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Presently, the only commercially available power generating thermoelectric (TE) modules are based on
bismuth telluride (Bi,Tes) alloys and are limited to a hot side temperature of 250 °C due to the melting
point of the solder interconnects and/or generally poor power generation performance above this point.
For the purposes of demonstrating a TE generator or TEG with higher temperature capability, we
selected skutterudite based materials to carry forward with module fabrication because these materials
have adequate TE performance and are mechanically robust. We have previously reported the electrical
power output for a 32 couple skutterudite TE module, a module that is type identical to ones used in a
high temperature capable TEG prototype. The purpose of this previous work was to establish the
expected power output of the modules as a function of varying hot and cold side temperatures. Recent
upgrades to the TE module measurement system built at the Fraunhofer Institute for Physical
Measurement Techniques allow for the assessment of not only the power output, as previously
described, but also the thermal to electrical energy conversion efficiency. Here we report the power

Received 11th April 2014, output and conversion efficiency of a 32 couple, high temperature skutterudite module at varying

Accepted 29th April 2014 applied loading pressures and with different interface materials between the module and the heat
source and sink of the test system. We demonstrate a 7% conversion efficiency at the module level
when a temperature difference of 460 °C is established. Extrapolated values indicate that 7.5% is

achievable when proper thermal interfaces and loading pressures are used.
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ZT = (8*/p-k)T, where S is the Seebeck coefficient, p is the
electrical resistivity, x is the thermal conductivity, and T is the

Introduction

(cc)

Recent advances in thermoelectric (TE) materials research have
resulted in lab-scale demonstrations of thermoelectric figures
of merit (ZT) close to, or in excess of, 2.0 at temperatures
of interest to automotive waste heat recovery applications
(ca. 400 K to 900 K)."™ These advances have made the concept
of passenger vehicle TE-based exhaust gas waste heat recovery
considerably more attractive from a cost/benefit standpoint.”
The figure of merit, ZT, limits how efficiently a TE material can
interconvert thermal and electrical energy and is defined as
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absolute temperature. The ideal efficiency of thermal to elec-
trical energy conversion for a thermoelectric material is
expressed as®

_(Tu—-T¢

" < Tu > .
where the first parenthetical term on the right hand side of the
expression is the Carnot efficiency and the second term, invol-
ving ZT,,, determines what fraction of the Carnot efficiency
one can obtain with a given temperature difference. The
temperature at the hot side, Ty, and cold side, Tc, of the TE
materials define this temperature difference (Tyy — Tc), and Ty
is the average of these temperatures. We therefore aim to have
the largest average ZT in the temperature range of interest.
Based on the derivation of eqn (1), we can think of TE devices as
heat pumps or thermal engines with electrons playing the role
of the working fluid. Following this analogy, a large thermal
differential in the temperature regime where the TE material
has its peak ZT would result in higher conversion efficiencies.

T+ ZT0e — 1

1 + ZTavg + (TC/TH)

(1)
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Fig. 1 Illustration of a TE unicouple with a temperature differential

applied. This shows how the voltage generated under these conditions
can be used to drive an external load. This is the operational condition
envisioned for waste heat recovery applications. A plurality of such uni-
couples would be connected electrically in series to form a TE module.

An illustration of a TE unicouple composed of an arbitrary
n-type and p-type semiconducting material connected electri-
cally in series and thermally in parallel is shown in Fig. 1.° This
figure shows how the unicouple can be used to generate
electricity when a temperature difference is applied. Such a
couple can also be used as a heat pump to generate a tempera-
ture differential when provided with DC electrical power input,
though this is not specifically illustrated in Fig. 1.

In the past 20 years there have been numerous reports on
the TE properties of a wide variety of materials systems includ-
ing: TtX (Tt = Ge, Sn and/or Pb and X = S, Se and/or Te) and
its solid solutions, skutterudites, antifluorites such as Mg,Tt
(Tt = Si, Ge, and/or Sn), half-Heuslers, and complex layered
oxides such as CaCoOj;.° Reports on the power generation or
thermal to electrical conversion efficiency of unicouples made
from the above mentioned materials classes are quite limited
and indicate the level of technical challenge associated in
fabricating working devices capable of efficiently converting
thermal to electrical energy.” >

Further complicating the development efforts for high tem-
perature TEMs is the fact that many factors extrinsic to the
constituent TE materials can influence the performance of the
device including: thermal and electrical resistances at inter-
faces, radiative thermal losses from the TE legs and other
device components, and spreading thermal resistances in the
module’s electrically insulating ceramic layers.”>** Many of
these factors are difficult to minimize and characterize, and
can be strongly influenced by the module’s specification such
as the selected leg height and TE material packing factor (ratio
of the area of the TE materials to the area of the electrically
insulating substrate).>® Finally modules are designed to work
within a system, prompting a trade-off between maximum
conversion efficiency and maximum power density (power per
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unit area of heat exchanger surface or power per unit mass of
TE materials), which is driven by characteristics of the hot and
cold side heat exchangers, TE element geometry, and module
packing factor. For most power generating applications max-
imum power density is sought, and this is particularly true for
automotive applications where packaging constraints and mass
are primary design drivers.*

Finally, as the focus in high-temperature thermoelectric
technology begins to transition from materials discovery and
optimization to module fabrication and characterization, mod-
ule level metrology method development will gain significant
importance. We have recently published a review article on
module level measurement methods.>® There we reported on
several different test systems including the system used to
evaluate the modules in this report. The shortcomings of each
of these systems were evaluated, and based on these findings,
we proposed the design of a module test system that minimizes
thermal losses in the test stand and thereby increases the
accuracy of the thermal to electrical energy conversion
measurement.

Here we report the thermal to electrical energy conversion
efficiency of a prototypical skutterudite module. The modules
are high temperature capable, with the ability to withstand hot
side temperatures in excess of 525 °C. The module is identical
to those used in the TE generator recently tested on a produc-
tion Chevrolet Suburban. The power output of this TEG was far
below thermal modelling predictions and called into question
how well the TEMs performed. Here we show that under higher
pressure loading with proper selection of thermal interface
materials a 32 couple prototype skutterudite module can supply
11.5 W of electricity with a temperature difference across the
module of 460 °C. This power output corresponded to an
extrapolated value of 7.5% conversion efficiency at the module
level, one of the highest reported values to date. The test results
indicate that factors other than module function are the cause
of the lower than anticipated generator performance.

Experimental
Thermoelectric materials preparation

The preparation of the skutterudite materials used in the
module as well as the evaluation of their mechanical and transport
properties have been reported in detail previously.”>*” To summar-
ize, 3.0 kg of n-type skutterudite with the nominal composition
Yby.00Ba.05La0.05C04Sb;, and 3.0 kg of p-type skutterudite with the
nominal composition Mmy 3oFe; 46C0,.54Sb12.0s (Mm stands for
Misch metal which is alloy of La, Ce, Pr and Nd) were prepared
by induction melting of the elements followed by long term
annealing at 650 °C. Powder attrition methods were employed to
reduce the annealed ingots to fine powder, followed by consolida-
tion via spark plasma sintering. The resulting 80 g pucks were
nearly fully dense and phase pure with the exception of two n-type
pucks whose density was only 90% of the theoretical value. All
materials were processed from elements to phase pure skutterudite
billets at GM R&D. Fig. 2 shows an 800 g lot of p-type materials.
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Fig. 2 Ten 80 g ingots of p-type skutterudite as sintered by GM R&D.
These pucks are diced into wafers and processed into TE elements.

Module fabrication

The consolidated skutterudite pucks were shipped to Marlow
Industries which diced them into ~4.0 mm thick wafers.
Molybdenum diffusion barriers were applied via an arc spray-
ing method, and then the wafers were diced into square cross
sectional legs that measured 4 mm on a side. The Mo diffusion
barrier prevents the Sb in the skutterudite from reacting with
the braze and metal interconnects in the module. To form
TEMs, the TE elements were brazed to aluminium pads which
were directly bonded to an alumina ceramic. The alumina
electrically isolates the current carried in the legs and the direct
bonded aluminium interconnects. The direct bonded alumi-
nium (DBA) pads provide electrical interconnects for the TE
legs, allowing for a series connection of all the components in
the module. DBA pads were applied to both sides of the
alumina to mitigate deformation of the ceramic during thermal
processing due to differences in the coefficients of thermal
expansion between these components. The double sided DBA
plates, braze and TE legs were assembled in a fixture and then
put through a belt oven under an inert atmosphere to melt the

N-Type Skutterudite Material

Mo Diffusion:Barrier

High temperature Braze

Aluminum interconnect

100 pm*

Fig. 3 Scanning electron micrograph of a sectioned TE element showing
the TE material, the Mo diffusion barrier, the braze, and the aluminum
interconnect. The porosity observed in the Mo diffusion barrier is likely one
cause of the higher than expected module resistance.
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Fig. 4 A photograph of the first lot of nine skutterudite modules received
from Marlow Industries. The inset photo in the lower left hand corner is the
same type of module after aerogel encapsulation. Reproduced from
ref. 22.
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Fig. 5 The AC resistance of the thirty skutterudite modules. As can be
seen there is very little variability in the resistance for the first 26 modules.
The last four modules were made with materials with higher levels of
porosity, and as a result these modules had significantly higher resistances.
24 modules were required for the generator build and so the higher
resistance modules were not used.

braze. After brazing, the hot side ceramic was sectioned to
provide passive thermal strain relief in the module while in
operation.

Fig. 3 shows an electron micrograph of a sectioned TE
element and its joining layers to form the module. As can be
seen there is some degree of porosity in the Mo diffusion
barrier layer. Thirty modules, each containing 32 p-n couples,
were prepared. Each module was approximately 5 cm by 5 cm in
area on the hot side. Fig. 4 shows a picture of nine of the TEMs
as well as a close-up view of one in the inset. Based on the TE
element cross section and the dimensions of the ceramics, the
TEMs had a packing factor of 40%. Fig. 5 shows the room
temperature AC resistance of each module. As can be seen, with
the exceptions of modules 27-30 which were made from the
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n-type materials with a higher level of porosity, there is little
variability in their resistance.

Module encapsulation

All modules were sent to Michigan State University for aerogel
encapsulation. The aerogel provides protection against subli-
mation of Sb under high temperature operation and is also
highly thermally insulating which reduces convective and
radiative thermal loss through the dead space in the TEM.
The aerogel employed is a high temperature stable silica based
material that can be dried ambiently. The ability to ambiently
dry these gels is a major processing advantage in comparison to
typical aerogel materials which generally require supercritical
fluid drying techniques to maintain the microstructures. Such
processing conditions require high pressure, special equip-
ment, and long processing times. Briefly, methyltrimethoxysi-
lane (Alfa Aesar) was combined with de-ionized water, sodium
hydroxide (Alfa Aesar) and methanol (Alfa Aesar) to form a clear
solution.”® Titania powder (opacification) and quartz fibers
(St Gobain) were also added during the mixing process as
described by Maloney et al.>® The solution (aka sol) was cast
between the skutterudite elements in the module, sealed in
custom fabricated poly ethylene molds, allowed to gel (after
1 hour), and aged for three days. After three days, the seal was
broken and the gel/thermoelectric module assemblies were
dried under ambient conditions (1 atmosphere pressure at
25 °C). The lower left hand inset of Fig. 4 shows a picture of
a skutterudite module with aerogel cast into the spaces between
the elements.

Module measurements

The thermoelectric module test system at the Fraunhofer
Institute for Physical Measurement Techniques measures the
electrical output power (P,y), short circuit current (Isc), open
circuit voltage (Voc) and efficiency () of standard construction
TEMs. It can accommodate dimensions between 10 mm x
10 mm and 80 mm x 80 mm and a temperature range from
15 °C up to 700 °C. Fig. 6 shows the Fraunhofer TEM measure-
ment setup, which consists of a water-cooled vacuum chamber
that houses the hot and cold side heat exchangers, between
which the TEM is placed. The hot side heat exchanger has a
home-built heater capable of sustaining 600 °C for long periods
and short excursions to 700 °C (for temperature cycling tests).
The heater is pressed onto the TEM and the cold side heat
exchanger by a three point contact with mechanically adjusta-
ble load settings. The cold side heat exchanger is connected to a
closed cycle oil thermostat with a temperature controller. The
temperature of the cold side can be varied from 15 °C up to
~100 °C, and its temperature is measured at different places
directly under the TEM inside the cold side heat exchanger
using 4-wire Pt100 temperature sensors. Below the cold side
heat exchanger, three pressure sensors are placed to measure,
in situ, the force distribution in order to assess the pressure
loading. The three loading points help facilitate uniform ther-
mal contact. A radiation shield and thermal insulation are used
to reduce thermal losses from parasitic heat flow and radiation.
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Fig. 6 The top two images are pictures of the high temperature module
test system at the Fraunhofer-Institute for Physical Measurement Techni-
ques. Top left is a full system view showing the module clamping system,
the thermal isolation block heater, 1-D heat flow meter, and the cold side
heat rejection plate. The top right image is a close-up view of the test
stand and module with the heater, heat flux meter, module, and cold plate
labeled. The bottom image is a solid model showing the main components
of the test stand with all wires and thermocouples removed for clearer
viewing.

The measurements are performed inside a water cooled
vacuum chamber that can also be filled with inert gases. The
Py, Isc, and Vo are measured using a variable electrical load.

For the efficiency measurements, a home-built heat flow
meter with a known thermal conductivity is placed between
the heater and the TEM. The temperatures along the meter are
measured with several thermocouples, and the heat flow is
simulated using a 1-D heat model. The TEM efficiency is
calculated using the measured heater power, the measured heat
flow through the 1-D heat meter, and the maximum electrical
output power. The reported efficiencies are underestimated due
to the fact that the heat flow is overestimated. This is a result of
radiative losses from the 1-D heat bar not being taken into
account, leading to less heat being delivered to the TEM than
predicted by the model. Secondly, due to limits in the load
device, the maximum power output is extrapolated based on the
Voc value and the measured resistance (Rj,) of the module. The
maximum power output is assumed to be when the load
resistance is equal to R;,; and the TEM voltage is 1/2 the Vo¢
value. The efficiencies reported here are calculated by dividing
the maximum power output by the heat flow in the module.
However, due to Peltier and Joule effects in the module, max-
imum power and maximum efficiency have different operating
points. The inability to trace out the full Py, vs. I and 75 vs. I
curves requires these values to be extrapolated. Therefore, since
the maximum power is used to calculate #, its value is under-
estimated. The combined error of these two effects is likely less
than 1% absolute in the reported efficiency value.
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The effects of pressing force on module performance were
investigated to establish to what degree the interface contact
resistance between the module and the test stand could be
influenced by increased pressure loading. Additionally both
grafoil and aluminium foil were investigated as potential inter-
face materials as another means to affect thermal contact
resistance. In the discussion that follows, unless otherwise
stated, 360 um thick pre-compressed grafoil pads were used
as the thermal interface material between the module and the
hot and cold junctions of the test stand.

Results and discussion
Materials characterization and power output measurements

The thermoelectric properties, microstructure and composition
of the constituent skutterudite materials used for module
production have been presented before and will only be sum-
marized here.”>*” Fig. 7 shows the ZT as a function of tem-
perature between 300 K and 750 K for Ybg g9Bag.05L20.05C04Sb1,
and Mm,,_3,C0, s4sFe; 46Sb;,. As can be seen the ZT values for the
n-type material range between 1.0 and 1.2 at 500 °C, values that
are lower than previously reported for a comparable composi-
tion.? This can be traced to the higher values of x in the
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Fig. 7 Measured ZT values as a function of temperature for three of the
six 500 g lots of n-type skutterudite materials (top panel) and two of the
three 1000 g lots of the p-type skutterudite materials (bottom panel) used
to construct the TE modules. Reproduced from ref. 22.

12514 | Phys. Chem. Chem. Phys., 2014, 16, 12510-12520

View Article Online

Paper

materials prepared here as compared to literature values. The
ZT values of the p-type materials are particularly poor with
values of 0.6 at 500 °C. This is far lower than the value reported
by X. F. Tang et al.> and can be attributed to much higher p
and a ~20% higher x. The magnitude and temperature depen-
dence of the ZT values for the materials used here and those
reported in ref. 12 are remarkably similar. This is fortuitous
and allows for a direct comparison between the upper limit
values of conversion efficiency described by ref. 12 and those
obtained here.

Power output and efficiency measurements were performed
under two uniaxial pressures. The first, at 0.5 MPa, led to very
high levels of interface thermal contact resistance on the order
of 6.0 x 10~* m* K W', This, in conjunction with the quite low
x of the alumina at 500 °C (~10 W m™* K %), led to a much
lower power output as compared to calculated values. This
discrepancy is attributed to the temperature drops these ther-
mal resistances impose.>” These temperature drops led to a
much smaller AT across the TE elements (ATy) than antici-
pated and, as a result, a much lower Voc. The discrepancy
between the predicted and measured values of V¢ as a func-
tion of the measured hot side temperature of the module is
shown in Fig. 8.

We have derived this large thermal interface contact resis-
tance value (6.0 x 10°* m> K W) by using a simple 1-D
thermal resistance model that treats the thermal interface
contact resistance between the module surfaces and those of
the heater and cooler in the test stand, the thermal resistance
of the ceramics, and the integral average value of the thermal
resistance of the TE materials as a series of thermal resistors to
back out the approximate heat flow through the entire module
under open circuit (no Peltier or Joule heating effects) condi-
tions. The thermal resistances of the n- and p-type materials are
treated as thermal resistances in parallel, and, for the purposes

4
e Calculated V. ®
O Measured V. ®
3 4 °
[ J
] o o
8 ® e} ©
> 2 1 ) O
o]
. O
1 * g
® O
[e]
g
0 0 T T T T T
0 100 200 300 400 500 600
0
T hot Source( C)

Fig. 8 A plot of the calculated Voc as derived from egn (2) assuming
the temperature at the hot and cold side of the element is equal to
the temperature at the hot and cold side of the module (filled circles). The
open circles are the measured Voc values. The large decrease in the
measured Voc as compared to the calculated value is ascribed to thermal
interface contact resistance between the heat source and sink and the hot
and cold side of the module, respectively.
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AT= Thot Source™ 'cold
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Fig. 9 Illustration of an equivalent thermal circuit superimposed on the
image of a thermoelectric module in a 1-D thermal efficiency test stand. In
the figure we highlight the extrinsic thermal resistance that effect the
temperatures at the hot and cold side of the TE materials. We also highlight
thermal and electrical contributions to heat flow which influence the
measured thermal to electrical conversion efficiencies. These include
Peltier heat pumping effects and Joule heating.

of the 1-D model, it was assumed that the thermal resistance of
the aerogel insulation was infinitely large such that all heat
flowing through the module did so through the TE elements. A
diagram of the thermal equivalent circuit on which this simple
1-D model is based is shown in Fig. 9. From the calculated heat
flow we can estimate the temperature drops at each of the
thermal resistors to obtain the ATy;. From these calculations we
can compute Vo from the relation®’

T Tn

S(T),dT 2)

VOC = nJ
Tc

S(T),dT — nJ

Tc

where Ty and T are the temperatures at the hot and cold side
of the materials as derived from the 1-D model and not the
temperatures measured at the boundaries of the TE module,
which are denoted as Tyotsource AN Teoiq in Fig. 9. S(T)y , are
the temperature dependencies of the Seebeck coefficients for
the n- and p-materials, respectively, and n is the number of
p- and n-type elements connected electrically in series.

The simple 1-D model and the temperature drops it predicts
can be used in conjunction with eqn (2) to calculate modelled
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values for the V¢ of a skutterudite module as well as for a PbTe
module over the entire temperature range investigated that are
in good agreement with measured values. The PbTe module
was also built as a prototype for possible use in the TEG, but
due to durability concerns this material was eliminated from
consideration. The PbTe module data are presented here only
to demonstrate how robust the 1-D model is, beyond this no
further performance data will be given and details regarding
the PbTe module performance can be found elsewhere.””> We
found that this simple 1-D model and the same thermal inter-
face contact resistance value could reconcile the discrepancies
in Vo found in both the skutterudite and the PbTe modules;
despite large differences in the magnitude and temperature
dependencies of their respective S and x values. Fig. 10 shows
the modelled and measured V¢ as a function of AT across the
module for both the skutterudite and PbTe modules. As can be
seen, the 1-D model and the single value for thermal interface
contact resistance account well for the behaviour over all
temperatures investigated, including higher cold side tempera-
tures. It is based on this excellent level of agreement that we
can estimate, with confidence, the value of the temperature
difference across the TE element (ATy).

The large reduction in the Voc imposed by thermal resis-
tances extrinsic to the module results in a dramatic reduction
in the electrical power output. The electrical power as a func-
tion of the Voc, Rint, and the external load resistance (Rjoaq) is
expressed as®°

Rload

Poye = Ileoad = V0C2 Y
(Rload + Rim)2

: 3)

It can be inferred from eqn (3) that the maximum power output
is obtained when Rjy,q = Rint, but more importantly the output
power is strongly dependent on V. From eqn (3) it can be seen
that reductions in the Vo due to thermal interface contact
resistance quickly degrade the performance of the module. Fig. 11
shows the power output of the module as a function of the
measured temperature difference across the module (AT) and
the modelled temperature difference across the TE element (ATy).
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Fig. 10 Modelled and measured V¢ as a function of the hot side temperature of the module. We used a lumped thermal interface contact resistance
value which accounts for the resistances between the module and the hot side and cold side of the test stand as well as any thermal interface resistances
between the TE legs and the metal interconnects. The value taken as the thermal interface contact resistance is assumed to be symmetric at both module
boundaries. The model, and the interface resistance derived from it, accounts well for both the skutterudite and PbTe module despite the fact that the
temperature dependence and magnitude of their k and S differ substantially. Reproduced from ref. 22.
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Fig. 11 Pouimax. as a function of the temperature difference across the TE
module, AT f(filled circles). The open circles are the maximum power
output as function of the temperature difference across the materials
ATwm. The values of ATy were based on the V¢ values computed from the
1-D model. Reproduced from ref. 22.
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Fig. 12 The top panel shows the voltage of the module as a function of
current flow through it. The current is controlled by an adjustable external
load resistance. The slope of the V-/ curve gives an approximation of the
module resistance. The bottom panel shows the module's electrical power
output as function of the current drawn by the load. The solid lines in the
both panels are fits to the data.

The maximum power output of the TEM was found to be 8.5 W
with a temperature difference of 460 °C across the module (500 °C
hot side and 40 °C cold side). However, as can be seen in Fig. 11,
ATy, is much smaller, due to the imposition of the thermal
contact resistance, and any reduction in this thermal resistance
will translate into higher power output for the same temperature
difference across the module. In the absence of any thermal
resistance between the module and the test stand, we can
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Fig. 13  Poutmax. @S @ function of AT across the module. Data collected at
0.5 MPa (@), (O) the first set of measurements with data taken on heating
up to a hot side temperature of 500 °C at 0.9 MPa. (V) is the second set of
measurements with data being taken on heating up to a hot side tem-
perature of 500 °C. The slightly higher power output of the second higher
pressure measurement can be traced to reductions in the module’s
resistance.

extrapolate that the maximum power output of the module would
be 16 W for a ATy = 460 °C.

When the pressure was increased the module Vi increased
from 2.48 V for a 0.5 MPa to 2.66 V, for 0.9 MPa at a module hot
side temperature of 500 °C and a cold side temperature of
40 °C. This corresponds to cutting the thermal interface resis-
tance to 4.0 x 10~* m> W K. Again this contact resistance
value was extracted from a 1-D model, but it was able to
reconcile the Vpc values over a broad range of operating
temperatures. The increased Vo results in an increased max-
imum power output of 10.0 W at AT = 460 °C. A successive
measurement was run upon cool down, and it was found that
the Vo increased further to 2.73 V at the highest AT value of
460 °C and a maximum power output of 10.5 W was achieved.
Fig. 12 shows the Vvs. I and the P, vs. I curves for the second
measurement performed at 0.9 MPa applied pressure. Fig. 13
shows the maximum power output and Vo (inset) as a function
of the AT for the 0.5 MPa measurement and for the two
successive measurements made at 0.9 MPa. Measurements
made at higher loading pressures of 1.1 MPa and 1.2 MPa
failed to improve the module’s performance further, and in fact
measurements made at 1.2 MPa result in a p-type element
cracking and ultimate failure of the module. It should be noted
that the pressure on an individual element can be much larger
than the average pressure applied to the module.

As noted above, alternate thermal interface materials were
also investigated. It was found that in the absence of thermal
interface materials at the cold side junction of the module and
the test stand and with the application of 0.9 MPa pressure the
power output at AT = 460 °C was reduced to 8.4 W. However
when grafoil was used as the cold side interface material and
250 pm thick aluminum foil was used at the hot side junction
with 0.5 MPa pressure the Vo increased to 2.81 Vat AT =460 °C
as compared to 2.48 V when grafoil was used at both junctions.
The power output was increased from 8.5 W to 10.8 W at
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Fig. 14 Vo and Pouimax. Of the TEM with different thermal interface materials and loading pressures. All data presented are for a hot side temperature of

500 °C and a cold side temperature of 40 °C.

AT = 460 °C and 0.5 MPa as a result of the use of aluminum.
When the pressure was increased to 0.9 MPa while still using
the aluminum foil TIM the V¢ increased to 2.89 V, and the
power output was 11.6 W at AT = 460 °C. The thermal interface
contact resistance for the case of using aluminium foil interface
material at the hot side junction is estimated to be 2.0 x
10~* m®> K W' at 0.9 MPa. The results of the effects of loading
pressures and thermal interface material are summarized in
Fig. 14. For reference a V¢ value of 3.4 V would be expected if
Tc = 40 °C and Ty = 500 °C, that is, in the absence of any
extrinsic thermal resistance, aside from the ceramic plates
between the TE elements and the test stand.

To summarize, we have demonstrated that the maximum
power output of a skutterudite module is reduced by over 30%
when the thermal interface contact resistance is increased by a
factor of 3. The interface contact resistance estimated for the
measurements made at higher loading pressure and using
aluminium as the hot side interface material is still unaccep-
tably high. Marlow Industries is currently pursuing develop-
ment efforts to modify the module architecture to reduce these
temperature drops between the heat sources and sinks and the
TE materials.

Conversion efficiency

As noted in eqn (1), the ideal 5 of a TE couple is a function
of the temperature difference and the ZT of the materials.
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As demonstrated above, there are many factors extrinsic to
the module that can influence the power output as well as the
heat flow through the module. The thermal to electrical power
conversion efficiency for a TE couple can be expressed as n =
P,ut/Qu, where P, is the electrical power output for a particular
I and Ry,q and Qy is the heat flow into the hot side of the TE
material. Heat flow through the module in the absence of
current flow is simply the value calculated from the summed
thermal resistance values described above and the tempera-
ture difference between source and sink such that, from
Fourier’s law

Q = (ThotSource - cold)/(KH + KcerH + KM + KcerC + KC) (4)

where Ky and K¢ are the respective thermal interface contact
resistances of the hot and cold side of the module, K..;y and
K.erc are the thermal resistances of the respective hot and cold
side ceramic plates, and Ky is the thermal resistance of the TE
materials. When current begins to flow and power is generated,
two additional terms enter the expression for heat flow, and it
is necessary to differentiate between hot side heat flow and cold
side heat flow such that®

Qu = (Ty — TS)/ Ky — (S-I-Ty) + (PRine)/2 (5)
and
Qc = (Tu — Tc)/Ky + (S-IT¢) + (PRine)/2. (6)
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Fig. 15 Left figure shows Pouimax. (black symbols) and the measured conversion efficiency (blue symbols) of the skutterudite modules for the 0.5 MPa
loading pressure. The figure on the right shows the same data for the same module but with a loading pressure of 0.9 MPa. The data presented represents
the second measurement up to high temperatures with the higher power output.
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These expression are shown graphically in the thermal
equivalent circuit in Fig. 9.

Fig. 15 summarizes the conversion efficiencies and power
outputs as a function of AT for the 0.5 MPa and the second
0.9 MPa measurements with grafoil thermal interface materi-
als. As can be seen, the lower pressure measurement has a
conversion efficiency of ~6% with a power output of 8.5 W.
When the pressure is increased to 0.9 MPa, the power output is
increased to 10.5 W, and the conversion efficiency increases to
~7%. Though not explicitly measured, we can extrapolate that
the conversion efficiency of the module would reach 7.5% when
aluminium foil is used as the interface material and the
clamping load on the module is 0.9 MPa (Pyyimax, = 11.5 W).

These conversion efficiencies are likely underestimated for two
reasons. Firstly, the 1-D thermal flux meter which is used to
measure the amount of heat entering the module radiates heat
from its surface, particularly at temperatures above 300 °C. These
losses are not accounted for in the measurement; therefore, the
amount of heat entering the module is overestimated and the
calculated conversion efficiency is underestimated. Further, simi-
lar radiative heat loss mechanisms are operant for the TE
materials and the ceramic plates which are also not accounted
for in these measurements. Though it is worth pointing out that
these losses are part of the reality of TE module operation at high
temperature. Secondly, due to the limitations of the variable
electrical load tester, the maximum power output is an extra-
polated value based on the measured values of the Voc and Riy.
The measured module resistance is set equal to the load resis-
tance, and with the measured open circuit voltage the maximum
power output is calculated using eqn (3). The 5 reported here is
the quotient of the extrapolated Pyymax. Value and the measured
heat flux delivered to the module. However, in most cases the
maximum power output and maximum conversion efficiency for
a particular temperature difference occur at different current
levels. This is due to the fact that the Peltier and Joule terms in
eqn (5) and (6) become non-trivial contributors to Qg, and in
general the peak conversion efficiency occurs at a lower current
level than the peak power output. Since the load resistance at the
peak conversion efficiency was not explicitly measured and was
instead estimated from the maximum power output operating
point, the efficiency is consequently underestimated.

Of the two effects the radiative losses from the test stand
dominate and may lower the measured efficiency value by a full
percentage point. The fact that the conversion efficiency was
not measured at the correct load resistance may further lower
the reported value by 0.1% to 0.2%. For comparison a recently
published study made very carefully controlled measurements
of maximum power output and conversion efficiency on a
skutterudite unicouple."” In this case the heat source was a Pt
resistance heater that was characterized for thermal emissivity
and thermal power output prior to couple measurement so that
the radiative loss could be taken into account. Thermal emis-
sivity was modelled for the TE materials as well.'* The S, p and
« of the TE elements used in ref. 12 are remarkably similar to
those used in the construction of the module presented here, so
making a direct comparison of efficiency values is worthwhile.
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The maximum power output reported in ref. 12 was 0.45 W
at 6 A when the TE elements were heated to 560 °C on the hot
side and cooled to ~70 °C on the cold side. The maximum
conversion efficiency was found to be 9.1% for the same
temperature difference at 4.75 A. For comparison, if this couple
were expanded into a 32 couple module like that presented
here, the power output would be ~14.4 W or about 20% higher
than the best performance recorded for our module. However
we must bear in mind that the temperatures reported for the
unicouple were recorded at the hot and cold junctions of the TE
materials, while we report the temperatures at the exterior of
the module. The higher temperature differences across the
material in the unicouple measurements in ref. 12 account
for the power output differences. The ATy, from ref. 12 is
~490 °C, and for our modules we estimate the TE element
temperature difference to be 400 °C, based on Vo values, for
the most favourable test conditions.

By comparing measured values of conversion efficiency for
this unicouple and our module, we find about a 2.2 percentage
point discrepancy under similar operating conditions for mate-
rials with comparable ZT values. This can be ascribed to the
fact that interface contact resistance in the module level
measurements decreased the temperature difference seen
across the TE elements, lowering the power output much more
significantly than the thermal resistance impedes heat flow
through the module. Secondly, both the unicouple and the
module had higher than expected resistances, presumably due
to electrical contact resistance. These parasitic resistances
reduce the power output in a linear fashion, underscoring the
importance of minimizing their impact. Finally, the fact that
thermal radiative losses were meticulously accounted for in
ref. 12 does also enter into the efficiency discrepancy, but it is a
much smaller factor than the thermal and electrical contact
resistances. Based on 1-D models, we predicted that for our
module operating at 500 °C and 40 °C at the hot and cold
junction of the TE elements and in the absence of any electrical
contact resistance, a conversion efficiency close to 9% would be
possible. The measured thermal to electrical energy conversion
efficiency reported here is competitive with the values reported
for unicouples and is among the best ever reported for fully
functioning multi-couple high temperature capable TE mod-
ules. For example D’Angelo et al. reported a 1 = 6.6% for a 47
couple module composed of segmented PbTe/Bi,Te; elements
operating at 400 °C on the hot side and 40 °C on the cold side.’
Though comparable conversion efficiency was obtained for this
module despite the lower AT, segmentation of the TE legs is
deemed undesirable for automotive applications due to added
complexity and durability concerns. Zhaoa et al. have reported
an y = 6.4% for a skutterudite based module operating between
540 °C and 47 °C on the hot and cold side respectively. The
method used to evaluate the heat flow into the module was not
explicitly stated in their report, and so establishing to what
degree this value may be underestimated is difficult.'® Recently,
there has been a report of a skutterudite module that claims a
conversion efficiency of 8% when operating at 600 °C and
30 °C.** The module in that study did not have a ceramic plate
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to isolate the current and instead relied on electrically insulat-
ing thermal interface materials for testing.*'

Summary and conclusions

We have presented the power output and conversion efficiency for
a 32 couple skutterudite module. Although the data presented are
for only one of the thirty such modules made for the GM TEG
prototype, we conclude that its performance is representative of
the majority of the modules fabricated. This is due to the fact that
26 of the 30 modules have very similar values for AC resistance,
and AC resistance is a sensitive measure of module quality. We
investigated the effects of clamping force and thermal interface
materials on the modules overall performance. We find that higher
clamping forces reduce the thermal interface contact resistance
between the module and the test stand and that using thin metal
foils such as Al is highly beneficial. The maximum power output of
the module with a AT = 460 °C was 8.0 W when no interface
material was used between the heater and the module and with
0.5 MPa of pressure. The power output was increased to 8.5 W for
the same operating conditions when grafoil was used and a
pressure of 0.5 MPa was applied. The power output increased
further to 10.5 W when the pressure was increased to 0.9 MPa.
Finally with Al foil as an interface material on the hot side the
maximum power output of the module with a AT = 460 °C was 10.8
and 11.5 W for loading pressures of 0.5 and 0.9 MPa, respectively.
The increased power output is attributable to the decrease in the
thermal interface contact resistance between the module and
the test stand which led to smaller temperature drops between
the heat source and sink and the respective TE element tempera-
tures and concomitantly larger Vo values.

A 1-D thermal heat flux bar was used to estimate the heat flow
through the module to estimate the conversion efficiency. These
measurements were made only for the case when grafoil was used
as the interface material. We estimate that for 0.5 MPa loading
pressures the 8.5 W of power output equates to a 6% thermal to
electrical thermal conversion efficiency, while the higher pressure
measurement obtains 10.5 W of power and a 7% conversion
efficiency. While not measured we can extrapolate to a conversion
efficiency of 7.5% for the higher pressure measurement that used
Al foil as the interface material to obtain 11.5 W of electric power.
The power outputs reported here and the conversion efficiencies
are comparable to reported values for measurements performed
on unicouples, and they are among the highest values reported for
a fully functioning high temperature capable module. These
conversion efficiency values are underestimated since radiative
loss from the 1-D bar and the TE module materials was not taken
into count, and therefore the heat flow (Qy) is overestimated.
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