e "
b mext reading - 7. Wit for the

No “. neededatsame - ""‘I‘:E‘mﬂﬂmi
to its open
femperaturg?
. clreuit value

Sy T



& Powar

Paolynomial Fr

= Magimum

= 40

* Power (P_]
= 430
¥ -
Slope=HR,
T T i i
2 ‘|
[R1:%] Short circuit

current (I}

P (mW)



! Vacuum (k) Reference

block (&
Chamber ¢ ref'
t Cruter
\A ____ portion of
[ L Support far the theh::dmple
| heating block -
Battom part of inner
| " the samiple portion of
i :4 holder th::lz::::le
reference 4 y Cross sectional area of the

block S T, L — TE leg (A, mple)



1. Set
temperalure

2. Let the
temperatisre
stabilise

3. Pass the
desired current

‘fas

Mo

o
e
o

r
4. Let the 5. Mote 6. Switch
temperatuse down the aff the
stabilize valtage | turrent
_.-- - "--HH‘. .-—-i
15 next reading-._ T.Mate V(1]

hll“l‘lw -’— |I'|'I'|'|"|I"."ﬂillll'.‘|'|'

o, l:rnn:rul:ur:"



cef WK

o ag,
— Palynomial Fit

300 350 400 450 500 550 600 650 700
TIK]

Koo
Potynamial Fit

i

500 550 600 850 700
TIK}

150 400 450

(b)

1400
1300 4
1200 -
1100 -
1060 -

and -

(Siem)

B0
004
G600

[' " oy,
|=—— Palynarmial Fig|

(d)

i . E
230 300 350

1.2-
1.1:
1.I:I:
D.B:
|_EI.E:
B 3
0,7 -
ﬂ.E:
sl *
04 =

0.3 T T

™ | = 27|

300 350

400 450 500 S50 600 €50 700
T(K)




200 250 30 350
ATIK]

a0 a0 150

LT

04

-"--.. .

-

T -
-~
e

L
50

100

150

200
ATIK]

250

300

350



T T T

0.0 -k = Experimental o
Lemear Fitimg

RS SRmW, R0 2% milor (1 'l'_p[lcul:l
024 ]
L}
A4 4
L
L]

0.6 - -
[ |

.8 o

00 0.5 40 (R E-]

WA}



LI
LA
sr

AT=3IK

AT=1HE
AT=191K
AT=281K
AT-MIEK




Maximum efficiency(¥)

T T T T T
a0 100 150 200 250 o 350 PR

ATH)

——Puut)

LI 1 1
100 130 200 250 o]
Temperature Difference, AT(K)




(a)

358 T ¥ L ¥ o 53 1 1 T T T T 1
|
358 =Tl . 1
— L H\-H"\-\. 1
Egyr SN . """I,__‘_h El—.ﬁTl ]
————_ e :
356 - 2 1 &1 HH"“‘M 4
— 4
115 - - - - - x |
L =
——T,] = Bl 1
10 A 1
¢ ——a 4
£ - asen 4% \ |
S o a— | |
 PE— s |
48 - 1
5:1] T L T E o T T T T L] L)
00 02 04 06 0B 10 12 0.0 2 04 08 10 1.2
i)
(c) (d) A
1ﬂ L} T T T T T
'|I",‘|,I 3. > -'_ X T
| e T——— -
8- | fr——
. av, 2 . ]
. 5 "'g
5 av, { &1 * Ponce . |
) * PO ec
-E- n ﬂ T * T L]
=3 L]
4 1= *
%1.1}- » b
“h
—n— W} : = 1
21 [o w0 ] go° ¢ Text .
s .
e ]
g .
o ; . - - - ' f 68 10 12
00 02 04 OB OB 1D 12 R ﬂlﬁw

1A



(a)

(b)

660 ; . . c : ; . .
- 310 -
B50 - Th) | —
- il 7
X [—=— AT
856 ’ 1 aon- - |
- i Ty
654 - ]
a . & 290 .
200 ' 1 T T g.
=
T
T o ]
3804 c 260 '\
g - & .
* 360 i | 2z \x
— e T p—— b b
340 v , . . 260 : ; ; .
0 1 2 3 F a 1 2 1 4
(c) | 18] (d) 148)
Hlll v 1 1 ! : 120 : . : .
e -
I~ 1 - o4 -
Gl I v, - S—, Em
AN
504 2 u}m- - s P : -
40 : = a P‘:‘L cC |
E 1 (Rl 2 T T T v T
] i
= 50 g8 . i
o
= ™
1 *
20 A E o &
YT % ® 7 ¥
w4 eVl = 2] Y
ﬂ T ; T T
i I R RN L u ‘ 5 5
HA)




120 - . - 8 - =g
— - L] -
& [ ]
100 - a . -
[ 5 . .
= 80 S = ='
E— E ‘E ,.".
5 B0 i /
1:|.3 .- L B 5
A4 f E ] ™
y I . i
*1/ [ e - Teep AT, =308K
ﬂ'.-"" | Pouero AT, =308K ."; = e AT =308K
L] L) D'- 7 ’ = ; y
o & B 0 1 2 3 M B

ViR I (A



%» Relative difference

Tl

=]
=
1

s
=
1

L]
=
1

AT, = 308K

|i Fower output

@ Efficiency

e
L=




%% Error

10

®  Seebock Coeffizient
#  Elecirical Conductivity
&~ Efichrcy ]
94 % Thermal condustivity "
i
Ll L]
04 o E =
L
£
— i
-10 -
-15 4
T T T T T
a0 100 150 200 250 00

AT(K)




	Manuscript File
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

